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SUMMARY OF NORTHERN ATLANTIC COASTAL PLAIN HYDROLOGY 
AND ITS RELATION TO DISPOSAL OF HIGH-LEVEL RADIOACTIVE WASTE 

IN BURIED CRYSTALLINE ROCKS - A PRELIMINARY APPRAISAL

By Orville B. Lloyd, Jr., Jerry D. Larson and Robert W. Davis

ABSTRACT

Interpretation of available hydrologic data suggests that some areas 
underlying the Coastal Plain of the States of Delaware, Maryland, New 
Jersey, North Carolina and Virginia might be worthy of further study regard 
ing the disposal of high-level radioactive waste in crystalline rock buried 
beneath the Coastal Plain sediments. The areas of major interest occur 
where the top of the basement rock lies between 1,000 and about 4,000 ft 
below sea level, the aquifer(s) immediately above the basement rock is (are) 
saturated with saline water, confining material overlies the saline-water 
bearing aquifer(s), and ground-water flow in the saline-water aquifer(s) can 
be estimated. These criteria define some of the more important 
geohydrologic factors necessary to help insure that any waste nuclides re 
main in the deap subsurface isolated from the freshwater-circulation system.

Four geohydrologic characteristics ((1) thickness of saline-water 
bearing sediments, (2) thickness of confining beds, (3) permeability of the 
aquifer(s) and (4) the lateral direction of ground-water flow) were used to 
make a preliminary evaluation of the hydrologic suitability of the sediments 
for the disposal of high-level radioactive wastes in crystalline rocks that 
lie beneath the area. The saline-water bearing sediments, which form a 
buffer zone between the crystalline rocks and the freshwater-circulation 
system, are more than 3|000 ft thick in eastern parts of the area. The 
estimated effective thickness of the confining beds that overlie the deepest 
saline-water bearing aquifers generally increases toward the east and aver 
ages between 100 and 300 ft in southern parts of the area and about 500 feet 
in the north. The permeability of the saline-water bearing aquifers that 
directly overlie the basement rock or occur in the lower part of the sedi 
mentary section generally decreases toward the east. It is estimated that 
ground-water withdrawals from the lowermost aquifers have significantly 
decreased the freshwater pressure along more than 50 percent of the 
saline-water front within these aquifers. Consequently, water from parts of 
the saline-water zone has moved and may still be moving very slowly toward 
the centers of pumping.

When viewed collectively, the data suggest that eastern parts of the 
sediment mass best meet most of the preliminary criteria proposed for any 
potential buried crystalline-rock disposal site. Further study and test 
drilling will be needed to more accurately define the geology and hydrology 
and assess these preliminary findings for any specific area.



INTRODUCTION 

Background

With a mandate from the Congress of the United States, the Department 
of Energy has been studying various waste-disposal and storags methods and 
physical environments to determine which are suited for the disposal of 
high-level radioactive wastes. One of the physical environments that has 
received much attention and study is that found in crystalline igneous or 
metamorphic rocks that are exposed at land surface. The crystalline rocks 
have been studied as potential sites for waste repositories because they (a) 
are easily mined, (b) are stable at fairly high temperatures, (c) have a 
reasonably high thermal conductivity, (d) have low permeability when not 
fractured and (e) are abundant on the continents (Bredehoeft and Maini, 
1981).

Most crystalline rocks are fractured, however, and these fractures 
constitute a major disadvantage of the exposed crystalline-rock 
waste-storage environment. It is very difficult to predict the direction 
and rate of ground-water movement through a system of fractures with any 
reasonable certainty, because the orientation, spacing, interconnection and 
continuity of the fractures are difficult to characterize. Such knowledge 
is important because ground-water movement is the major vehicle for the 
possible migration of waste (s) at proposed repository sites on the 
continents.

By contrast, ground water in many sedimentary rocks occurs in and moves 
through pores and intergranular openings between the rock particles. The 
orientation, spacing and interconnection of these openings is regular and 
predictable; consequently, the rate and direction of ground-water movement 
in such sedimentary rocks is easy to characterize relative to that in frac 
tured crystalline rocks, and the theory and methods of measurement are 
well-established. In sedimentary rock, under favorable hydrogeologic 
conditions, the flow paths are very long and the flow rates are very slow in 
the deep subsurface. Also, in many places, sedimentary rocks contain water 
with excessive concentrations of dissolved solids at depth, which minimizes 
the possibility of human intrusion. Pointing out these facts, Bredehoeft 
and Maini (1981) proposed the buried crystalline-rock concept in which a 
repository for nuclear waste might be developed in crystalline rock that is 
buried beneath a thick blanket of sedimentary rock. They emphasize that, 
with this approach, the major advantages of the crystalline rock 
(mineability, stability, and so forth) can be retained while the ability to 
predict the rate and direction of ground-water movement is increased 
substantially because a thick sequence of sedimentary rocks overlying crys 
talline rocks will dominate and control the ground-water flow regime.

This buried crystalline-rock concept was endorsed by the National 
Academy of Sciences in 1983 as worthy of further consideration. Thus, a 
study was conducted by the U.S. Geological Survey in 1983 (Davis, 1984), to 
determine the regions in the eastern part of the United States where the 
conditions described by Bredehoeft and Maini (1981) exist.



Davis (1984) used the following four criteria to summarize and describe 
the hydrogeologic conditions pertinent to the "thick blanket of sedimentary 
rocks" that Bredehoeft and Maini (1981) proposed for their buried 
crystal line-rock concept:

1. The top of the crystalline basement rock is 1,000 to 4,000 ft below 
land surface.

2. The crystalline rock is overlain by sedimentary rock whose lower 
most part, at least, contains ground water with a dissolved-solids 
concentration of 10,000 mg/L (milligrams per liter) or more.

3. Shale or clay confining beds overlie the saline-water aquifer. 
(Saline water contains dissolved-solid concentrations of 10,000 
mg/L or more).

4. The flow system in the saline-water aquifer is known or determina- 
ble from presently available data.

Application of these criteria in the eastern part of the United States 
revealed two regions that meet most of the criteria and are suitable for 
further study   the Atlantic Coastal Plain and the Cincinnati arch. The 
northern Atlantic Coastal Plain is the subject of this report.

Location of Study Area

The study area includes about 50,000 mi2 in the northern part of the 
Atlantic Coastal Plain province extending from the North Carolina-South 
Carolina State line through New Jersey (fig. 1). Fifty percent of the area 
lies in North Carolina, 23 percent in Virginia, 13 percent in Maryland, 11 
percent in New Jersey, and the remaining 3 percent in Delaware.

Purpose and Scope

The purpose of this report is to present, summarize and evaluate the 
existing knowledge about the ground-water hydrology of the Coastal Plain 
sediments relevant to the suitability for disposal of high-level radioactive 
wastes in underlying crystalline rock. Particular emphasis is given to 
those parts of the Coastal Plain sediments that best meet the conditions 
that were outlined by Davis (198M) and were previously listed in this 
report. Cross sections are used to illustrate and describe the general 
geohydrologic conditions that occur with depth along a number of selected 
lines that cross the study area. Maps are used to illustrate and describe 
the general areal distribution of selected geohydrologic conditions in the 
study area.
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Previous Investigations

Published reports by Brown, Miller and Swain (1972), Brown and others 
(1979), Brown and Reid (1976), Gushing, Kantrowitz and Taylor (1973), Gohn 
and others (1978), Gohn (1983), Hazel and Brouwers (1982), Maher (197D, 
Martin (1984), Meisler (1980b; and written communication, 1984), Meisler, 
Leahy and Knobel (1985), Meng and Harsh (1984), Rankin (1977), Sohl and 
Christopher (1983), Trapp and others (1984), Valentine (1982) and Zapecza 
(1985) are among the many useful publications that describe the geologic and 
hydrologic characteristics of the Atlantic Coastal Plain sediments in and 
near the study area. Work done for the U.S. Geological Survey study 
entitled "Regional Aquifer System Analysis (RASA) of the northern Atlantic 
Coastal Plain" proved invaluable during the present investigation.

Methods of Investigation

From published and unpublished geologic, hydrologic and water-quality 
data, the staff members of the RASA study have divided the northern Atlantic 
Coastal Plain sediments into 10 regional aquifers separated by regional 
confining beds. The emphasis of the RASA study is on the freshwater part of 
the sedimentary section. Howsver, the regional geohydrologic framework was 
extended to the east of the freshwater/saline-water interface providing some 
data for the area where the sediments contain saline water and the top of 
the basement rocks lie between 1000 ft and about 4000 ft below sea level.

Within the limits of the data distribution and the measurement and 
interpretation accuracy, the staff members of the RASA study prepared maps 
depicting the depth to the top, thickness, transmissivity, potentiometric 
surface, and chloride concentration of ground water for the appropriate 
units. These data are being used as input for finite-difference 
ground-water flow models for each State and for the entire region.

The data for the discussions and illustrations in this report are de 
rived primarily from the preliminary maps and reports of the staff of the 
RASA study. Data for the geohydrologic framework, transmissivity, hydraulic 
conductivity, head and saline-water distribution are from regional maps 
compiled by the regional staff of the RASA study   Harold Meisler (Project 
Chief), Henry Trapp, Jr., Phillip P. Leahy, Mary M. Martin, and LeRoy Knobel 
(U.S. Geological Survey, Trenton, New Jersey). The bulk of the data for the 
regional maps are from state maps constructed by District staff members of 
the RASA study   Maurice D. Winner, Jr., Gerald L. Giese and Ronald W. 
Coble (U.S. Geological Survey, Raleigh, North Carolina); Andrew A. Meng, 
III, John F. Harsh, and Randall J. Laczniak (U.S. Geological Survey, 
Richmond, Virginia); Donald A. Vroblesky and William B. Fleck (U.S. Geologi 
cal Survey, Towson, Maryland); Mary M. Martin and Otto S. Zapecza (U.S. 
Geological Survey, Trenton, New Jersey).

Originally, the data came from wells drilled for water supply, strati- 
graphic tests, and oil and gas exploration. The distribution of many of the 
deep wells in the area is shown in plate 1, and the kinds of data available 
for these wells are listed in table 4 in the back of this report. The wells 
shown on plate 1 are numbered consecutively within each state.



A series of cross sections were constructed from the data, and are used 
to show the general geohydrologic conditions at selected places throughout 
the study area.

Four gsohydrologic characteristics were chosen to summarize and evalu 
ate the hydrology of the sediments relevant to the potential suitability for 
the disposal of high-level radioactive wastes in any crystalline rock that 
may lie beneath the study area. The geohydrologic characteristics used for 
the evaluation are the estimated:

1. thickness and distribution of sediments containing saline water and 
brine,

2. thickness of the confining beds overlying the two lowermost 
aquifers,

3. water-transmitting ability of the two lowermost aquifers, and
4. direction of lateral ground-water flow in the two lowermost 

aquifers.

Maps of most of these characteristics were prepared and the relation 
between the long-term isolation of high-level radioactive waste and each 
characteristic is discussed individually. Data are insufficient to prepare 
a map for the water-transmitting ability of the two lowermost aquifers where 
these aquifers contain saline water or brine.

Acknowledgements

The staff members of the RASA study of the northern Atlantic Coastal 
Plain are thanked for the invaluable basic data and interpretative contribu 
tions they made to this study.

GEOHYDROLOGY 

General Geology and Hydrologic Framework

The basement complex, as discussed in this report, is composed prima 
rily of igneous and metamorphic rocks of PreCambrian and Paleozoic age 
(American Association of Petroleum Geologists, 1983), with subordinate igne 
ous and sedimentary rocks of Triassic and Early Jurassic age. The basement 
rocks crop out at the western edge of the Coastal Plain near the Fall Line 
(pi. 1), and their eroded surface dips to the east beneath the Coastal Plain 
sediments. The general configuration of the basement surface is shown in 
figure 2.

The sedimentary rocks that overlie the basement complex are composed 
primarily of interbedded layers of sand, silt, clay, shale and limestone 
that range in age from Late Jurassic(?) to Holooene. In aggregate, these 
rocks form a wedge-shaped mass that thickens from a featheredge at the Fall 
Line to as much as 10,000 ft at Cape Hatteras, North Carolina. Different 
stratigraphic and structural interpretations have been proposed to explain 
the internal arrangsment or gsometry of the rocks that comprise this sedi 
ment mass. Examples of the different interpretations are given in accounts 
by Brown, Miller and Swain (1972), and Owens and Gohn (1984).
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The different interpretations range from a maximum to a minimum 
reliance on various types of tectonic and structural control to explain the 
spacial and temporal distribution of the rock types or facies that comprise 
the Coastal Plain sediments. The amount and kind of structure displayed or 
postulated is dependent on the stratigraphic or structural interpretations 
made by the different authors.

Structures that would have the most significant influence on the appli 
cation of the buried crystal line-rock concept in the northern Atlantic 
Coastal Plain are vertical or near vertical faults that cut the sediment 
mass. Many such faults have been proposed, and a few have been documented 
with direct and indirect evidence in outcrops and places where the Coastal 
Plain sediments are relatively thin, but the occurrence and distribution of 
such faults is difficult to substantiate in the subsurface owing to the lack 
of data.

Because of this lack of data, and the regional nature of the RASA 
study, the geohydrologic framework devised by the RASA staff members was 
constructed without faults. More data are needed to map the occurrence and 
distribution of any vertical faults that may occur in the subsurface and to 
evaluate their influence on the hydrology of the area.

The sediments in the northern part of the Atlantic Coastal Plain have 
been divided according to their lithology or age into a number of mappable 
units by different workers. Table 1 shows the general relation between some 
of the stratigraphic units, and the regional aquifers and confining beds 
(geohydrologic units that were established by the RASA staff members). The 
aquifers were established by studying the available data and estimating the 
boundaries of a formation, group of formations or parts of formations that 
contain a preponderance of saturated permeable material (sand and limestone 
in the study area) that will yield significant quantities of water to 
wells. An aquifer may be composed of interconnected saturated permeable 
materials of different age. In general, the aquifers are stratigraphically 
adjacent to confining beds that are composed of a preponderance of imperme 
able material (silt and clay in the study area). Impermeable is used as a 
relative term here and refers to the water-transmitting ability of confining 
beds, which is distinctly lower than that of the aquifers. A confining bed, 
like an aquifer, may be composed of materials of different age.

The geohydrologic units have been numbered 1 through 10 from oldest to 
youngest, respectively. Figure 3 illustrates the general distribution of 
the aquifers, confining beds, and the underlying basement rock in a 
diagrammatic cross section drawn from the west-central part of the Coastal 
Plain of Virginia to the ocean. As shown in figure 3» not all aquifers and 
confining beds are present at any one place, and different combinations and 
distributions of these hydrologic units occur at different places in the 
study area.
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West East

AQ 10 
-CB 9

Map of Virginia showing 
location of section

RASA model aquifers (AQ) and confining beds (CB).

Note: Not to scale and the vertical dimension is greatly exaggerated. 

Dip of the basement surface ranges from about 25 feet per mile 

near the Fall line to about 150 feet per mile near the coast.

Figure 3. Diagrammatic cross section showing aquifers, confining 
beds and the basement complex across the Coastal Plain of Virginia
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The geohydrologic units of greatest importance to this study are those 
that comprise the two lowermost aquifers and confining beds the units for 
which the least amount of data exists. These lowermost units are composed 
of aquifers 1 and 2 (or 2 and 3 in places where aquifer 1 is missing) and 
confining beds 1 and 2 (or 2 and 3 in places where confining bed 1 is 
missing). In general, most of the sediments that comprise these older units 
were deposited in nonmarine to marginal marine environments (see Unit D 
through Unit I in Brown, Miller, and Swain, 1972, pi. 3) and their 
lithologies change rapidly both laterally and vertically. Interpretations 
of geophysical logs and drill cuttings of these rocks indicate that signifi 
cant amounts of silt and clay occur in the sand aquifers, and that many 
individual sand, silt and clay beds are lenticular and discontinuous. These 
characteristics and the paucity of data combine to make it difficult to 
define and correlate these geohydrologic units from one place to another. 
Consequently, some differences in interpretation of the thickness and extent 
of the lowermost aquifers and confining beds may occur from one state to 
another.

Most of the youngsr units (aquifers and confining beds U through 10) 
have somewhat more consistent and continuous lithologies because they are 
comprised of sediments that have been deposited in near-marine and marine 
environments. These younger units contain freshwater in large part.

Aquifer and Confining-Bed Characteristics

The aquifers in the northern Atlantic Coastal Plain are composed pre 
dominantly of sands and silty sands; however, limestone constitutes aquifer 
7 in the central and southern parts of the North Carolina Coastal Plain (M. 
D. Winner, U.S. Geological Survey, written commun., 1984). In the area 
where the top of the basement complex lies between 1,000 and about 4,000 ft 
below sea level (fig. 2), the thicknesses of aquifers 1, 2 and 3 vary from 
place to place but their aggregate thickness may comprise about one-half of 
the total sedimentary section in the eastern part of the study area. These 
lower aquifers are generally found throughout the study area except in 
southeastern North Carolina where aquifer 1 is missing (M. D. Winner, U.S. 
Geological Survey, written commun., 1984). Some of the shallower aquifers 
are missing over large parts of the study area.

The transmissivity of the aquifers (their ability to transmit water) 
was calculated by district staff members of the RASA study   M. D. Winner 
and R. W. Coble in North Carolina, A. A. Meng and J. F. Harsh in Virginia, 
D. A. Vroblesky in Maryland and Delaware, and 0. S. Zapecza in New Jersey   
by multiplying estimates of the hydraulic conductivity and thickness of the 
aquifer material at any one place. In general, these calculations were made 
only where the aquifers contain water with chloride concentrations less than 
10,000 mg/L. The hydraulic conductivity and thickness estimates were made 
from an analysis of aquifer-test data, lithologic logs compiled by drillers 
and geologists, and geophysical electric and gamma-ray logs. The hydraulic 
conductivity of the bulk of the aquifer material is estimated to range from 
about 5 ft/d for the silty sand to about 100 ft/d for limestone and the 
coarser, well-sorted sand.
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Depending on the estimates of aquifer thickness and hydraulic 
conductivity, the transmissivities of the aquifers range from less than 
7,000 ft2/d to greater than 21,000 ft2/d. For the purpose of displaying 
the general water-transmitting ability of the aquifers in cross section, the 
transmissivity values were divided into 4 groups: low - less than 7,000 
ft2/d, medium - 7,000 to 14,000 ft2/d. medium high - 14,000 to 21,000 
ft2/d, and high - greater than 21,000 fWd.

Those few hydraulic conductivity and transmissivity data that do exist 
for the deeper saline-water bearing parts of the section indicate a rather 
low water-transmitting capacity. For example, Trapp and others (1984) cal 
culate the average horizontal hydraulic conductivity to be about 12 ft/d for 
sands in aquifer 1 that lie between about 3180 and 3210 ft below sea level 
in well MD-42 (pi. 1 and table 4). In addition, the average horizontal 
hydraulic conductivity is reported to be less than 1 ft/d for sands in aqui 
fer 1 that lie between about 3890 and 4020 ft below sea level in well MD-82 
(Hansen, 1982; and pi. 1 and table 4).

Also, Brown and others (1972, pis. 7-9) indicate that the relative 
intrinsic permeability of basal chronostratigraphic (time-rock) units ranges 
from moderate to very low and generally decreases toward the east. These 
trends generally hold for areas where both the basal chronostratigraphic 
unit lies directly on basement rock and the top of the basement rock lies 
between 1,000 and about 4,000 ft below sea level. The chronostratigraphic 
units mapped by Brown and others (1972) differ from the geohydrologic units 
mapped during the RASA study, and the data cannot be correlated directly 
with the RASA aquifers and confining beds. Therefore, the intrinsic permea 
bility data are not mapped on the cross sections shown in plates 2 through 
15. However, the general trends are very useful in the absence of abundant 
hydraulic conductivity and transmissivity data for the saline-water bearing 
aquifers.

The confining beds are composed primarily of clay and silt. In the 
area where the top of the basement complex lies between 1,000 and about 
4,000 ft below sea level, the estimated aggregate thickness of confining 
beds 1, 2 and 3 generally increases from between 100 and 300 ft in the 
southern and northernmost parts of the area, to as much as 1,000 ft near the 
Delaware Bay. Confining beds 4 and 5 are missing mainly in Virginia (Meng 
and Harsh, 1984; and Henry Trapp, Jr., U.S. Geological Survey, written 
coramun., 1984) and southern Maryland (D. A. Vroblesky, and Henry Trapp, Jr., 
U.S. Geological Survey, written coramun., 1984), and confining beds 1 and 6 
through 9 are missing in the southern part of North Carolina (M. D. Winner, 
U.S. Geological Survey, written commun., 1984). The hydraulic conductivity 
of the bulk of the confining-bed material is estimated to range from 
1x10-3 to IxlO-5 ft/d.

The ratio of the horizontal to the vertical hydraulic conductivity in 
the entire sediment mass could range from 1,000:1 to 1,000,000:1. Meisler, 
Leahy and Knobel (1985) indicate 30,000:1 is a realistic averags ratio for 
the sediments in the Coastal Plain in New Jersey; and G. L. Giese, (U.S. 
Geological Survey, oral commun., 1984) suggests an average ratio of 10,000:1 
is reasonable for the sediments in the Coastal Plain in North Carolina.
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Distribution of Fresh and Saline Water

In gsneral, the aquifer and confining units are saturated with freshwa 
ter in the upper part of the sediment mass and with saline water and brine 
in the lower part. The term "saline water", as used in this report, refers 
to ground water with chloride concentrations of between 5,000 and 18,000 
mg/L. These are the approximate chloride concentrations that are found in 
ground water with total dissolved-solids concentrations of 10,000 mg/L 
(relatively nonusuable ground water) and 33»000 mg/L (almost seawater 
concentrations), respectively. The term "brine", as used in this report, 
refers to ground water with chloride concentrations greater than 18,000 
mg/L.

The source of the freshwater is precipitation. The source of the sa 
line water is presumed to be some combination of fresh ground water and the 
seawater in which the sediments were deposited or by which they were later 
invaded. The contact or interface between the freshwater and saline water 
in the sediment mass is actually a transition zone that may be as thick as 
2,300 ft (measured vertically) between the 250 and 18,000 mg/L chloride 
concentrations (Meisler, 1980b). (The 250 mg/L chloride concentration is 
used as a potable water standard).

The chloride concentration in the saline water gsnerally continues to 
increase and reaches brine concentrations with depth. The water-quality 
data in table 2 are from chemical analyses of water samples collected from 
deep wells tapping the Coastal Plain sediments in Maryland, North Carolina 
and Virginia. These data indicate that chloride concentrations in the 
ground water at 4,000 ft below sea level can be more than twice that found 
in seawater, and at 6,500 to 7,000 ft below sea level the chloride concen 
trations can be more than four times that found in seawater. The brine may 
be derived from the solution of evaporite sediments (Meisler and others, 
1985) or ionic filtration by shales during the process of sediment 
compaction (Bredehoeft and others, 1963; and Groot, 1983).
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Table 2. Chloride content of ground-water samples and sea water

Depth at which 
sample was collected 

Source of water (feet below sea level)

Moore's Bridges 2,500
Filter Plant
Well (USGS TW1),
Norfolk, Va.

Cr is field Airport 4,000
and Janes Island
Wells, Dorchester
County, Md.

Mobil Oil No. 2 6,500
Dare County, N.C.
DA-OT-12

Standard Oil of 6,500
New Jersey,
Esso No. 1 or
Ha tt eras Light well 7,000
Dare County, N.C.
DA-OT-10

Chloride 
concentration 

in water 
(milligrams 
per liter)

27,000

142,000

80,000

71,000

79,000

19,000

Data 
source

Brown (1971)

Meisler (1980b)

Petroleum
Information
Corporation

Maher (1971)

do.

Hem (1970)

 ' Rounded to nearest 100
 ' Rounded to nearest 1000
  Petroleum Information Corporation, Midland, Texas (data files).



Hydraulic Heads, Ground-Water Movement and the Position 
of the Freshwater/Saline-Water Interface

Part of the precipitation that falls on the Coastal Plain infiltrates 
the land surface, reaches the water table, which is the upper surface of the 
saturated zone, and enters the ground-water system. "Water enters the 
ground-water system in recharge areas and moves through them, as dictated by 
hydraulic gradients and hydraulic conductivities, to discharge areas. In 
the humid part of the country, recharge occurs in all interstream areas   
that is, in all areas except along streams and their adjoining flood 
plains. The streams and flood plains are, under most conditions, discharge 
areas," (Heath, 1983, p. 14).

About 9 to 20 inches of the average annual precipitation (about 46 
inches) that falls on the Coastal Plain infiltrates the land surface, and 
enters the ground-water system. More than 90 percent of this ground water 
moves through the shallow unconfined aquifers (those aquifers located above 
the shallowest confining beds) to nearby discharge areas (streams, 
esturaies, or the ocean). Less than 10 percent of the ground water moves 
downward across confining beds, into and through the deeper confined aqui 
fers (those aquifers located beneath confining beds) to distant discharge 
areas.

Water moves through the ground-water system in response to gravity, 
from areas where hydraulic heads are high to areas where they are low. 
Hydraulic heads in shallow aquifers in interstream areas are higher than 
heads in the same aquifers adjacent to nearby streams. Thus, the ground 
water flows from the interstream areas and discharges in the streams.

Ground water moves into, through, and out of the deeper aquifers in 
response to hydraulic-head differences also. Before man started to withdraw 
large amounts of ground water from the aquifers in the area, estimated head 
values in the western parts of the Coastal Plain ranged from an average of 
about 100 ft above sea level in the shallowest aquifers to about 80 ft above 
sea level in the deepest aquifers. In the coastal parts of the area, heads 
ranged from an estimated average of about 25 or 30 ft above sea level in the 
deepest aquifers to only a few feet above sea level in the shallow 
aquifers. Thus, some ground water flowed from the shallow aquifers downward 
across confining beds to the deeper aquifers in the western part of the 
area, then laterally toward the east, and upward across confining beds to 
shallower aquifers near the coast, and eventually to streams and estuaries, 
or the ocean. These conditions prevailed around the turn of the century and 
are illustrated and discussed for different places in the study area later 
in this report in the section entitled "Geohydrologic Cross Sections".
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The freshwater circulation has flushed the saline water from parts of 
the sedimentary rocks, and a transition zone or interface occurs between the 
fresh and the saline water (fig. 4). Under equilibrium conditions, and 
assuming the interface is a rather sharp boundary, the freshwater pressure 
would be balanced by the pressure of the more dense saline water at any 
point along the interface. Under these conditions, the interface would 
remain stationary. However, changes in the freshwater and saline-water 
pressure have produced imbalances that cause the interface to move either 
landward or seaward toward a new equilibrium position. Such pressure 
changes and movements have occurred and are still occurring because of large 
and increasing ground-water withdrawals from the aquifers and sea-level 
changes that have occurred in the past.

Regarding sea-level changes, Meisler, Leahy and Knobel (1985) have 
concluded that the present interface position in the Coastal Plain of New 
Jersey "probably reflects a long-term average sea level of between 50 and 
100 ft below the present sea level". Thus, they postulate that the position 
of the interface off the New Jersey coast is moving slowly landward at the 
rate of about 0.2 of a mile per 10,000 years. These estimates were made 
from finite-difference computer model simulations. Further, Meisler, Leahy 
and Knobel (1985) postulate that the broad transition zone between the 
freshwater and saline water is the result of mixing during alternating 
landward and seaward movements of the interface in response to eustatic 
sea-level changes in the past.

Regarding the ground-water withdrawals, table 3 indicates the 
modern-day quantities that are being pumped from wells screened in the 
Coastal Plain aquifers   over 1 billion gallons per day in 1980 (Harold 
Meisler, U.S. Geological Survey, oral commun., 1985). Most of the large 
withdrawals are concentrated in urban and industrial areas where they have 
resulted in declining water levels (heads) and the development of large 
cones of depression. Hydraulic heads have decreased as much as 200 ft or 
more at some of the pumping centers and 50-foot declines are very common. 
Both single and multiple coalescing cones of depression have spread over 
broad areas of up to 5,000 mi2 or more (Meisler, 1980a). About MO percent 
of the total estimated ground-water withdrawal is pumped from wells that tap 
aquifers 1, 2 and 3 (table 3), which lie directly on basement rock or prima 
rily occur in the lower half of the sediment mass. The cones of depression 
have spread to areas where these aquifers contain saline water in many 
places in the eastern part of the Coastal Plain. Thus, it can be expected 
that the position of the interface and water from the saline-water zone has 
moved and may still be moving very slowly landward throughout most of the 
area in response to the decreased freshwater pressure caused by the large 
ground-water withdrawals (see "Geohydrologic Cross Sections" part of text).

In homogeneous aquifers that are saturated with water of constant or 
nearly constant density, a head difference between two points (a hydraulic 
gradient) will indicate flow, and flow volumes and velocities can be calcu 
lated within aquifers and across confining beds from one aquifer to another 
using general equations that are expressions of Darcy's Law (Lohman, 1972, 
p. 10-13).
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Table 3. Estimated ground-water withdrawals from 
Coastal Plain rocks in 1980

NACP 
RASA 

Aquifer 
Units

4-10

3

2

1

Total by area

Estimated ground-water withdrawals fromn the 
in the Coastal Plain (in millions of gallons
Delaware, 
District of 
Columbia and
Maryland

130

10

33

32

205

New
Jersey

155

85

90

70

400

North
Carolina

225

12

3

0

240

Virginia

90

20

60

15

185

aquifers 
per day)

Total

600

127

186

117

1030

Data source: William B. Fleck (Delaware, District of Columbia and
Maryland), Mary M. Martin (New Jersey), Gerald L. Giese 
(North Carolina), Randall J. Laczniak (Virginia), and 
Harold Meisler, U.S. Geological Survey, oral commun., 
1985.

-' NACP RASA - Northern Atlantic Coastal Plain Regional Aquifer 
System Analysis
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However, in an aquifer system where the density of the water varies 
greatly in space, such as in the northern Atlantic Coastal Plain sediments 
(Meisler, 1985), the apparent hydraulic gradients calculated from 
unconnected measured heads may be caused, in large part, by variations in 
density and will not necessarily cause proportionate ground-water flow. 
Even if accurate head data were available, further complications are caused 
by the heterogeneous and anisotropic nature of large parts of many of the 
aquifers in the area. Interspersed silt and clay particles and lenticular 
bodies of silt and clay that occur within aquifers 1, 2 and 3» can cause 
local flow directions to be something other than perpendicular to general- 
ized equipotential lines or lines of equal head (Freeze and Cherry, 1979, p. 
177-178).

Head corrections to account for varying water density, and an accurate 
determination of flow direction and velocity require a rather detailed 
knowledge of the distribution of formation facies and attendant porosity and 
permeability, pressure or head, water temperature and water density 
(Hubbert, 1953; and Lusczynski and Swarzenski, 1966). The distribution and 
combinations of data needed to determine these factors on a meaningful scale 
are lacking at places in the freshwater part of the system and, by 
comparison, are practically nonexistent where the sediments contain water 
with chloride concentrations greater than 10,000 mg/L. Thus, it is pres 
ently impossible to determine the exact hydraulic gradient and direction of 
ground-water flow in the aquifers that contain saline water and brine.

Consequently, the estimates of hydraulic gradient and flow direction 
shown in this report for sediments containing saline water are very 
qualitative and only indicate approximate magnitudes and directions. Esti 
mates of ground-water flow velocity are deferred until more geologic data 
and concurrent head and water-quality data can be obtained for the deep part 
of the system. If and when these data are obtained, the most practical 
means for estimating flow velocities in an aquifer system with variable 
water density and heterogeneous, multi-layered framework characteristics is 
with the aid of appropriate ground-water flow models.
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Geohydrologic Cross Sections

Fourteen cross sections are used to define the geohydrologic environ 
ment in the Coastal Plain sediments at selected places primarily where the 
basement rocks lie between 1,000 and about 4,000 ft below sea level (fig. 
2). The locations of the lines of section are shown in plate 1.

The diagrammatic representation of the aquifers and confining beds in 
the sections generally reflects the hydrologic framework as it is delineated 
for data input to the ground-water flow models of the northern Atlantic 
Coastal Plain regional aquifer study (Henry Trapp, Jr., G. L. Giese, R. J. 
Laczniak, W. B. Fleck, M. M. Martin, and P. P. Leahy, U.S. Geological 
Survey, written commun., 1984). The geology and hydrology is much more 
complex than illustrated, particularly for the oldest aquifers and confining 
beds. However, a generalized framework is used because the paucity of data 
precludes detail. Consequently, the depiction of the hydrology such as 
hydraulic heads, ground-water movement, aquifer distribution, thickness and 
transmissivity, and confining-bed distribution and thickness is generalized 
also.

The 5,000 and 18,000 mg/L chloride-concentration lines on the sections 
illustrate the general distribution and configuration of part of the 
transition zone between freshwater and saline water in the sediment mass. 
In most cases, these data were taken directly from chloride maps by Meisler 
(U.S. Geological Survey, written commun., 1984, and 1980b), and were 
transferred to the cross sections without regard for displacement of concen 
tration lines that may occur in response to variations in the ground-water 
flow pattern resulting from differences between aquifer and confining-bed 
hydraulic conductivity.

The lines of approximately equal hydraulic head mapped in the freshwa 
ter part of the system were carried a short distance below the 5,000 mg/L 
chloride-concentration line to show that some flow of saline water is also 
taking place in response to the hydraulic gradients. Wherever flow lines 
are shown below the 5,000 mg/L line they are dashed to indicate they are 
inferred.

The physical and chemical characteristics shown in the cross sections 
are three-dimensional and the sections can show only two of the dimensions. 
This concept is crucial for the correct interpretation of all the geologic 
and hydrologic characteristics of the sediments. It is particularly 
emphasized here with respect to heads and ground-water movement. Maximum 
components of head and flow may occur at any angle up to 90 degrees to the 
plane of the sections, particularly where the sections transect cones of 
depression that have developed because of ground-water withdrawals from the 
aquifers.
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Prior to 1900, ground-water withdrawals are assumed to have been small 
and to have produced no significant water-level declines in the study area. 
Where the term "since 1900" is used in conjunction with ground-water 
withdrawals, it does not necessarily mean that withdrawals produced signifi 
cant water-level declines beginning with the year 1900, but that significant 
withdrawals and head declines started to occur sometime between 1900 and 
1980.

Although very slow landward movement of the transition zone between the 
freshwater and the saline water is inferred from the estimated hydraulic 
head changes that occurred from 1900 to 1980, data are insufficient to es 
tablish the amount and rate of the movement. Thus, the estimated 
present-day position of the 5,000 and 18,000 mg/L chloride-concentration 
lines are used for both the 1900 and the 1980 configurations shown on the 
cross sections. Future estimates of the amount of movement might be made 
with the aid of the computer models developed during the RASA study, or with 
simulation methods like those described by Meisler and others (1984).

Section A-A'. This section, shown in plate 2, is approximately 82 mi 
long and is constructed from wells that lie along or are projected to s. 
northeast-trending line drawn from southwestern Brunswick County to south 
eastern Onslow County, North Carolina (pi. 1). The altitude of the top of 
the basement rocks ranges from about 1,300 to 1,700 ft below sea level at 
the ends of the section and is about 1,000 ft below sea level near the cen 
ter of the section. Aquifers and confining beds 1, 8, and 9 are not present 
on the section, and aquifers and confining beds 6 and 7 thin and pinch out 
in the eastern and central parts (pi. 2A; M. D. Winner, and Henry Trapp, 
Jr., U.S. Geological Survey, written commun., 1984).

Estimated horizontal transmissivities range from low to medium where 
the aquifers in this section contain water with chloride concentrations less 
than about 10,000 mg/L (pi. 2A; M. D. Winner, G. L. Giese, and M. M. Martin, 
U.S. Geological Survey, written commun., 1984). Aquifers 2 and 3 are esti 
mated to have low transmissivity except at the western end of the section 
where a small part of aquifer 2 is estimated to have medium transmissivity.

At places along the section, aquifers 2, 3 and 4 contain water with 
chloride concentrations of 5,000 mg/L or more. The altitude of water con 
taining chloride concentrations of 5,000 mg/L ranges from 800 to 1,200 ft 
below sea level at the ends of the section and is about 400 ft below sea 
level near the center of the section. Water with 18,000 mg/L chloride oc 
curs at about 500 ft deeper than water with 5,000 mg/L chloride at the east 
ern end of the section (pi. 2A; Meisler, 1980b; Harold Meisler, U.S. Geo 
logical Survey, written and oral commun., 1984).

Estimated hydraulic heads for the year 1900 range from nearly 110 ft 
above sea level in aquifer 2 at the western end of the section to less than 
10 ft above sea level in aquifer 10 in the central and eastern parts 
(pi. 2B; G. L. Giese, M. D. Winner, and M. M. Martin, U.S. Geological 
Survey, written commun., 1984). Some flow is upward from the deep to the 
shallow aquifers in the discharge areas around the Cape Fear and Northeast 
Cape Fear Rivers, and the New River just north of well NC-81.
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Since 1900, increased withdrawals of ground water in and around 
Wilmington, North Carolina (located in central-western New Hanover County, 
(pi. 1), Camp Lejeune and Jacksonville, North Carolina (located in central 
Onslow County, pi. 1) and Myrtle Beach, South Carolina (located on the 
coast, 20 mi south of well NC-98, pi. 1), have lowered heads within aquifers 
3 through 7. The greatest amount of head decline (20 to 25 ft) along this 
section has occurred in aquifers 4 and 5 near well NC-98. Flow directions 
have changed around the areas nearest the largest head declines, but overall 
they have changed very little at the section since 1900 (pi. 2C).

Confining beds 2, 3 and 4 are estimated to range from about 75 ft to 
150 ft in thickness along the section. Based on the head difference between 
aquifers 2 and 3> confining bed 2 appears to have the most effective con 
fining properties along this section. In spite of this confining layer, it 
appears that some saline water is moving out of the deeper aquifers and 
upward toward the main natural discharge areas at the Cape Fear, Northeast 
Cape Fear and New Rivers (pi. 2).

Section B-B f .  This section, shown in plate 3» is approximately 58 mi 
long and is constructed from wells that lie along or are projected to a 
southeast-trending line drawn from the southwestern part of Columbus County, 
to the southern part of New Hanover County, North Carolina (pi. 1). The 
altitude of the top of the basement rocks rangss from 771 ft below sea level 
at well NC-90 to 1,536 ft below sea level at well NC-95 (pi. 3A). Not all 
the aquifers and confining beds are present along the section. Aquifers 1, 
6, 8, and 9 and confining beds 1, 6, 7, 8, and 9 pinch out to the east and 
northeast of the section, and aquifer 7 pinches out west of well NC-96 
(pi. 3A; M. D. Winner, and Henry Trapp, Jr., U.S. Geological Survey, written 
and oral commun., 1984).

Estimated horizontal transmissivities ran@s from low to medium where 
the aquifers in this section contain water with chloride concentrations less 
than 10,000 mg/L (pi. 3A; M. D. Winner, G. L. Giese, and M. M. Martin, U.S. 
Geological Survey, written and oral commun., 1984). Aquifers 2 and 3 are 
estimated to have low transmissivity except near the central part of the 
section where aquifer 2 is estimated to have medium transmissivity.

At places along the section, aquifers 2, 3 and 4 contain water with 
chloride concentrations of 5,000 mg/L or more, but no unit contains water 
with chloride concentrations as high as 18,000 mg/L. The altitude of water 
containing chloride concentrations of 5,000 mg/L ranges from about 800 ft 
below sea level in the western part of the section to about 700 ft below sea 
level at the eastern end (pi. 3A; Meisler, 1980b; Harold Meisler, U.S. Geo 
logical Survey, written and oral commun., 1984).

Estimated hydraulic heads for the year 1900 range from about 110 ft 
above sea level in aquifer 2 near well NC-94, to near sea level in aquifer 
10 near the Cape Fear River (pi. 3B; G. L. Giese, M.D. Winner, and M. M. 
Martin, U.S. Geological Survey, written and oral commun., 1984). Some flow 
was upward from the deep to the shallow aquifers. The high heads at depth 
result from the deeper aquifers being continuous to the west and southwest, 
where they crop out or lie close to land surface at much higher altitudes 
and where heads are as much as 200 ft or more above sea level.
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Since 1900, only small to moderate ground-water withdrawals have oc 
curred in the area. The ground-water withdrawals have caused a general 
lowering of water levels throughout the section, but overall flow directions 
appear to have remained much like those estimated for 1900 (compare pi. 3B 
and 3C).

Confining bed 2 thickens toward the east from 50 ft at the western end 
of the section to about 225 ft at the eastern end. Confining bed 3 thickens 
from 50 ft near the center of the section to about 150 ft at the western end 
and to about 100 ft at the eastern end. Based on the head differences be 
tween aquifers 2 and 3, confining bed 2 appears to have the best confining 
properties along the section. Confining beds 4 and 5 generally thicken 
toward the east from a combined thickness of 50 ft at the western end of the 
section to about 250 ft at the eastern end (pi. 3).

Section C-C'. This section, shown in plate 4, is approximately 56 mi 
long and is constructed from wells that lie along or are projected to a 
southeast-trending line drawn from the southwestern part of Jones County, to 
the south-central part of Carteret County, North Carolina (pi. 1). The 
altitude of the top of the basement rocks ranges from an estimated 950 ft 
below sea level at well NC-61 to about 4,900 ft below sea level at well 
NC-71 (pi. 4A). All aquifers and confining beds are present at the eastern 
end of the section. From the apparent angular relationship between 
aquifer 1, confining bed 1, and the basement rocks (pi. 4A), it seems likely 
that both aquifer and confining bed 1 pinch out on basement rock just east 
of well NC-64. Aquifers and confining beds 8 and 9 are absent about 10 mi 
west of well NC-64 (M. D. Winner, and Henry Trapp, Jr., U.S. Geological 
Survey, written and oral commun., 1984).

Estimated horizontal transmissivities range from low to high where the 
aquifers in this section contain water with chloride concentrations less 
than 10,000 mg/L (pi. 4A; M. D. Winner, G. L. Giese, and M. M. Martin, U.S. 
Geological Survey, written and oral commun., 1984). Aquifers 2 and 3 are 
estimated to have low transmissivity in the freshwater part of the section.

At places along the section, aquifers 2 through 7 contain water with 
chloride concentrations of 5,000 mg/L or more. The altitude of water con 
taining chloride concentrations of 5,000 mg/L ranges from about 800 to 
1,150 ft below sea level near the east-central and western parts of the 
section, respectively. Water with chloride concentrations of 18,000 mg/L or 
more is found throughout aquifer 1 and occurs about 500 ft deeper than water 
with 5,000 mg/L chloride (pi. 4A; Meisler, 1980b; Harold Meisler, U.S. Geo 
logical Survey, written commun., 1984).

Estimated hydraulic heads for the year 1900 range from slightly more 
than 60 ft above sea level in aquifer 10 near well NC-61, to near sea level 
in aquifer 10 near the Newport and North Rivers at the eastern end of the 
section (pi. 4B; G. L. Giese, M. D. Winner, and M. M. Martin, U.S. Geologi 
cal Survey, written and oral commun., 1984). Water flowed from west to east 
and upward across confining beds to discharge along the coast and into the 
Newport and North Rivers (pi. 4B). The high heads in the confined aquifers 
in the western part of the section are derived, in part, from an area 60 mi 
to the west where the aquifers crop out or lie close to land surface and 
heads are as much as 175 ft above sea level.
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Since 1900, ground-water withdrawals by the municipalities of 
Jacksonville (located in the center of Onslow County, pi. 1) and Morehead 
City (located between wells NC-70 and NC-71 in Carteret County, pi. 1), and 
the Onslow County Water System, have lowered heads by more than 60 ft in 
aquifer 4, and more than 10 ft in aquifers 5 and 7 (pi. 4C). As a conse 
quence of the withdrawals and lowered heads, the direction of ground-water 
flow has been reversed in aquifers 2 through 5 in the western part of the 
section and in aquifer 7 in the eastern part, and some water is now moving 
updip from the freshwater-saline water interface toward the centers of 
pumping.

Confining bed 1 thickens toward the east from about 25 ft at its west 
ern extent near well NC-64, where aquifer 1 appears to pinchout against the 
basement, to about 100 ft at the eastern end of the section. Confining bed 
2 thickens toward the east from about 50 ft at the western end of the sec 
tion to about 150 ft at the eastern end, and confining bed 3 thickens from 
50 ft near well NC-65 to about 100 ft at the eastern and the western ends. 
Based on confining-bed thickness and the head differences in aquifers 2 and 
3, confining bed 2 appears to have the most effective confining properties 
at the section. However, confining bed 1 may pinch out on basement rock to 
form an effective barrier to retard the westward movement of ground water 
and any contaminant that might occur in aquifer 1 (pi. 4).

Section D-D*. This section, shown in plate 5, is approximately 80 mi 
long and is constructed from wells that lie along or are projected to a 
northeast-trending line drawn from northeastern Craven County to the eastern 
part of Hyde County, North Carolina (pi. 1). The altitude of the top of the 
basement rocks ranges from about 1,000 ft below sea level at the western end 
of the section to about 5,800 ft below sea level at the eastern end. All 
the aquifers and confining beds are present at well NC-41, and generally 
thin along the section to the southwest. Aquifers and confining beds 1, 8 
and 9 pinch out near the central and western parts of the section (pi. 5A; 
M. D. Winner, and Henry Trapp, Jr., U.S. Geological Survey, written and oral 
commun., 1984). From the apparent angular relationship between aquifer 1, 
confining bed 1 and the basement rocks (pi. 5A), it seems likely that both 
aquifer and confining bed 1 pinch out on the basement rock.

Estimated horizontal transmissivities range from low to high in the 
section where the aquifers contain water with chloride concentrations less 
than 10,000 mg/L (pi. 5A; M. D. Winner, G. L. Giese, and M. M. Martin, U.S. 
Geological Survey, written and oral commun., 1984). Aquifers 1, 2 and 3 are 
estimated to have low transmissivity except near the northeastern end of the 
section where aquifer 1 is estimated to have medium transmissivity.

At places, aquifers 1 through 7 contain water with chloride concentra 
tions of 5,000 mg/L or more. The altitude of water containing chloride 
concentrations of 5,000 mg/L ranges from over 1,100 ft below sea level near 
well NC-51, to about 500 ft below sea level near well NC-45. East of well 
NC-45, the depth increases to about 800 feet at well NC-41. Water with 
chloride concentrations of 18,000 mg/L or more is found throughout aquifer 1 
and occurs about 500 to 800 ft deeper than water with 5,000 mg/L chloride 
(pi. 5A; Meisler, 1980b; Harold Meisler, U.S. Geological Survey, written and 
oral commun., 1984).
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Estimated hydraulic heads for the year 1900 range from greater than 40 
ft above sea level in all the aquifers at the western end of the section to 
near sea level in aquifer 10 adjacent to the Pamlico River (pi. 5B; 
G. L. Giese, M. D. Winner, and M. M. Martin, U.S. Geological Survey, written 
and oral commun., 1984). The ground water generally flowed from west to 
east and upward across confining beds to discharge into small streams and 
the Pamlico River (see pi. 1 for location of river) in the eastern part of 
the section. The relatively high heads in the deep, confined aquifers are 
derived from an area to the west near the Fall Line, where the lower aqui 
fers of this section crop out or lie close to land surface at higher 
altitudes, and heads are as much as 125 ft above sea level.

Since the middle 1960's, large ground-water withdrawals from aquifer 7 
have occurred in the central part of Beaufort County, North Carolina (see 
pi. 1 for location of county). The ground water is pumped to lower the 
water level and facilitate the mining of phosphate deposits that lie di 
rectly above aquifer ?  In addition, large amounts of ground water pres 
ently are being pumped from both municipal and industrial wells finished in 
aquifers 3 and 4 in Lenoir and Craven Counties, North Carolina (see pi. 1 
for location of counties). The withdrawals have lowered the hydraulic heads 
at the section from 40 to more than 80 ft in aquifers 3, 4 and 7, and head 
declines have reached the transition zone between the fresh and saline 
water. Consequently, most of the ground-water flow in the confined aquifers 
is now toward the pumping centers, and some slow westward movement of the 
saline water is postulated (pi. 5C).

Confining bed 1 thickens toward the east from an estimated 25 ft at its 
western limit in the central part of the section, to about 50 ft at well 
NC-41. Confining beds 2 and 3 thicken toward the east from about 50 ft at 
the western end of the section to about 200 and 100 ft, respectively, at the 
eastern end. Based on confining-bed thickness and the head differences in 
aquifers 2 and 3, confining bed 2 appears to have the most effective con 
fining properties of these lower confining units. However, confining bed 1 
may pinch out on the basement rock to form an effective barrier to retard 
the westward movement of ground water and any contaminant that might occur 
in aquifer 1. Confining beds 4 through 9 generally thicken toward the east 
and reach a maximum combined thickness of about 700 ft near the eastern end 
of the section (pi. 5).

Section E-E*. This section, shown in plate 6, is approximately 75 mi 
long and is constructed from wells that lie along or are projected to a 
southeast-trending line drawn from the north-central part of Martin County, 
to eastern Hyde County, North Carolina (pi. 1). The altitude of the top of 
the basement rocks ranges from about 550 ft below sea level on the western 
end of the section to a projected altitude of about 5,800 ft below sea level 
on the eastern end (pi. 6A). All aquifers and confining beds are present in 
the eastern part of the section (M. D. Winner, and Henry Trapp, Jr., U.S. 
Geological Survey, written commun., 1984). The units generally thin 
westward and aquifers 5, 6, 7 and 8, and confining beds 4, 5, 6 and 7 pinch 
out near the western end of the section. From the apparent angular rela 
tionship between aquifer 1, confining bed 1 and the basement rocks (pi. 6A), 
it seems likely that both aquifer 1 and confining bed 1 pinch out on 
basement rock just east of well NC-25 in eastern Washington County, North 
Carolina (see pi. 1 for location of county).
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Estimated horizontal transmissivities range from low to high where the 
aquifers contain water with chloride concentrations less than 10,000 mg/L 
(pi. 6A; M. D. Winner, G. L. Giese, and M. M. Martin, U.S. Geological 
Survey, written and oral commun., 1984). Aquifers 1, 2 and 3 have low 
transmissivity except around well NC-25 where aquifer 3 is estimated to have 
medium transmissivity.

At places along the section, aquifers 2 through 7 contain water with 
chloride concentrations of 5,000 mg/L or more. The altitude of water con 
taining chloride concentrations of 5,000 mg/L is about 1,100 ft below sea 
level on the western end of the section, about 500 ft in the central part, 
and about 800 ft below sea level at the eastern end. Water with chloride 
concentrations of 18,000 mg/L or more is found throughout aquifer 1, and 
occurs at about 500 to 700 ft deeper than water with 5,000 mg/L chloride 
(pi. 6A; Meisler, 1980b; Harold Meisler, U.S. Geological Survey, written and 
oral commun., 1984).

Estimated hydraulic heads for the year 1900 ranged from more than 50 ft 
above sea level in the aquifers at the western end of the section, to near 
sea level in aquifer 10 at the eastern end (pi. 6B; G. L. Giese, M. D. 
Winner, and M. M. Martin, U.S. Geological Survey, written and oral commun., 
1984). In gsneral, water flowed from west to east with a small downward 
component at the western end of the section, and upward across confining 
beds to shallower aquifers and local streams in the eastern part of the 
section. The relatively high heads in the confined aquifers near well NC-20 
are derived, in part, from an area about 30 miles to the west of the 
section, where the aquifers crop out or lie close to land surface and the 
heads in these aquifers are as great as 125 ft above sea level.

Since 1900, ground-water withdrawals in Martin County (see pi. 1 for 
location of county) have lowered the heads more than 25 ft in aquifers 3 and 
4 at the western end of the section (pi. 6C). Heads in aquifer 7 have 
declined below sea level in the central part of the section owing to with 
drawals of about 65 million gallons per day for phosphate-ore mining opera 
tions about 25 mi south of this section. As a result, water is moving into 
the closed depression outlined by the zero-head line, and to the south in a 
plane perpendicular to this section. It is possible that some of the water 
flowing toward the pumping center is saline water from the transition zone.

The estimated thickness of confining bed 1 ranges from zero at its 
western limit to about 100 ft at well NC-25. It is possible that this con 
fining bed might pinch out against the basement rock to form an effective 
barrier to impede the westward movement of ground water and any contaminant 
that might occur in aquifer 1. Confining bed 2 thickens toward the east 
from about 100 ft at well NC-20 to about 200 ft at the eastern end of the 
section. Likewise, confining bed 3 thickens toward the east from about 50 
ft at well NC-20 to about 125 ft at the eastern end of the section. Based 
on thickness, confining bed 2 appears to provide the most effective confine 
ment of the lower three confining units. Confining beds 4 through 9 gener 
ally thicken toward the east and have a combined thickness of about 800 ft 
near the eastern end of the section (pi. 6).
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Section F-F 1 . This section, shown in plate 7, is approximately 61 mi 
long and is constructed from wells that lie along or are projected to a 
southeast-trending line drawn from the southern part of Isle of Wight 
County, Virginia, to the central part of Currituck County, North Carolina 
(pi. 1). The altitude of the top of the basement rocks ranges from about 
830 ft below sea level on the western end of the section to about 4,500 ft 
below sea level on the eastern end (pi. 7A). Aquifer and confining bed 5 
are missing because they pinch out to the south of the section. Aquifer 
and confining bed 4 thin along the section line to the northwest and pinch 
out near the North Carolina-Virginia border (M. D. Winner, and Henry Trapp, 
Jr., U.S. Geological Survey, written and oral commun., 1984; and Meng and 
Harsh, 1984).

Estimated horizontal transmissivities range from low to medium where 
the aquifers in this section contain water with chloride concentrations less 
than 10,000 mg/L (pi. 7A; Meng and Harsh, 1984; R. J. Laczniak, M. D. 
Winner, G. L. Giese, M. M. Martin, U.S. Geological Survey, written and oral 
commun., 1984). Aquifer 1 is estimated to have low and medium transmis- 
sivity at the western and central parts of the section, respectively; aqui 
fer 2 is estimated to have medium transmissivity; and aquifer 3 is estimated 
to have low transmissivity (pi. 7A).

At places along the section, all aquifers except 9 and 10 contain water 
with chloride concentrations of at least 5,000 mg/L. The altitude of water 
containing chloride concentrations of 5,000 mg/L ranges from about 1,400 to 
700 ft below sea level from the western to the eastern end of the section, 
respectively. Water with chloride concentrations of 18,000 mg/L occurs from 
500 to 600 ft deeper than water with 5,000 mg/L chloride (pi. 7A; Meisler, 
1980b; Harold Meisler, U.S. Geological Survey, written and oral commun., 
1984).

Estimated hydraulic heads for the year 1900 ranged from slightly more 
than 50 ft above sea level in aquifer 1 at the western end of the section, 
to near sea level in aquifer 10 near the North River (pi. 7B; A. A. Meng, 
J. F. Harsh, R. J. Laczniak, G. L. Giese, M. D. Winner, M. M. Martin, U.S. 
Geological Survey, written and oral commun., 1984). In the shallow part of 
the freshwater-circulation system, water flowed away from the highest heads 
in the shallow aquifers. In the deeper part of the system, flow was downdip 
toward the freshwater-saline water interface and upward across the confining 
beds to discharge areas at Currituck Sound and coastal streams, such as 
North River (see pi. 1 for location of the sound). The estimated 40- and 
50-foot heads in the confined aquifers near well VA-73 are derived from 20 
to 30 mi west of the section where the lower aquifers crop out or are very 
near land surface, and heads are as much as 100 ft above sea level.
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Since the late 1930's, large amounts of ground water have been and 
continue to be pumped from wells screened in the deeper aquifers in and 
around the municipalities of Franklin and Suffolk, Virginia (Franklin is 
located near well VA-73, and Suffolk is located about 20 mi east of 
Franklin, pi. 1). These withdrawals have lowered heads more than 200 ft in 
aquifers 1 and 2 at well VA-73- Lowering of the hydraulic head is widespread 
along the section (pi. 7C) primarily owing to the pumpage at Franklin and 
Suffolk. The direction of ground-water flow has been reversed in most of 
the freshwater-circulation system shown in the section, and flow is now 
downward across the confining beds and westward updip toward the center of 
pumping. As a result of the head declines, some slow westward movement of 
the saline water is postulated, particularly in aquifers 1 and 2.

Confining beds 1, 2 and 3 are estimated to range between about 50 to 
150 ft in thickness along the section. Based on confining-bed thickness and 
the head differences in aquifers 2 and 3 (pi. 7C), confining beds 2 and 3 
appear to provide effective confinement, and confining bed 2 appears to have 
the best confining properties in the section. It is impossible at present 
to estimate the confining potential of confining bed 1 based on the distri 
bution of the lines of equal hydraulic head, because ground-water with 
drawals from aquifers 1 and 2 have lowered the heads to nearly the same 
values in each of these aquifers. However, confining bed 1 is approximately 
the same thickness as confining beds 2 and 3 and, on this basis, all these 
confining beds may be expected to have similar confining properties. Con 
fining beds 4, and 6 through 9 thicken to the east, reaching a combined 
thickness of about 450 ft near well NC-13 (pi. 7).

Section G-G*. This section, shown in plate 8, is approximately 65 mi 
long and is constructed from wells that lie along or are projected to a line 
drawn from north-central Sussex County, to the coast at Virginia Beach, 
Virginia (pi. 1). The altitude of the top of the basement rocks ranges from 
about 450 ft below sea level on the western edge of the section to an esti 
mated 3i300 ft below sea level on the eastern end (pi. 8A). Aquifers 4, 5 
and 8, and confining beds 4 and 5 are not present. Confining bed 1 is very 
thin just west of well VA-46 (Meng and Harsh, 1984; Henry Trapp, Jr., U.S. 
Geological Survey, written and oral commun., 1984).

Estimated horizontal transmissivities range from low to medium high 
where the aquifers in the section contain water with chloride concentrations 
less than 10,000 mg/L (pi. 8A; A. A. Meng, J. F. Harsh, R. J. Laczniak, M. 
M. Martin, U. S. Geological Survey, written and oral commun., 1984). Aqui 
fers 1 and 3 are estimated to have low transmissivity except in the 
east-central part of the section where aquifer 1 is estimated to have medium 
transmissivity. Most of aquifer 2 is estimated to have medium transmis 
sivity except around well VA-53 where the transmissivity is medium high.
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The downdip parts of aquifers 1,2,3 and 7 contain water with chloride 
concentrations of 5,000 mg/L or more. The altitude of water containing 
chloride concentrations of 5,000 rag/L ranges from about 1,500 ft below sea 
level near the center of the section to about 800 ft below sea level at 
Virginia Beach (well VA-58). Water with chloride concentrations of 18,000 
rag/L or more occurs in aquifers 1 and 2 at the eastern end of the section. 
The water with 18,000 rag/L chloride occurs about 700 ft deeper than the 
water with 5,000 rag/L chloride (pi. 8A; Meisler, 1980b; Harold Meisler, U.S. 
Geological Survey, written and oral cornmun., 1984).

Estimated hydraulic heads for the year 1900 range from greater than 75 
ft above sea level at the western end of the section, to near sea level in 
aquifer 10 near the James River (see pi. 1 for location of river) (pi. 8B; 
R. J. Laczniak, J. F. Harsh, A. A. Meng, M. M. Martin, U.S. Geological 
Survey, written commun., 1984). As the flow arrows indicate, the flow was 
from west to east, downward across confining beds in the western part of the 
section, and upward toward the James River, and the Atlantic Ocean (just 
east of the section).

Since the late 1930's, it is estimated that ground-water withdrawals in 
and around the municipalities of Franklin (located near well VA-73, pi. 1) 
and Suffolk, Virginia (located about 20 mi east of Franklin), have lowered 
heads along this section by more than 50 ft in aquifers 1, 2 and 3 
(pi. 8C). Smaller head declines ranging from 5 to 25 ft in aquifers 6, 7 
and 9 are the combined result of the Suffolk-Franklin pumping and the many 
water users that withdraw small amounts of ground water from the upper 
aquifers. As a result of the head declines, some slow westward movement of 
the saline water is postulated in aquifers 1, 2 and 3-

Confining bed 1 thickens toward the east from about 10 ft in the west 
ern part of the section, to an estimated 100 ft at the eastern end. Con 
fining bed 2 thickens toward the east from about 50 ft at the western end of 
the section to 75 ft at the eastern end. Also, confining bed 3 thickens 
from 25 to about 50 ft from the western to the eastern end of the section 
(pi. 8C). Based on consistent thickness, confining bed 2 appears to provide 
the best confinement potential of the lower three confining units. Because 
it is very thin, the effectiveness of confining bed 1 is probably negligible 
between wells VA-44 and VA-46. Confining beds 6, 7, 8 and 9 become 
progressively thicker toward the eastern part of the section and reach a 
combined thickness of about 500 ft near well VA-58 (pi. 8).

Section H-H 1 . This section, shown in plate 9, is approximately 75 mi 
long and is constructed from wells that lie along or are projected to a line 
drawn from western New Kent County, Virginia to near the mouth of Chesapeake 
Bay (pi. 1). The section is used to display the general geohydrologic con 
ditions beneath the peninsula bounded by the York and James Rivers (see pi. 
1 for location of rivers). The altitude of the top of the basement rocks 
ranges from about 500 ft below sea level at well VA-25 to a projected depth 
of about 3,000 ft below sea level at well VA-45 (pi. 9A). Aquifers and 
confining beds 4 and 5, and aquifer 8, are not present in this section (Meng 
and Harsh, 1984; Henry Trapp, Jr., U.S. Geological Survey, written commun., 
1984).
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Estimated horizontal transmissivities range from low to medium high 
where the aquifers in this section contain water with chloride concentra 
tions less than 10,000 mg/L (pi. 9A; R. J. Laczniak, J. F. Harsh, A. A. 
Msng, and M. M. Martin, U.S. Geological Survey, written and oral coramun., 
1984). Aquifer 1 is estimated to have low transmissivity except in the 
east-central part of the section where it has medium transmissivity. Aqui 
fer 2 is estimated to have medium and medium high transmissivity in the 
central and eastern parts of the section and low transmissivity at the west 
ern end. All of aquifer 3 is estimated to have low transmissivity.

The downdip parts of aquifers 1, 2 and 3 contain water with chloride 
concentrations of 5,000 mg/L or more. The altitude of water containing 
chloride concentrations of 5,000 mg/L ranges from about 1,500 ft below sea 
level near the center of the section to about 900 ft below sea level at the 
eastern end. Water with chloride concentrations of 18,000 mg/L or more 
occurs only in aquifer 1, and is found at about 1,000 to 1,300 ft deeper 
than water with 5,000 mg/L chloride (pi. 9A; Meisler, 1980b; Harold Meisler, 
U.S. Geological Survey, written and oral commun., 1984).

Estimated hydraulic heads for the year 1900 ranged from more than 60 ft 
above sea level at the western end of the section, to near sea level in 
aquifer 10 at the Chickahorainy River and Chesapeake Bay (pi. 9B; 
R. J. Laczniak, J. F. Harsh, A. A. Meng, and M. M. Martin, U.S. Geological 
Survey, written and oral coraraun., 1984). As the heads and flow arrows 
indicate, the flow was primarily from west to east with a downward component 
in the western part of the section and an upward component in the central 
and eastern parts toward the Chickahominy River, and the Chesapeake Bay.

By 1980, ground-water withdrawals in and around Williarasburg, Virginia 
(located on the James City and York Counties line, pi. 1), had lowered heads 
in the central part of the section by 50 to 90 feet. The major head de 
clines have occurred in aquifers 1, 2, 3 and 6 (pi. 9C), and the 
ground-water flow in these aquifers is presently toward the center of pump 
ing in the Williarasburg area. As a result of the head declines, some slow 
westward movement of the saline water is postulated in aquifers 1, 2 and 3-

Confining bed 1 has an estimated average thickness of 50 to 75 ft at 
the section. Confining bed 2 thickens eastward from about 25 ft at the 
western end of the section to about 100 ft at the eastern end. Confining 
bed 3 pinches out against confining bed 2 just to the east of well VA-25 and 
thickens to about 50 ft at the eastern end of the section. Based on the 
confining-bed thickness and the distribution of the hydraulic-head lines 
(pi. 9C), it appears that these lower confining units have only moderately 
to poorly effective confining properties. Confining beds 6, 7 and 8 thicken 
progressively toward the eastern part of the section, and reach a combined 
thickness of about 450 ft at well VA-45.
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Section I-I*. This section, shown in plate 10, is approximately 68 mi 
long and is constructed from wells that lie along or are projected to a line 
drawn from the western part of New Kent County to the western edge of 
Northampton County, Virginia (pi. 1). The altitude of the top of the 
basement rocks ranges from about 520 ft below sea level on the western end 
of the section to a projected depth of about 3>300 ft below sea level on the 
eastern end (pi. 10A). Aquifer and confining bed 4 are not present along 
this section (Meng and Harsh, 1984; Henry Trapp, Jr., U.S. Geological 
Survey, written commun., 1984). In addition, aquifers 3, and 5 through 8, 
and confining beds 2, 5, 8 and 9 pinch out within the section.

Estimated horizontal transmissivities range from low to medium high 
where the aquifers in the section contain water with chloride concentrations 
less than 10,000 mg/L (pi. 10A; R. J. Laczniak, J. F. Harsh, A. A. Meng, and 
M. M. Martin, U.S. Geological Survey, written and oral commun., 1984). The 
estimated transmissivity for aquifer 1 is low in the western part of the 
section and medium in the eastern part. Aquifer 2 is estimated to have 
medium transmissivity except in the western and east-central parts of the 
section where it has low and medium high transmissivity, respectively. 
Aquifer 3 has low transmissivity.

At places along the section, aquifers 1, 2, 3 and 5 contain water with 
chloride concentrations of 5,000 mg/L or more. The altitude of water con 
taining chloride concentrations of 5,000 mg/L ranges from about 1,800 ft 
below sea level near the center of the section to about 900 ft below sea 
level at the eastern end. Water with chloride concentrations of 18,000 mg/L 
or more occurs only in aquifer 1, and is found at about 1,400 ft deeper than 
water with 5,000 mg/L chloride (pi. 10A; Meisler, 1980b; Harold Meisler, 
U.S. Geological Survey, written and oral commun., 1984).

Estimated hydraulic heads for the year 1900 range from about 50 to 75 
ft above sea level from the lower to the upper aquifers, respectively, at 
the western end of the section, to near sea level in aquifer 10 along 
Chesapeake Bay (pi. 10B; R. J. Laczniak, J. F. Harsh, A. A. Meng, and M. M. 
Martin, U.S. Geological Survey, written and oral commun., 1984). The 
ground-water flow generally was from west to east with a downward component 
across confining beds at the western end of the section and an upward compo 
nent to discharge at the York River in the central part of the section, and 
the Chesapeake Bay in the eastern part (pi. 1).

Since 1900, ground-water withdrawals at the city of West Point (located 
near well VA-24) and around the cities of Gloucester and Urbanna (located in 
central Gloucester and Middlesex Counties, Virginia, respectively; see 
pi. 1), have lowered heads along this section by 50 to 90 ft in aquifers 1, 
2 and 3 (pi. 10C). Both heads and flow directions in aquifers 7, 9 and 10 
have been little effected by the pumping, but the withdrawals have caused 
the heads in the deeper aquifers to decline far below sea level in parts of 
the section, and ground-water flow in these deeper aquifers is toward the 
centers of pumping. Flow in most of the eastern part of the section has 
been reversed and is now westward and vertically downward. As a result of 
the head declines, some slow westward movement of the saline water is 
postulated in aquifers 1, 2 and 3.
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Confining bed 1 and 2 each thicken toward the east from about 20 ft at 
the western end of the section to over 100 ft at the eastern end. Confining 
bed 2 is considered to be more continuous and consistent than confining bed 
1. Confining bed 3 also thickens toward the east from about 25 ft at the 
western end of the section to about 75 ft at the eastern end. Based on 
thickness, it appears that these lower confining beds would provide moder 
ately effective confinement in the eastern part of the section, and moder 
ately to poorly effective confinement in the central and western parts of 
the section, respectively. Confining beds 5 through 9 thicken progressively 
toward the eastern part of the section, reaching a combined thickness of 
about 550 ft near well VA-35. Here, these upper confining beds act as a 
highly effective retardant to vertical flow between the freshwater and 
saline-water parts of the section (pi. 10).

Section J-J 1 . This section, shown in plate 11, is approximately 92 mi 
long and is constructed from wells that lie along or are projected to a line 
drawn from central Caroline County to the eastern shore of Chesapeake Bay in 
Northampton County, Virginia (pi. 1). The altitude of the top of the 
basement rocks ranges from about 480 ft below sea level near well VA-7 on 
the western end of the section to an estimated 3,300 ft below sea level near 
well VA-36 at the eastern end (pi. 11A). Aquifer 4 and confining bed 4 are 
not present in this section (Meng and Harsh, 1984; Henry Trapp, Jr., U.S. 
Geological Survey, written and oral commun., 1984).

Estimated horizontal transmissivities range from low to medium where 
the aquifers in the section contain water with chloride concentrations less 
than 10,000 mg/L. The medium transmissivity occurs in aquifers 1 and 2 in 
the central and eastern parts of the section. The western parts of aquifers 
1 and 2, and all of aquifer 3 are estimated to have low transmissivity 
(pi. 11A; A. A. Meng, J. F. Harsh, R. J. Laczniak, and M. M. Martin, U.S. 
Geological Survey, written commun., 1984).

The downdip parts of aquifers 1, 2, 3 and 5 contain water with chloride 
concentrations of 5,000 mg/L or more. The altitude of water containing 
chloride concentration of 5,000 mg/L ranges from about 2,100 ft below sea 
level near the center of the section to about 900 ft below sea level at the 
eastern end. Water with chloride concentrations of 18,000 mg/L occurs about 
1,400 ft deeper than water with 5,000 mg/L chloride (pi. 11A; Meisler, 
1980b; Harold Meisler, U.S. Geological Survey, written and oral commun., 
1984).

Estimated hydraulic heads for the year 1900 range from over 100 ft 
above sea level in the unconfined surficial aquifer and more than 50 ft 
above sea level in the confined aquifers at the western end of the section, 
to near sea level in the surficial sediments near the Piankatank River and 
the Chesapeake Bay (pi. 11B; R. J. Laczniak, J. F. Harsh, A. A. Meng, and M. 
M. Martin, U.S. Geological Survey, written and oral commun., 1984). As the 
flow arrows indicate, the flow was from west to east, with a downward compo 
nent across confining beds in the western part of the section and an upward 
component in the eastern part to discharge into the Piankatank River, 
Chesapeake Bay and the Atlantic Ocean (just east of the section, see pi. 1).
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Since 1900, ground-water withdrawals in and around the cities of 
Gloucester and Urbanna (located in central Gloucester and central Middlesex 
Counties, Virginia, respectively; pi. 1), and the city of West Point 
(located near well VA-24 at the southeastern tip of King William County, 
Virginia, pi. 1), have lowered heads along this section by 40 to 80 ft in 
aquifers 1, 2 and 3 (pi. 11C). Smaller head declines, estimated to range 
from 5 to 20 ft, have occurred, at least locally, in aquifers 6, 7, 9 and 
10, and are the result of ground-water withdrawals from these upper aquifers 
combined with the withdrawals from the lower aquifers. As a result of the 
head declines, some slow westward movement of the saline water is postulated 
in aquifers 1, 2 and 3.

The thickness of confining bed 1 varies from about 50 to 125 ft along 
the section. Confining bed 2 thickens and thins between 50 and 100 ft; and 
confining bed 3 thickens from where it pinches out in the central part of 
the section to about 75 ft at well VA-35. The combined thickness of these 
lower confining beds is between about 150 and 200 ft along the section. 
Based on the distribution of the hydraulic-head lines and confining-bed 
thickness, confining beds 1, 2 and 3 appear to have moderately to poorly 
effective confining properties. Confining beds 5 through 9 thicken to the 
east and have a combined thickness of about 550 ft near well VA-35 (pi. 10).

Section K-K*. This section, shown in plate 12, is approximately 94 mi 
long and is constructed from wells that lie along or are projected to a 
southeast-trending line drawn from southern Prince Georges County, Maryland, 
to near the Atlantic Coast in northeastern Accomack County, Virginia 
(pi. 1). The altitude of the top of the basement rocks ranges from about 
1,400 ft below sea level on the western end of the section to about 6,100 ft 
below sea level at well VA-10 on the eastern end of the section. Aquifers 
and confining beds 4 and 5 are not present along this section and aquifers 
3, 6, 7 and 8, and confining beds 3, 8 and 9 pinch out within the section 
(pi. 12A; D. A. Vroblesky, and Henry Trapp, Jr., U.S. Geological Survey, 
written commun., 1984; Msng and Harsh, 1984).

Estimated horizontal transmissivities range from low to medium where 
the aquifers in the section contain water with chloride concentrations less 
than 10,000 mg/L (pi. 12A; D. A. Vroblesky, W. B. Fleck, A. A. Meng, J. F. 
Harsh, R. J. Laczniak, and M. M. Martin, U.S. Geological Survey, written 
commun., 1984). With the exception of the medium transmissivity estimated 
to occur in aquifers 1 and 2 in the central and eastern part of the section, 
respectively, all aquifers are estimated to have low transmissivity.

In the eastern part of the section, aquifers 1 and 2 contain water with 
chloride concentrations of 5,000 mg/L or more. The altitude of water con 
taining 5,000 mg/L chloride concentrations ranges from about 3,200 ft below 
sea level near the center of the section to about 1,800 ft below sea level 
around well VA-10 near the Atlantic Coast (see pi. 1 for location of 
coast). Water with chloride concentrations of 18,000 mg/L or more occurs in 
aquifers 1 and 2 at about 400 to 800 ft deeper than water with 5,000 mg/L 
chloride (pi. 12A; Meisler, 1980b; Harold Meisler, U.S. Geological Survey, 
written and oral commun., 1984).
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Estimated hydraulic heads for the year 1900 ranged from about 50 to 125 
ft above sea level from the deepest confined aquifer to the water-table 
aquifer, respectively, on the western end of the section, to near sea level 
in the unconfined surficial aquifer near Chesapeake Bay and Pocomoke Sound 
(pi. 12B). As the flow arrows indicate, ground-water flow was primarily 
from areas where the hydraulic heads were high in the western part of the 
section, toward areas of natural discharge like the Patuxent River, 
Chesapeake Bay and Pocoraoke Sound in the eastern part (pi. 12B).

Since 1900, withdrawals of ground-water in St. Marys and Calvert 
Counties, Maryland (see pi. 1 for location of counties) have lowered heads 
from 25 to 75 ft, with the majority of the decline occurring in aquifer 6 
near well MD-74 (pi. 12C). As the flow arrows indicate, ground-water flow 
in the confined aquifers is predominantly toward the cone of depression that 
has developed in aquifer 6. This flow is downward across confining beds 
from the upper aquifers, laterally from east and west in the plane of the 
section in aquifer 6, and upward across confining beds from the lower 
aquifers. As a result of the head declines, some very slow westward move 
ment of the saline water may have occurred in aquifers 1 and 2.

Confining bed 1 ranges in thickness from about 200 to 400 ft along the 
section and confining bed 2 ranges from 50 to about 120 ft in thickness. 
Confining bed is directly overlain by and is considered an integral part of 
the younger confining units in this section (pi. 12). Based on the distri 
bution of the hydraulic-head lines, confining bed 2 appears to have effec 
tive confining properties. The lack of detailed head data across confining 
bed 1 makes it difficult to assess the effectiveness of this unit based on 
the distribution of the hydraulic-head lines. However, the 200- to 
400-foot thickness of confining bed 1 suggests that its confining properties 
may be more effective than those of confining bed 2.

Section L-L f . This section, shown in plate 13, is approximately 100 mi 
long and is constructed from wells that lie along or are projected to a line 
drawn from north-central Anne Arundel County, Maryland to the Atlantic Coast 
in northeastern Worcester County, Maryland (pi. 1). The altitude of the top 
of the basement rocks ranges from about 500 ft below sea level on the west 
ern edge of the section to over 8,000 ft below sea level on the eastern end 
(pi. ISA). Aquifer 4 is not present, and aquifers 5 through 10 and con 
fining beds 3 through 9 pinch out or crop out along the section (D. A. 
Vroblesky, and Henry Trapp, Jr., U.S. Geological Survey, written commun., 
1984).

Estimated horizontal transmissivities range from low to medium high 
where the aquifers in the section contain water with chloride concentrations 
less than 10,000 mg/L. Aquifers 1 and 3 are estimated to have low transmis- 
sivity except at the western end of the section where a small part of aqui 
fer 1 is estimated to have medium transraissivity. Aquifer 2 is estimated to 
have medium transraissivity except at the eastern end of the section where it 
has medium-high transmissivity (pi. 13A; D. A. Vroblesky, W. B. Fleck, and 
M. M. Martin, U.S. Geological Survey, written commun., 1984).
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In the central and eastern parts of the section, aquifers 1, 2, 3 and 5 
contain water with chloride concentrations of 5,000 rag/L or more. The 
altitude of water containing chloride concentrations of 5,000 mg/L ranges 
from about 2,800 ft below sea level in the west-central part of the section 
to about 1,800 ft below sea level at well MD-64 on the Atlantic Coast. 
Water with chloride concentrations of 18,000 rag/L or more occurs in aquifers 
1 and 2 at about 300 to 800 ft deeper than water with 5,000 rag/L chloride 
(pi. 13A; Meisler, 1980b; Harold Meisler, U.S. Geological Survey, written 
and oral comraun., 1984).

Estimated hydraulic heads for the year 1900 ranged from between 50 and 
75 ft above sea level in the unconfined and confined aquifers at the western 
end of the section, to near sea level in the water-table aquifer near 
Chesapeake and Chincotaegue Bays (pi. 13B; W. B. Fleck, D. A. Vroblesky, and 
M. M. Martin, U.S. Geological Survey, written commun., 1984). As the head 
values and flow arrows indicate, the flow is both east and west in the shal 
low aquifers with a downward component in the western and east-central part 
of the section. In aquifers 1, 2 and 3 flow was west to east with an upward 
component across confining beds to natural discharge at Chesapeake and 
Chincoteague Bays, and the Atlantic Ocean (just east of the section).

Since 1900, ground-water withdrawals have lowered heads from 25 to 
about 40 ft in aquifers 1, 2, 3, 5 and 6 (pi. 13C). Ground-water with 
drawals in aquifer 6 near well MD-23 appear to account for the majority of 
head decline along this section. As a result of the head declines, some 
very slow westward movement of the saline water may have occurred in aqui 
fers 1, 2 and 3.

Confining bed 1 thickens from 150 ft at the western end of the section 
to over 700 ft in the central part, and thins to about 300 ft at the eastern 
end. Confining bed 2 thickens toward the east from about 15 ft at well 
MD-13 to about 200 ft in the eastern part of the section. Based on 
thickness, confining beds 1 and 2, in the central and eastern part of the 
section, appear to have relatively effective confining properties, and 
confining bed 1 appears to have the best confinement potential (pi. 13C). 
Confining bed 3 is directly overlain by and is considered an integral part 
of the younger confining units in this section. Confining beds 3 through 9 
thicken to the east, reaching a total combined thickness of about 1,000 ft 
near well VA-64.

Section M-M 1 . This section, shown in plate 14, is approximately 93 mi 
long and is constructed from wells that lie along or are projected to a line 
drawn in an east-northeast direction from eastern Cecil County, Maryland, to 
the Atlantic Coast in Ocean County, New Jersey (pi. 1). The altitude of the 
top of the basement rocks ranges from about 600 ft below sea level on the 
western end of the section to about 3,900 ft below sea level on the eastern 
end. Confining bed 8 and 9, and aquifer 10 are not present in this section 
(pi. 14A; 0. S. Zapecza, and Henry Trapp, Jr., U.S. Geological Survey, writ 
ten commun., 1984).
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Estimated horizontal transmissivities range from low to high where the 
aquifers in the section contain water with chloride concentrations less than 
10,000 mg/L. Aquifers 1, 2 and 3 are estimated to have low transmissivity 
along the section (pi. 14A; M. M. Martin, and 0. S. Zapecza, U.S. Geological 
Survey, written commun., 1984).

At places along the section, aquifers 1 and 2 contain water with chlo 
ride concentrations of 5,000 mg/L or more. The altitude of water containing 
chloride concentrations of 5,000 mg/L ranges from about 1,000 ft below sea 
level in the western part of the section to about 3,000 ft below sea level 
at the eastern end. A small part of aquifer 1 near well NJ-24 contains 
water with chloride concentrations of 18,000 mg/L or more. This water oc 
curs at about 800 ft deeper than water with 5,000 mg/L chloride (pi. 14A; 
Meisler, 1980b; Harold Meisler, U.S. Geological Survey, written and oral 
commun., 1984).

Estimated hydraulic heads for the year 1900 ranged from 75 to more than 
100 ft above sea level in the unconfined surficial aquifer in the central 
part of the section, to near sea level in the unconfined aquifer at the 
Delaware River near the western end, and Barnegat Bay at the eastern end of 
the section (pi. 14B; M. M. Martin, and 0. S. Zapecza, U.S. Geological 
Survey, written commun., 1984). As the flow arrows indicate, ground water 
flowed away from the high heads toward low heads and discharged to the 
Delaware River estuary and Barnegat Bay, and to the Atlantic Ocean (just 
east of the section, pi. 1).

Since 1900, ground-water withdrawals in Camden County, New Jersey, and 
New Castle County, Delaware (see pi. 1 for location of counties), have low 
ered heads as much as 75 ft in the central part of the section, and more 
than 100 feet in the western part (Martin, 1984; and pi. 14C). The largest 
declines have occurred in the lower confined aquifers, and ground-water 
movement in these aquifers is toward the centers of pumping. By comparison, 
heads in the shallow unconfined aquifer appear to be little affected 
(pi. 14C). As a result of the head declines, some slow westward movement of 
the saline water is postulated in aquifers 1 and 2.

The thickness of confining bed 1 ranges from 100 to 50 ft from the 
western to the central part of the section, and from 50 to 400 ft from the 
central to the eastern part of the section. Confining bed 2 ranges in 
thickness from about 50 ft at well MD-1 to about 300 ft at the eastern end 
of the section. Confining bed 3 thickens from about 20 ft near its western 
limit, to about 400 ft at well NJ-24. It is difficult to assess the con 
finement potential of these confining units based on the head differences 
between aquifers 1, 2 and 3. However, based on the thickness of confining 
beds 1, 2 and 3, the best confinement potential is provided by confining bed 
1 in the westernmost part and eastern half of the section, and by confining 
bed 2 in the west-central part of the section. Confining beds 4 through 7 
thicken to the east and reach a combined thickness of about 1,500 ft near 
well NJ-24 (pi. 14).
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Section N-N'. This section, shown in plate 15, is approximately 65 mi 
long and is constructed from wells that lie along or are projected to a 
north-south trending line drawn from northeastern Camden County to the 
southern end of Cape May County, New Jersey (pi. 1). The altitude of the 
top of the basement rocks ranges from a projected altitude of about 850 ft 
below sea level on the northern end of the section to about 6,300 ft below 
sea level at the southern end. All aquifers and confining beds are present 
(pi. 15A; 0. S. Zapecza, and Henry Trapp, Jr., U.S. Geological Survey, writ 
ten commun., 1984).

Estimated horizontal transmissivities range from low to high where the 
aquifers in the section contain water with chloride concentrations less than 
10,000 mg/L. Aquifers 1, 2 and 3 are estimated to have low transmissivity 
except near the western end of the section where parts of these aquifers are 
estimated to have medium transmissivity (pi. 15A; M. M. Martin, and 
0. S. Zapecza, U.S. Geological Survey, written commun., 1984).

The downdip parts of aquifers 1, 2 and 3 contain water with chloride 
concentrations of 5,000 mg/L or more. The altitude of water containing 
chloride concentrations of 5,000 mg/L ranges from about 1,400 ft below sea 
level 5 to 10 mi west of well NJ-40, to about 2,200 ft below sea level near 
well NJ-4?. Water with chloride concentrations of 18,000 mg/L or more oc 
curs in aquifers 1 and 2 at from 900 to 1,600 ft deeper than water with 
5,000 mg/L chloride (pi. 15A; Meisler, 1980b; Harold Meisler, U.S. Geologi 
cal Survey, written and oral commun., 1984).

Estimated hydraulic heads for the year 1900, ranged from about 125 ft 
above sea level in aquifer 9 in the northern part of the section, to near 
sea level in aquifer 10 at the Delaware Bay, near the southern end of the 
section (pi. 15B; M. M. Martin, and 0. S. Zapecza, U.S. Geological Survey, 
written commun., 1984). As the hydraulic heads and flow arrows indicate, 
ground-water flow in the plane of the section is divided to the north and 
the south away from the high heads in the unconfined surficial aquifer just 
north of well NJ-30. Although data are not sufficient to mark the exact 
location of this ground-water flow divide in the confined aquifers, it ap 
pears that the divide migrates southward with increasing depth. The dis 
charge area for flow north of the divide is the Delaware River, and south of 
the divide discharge is to the Delaware Bay and the Atlantic Ocean (just 
south of the section).

Since 1900, ground-water withdrawals have lowered heads as much as 100 
ft near the northern end of the section (pi. 15C). Major ground-water with 
drawals from aquifers 1, 2 and 3 (table 3) in Camden County (see pi. 1 for 
location of county) have lowered heads in these aquifers from 50 to 100 ft. 
Most of the ground-water flow in the confined aquifers is north toward the 
pumping center. The flow in aquifers 8, 9 and 10 is much like it was in 
1900, except at the ends of the section where some of the water that would 
have discharged to rivers, bays and the ocean, is being diverted to pumping 
wells (pi. 15B and 15C). As a result of the head declines, some slow 
westward movement of the saline water is postulated in aquifers 1 and 2.
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Confining bed 1 thickens from about 100 ft at the northern end of the 
section to about 1,000 ft at the southern end. Confining bed 2 also 
thickens toward the south from about 50 ft at well NJ-21 to nearly 700 ft at 
well NJ-47. In the central part of the section, confining bed 3 is directly 
overlain by confining bed 4 and these units have an averags aggregate thick 
ness of about 150 ft. In the northern part of the section confining bed 3 
has an average thickness of about 100 ft. It is difficult to assess the 
confinement potential of these units based on head differences between aqui 
fers 1, 2 and 3, because the largs ground-water withdrawals (table 3) have 
lowered heads to nearly the same values in each of these aquifers in the 
northern part of the section. However, based on thickness, the confining 
properties of confining beds 1 and 2 appear to be moderately effective in 
the northern part of the section, and very effective in the southern part. 
Confining bed 3 appears to have moderately effective confinement potential 
throughout and may provide the best confinement potential in the northern 
part of the section. Confining bed 1 provides the best confinement poten 
tial of the three lowermost confining units in the central and eastern parts 
of the section. Confining beds 4 through 9 thicken to the south, and reach 
a combined thickness of over 1,500 ft at well NJ-47 (pi. 15A).

RELATIVE SUITABILITY OF HYDROLOGIC CONDITIONS FOR THE DISPOSAL OF 
RADIOACTIVE WASTE IN BURIED CRYSTALLINE ROCK

Four general geohydrologic characteristics were selected to summarize 
and make a preliminary evaluation of the hydrology of the Coastal Plain 
sediments relevant to the suitability for the disposal of high-level 
radioactive waste in crystalline rocks that lie beneath the area. These 
characteristics are (1) the estimated thickness of sediments saturated with 
saline water or brine, (2) the estimated thickness of the deepest confining 
beds, (3) the estimated permeability of the deepest aquifers and (4) the 
inferred direction of lateral ground-water flow in the deepest aquifers. 
The following discussions and illustrations of these characteristics are 
limited to the area where the surface of the basement complex lies between 
1,000 and about 4,000 ft below sea level.

Thickness of Sediments Containing Saline Water or Brine

A major criterion for burial of waste below the Coastal Plain aquifers 
is the existence of saline water or brine in the aquifers that occur just 
above the basement rocks (Bredehoeft and Maini, 1981). In general, the 
saline water or brine will serve to separate any potential disposal site in 
buried crystalline rock from the freshwater-circulation system. This is 
particularly true where little or no hydrocarbon resources have been 
discovered and, consequently, only very few wells have been drilled into and 
through the sediments saturated with saline water or brine.
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For the purpose of this study, it is assumed that the thicker the sa 
line water and brine section the less the risk of man's intrusion and con 
tamination of a usable water source by the introduction of contaminants from 
any basement-rock repository. Figure 5 shows the estimated thickness of 
sediments containing saline water and brine, and the present western limits 
of ground water with at least 5,000 and 18,000 mg/L chloride. The figure 
was derived by subtracting the altitude of the top of water that contains 
5,000 mg/L chloride (Meisler, 1980b; Harold Meisler, U.S. Geological Survey, 
written and oral commun., 198M), from the approximate altitude of the top of 
basement rock (map modified from Brown, Miller and Swain, 1972) and 
contouring the difference. The areas where basement rocks are overlain by 
brine are considered to have the best assurance of isolation with respect to 
this criterion. These areas were identified from a map of the altitude of 
the top of water that contains 18,000 mg/L chloride (Meisler, 1980b; Harold 
Meisler, U.S. Geological Survey, written and oral commun., 1984). The west 
ern extent of the saline water (zero line, fig. 5) constitutes a preliminary 
western boundary for the potential application of the buried-crystalline 
rock concept throughout most of the area. However, this boundary is 
constituted by the contour that indicates the top of the basement rock oc 
curs at 1,000 ft below sea level in the southern part of the Coastal Plain 
in North Carolina (fig. 5). Here the saline water is found above altitudes 
of 1,000 ft below sea level, but the depth criterion for the basement rock 
supersedes the saline-water criterion.

The greatest thickness of sediments containing saline water and brine 
occurs in the Coastal Plain of southern Virginia, the southern tip of the 
Delmarva Peninsula, and the northern and central parts of the Coastal Plain 
of North Carolina, where these sediments attain a thickness of over 3,000 ft 
(fig. 5). Another thick mass of sediments saturated with saline water and 
brine occurs in the northern part of the area at the Delaware River estuary 
and in the adjacent parts of New Jersey and Delaware. Here the thickness is 
as much as 2,600 ft (fig. 5).
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Thickness of Confining Beds

The confining beds serve as barriers to impede vertical ground-water 
flow, and they have sorptive properties that tend to trap and hold 
contaminants. Their effectiveness as vertical-flow barriers and sorptive 
agents is here assumed to be directly proportional to their thickness. 
Because of the inferred discontinuous and lenticular nature of the sediments 
that constitute the lower confining beds, it is assumed further that at 
least the two lowermost confining beds would be involved in the barrier and 
sorptive roles necessary for waste isolation. Thus, the thicknesses of the 
two lowermost confining beds at any one place are added together and used as 
a single value for the purpose of evaluating their relative confining 
potential.

Figure 6 shows the combined estimated thickness and distribution of the 
two lowermost confining beds. The combined thickness exceeds 900 ft near 
the eastern limit of the area in a small part of New Jersey and Delaware, 
and is less than 100 ft in parts of Virginia and North Carolina, near the 
western limit of the area. The average thickness ranges between 100 and 
300 ft in southern parts of the northern Atlantic Coastal Plain and is about 
500 ft in the northern part.

Some of the regional difference in the confining-bed thickness may 
result from differences in interpretation regarding the definition and cor 
relation of geohydrologic units that are comprised of lenticular and discon 
tinuous beds of sand, silt and clay. Consequently, the thickness values 
shown and the continuity implied on figure 6 should be considered as first 
approximations only.

Permeability of Aquifers

Because of the inferred discontinuous and lenticular nature of the 
confining beds, it is likely that ground-water movement in the two lowermost 
aquifers, at least, could be involved in the migration of radionuclides. 
Ground-water movement is directly proportional to the hydraulic conductivity 
of and hydraulic gradient within the aquifers. However, owing to the lack 
of definitive hydraulic-conductivity and hydraulic-gradient data for the 
lowermost aquifers in the downdip saline-water bearing parts of the section, 
the potential migration rate is assumed to be directly proportional to the 
estimated relative permeability of the aquifer material. In general, the 
sedimentary material comprising the lowermost aquifers becomes finer 
grained, more compacted and less porous and permeable toward the east. 
Thus, the potential migration rate through the aquifer material is estimated 
to be lowest in the eastern parts of the area where both the saline-water 
and depth criteria are met. In addition, the finer-grained aquifer material 
may have high clay content with attendant sorptive properties.
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Direction of Lateral Ground-Water Flow

The estimated direction of lateral ground-water flow in the two lower 
most aquifers is used as a factor to indicate the lateral direction of any 
potential contaminant migration in the area. It is assumed that the lateral 
ground-water flow conditions are least favorable to the application of the 
buried crystal line-rock concept in areas where movement is toward major 
centers of ground-water withdrawal.

Preliminary hydraulic-head data and potentiometric-surface maps from 
G.L. Giese, M. D. Winner, A. A. Meng, J. F. Harsh, R. J. Laczniak, 
D. A. Vrobleskey, W. B. Fleck, 0. S. Zapecza, M. M. Martin, P. P. Leahy 
(U.S. Geological Survey, written and oral commun., 1984); Martin (1984); and 
Hopkin and others (1981), indicate cones of depression that have developed 
around centers of ground-water withdrawal in the two lowermost aquifers have 
spread to areas where these aquifers are saturated with saline water. It is 
assumed that the saline-water front is moving very slowly westward toward 
centers of pumping wherever the ground-water withdrawals have caused the 
heads in these aquifers to decline significantly and continually with time, 
at or near the 5,000 mg/L chloride line.

Figure 7 shows the location of the major centers of ground-water with 
drawal from the two lowermost aquifers and indicates that, for 1980, saline 
water was estimated to be moving very slowly toward the pumping centers from 
more than 50 percent of the length of the saline-water front in the area. 
For the same time period, hydraulic heads near the saline-water front in the 
west-central part of the Delmarva peninsula and the southeastern part of 
North Carolina are estimated to be much less affected by ground-water with 
drawals from the two lowermost aquifers. These patterns are temporal and 
can change with a change in the amount or distribution of the ground-water 
withdrawals.

Figure 7 also shows the general location of the possible pinch out of 
aquifer 1 and confining bed 1 on the basement rocks. As previously dis 
cussed (see text on cross sections C-C', D-D' and E-E'), such a pinch out 
might form a barrier that would significantly retard the westward movement 
of ground water and any contaminant that might occur in aquifer 1.
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SUMMARY AND CONCLUSIONS

A preliminary investigation by Davis (1984) indicated that the northern 
part of the Atlantic Coastal Plain is one of two areas in the Eastern United 
States where hydrogeologic conditions might meet most of the criteria estab 
lished by Bredehoeft and Maini (1981) for the disposal of radioactice waste 
in crystalline rocks that are buried beneath a thick blanket of sedimentary 
rocks. The present study was undertaken to summarize and evaluate the ex 
isting knowledge about the hydrology of the northern Atlantic Coastal Plain 
sediments relevant to the suitability for the application of the buried 
crystalline-rock concept (Bredehoeft and Maini, 1981). The data and many of 
the interpretations used in this study are derived from published reports 
and from reports that are being prepared by the U.S. Geological Survey from 
its Regional Aquifer System Analysis (RASA) study of the northern Atlantic 
Coastal Plain.

The major area of interest occurs in the States of Delaware, Maryland, 
New Jersey, North Carolina and Virginia where the top of the basement com 
plex lies between 1,000 and about 4,000 ft below sea level. The sedimentary 
rocks that overlie the basement complex in this area have been divided into 
10 regional aquifers that are composed of sand, silty sand and limestone. 
These aquifers are separated by confining beds composed of silty clay and 
clay. The aquifer and confining-bed units (geohydrologic units) have been 
numbered from 1 to 10, oldest to youngest, respectively.

Aquifers 1, 2 and 3, and confining beds 1, 2 and 3 (the oldest and 
deepest geohydrologic units for which the least amount of data exists) are 
of primary importance because they lie just above the basement complex and 
their chararacteristics control the potential for the long-term isolation of 
any contaminant that might be introduced to the sediment mass from a buried 
crystalline-rock repository. These deep geohydrologic units occur through 
out most of the area exoapt in the southeastern part of the North Carolina 
Coastal Plain where aquifer 1 and confining bed 1 are missing. Most of the 
sediments that comprise these units were deposited in environments that 
varied from nonmarine to marginal marine with both time and space. 
Consequently, the deposits are lenticular and discontinuous in nature. 
These characteristics and the lack of data combine to make it difficult to 
define and correlate these units from one plaoa to another.
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The transmissivity of aquifers 1, 2 and 3 is estimated to range from 
low to medium high (7,000 to 21,000 ft2 /d) in the freshwater part of the 
section. The hydraulic conductivity of the bulk of the aquifer material is 
estimated to rangs from less than 5 ft/d for the silty sand to about 100 
ft/d for the well-sorted coarser sand. Data from deep wells in Maryland 
indicate the horizontal hydraulic conductivity of saline-water bearing sands 
in aquifer 1 is rather low (about 12 ft/d at about 3200 ft below sea level 
in well MD-42, Trapp and others, 1984; and less than 1 ft/d at about 4000 ft 
below sea level in well MD-82, Hartsock and others, 1980). The estimated 
vertical hydraulic conductivity for the confining beds ranges from about 
lxlO~3 to lxlO""5ft/d. A realistic average ratio of horizontal to vertical 
hydraulic conductivity in the area is estimated to be between 10,000 to 
1, in the coastal plain of North Carolina (G. L. Giese, U.S. Geological 
Survey, oral commun., 1984), and 30,000 to 1, in the coastal plain and off 
shore sediments of New Jersey (Meisler, Leahy and Knobel, 1985) 

The deep aquifers and confining beds are saturated with saline water 
and brine mainly in the eastern part of the area where the top of basement 
rock is 1,000 ft or more below sea level. The dissolved-solids concentra 
tion in the ground water increases from that of freshwater in the shallow 
aquifers, to at least twice that of seawater at about 4.000 ft below sea 
level in the eastern part of the area; and water density increases 
accordingly. The transition zone between the freshwater and water with 
chloride concentrations of 18,000 mg/L is as much as 2,300 ft thick. This 
zone is thought to have formed by a mixing of the waters during advances and 
retreats of the saline water caused by long-term eustatic sea level changes 
(Meisler, Leahy and Knobel, 1984). The transition zone deepens landward 
except in New Jersey and in the vicinity of the Delaware Bay where it 
deepens toward the ocean. The zone is shallowest in North Carolina and 
deepest in eastern New Jersey (Meisler, Leahy and Knobel, 1985)  

Since 1900, increasing amounts of ground water have been pumped from 
the aquifers in the area until, at present, the withdrawals are more than 1 
billion gallons per day. Water levels (heads) have declined from 50 to 200 
ft or more at the centers of pumping and large cones of depression are esti 
mated to influence the ground-water movement in aquifers 1, 2 or 3 along 
more than 50 percent of the saline-water front in the study area.
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In homogeneous and isotropic aquifers saturated with water of rela 
tively constant temperature and density, and for which the values of poros 
ity and permeability are known, both the direction and velocity of 
ground-water movement can be predicted by mapping the hydraulic head and 
substituting the appropriate values into general equations that are 
expressions of Darcy's Law. However, aquifers 1, 2 and 3 in the study area 
contain ground water that has different temperature and density from place 
to place, and interspersed silt and clay particles and lenticular bodies of 
silt and clay that introduce an anisotropic and heterogeneous character to 
the sediments. The geologic and hydrologic data needed to accurately define 
and correct for these complications are lacking in some places in the fresh 
water part of the sediment mass and, by comparison, are practically 
nonexistent on a meaningful scale where the sediments contain water with 
more than 10,000 mg/L chloride. Thus, the estimates of hydraulic gradient 
and flow direction shown in this report are qualitative at this stage. 
Accordingly, estimates of flow velocity are deferred until more geologic and 
hydrologic data are obtained for the deep, saline-water bearing parts of the 
sedimentary section.

Fourteen geohydrologic cross sections (pis. 2 through 15) show the 
estimated distribution and thickness of the aquifers and confining beds; the 
distribution of aquifer transmissivity in the freshwater part of the 
section, and estimated hydraulic heads and inferred flow directions for 1900 
and 1980; and the distribution of freshwater, saline water and brine in the 
sediment mass at selected places throughout the area.

Four general geohydrologic characteristics are used to summarize and 
make a preliminary evaluation of the hydrology of the sediments with regard 
to their suitability for the application of the buried crystalline-rock 
concept: (1) estimated thickness of saline water and brine in the sediments, 
(2) estimated aggregate thickness of the two lowermost confining beds, (3) 
estimated permeability of the two lowermost aquifers and (4) estimated di 
rection of lateral ground-water flow in the two lowermost aquifers. Within 
the area where the top of the basement rock lies between 1,000 and about 
4,000 ft below sea level, the estimated thickness of the saline-water bear 
ing sediments ranges from zero to more than 3|000 ft; the estimated 
aggregate thickness of the two lowermost confining beds ranges from less 
than 100 ft to more than 900 ft; the relative permeability of the two lower 
most aquifers is estimated to decrease toward the east; and increasing 
ground-water withdrawals from the two lowermost aquifers are estimated to 
have caused (and probably are still causing) saline water to move very 
slowly toward the centers of pumping from along more than 50 percent of the 
length of the saline-water front in the area. When viewed collectively, the 
data suggest that eastern parts of the study area best meet most of the 
preliminary criteria established for the buried crystalline-rock concept 
(figs. 5 through 7). Further investigation will be needed to test these 
preliminary findings and to more accurately define the geology and hydrology 
of aquifers and confining beds 1, 2 and 3.
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COLUMBUS COUNTY, N.C., TO NEW HANOVER COUNTY, N.C.
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PLATE 4

GEOHYDROLOGIC CROSS SECTION C - C 1 FROM 
JONES COUNTY, N.C., TO CARTERET COUNTY, N.C,
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Index diagram showing page numbers of each component of plate 4
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PLATE 5

GEOHYDROLOGIC CROSS SECTION D - D 1 FROM 
CRAVEN COUNTY, N.C., TO HYDE COUNTY, N.C.
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Index diagram showing page numbers of each component of plate 5
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PLATE 6

GEOHYDROLOGIC CROSS SECTION E - E 1 FROM 

MARTIN COUNTY, N.C. TO DARE COUNTY, N.C.
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Index diagram showing page numbers of each component of plate 6
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PLATE 7

GEOHYDROLOGIC CROSS SECTION F - F 1 FROM 

ISLE OF WIGHT COUNTY, VA. TO CURRITUCK COUNTY, N.C.
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Index diagram showing page numbers of each component of plate 7
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UNITED STATES GEOLOGICAL SURVEY PLATE 7

SEA _ 
LEVEL

1000 -

2000 -

3000 -

4000

RASA MODEL

North AQUIFERS (AQ) FEET 

River AND CONFINING 250
BEDS CCB)

ot A
LEVEL

- 1000

- 2000

0 10 20 30 KILOMETERS 

VERTICAL SCALE GREATLY EXAGGERATED

TO 4553 ft.

A. Distribution of aquifers, aquifer transmissivity, confining beds, and saline water

- 3000

- 4000

L 5000

VA-73 VA-88 NC-8 N011 NC-13

FEET

250 -,
1

SEA I 
LEVEL

1000 -

RASA MODEL
AQUIFERS (AQ) FEET 

AND CONFINING g50 
BEDS CCB)

10

3000 -

5000 J

0 10 20 30 KILOMETERS 

VERTICAL SCALE GREATLV EXAGGERATED

TD 4553 ft.

B. Approximate unstressed hydraulic heads and inferred ground-water movement in 1900

SEA 
LEVEL

- 1000

- 2000

- 3000

- 4000

5000



VA-73 VA-88 NC-8 NC-11 NC-13

RASA MODEL

AQUIFERS (AQ)
AND CONFINING

BEDS CCB)

LEVEL

0 10 20 30 KILOMETERS 

VERTICAL SCALE GREATLY EXAGGERATED

C. Approximate stressed hydraulic heads and 
inferred ground-water movement in 1980

3000 -

4000 ->

5000 -1

EXPLANATION

FEET 

r 250 

SEA 
LEVEL

- 1000

- 2000

- 3000

- 4000

L 5000

ESTIMATED TR ANSMISSIVITY, IN FEET SQUARED PER DAY 

[ L | Low: 'ess than 7000

M Medium: between about 7000 and 14,000

 20'  ?  line °f approximate equal head, in feet, above and below (-) sea level, interval is variable. 
Dashed where inferred. Queried where location is uncertain

         Flow line and arrow indicate estimated direction of ground-water flow. Dashed in saline-water part of section 

Line marks shallowest occurence of water with listed chloride concentration in milligrams per liter 

Well number. Alphabetical prefix is state abbreviation (see table 4) 

Total depth of well, in feet

5000 mg/L 

NC-8

TD 2138 ft.

Data source. Hopkins and others (1981); Meng and Harsh (1984); Meisler (1980b); R.J. Laczniak, M.D. Winner, 
C.I. Ciese, M.M. Martin, Henry Trapp, Jr., Harold Meisler 
(U.S. Geological Survery, written and oral commun., 1984)

GEOHYDROLOGIC CROSS SECTION F-F' FROM ISLE OF WIGHT COUNTY, VA.

TO CURRITUCK COUNTY, N.C.
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PLATE 8

GEOHYDROLOGIC CROSS SECTION G - G 1 FROM 

SUSSEX COUNTY, VA., TO VIRGINIA BEACH; VA.
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Index diagram showing page numbers of each component of plate 8
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PLATE 9

GEOHYDROLOGIC CROSS SECTION H - H 1 FROM 
NEW KENT COUNTY, VA., TO NORFOLK, VA.
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Index diagram showing page numbers of each component of plate 9

108



D
E

P
A

R
T

M
E

N
T

 
O

F
 

T
H

E
 

IN
T

E
R

IO
R

 

U
N

IT
E

D
 

S
T

A
T

E
S

 
G

E
O

L
O

G
IC

A
L

 
S

U
R

V
E

Y

W
A

T
E

R
 

R
E

S
O

U
R

C
E

S
 

IN
V

E
S

T
IG

A
T

IO
N

S
 

R
E

P
O

R
T

 
8
5
-4

1
4
6

P
L

A
T

E
 

9

O
 

CD

H
W

es
t 

V
A

-2
5

V
A

-4
1

H
1

E
as

t 

V
A

-4
5

F
E

E
T

2
5

0
 
-,

S
E

A
 

L
E

V
E

L

1
0

0
0

( 
h

ic
k
a

h
o

m
m

y
 

R
iv

e
r

2
0
0
0
 -

3
0

0
0

 
J

R
A

S
A

 M
O

D
E

L 
A

Q
U

IF
E

R
S

 (
A

O
) 

F
E

E
T

 
A

N
D

 C
O

N
F

IN
IN

G
 

 
 
 

B
E

D
S

 
(C

B
) 

r
 
"

U 

_ 
S

E
A

 
L
E

V
E

L

A.
 

D
is

tr
ib

u
tio

n
 

o
f 

aq
ui

fe
rs

, 
a
q
u
ife

r 
tr

an
sm

is
si

vi
ty

, 
co

n
fin

in
g

 
be

ds
, 

a
n
d
 

sa
lin

e 
w

a
te

r
L
 

3
0
0
0

V
A

-2
5

V
A

-4
1

V
A

-4
5

( 
h

ic
k
a

h
o

m
m

y
 

R
iv

e
r

2
0
0
0
-

3
0

0
0

 
J

0 
10

 
20

 
30

 K
IL

O
M

E
T

E
R

S
 

V
E

R
T

IC
A

L
 

S
C

A
L
E

 
G

R
E

A
T

L
Y

 
E

X
A

G
G

E
R

A
T

E
D

B 
A

p
p
ro

xi
m

a
te

 
un

st
re

ss
ed

 h
yd

ra
ul

ic
 

he
ad

s 
a
n
d
 

in
fe

rr
e

d
 
g
ro

u
n
d
-w

a
te

r 
m

o
ve

m
e
n
t 

in
 

19
00

R
A

S
A

 M
O

D
E

L 
A

Q
U

IF
E

R
S

 
(A

Q
) 

F
E

E
T

 
A

N
D

 
C

O
N

F
IN

IN
G

 
 
 
 

B
E

D
S

 
(C

B
) 

I 
+

^
D

U
 

_
 
S

E
A

 
L
E

V
E

L

- 
1
0
0
0

-
 

2
0
0
0

L
 

3
0
0
0



V
A

-2
5

V
A

-4
1

V
A

-4
5 A

Q
 

10

R
A

S
A

 
M

O
D

E
L 

A
Q

U
IF

E
R

S
 (

A
Q

] 
F

E
E

T
 

A
N

D
 C

O
N

F
IN

IN
G

 
B

E
D

S
 

(C
B

5

1
0

0
0

2
0

0
0

C
. 

A
p
p
ro

x
im

a
te

 
st

re
ss

e
d

 
h
yd

ra
u
lic

 
h
e
a
d
s 

a
n
d
 

in
fe

rr
e

d
 

g
ro

u
n

d
-w

a
te

r 
m

o
v
e
m

e
n
t 

in
 

1
9

8
0

E
X

P
L
A

N
A

T
IO

N
 

E
S

T
IM

A
T

E
D

 
TR

 A
N

S
M

IS
S

IV
IT

Y
, 

IN
 

FE
ET

 
S

Q
U

A
R

E
D

 
PE

R
 

D
A

Y

I 
L
 

I 
LO

W
 

le
ss

 
th

a
n
 

7
0

0
0

I 
M

 
I 

M
e

d
iu

m
: 

b
e
tw

e
e
n
 
a
b
o
u
t 

7
0
0
0
 a

n
d
 

1
4

,0
0

0
 

M
H

 
M

e
d
iu

m
 

h
ig

h
, 

b
e

tw
e

e
n

 
a

b
o

u
t 

1
4

,0
0

0
 

a
n
d
 

2
1
,0

0
0

_
_

 ?
 _

5
0
0
0
 
m

g
/L

 

V
A

~
4
 1

TD
. 

20
92

 f
t. 

D
a
ta

 
so

u
rc

e
:

Li
ne

 °
f 

a
p

p
ro

xi
m

a
te

 e
q
u
a
l 

h
e
a
d
, 

in
 
fe

e
t,

 a
b

o
v
e

 
a
n
d
 
b
e
lo

w
 

(-
) 

se
a 

le
v
e
l,
 
in

te
rv

a
l 

is
 2

0 
fe

e
t.
 

D
a
sh

e
d
 
w

h
e
re

 
in

fe
rr

e
d
. 

Q
u
e
ri
e
d
 
w

h
e
re

 
lo

c
a
ti
o
n
 

is
 

u
n
ce

rt
a
in

fl
o
w

 
lin

e
 

a
n
d
 
a

rr
o

w
 
in

d
ic

a
te

 
e

s
ti
m

a
te

d
 
d

ir
e

c
ti
o

n
 o

f 
g
ro

u
n
d
-w

a
te

r 
fl
o

w
. 

D
a
sh

e
d
 

in
 s

a
lin

e
-w

a
te

r 
p

a
rt

 
o
f 

se
ct

io
n

 

Li
ne

 
m

a
rk

s 
sh

a
llo

w
e

st
 

o
cc

u
re

n
ce

 
o
f 

w
a

te
r 

w
it
h
 

lis
te

d
 c

h
lo

ri
d

e
 c

o
n

c
e

n
tr

a
ti
o

n
 

in
 
m

ill
ig

ra
m

s 
p
e
r 

lit
e

r 

W
e

ll 
n

u
m

b
e

r.
 A

lp
h

a
b

e
tic

a
l 

p
re

fix
 

is
 
st

a
te

 
a

b
b

re
v
ia

ti
o

n
 

(s
ee

 
ta

b
le

 
4

) 

T
o

ta
l 

d
e
p
th

 o
f 

w
e

ll,
 i

n 
fe

e
t

H
o
p
km

s 
an

d 
o

th
e

rs
 

(1
9

8
1

);
 
M

e
n
g
 

a
n

d
 

H
a

rs
h

 
(1

9
8
4
);

 M
e

is
le

r 
(1

9
8
0
b
);

 R
.J

. 
L
a
cz

n
ia

k,
 
M

.D
. 

W
in

n
e

r,
 

G
.L

. 
G

ie
se

, 
M

.M
. 

M
a
rt

in
, 

H
e

n
ry

 
T

ra
p

p
, 

Jr
., 

H
a
ro

ld
 
M

e
is

le
r 

(U
.S

. 
G

e
o
lo

g
ic

a
l 

S
u

rv
e

ry
, 

w
ri
tt
e
n
 a

n
d

 
o
ra

l 
co

m
m

u
n

.,
 

1
9
8
4
)

2
5

0

_ 
S

E
A

 
LE

V
E

L

AQ
 7

 
 
 C

B 
6

C
B

 
3 

- 
1
0
0
0

- 
2

0
0

0

L
 

30
00

G
E

O
H

Y
D

R
O

L
O

G
IC

 
C

R
O

S
S

 
S

E
C

T
IO

N
 

H
-H

' 
F

R
O

M
 

N
E

W
 

K
E

N
T

 
C

O
U

N
T

Y
, 

V
A

.,

T
O

 
N

O
R

F
O

L
K

, 
V

A
.



PLATE 10

GEOHYDROLOGIC CROSS SECTION I - I 1 FROM 
NEW KENT COUNTY, VA. TO NORTHAMPTON COUNTY, VA.
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GEOHYDROLOGIC CROSS SECTION J - J 1 FROM 
CAROLINE COUNTY, VA., TO NORTHAMPTON COUNTY, VA.
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GEOHYDROLOGIC CROSS SECTION K - K 1 FROM 
PRINCE GEORGE COUNTY, MD., TO ACCOMACK COUNTY, VA.
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PLATE 13

GEOHYDROLOGIC CROSS SECTION L - L 1 FROM 
ANNE ARUNDEL COUNTY, MD., TO WORCESTER COUNTY, MD.
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Index diagram showing page numbers of each component of plate 13
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PLATE 14

GEOHYDROLOGIC CROSS SECTION M - M 1 FROM 
CECIL COUNTY, MD., TO OCEAN COUNTY, N.J.
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Index diagram showing page numbers of each component of plate 14
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PLATE 15

GEOHYDROLOGIC CROSS SECTION N - N 1 FROM 
CAMDEN COUNTY, N.J., TO CAPE MAY COUNTY, N.J.
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Index diagram showing page numbers of each component of plate 15
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C. Approximate stressed hydraulic heads and 
inferred ground-water movement in 1980
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EXPLANATION

ESTIMATED TRANSMISSIVITY, IN FEET SQUARED PER DAY 

L | Low: less than 7000

M | Medium: between about 7000 and 14,000 

| MH | Medium high: between about 14,000 and 21,000 

I H I High: greater than 21,000

 25 ?  Line of approximate equal head, in feet, above and below (-) sea level, interval 25 feet 
Dashed where inferred. Queried where location is uncertain

        Flow line and arrow indicate estimated direction of ground-water flow. Dashed in saline-water part of section 

Line marks shallowest occurence of water with listed chloride concentration in milligrams per liter 

Well number. Alphabetical prefix is state abbreviation (see table 4) 

Total depth of well, in feet

5000 mg/L 

NJ-30

TD: 2090 ft. 

Data source: Meisler (1980b);M.M. Martin O.S. Zapecza, Henry Trapp, Jr., and Harold Meisler 
(U.S. Geological Survery, written and oral commun., 1984)
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