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PLAN OF STUDY FOR THE REGIONAL AQUIFER- 
SYSTEM ANALYSIS OF THE APPALACHIAN 

VALLEY AND RIDGE, PIEDMONT, AND BLUE 
RIDGE PHYSIOGRAPHIC PROVINCES OF THE 

EASTERN AND SOUTHEASTERN UNITED STATES, 
WITH A DESCRIPTION OF STUDY AREA 

GEOLOGY AND HYDROGEOLOGY

By Lindsay A. Swain, Este F. Hollyday, Charles C. Daniel, III,
and Otto S. Zapecza

ABSTRACT

The Appalachian Valleys-Piedmont 
Regional Aquifer-System Analysis (APRASA) 
study area is in the Appalachian Highlands of 
the eastern United States. The study area 
covers about 142,000 square miles in parts of 
New Jersey, Delaware, Pennsylvania, Mary 
land, the District of Columbia, Virginia, West 
Virginia, Tennessee, North Carolina, South 
Carolina, Georgia, and Alabama. The geologic 
framework and hydrology of the study area are 
diverse and complex. During 1985, a population 
of about 36 million people within the study area 
used about 1,700 million gallons per day of 
ground water and 36,600 million gallons per 
day of surface water for all categories of water 
use.

Carbonate rock, sandstone, and shale 
within the Valley and Ridge physiographic 
province provided about 567 million gallons per 
day of ground water, or about 33 percent of the 
total ground water pumped in the study area 
during 1985. Metamorphic and igneous rocks 
underlie most of the Piedmont and Blue Ridge 
physiographic provinces, and regolith overlies

these rock types. Ground water pumped from 
aquifers in the Piedmont physiographic province 
was about 986 million gallons per day, or about 
58 percent of the total pumpage in the APRASA 
study area. Pumpage in the Blue Ridge physio 
graphic province was about 163 million gallons 
per day, or about 9 percent of the total ground- 
water pumpage in the APRASA study area. 
More than 10 percent of all ground water 
pumped within the study area was from sedi 
mentary basins (principally the Newark basin) 
within the Piedmont physiographic province.

Severe and prolonged drought, allocation 
of surface-water flow, and increased demands 
on ground-water supplies have focused the need 
to evaluate ground-water resources in the Valley 
and Ridge, Piedmont, and Blue Ridge physio 
graphic provinces. The objectives of the 
APRASA study, which began in 1988, are to 
(1) define the hydrogeologic framework of each 
physiographic province; (2) identify and delin 
eate the hydrologic processes active in each 
province; (3) investigate the functioning of 
representative ground-water-flow systems in the 
carbonate, sandstone, and crystalline rocks by 
means of computer simulation and analytical



methods; (4) refine the present understanding of 
recharge and discharge processes; (5) estimate 
a regional water budget, including pumpage, 
rates of natural discharge and recharge, and 
changes in aquifer storage; (6) determine the 
importance and interrelation of surface- and 
ground-water-flow systems and their effects on 
water quality and development; and (7) develop 
a comprehensive ground-water data base for the 
region.

The approach to achieve the objectives of 
the APRASA will include (1) use of a Geo 
graphic Information System to define areal 
distribution of hydrogeologic units throughout 
the study area; (2) delineation of hydrogeologic 
terranes and conceptual flow systems represen 
tative of pans of the study area; (3) quanti 
fication ofhydrologic characteristics of selected 
areas that are representative of the principal 
hydrogeologic terranes or conceptual flow 
systems; (4) analysis of base flow in streams in 
approximately 200 basins within the study area; 
(5) delineation of water quality by province and 
hydrogeologic terrane on the basis of more than 
200,000 ground-water and surface-water chemi 
cal analyses for the study area; and (6) develop 
ment of a ground-water data base that will be 
useful for future studies of the region's water 
resources.

INTRODUCTION

Severe and prolonged droughts during the 
past 20 years, combined with increased demands 
for freshwater supplies in the eastern part of the 
United States, have focused the critical need to 
assess the potential for development of ground- 
and surface-water supplies. Rapid industrial 
growth and urban expansion have caused exist 
ing freshwater supplies to be used at or near 
maximum capacity.

Although large amounts of ground water 
and surface water are currently (1991) being 
withdrawn throughout the Appalachian Valley 
and Ridge, Piedmont, and Blue Ridge physio 
graphic provinces, processes of recharge,

discharge, storage, ground-water flow, and 
stream-aquifer relations within the three 
physiographic provinces are poorly understood. 
This lack of understanding is due primarily to 
the diverse and complex nature of the hydro- 
logic system. This study will provide a basis 
for IT ore efficient use and management of water 
resources within the study area than is now 
possible by providing data bases, a regional 
hydrpgeologic framework, and interpretative 
analyses based on hydrogeologic terranes and 
conceptual flow systems.

This study is one of several regional 
investigations being made to assess the Nation's 
principal aquifer systems (Sun, 1986). The 
U.S. Geological Survey (USGS) began the 
Regional Aquifer-System Analysis (RASA) Pro 
gram in 1978, as mandated by Congress, and 
was ^iven the task of "initiating a program to 
ident fy the water resources of the major aquifer 
systems within the United States . . . and . . . 
establish the aquifer boundaries, the quantity 
and equality of the water within the aquifer, and 
the recharge characteristics of the aquifer" (Sun, 
1986, p. 2).

PURPOSE AND SCOPE

This report presents a synthesis of the 
existing knowledge of the ground-water 
resources in the Appalachian Valley and Ridge, 
Piedmont, and Blue Ridge physiographic prov 
inces, and describes the plans for quantifying 
and improving the understanding of the ground- 
water resources in those three physiographic 
provinces.

The report describes the general geology 
and hydrogeology of the Appalachian Valleys- 
Piedmont Regional Aquifer-System Analysis 
(API LAS A) study area, which is divided into 
two subareas: (1) the Valley and Ridge physio 
graphic province and (2) the Piedmont and Blue 
Ridge physiographic provinces. Hydrogeologic 
terranes and conceptual flow systems within 
each of the two subareas are defined and 
described. A table of generalized hydrologic



characteristics for each hydrogeologic terrane or 
conceptual flow system allows for comparison 
of the hydrogeologic terranes throughout the 
APRASA area. The Plan of Study part of the 
report describes the objectives, organization, 
and approaches for accomplishing the objec 
tives. This section also lists specific report 
products expected and work elements with 
tentative dates for completion.

DESCRIPTION OF STUDY AREA

The Appalachian Valleys-Piedmont 
Regional Aquifer-System Analysis (APRASA) 
study area is in the Appalachian Highlands 
(Fenneman, 1946) of the eastern United States. 
The study area covers about 142,000 mi2 
(square miles) in parts of New Jersey, Dela 
ware, Pennsylvania, Maryland, the District of 
Columbia, Virginia, West Virginia, Tennessee, 
North Carolina, South Carolina, Georgia, and 
Alabama (fig. 1). The eastern and southern 
boundaries of the study area correspond to the 
Fall Line, beyond which sediments of Early 
Cretaceous and younger age form the Atlantic 
Coastal Plain. The western boundary corre 
sponds to the westernmost limit of thrust faults 
and folds in the Valley and Ridge physiographic 
province; the rocks along this boundary dip 
steeply locally. West of the Valley and Ridge 
physiographic province, the Appalachian Pla 
teaus physiographic province is underlain with 
gently dipping Paleozoic strata whose hydro- 
logic characteristics differ from rocks under 
lying the Valley and Ridge physiographic 
province. The northern boundary of the study 
area along the Hudson River is a 1,000-ft-thick 
diabase sheet called the Palisades sill; elsewhere 
the northern boundary is the State border 
between New Jersey and New York. The ex 
treme northern end of the study area is locally 
mantled by deposits of glacial origin.

The Valley and Ridge physiographic 
province is a narrow belt averaging about 50 mi 
(miles) in width which extends along the 
northwestern edge of the study area (fig. 1). 
The Valley and Ridge physiographic province

extends about 1,000 mi from near Scranton, 
Pa.; southwest to Birmingham, Ala.; and 
encompasses approximately 46,000 mi2 . The 
topography of the province is irregular and 
consists mostly of low, undulating hills or plains 
with hills near the northeastern and south 
western ends that rise to low mountains in 
central Pennsylvania, Virginia, and West 
Virginia. Most of the province contains more 
than a dozen major northeast-trending valleys 
and ridges. Local relief rarely exceeds 700 ft 
and land surface elevation commonly ranges 
from about 600 to 1,500 ft above sea level.

The Piedmont and Blue Ridge physio 
graphic provinces encompass approximately 
96,000 mi2 along the southeastern edge of the 
study area. These provinces extend approxi 
mately 1,000 mi from near New York City to 
near Montgomery, Ala. (fig. 1). In New 
Jersey, the Piedmont province is less than 40 mi 
wide, but in North Carolina, it is about 150 mi 
wide. The topography of the Piedmont physio 
graphic province consists of low, well-rounded 
hills and long, northeast-trending valleys and 
ridges. The surfaces of many ridge tops and 
interstream divides are relatively flat. Recent 
erosion by streams has dissected the Piedmont 
and created a local topographic relief of 100 to 
200 ft between drainage divides and stream 
bottoms. Land-surface elevations in the Pied 
mont range from 300 to 600 ft above sea level 
along the eastern border near the Fall Line to 
more than 1,500 ft near the escarpment of the 
Blue Ridge.

The Blue Ridge physiographic province 
extends from a very narrow section in southern 
Pennsylvania to Georgia, North Carolina, and 
eastern Tennessee, where it is nearly 100 mi 
wide. In western North Carolina, the Blue 
Ridge physiographic province contains the 
highest mountains in the eastern United States. 
These mountain peaks, which are as much as 
6,600 ft above sea level, form a rugged 
topography.

Precipitation ranges from a minimum of 
about 30 in/yr (inches per year) to a maximum
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of nearly 80 in/yr within the study area (fig. 2). 
Average (1951-80) precipitation in most areas of 
the APRASA is 40 to 50 in/yr (U.S. Geolog 
ical Survey, 1986, p. 52). The area of maxi 
mum precipitation occurs in the Blue Ridge 
physiographic province in western North Caro 
lina, eastern Tennessee, and northwestern 
Georgia because of orographic effects of the 
mountain range.

Average annual runoff (1951-80) ranges 
from a minimum of less than 10 in. to a maxi 
mum of about 50 in. (fig. 3). Generally, 
average runoff is 10 to 20 in/yr in most areas 
(U.S. Geological Survey, 1986, p. 52; Gebert 
and others, 1987). Runoff generally is higher in 
areas of the western Piedmont and Blue Ridge 
physiographic provinces than it is in the rest of 
the study area because of higher precipitation, 
steep streambed gradients, shorter growing 
seasons, lower temperatures, and lower evapo- 
transpiration. During periods of low flow 
(usually September and October) most of the 
sustained nonregulated streamflow is from 
ground-water discharge.

During 1985, more than 36 million people 
lived within the study area (table 1 and fig. 4). 
Areas of concentrated population in or adjacent 
to the study area are Washington, D.C.; 
Baltimore, Md.; Newark, N.J.; New York City, 
N.Y.; Richmond, Va.; Philadelphia, Pa.; 
Raleigh, N.C.; and Atlanta, Ga. During 
1960-85, total population in each state generally 
has increased.

During 1985, about 1,700 Mgal/d (million 
gallons per day) of ground water was pumped 
from aquifers within the study area (table 2 and 
fig. 5.)

In addition, surface-water supplies pro 
vided about 36,600 Mgal/d. States with the 
largest rates of ground-water pumpage in 1985 
were Pennsylvania (495 Mgal/d), New Jersey 
(294 Mgal/d), Virginia (217 Mgal/d), and North 
Carolina (187 Mgal/d). The States with the 
largest rates of surface-water pumpage were 
Pennsylvania (8,403 Mgal/d), North Carolina

(7,170 Mgal/d), South Carolina (4,895 Mgal/d), 
Virginia (4,169 Mgal/d), and Tennessee 
(3,510 Mgal/d).

Table I. Population in the APRASA study 
area, by state, 1985

[Data from U.S. Bureau of Census]

State 1985 Population 

(in thousands)

Alabama

Delaware

District of Columbia

Georgia

Maryland

New Jersey

North Carolina

Pennsylvania

South Carolina

Tennessee

Virginia

West Virginia

Total

1.689

406

626

4.157

3.531

5.072

4,736

7.462

1.935

1.723

4.035

326

35,698

Analysis of water use by physiographic 
province within the study area indicates the 
largest use was in the Piedmont province where 
about 986 Mgal/d (58 percent of total ground- 
water withdrawal) was pumped from aquifers 
and about 25,550 Mgal/d (70 percent of the 
total surface-water withdrawal) from streams. 
The water use in the Valley and Ridge province 
was 567 Mgal/d from aquifers (33 percent of 
the total ground-water withdrawal) and 8,132 
Mgal/d from streams (22 percent of surface- 
water withdrawal). The water use in the Blue 
Ridge province was 163 Mgal/d from aquifers 
(9 percent of ground-water withdrawal) and 
2,943 Mgal/d for streams (8 percent of the 
surface-water withdrawal).
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Figure 2.-Average annual precipitation, 1951-80. (Data from unpublished map compiled 
by D.A. Olson, National Oceanic and Atmospheric Administration, 1985.)
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Figure 3.-Average annual runoff, 1951-80. (Data from Gebert and others, 1987.)
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Table 2. Ground- and surface-water use in 
the study area by state and physiographic 
province, 1985

[All data in million gallons per day, columns 
may not add to totals because of independent 
rounding. Data from U.S. Geological Survey 
National Water Data and Retrieval Systems]

State

or

physiographic 

province

Water use

Ground 

water

Surface 

water

Alabama

Delaware

District of Columbia

Georgia

Maryland

New Jersey

North Carolina

Pennsylvania

South Carolina

Tennessee

Virginia

West Virginia

Total

Piedmont province 

Blue Ridge province 

Valley and Ridge 

province.

Total

94

15

0
151

81

294

187

495

48

99

217

35

1,720

986

163

567

1,720

1,420

49

348

3,260

1,170

1,300

7,170

8,400

4,900

3,510

4,170

931

36,600

25,500

2,940

8.130

36,600

About 50 percent of surface-water flow in 
the region is derived from ground water; 
therefore, surface-water hydrology needs to be 
taken into account in descriptions of the ground- 
water system. In parts of the study area, 
surface-water resources are allocated for use on 
the basis of established legal decrees. During 
recent droughts, however, surface-water sup 
plies have been insufficient to meet these

allocations. As a result, pumping of ground 
water increased, which in turn decreased the 
amount of ground-water discharge to streams 
and resulted in a net loss of streamflow.

RELATION TO OTHER REGIONAL AQUIFER- 
SYSTEM ANALYSIS STUDIES

Three other RASA studies have been com 
pleted for areas adjacent to this study area 
(fig. 6). These are the Northern Atlantic 
Coastal Plain, Southeastern Coastal Plain, and 
Northeastern Glacial Valleys RASA's. General 
ly, aquifers in the Valley and Ridge and Pied 
mont physiographic provinces discharge water 
as base flow to streams within the APRASA 
study area. In places where the Valley and 
Ridge and Piedmont physiographic provinces 
are adjacent to the Coastal Plain, some aquifers 
discharge water from the study area by under 
flow directly to aquifers in the Coastal Plain. 
Aquifers in the Northeastern Glacial Valleys are 
considered to be local, independent aquifers, 
and sustained exchange of flow between those 
aquifers and aquifers in the APRASA study area 
is estimated to be negligible.
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GEOLOGIC SETTING 
AND FRAMEWORK

The APRASA study area can be considered 
as two distinct subareas on the basis of differ 
ences in geology and hydrologic characteristics. 
The f^rst subarea consists of carbonate rock, 
sandstone, and shale of the Valley and Ridge 
physiographic province and the extreme western 
part of the Blue Ridge physiographic province.
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11



The second subarea consists of metamorphic and 
igneous crystalline rocks in the Piedmont 
physiographic province and central and eastern 
Blue Ridge physiographic province. Large rift 
basins, extending from New Jersey to South 
Carolina within the Piedmont crystalline rocks, 
have been filled with sedimentary deposits of 
early Mesozoic age. Glaciation covered only a 
small part (about 3,000 mi2) of the study area in 
eastern Pennsylvania and New Jersey. Locally, 
glacial deposits can provide significant quantities 
of water, but these deposits are not regionally 
significant.

Regolith, consisting of soil, alluvium, and 
weathered rock material overlies most of the 
geologic units throughout both subareas. In 
some locations, it includes material that has 
been transported and deposited as glacial drift, 
colluvium, or alluvium. In other locations, the 
regolith consists only of weathered material 
called residuum or saprolite, which remains atop 
the parent rock from which it has been derived. 
Thickness of the regolith throughout the study 
area is extremely variable and ranges from 0 to 
more than 150 ft. At some locations, the rate 
of weathering is approximately equal to the rate 
at which weathered material is removed by ero 
sion; thus, thickness of regolith remains fairly 
constant.

Regolith can be divided into three hori 
zons: the soil zone, saprolite, and a transition 
zone between saprolite and unweathered bed 
rock. Where the regolith does not include 
material that has been transported, the three 
horizons represent stages in the breakdown of 
bedrock in response to weathering. The 
weathering process is greatly influenced by the 
climate of an area; a warm, humid environment 
such as that of the eastern and southeastern 
United States favors the development of a thick 
layer of regolith. Bedrock is typically exposed 
only in areas of rugged topography or in stream 
channels where erosion has removed the 
regolith.

VALLEY AND RIDGE PHYSIOGRAPHIC PROVINCE

The valleys of the Valley and Ridge 
physiographic province are separated by parallel 
ridges formed in part as a result of thrust 
faulting and folding. Ridge development is 
controlled by geologic structure and weathering 
characteristics of the different rock types. 
Generally, ridges are underlain by con 
glomerate, sandstone, or cherty dolomite, 
whereas valleys are underlain by siltstone, 
shale, limestone, or dolomite that is not as 
resistant to weathering as rocks forming the 
ridges.

The sedimentary rocks that underlie the 
Valley and Ridge physiographic province range 
in age from Cambrian to Pennsylvania^ The 
deposits that formed these rocks were domi- 
nantly shelf carbonates and basin siliciclastics. 
Carbonate rocks of particular importance to 
water supply are found in the Cambrian System, 
in the Lower and Middle Ordovician Series, and 
in theMississippian System. Significant amounts 
of chert or disseminated quartz sand, which 
appear to be associated with deeper-than-average 
weathering of the rocks, are found in carbonate 
rocks in the Upper Cambrian, Lower Ordovi 
cian, and Lower Mississippian Series. Quartzite 
and sandstone of particular importance to water 
supply are present in the Silurian, Devonian, 
and Carboniferous Systems. Throughout the 
southern three-quarters of the province, a hydro- 
logically significant paleokarst is present in 
carbonate rocks in the Lower Ordovician Series 
(Mussman and others, 1988). Diabase dikes of 
Mesozoic or Eocene age cross the area in south- 
central Pennsylvania and western Virginia (King 
and Beikman, 1974).

i
Structurally, the Valley and Ridge physio 

graphic province has been intensely deformed as 
a result of several mountain-building events. 
Rocks were tilted and faulted into a series of 
disharmonic sheets that were thrust from the 
southeast several tens of miles to the west or

[ northwest. At land surface, the northern half of 
the province is dominated by folds and abundant

i localized fracturing, whereas the southern half

12



of the province is dominated by major thrust 
faults. At depth, major thrust faults exist in 
both parts of the province (Woodward, 1985). 
Folds and thrust faults cause the rocks to crop 
out in a series of northeast-trending strike belts 
in which the formations are commonly repeated. 
Significant fracturing of rocks has occurred 
throughout the province.

PIEDMONT AND BLUE RIDGE 
PHYSIOGRAPHIC PROVINCES

The Piedmont and Blue Ridge physio 
graphic provinces are underlain by igneous, 
metamorphic, and sedimentary bedrock ranging 
in age from Precambrian to Mesozoic. Types 
of rocks include massive granites and gneisses, 
foliated phyllites and schists, and consolidated 
sandstones. Sedimentary rocks of early Meso 
zoic age fill rift basins within the Piedmont 
physiographic province (fig. 7). Sedimentation 
was accompanied by igneous and volcanic 
activity where basaltic and diabase dikes were 
intruded into the Mesozoic sedimentary rocks. 
Rocks that crop out in the Piedmont underlie 
parts of the Atlantic Coastal Plain at depth. 
Because of significant geologic and hydrologic 
differences, the Piedmont and Blue Ridge 
physiographic provinces have been divided into 
two groups: (1) crystalline-rock regimes and 
(2) sedimentary-rock regimes.

Crystalline-Rock Regimes

Metamorphic and igneous crystalline rocks 
underlie most of the Piedmont and Blue Ridge 
area; metamorphic rocks are the more abundant. 
Metamorphic and igneous rocks in the province 
range in composition from felsic to ultramafic 
and range in age from Middle Proterozoic for 
granitic rocks in the Blue Ridge (Tilton and 
others, 1960) to Triassic-Jurassic for the 
unmetamorphosed dikes and sills of mafic com 
position that intrude the Piedmont (Ragland and 
others, 1983; Weigand and Ragland, 1970).

Bedding and foliation within metamorphic 
bedrock are usually folded and tilted, can

exhibit variable orientations, and commonly 
intersect one another in systematic geometric 
patterns. Bedrock generally is weathered to 
saprolite; however, the relict structure and 
directional properties controlling permeability or 
hydraulic conductivity are retained in places. 
Although most rocks in the area have been 
metamorphosed and have strong directional 
fabrics, igneous intrusives emplaced after the 
last metamorphic event in the late Paleozoic 
tend to be massive and less foliated. Most of 
the rocks were subjected to uplift during the 
Cenozoic Era and subsequent weathering and 
erosion, which opened or widened existing 
fractures and created new ones by stress relief. 
Fault zones of different types, scales, and 
orientations are common; some are charac 
terized by an abundance of fractures.

Sedimentary-Rock Regimes

Several sedimentary basins within the 
Piedmont physiographic province contain rocks 
of early Mesozoic age (fig. 7). They consist of 
a series of elongate, down-faulted basins that 
crop out in a discontinuous belt almost 600 mi 
long from southeastern New York to South 
Carolina. Basins are exposed at land surface in 
parts of the Piedmont physiographic province 
but are covered by as much as several thousand 
feet of Cretaceous and younger sediments in the 
Coastal Plain. These basins formed in Triassic 
and Jurassic time during the incipient rifting of 
the continents. Concurrently, they were filled 
with thick sequences of continental sediment 
eroded from surrounding crystalline highlands. 
In most of the study area, these continental 
sediments, along with interbedded basaltic lava 
flows, have been assigned to the Newark Super 
group (Froelich and Olsen, 1985). These Meso 
zoic deposits lie unconformably on Precambrian 
and Paleozoic crystalline rocks.

Sedimentary rocks of the Newark 
Supergroup consist predominantly of inter- 
bedded red shale, sandstone, and siltstone. 
Locally, conglomerate and lacustrine black 
mudstone are common and coal is present in the
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EXPLANATION

EARLY MESOZOIC BASIN 
AND NUMBER

1 Wadesboro (N.C.-S.C;)~1
2 Sanford (N.C.) >DEEP
3 Durham (N.C.) _J RIVER
4 Davle County (N.C.)
5 Dan River and 

Danville (N.C.-Va.)
6 Scottsburg (Va.)
7 Basins north of 

Scottsburg (Va.)
8 Farmvllle (Va.)
9 Richmond (Va.)

10 Taylorsvflle (Va.)
11 Scottsvllle (Va.)
12 Barboursvllle (Va.)
13 Culpeper (Va.-Md.)
14 Gettysburg (Md.-Pa.)
15 Newark (NJ.-Pa.-N.Y.)
16 Pomperaug (Conn.)
17 Hartford (Conn.-Mass.)
18 Deerfield (Mass.)
19 Fundy or Mlnas

(Nova Scotia-Canada)
20 Chedabucto (Nova 

Scotia Canada)

100 200 300 400 MILES

100 200 300 400 KILOMETERS

Figure 7.-Exposed early Mesozoic basins i
and Robinson, 1988, fig. 1.)
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Richmond, Va., Danville and Deep River basins 
of North Carolina (fig. 7). Although not 
included as part of the Newark Supergroup, 
intrusive dikes and sills predominantly 
composed of diabase are common in and 
adjacent to the early Mesozoic basins.

Structurally, most geologic formations 
within the early Mesozoic basins strike northeast 
and dip toward the main border fault, commonly 
northwest or southeast, between 5 to 40 
degrees. Thickness of Triassic and Jurassic 
deposits in the largest of the basins has been 
calculated to be in excess of 20,000 ft.

HYDROGEOLOGIC SETTING 
AND FRAMEWORK

Understanding the hydrogeology of the 
APRASA study area is greatly complicated by 
the fact that the porosity and permeability in the 
rocks are almost exclusively secondary. As a 
result, the permeability is extremely variable. 
High or low permeability is not easily associated 
with a particular geologic formation or even a 
particular rock type. As a consequence, the 
usual approach of describing the hydrogeologic 
framework in terms of aquifers and confining 
units is devalued by the extreme variability in 
the permeability distribution which tends to 
obscure the distinction between aquifers and 
confining units. A more fruitful approach than 
to distinguish between aquifers and confining 
units is to divide the study area into hydro- 
geologic terranes that are based upon the distri 
bution and magnitude of factors that are related 
to the occurrence of secondary porosity and 
permeability. For the purpose of this plan of 
study, a hydrogeologic terrane is defined as a 
combination primarily of rock type, regolith 
conditions, and topographic setting which is 
relatively homogeneous as to (1) water-yielding 
potential of the earth materials, as indicated by 
specific capacity of wells or base flow of 
streams; (2) ground-water storage; and 
(3) ground-water quality. At this time, it would 
appear that terranes are most easily distin 
guished primarily on the basis of rock type, and

secondarily by consideration of rock texture, 
regolith thickness and texture, rock structure, 
topographic setting, and nongeologic factors. 
Not all factors are known. For those factors 
that affect porosity and permeability that are 
known, the degree of control is not known or 
differs significantly from place to place. Vari 
ability in the thickness and texture of the rego 
lith, which can store a significant amount of 
ground water, also must be considered in addi 
tion to variability in the secondary permeability 
of the bedrock. All factors known or suspected 
to control the degree of secondary permeability 
will be tested using hydrologic criteria such as 
specific capacity or base flow.

The ground-water hydrology of the study 
area is best described in terms of conceptual 
flow systems. For the purpose of this plan of 
study, a conceptual flow system is in most cases 
the three-dimensional flow net that is conceived 
to exist within a hydrogeologic terrane. In 
accordance with work by Toth (1963), local and 
intermediate systems of ground-water flow have 
been identified in the study area. Local flow 
systems are commonly restricted to depths 
shallower than 600 ft in the Valley and Ridge 
physiographic province and 800 ft in the 
Piedmont and Blue Ridge physiographic prov 
inces; they commonly lie between adjacent 
topographic divides that range from a few 
thousand feet to a few miles apart. The inter 
mediate flow systems are believed to range in 
depth from 800 to 5,000 ft and in places, to 
traverse adjacent topographic divides. The 
intermediate flow systems are believed to repre 
sent less than 5 percent of the total ground- 
water flow. The hydrogeologic terranes dis 
cussed in this report are more closely associated 
with the local flow systems than with the inter 
mediate flow systems.

In the subsequent discussion, only one 
generic conceptual flow system is described and 
illustrated for the (1) folded rocks of the Valley 
and Ridge physiographic province; (2) crystal 
line rocks of the Piedmont physiographic 
province; and (3) the sedimentary basins in the 
Piedmont physiographic province. In addition,
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the deep, confined flow systems of the Valley 
and Ridge physiographic province are not 
illustrated. An example of a conceptual flow 
system for deep confined flow is presented in 
Hobba and others (1979, fig. 12 and fig. 13).

In subsequent discussion of the objectives 
of the study and the approach, the term "type 
area" applies to a 10- to 100-mi2 area within a 
hydrogeologic terrane where information is 
sufficient to develop and test a concept of 
ground-water flow by use of analytic or numeric 
methods. Ideally, these type areas are selected 
to be representative of the flow system that is 
present wherever the particular hydrogeologic 
terrane is present.

VALLEY AND RIDGE PHYSIOGRAPHIC PROVINCE

The wet climate and presence of carbonate 
rock in this province favor the development of 
karst features such as sinkholes, solution cav 
ities, and large springs (U.S. Geological Sur 
vey, 1970; Newton, 1987). The largest ground- 
water supplies in the Valley and Ridge province 
are obtained from soluble carbonate rocks, 
especially where such rocks are associated with 
thick regolith. Area! variability in thickness of 
regolith is common throughout the Valley and 
Ridge physiographic province (DeBuchananne 
and Richardson, 1956). For the purposes of 
this study, thick regolith ranges from 50 to 
more than 150 ft; thin regolith is less than 50 ft 
in thickness. Where regolith is thick, it acts as 
a storage reservoir for recharge, which is slowly 
and almost continuously released and allowed to 
percolate downward. The underlying carbonate 
rocks are dissolved to greater depths in areas 
where regolith is thick than where regolith is 
thin.

With few exceptions, rocks of the Valley 
and Ridge physiographic province have low pri 
mary porosity and permeability. In about the 
upper 300 ft of these rocks, however, fracturing 
and dissolution have produced substantial 
secondary porosity and permeability. Wells 
commonly produce from 5 to 500 gal/min

(gallons per minute) from these secondary 
openings, and the yield from a single well in a 
large i dissolution opening can exceed 3,500 
gal/min (U.S. Geological Survey, 1985, 
p. 180).

Ground-water flow within the Valley and 
Ridge physiographic province is generally 
restricted by parallel ridges and discharges to 
local streams. The local streams are normal to 
the axes of the intervening valleys and are 
tributary to the main streams that flow along the 
axes of the valley. In places, main streams cut 
across or through the ridges. Thus topography, 
combined with ridge-cutting main streams 
effectively compartmentalizes ground-water flow 
into adjacent, but hydraulically isolated, shallow 
flow systems (fig. 8). Such shallow flow 
systems are numerous in the Valley and Ridge 
physiographic province. In each flow system, 
ground water flows from ridge to valley until 
the water either discharges directly to local 
streams or is intercepted and routed downvalley 
by a layer or zone of rocks in which secondary 
permeability is well-developed. Generally, flow 
paths parallel to the axis of the valley are 
several times longer than flow paths perpen 
dicular to the axis of the valley. The highly 
permeable zones typically contain minor 
amounts of fine-grained, insoluble residue and 
commonly are coarse-grained carbonate rocks 
with well-developed dissolution openings. In 
places, these zones contain fractures that act as 
collectors or conduits. Flow components that 
are parallel to the axis of the valley commonly 
discharge to a spring or a main stream that 
crosses the valley (Parizek and others, 1971; 
Hollyday and Goddard, 1979). In contrast to 
this conduit flow in carbonate rocks, flow in 
silicic astic rocks tends to be diffuse.

lydrogeologic Terranes and Conceptual 
Ground-Water-Flow Systems

ie hydrogeologic terranes and conceptual 
flow svstems that have been identified for the 
study area thus far in the Valley and Ridge 
physiographic province are described in table 3
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and are further described below. The hydro- 
geologic terranes, which are associated with 
local flow systems, are (1) carbonate rocks 
mantled by thick regolith; (2) carbonate and 
sandstone rocks mantled by thin regolith; and 
(3) clay-rich rocks mantled by regolith. The 
conceptual local flow system is termed the 
"spring-basin flow system." The conceptual 
intermediate flow system is termed the "deep, 
confined flow system."

Carbonate and sandstone rocks mantled 
by thin regolith

A second hydrogeologic terrane consists of 
carbonate rock and clay-rich sandstones mantled 
by thin regolith. This terrane produces moder 
ate to large amounts of water. An example of 
this hydrogeologic terrane is the limestone rocks 
of Middle Ordovician age in the Great Valley of 
Pennsylvania. Arkose and graywacke of Silur 
ian and Devonian age also are considered to be 
representative of this terrane.

Carbonate rocks mantled by thick regolith

The most productive hydrogeologic terrane 
in the Valley and Ridge physiographic province 
consists of carbonate rocks that are overlain by 
coarse-grained, thick regolith (fig. 9). 
Carbonate rocks of Early Mississippian age in 
Alabama, Georgia, and southeastern Tennessee 
are covered by thick chert rubble locally derived 
from the bedrock. Transported regolith 
(colluvium and alluvium) is present along the 
entire length of the southeastern margin of the 
Valley and Ridge physiographic province. 
Along this margin, carbonate rocks of Cambrian 
age are covered in more than two dozen 
locations by coarse quartzite rubble derived 
from nearby ridges. These ridges are capped 
predominantly by sandstone of Early Cambrian 
age along the northwestern margin of the 
adjacent Blue Ridge physiographic province. 
Along the northwestern margin the southern half 
of the Valley and Ridge physiographic province, 
carbonate rocks of Mississippian age are 
covered in several places by coarse ortho- 
quartzite rubble derived from rocks capping the 
escarpment of the southeastern margin of the 
adjacent Appalachian Plateaus physiographic 
province. In places, transported regolith covers 
carbonate rocks on the slopes of mountains 
capped by Silurian sandstone and conglomerate 
in the middle of the Valley and Ridge physio 
graphic province. Wells completed in carbonate 
rocks covered by coarse, thick regolith are 
capable of yielding more than 1,000 gal/min.

20

Clay-rich rocks mantled by regolith

The least productive terrane consists of 
shale [or clay-rich carbonate rocks. Examples are 
the black and gray shales of Devonian age in the 
northeastern half of the Valley and Ridge 
physiographic province and the Rome Formation 
of Early and Middle Cambrian age in Tennes 
see. Examples of clay-rich carbonate rocks can 
be found in the middle part of the Conasauga 
Group of Middle and Late Cambrian age along 
the northwestern margin of the Valley and 
Ridge physiographic province in Tennessee. 
This terrane is similar to the one in the 
crystalline rocks of the Piedmont physiographic 
province in that ground-water flow in many 
places is mostly in intergranular openings in the 
regoli th rather than in fractures in the bedrock. 
Wells completed in this terrane typically yield 
water^ at rates that range from less than 1 to 15 
gal/mln.

Deep, confined flow systems

Kt least two deep ground-water flow 
systems are believed to be moderately produc 
tive. Except where exposed at land surface, the 
aquifers that contain these flow systems are 
overlain by much less permeable rocks and 
contain water mostly under confined conditions. 
One flow system is associated with ortho- 
quart ate sandstones in which carbonate 
cementation is either poor or has been removed 
by dissolution. Most flow in this system is
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intergranular and diffuse. Examples of this 
system include sandstone of Devonian age and 
equivalent rocks that are overlain by many 
hundreds of feet of Devonian shale in much of 
the northern Valley and Ridge physiographic 
province. The other flow system is associated 
with paleokarsts in carbonate rocks of Early 
Ordovician age in much of the middle and 
southern Valley and Ridge physiographic 
province. Flow in this latter system is mostly 
conduit flow.

Spring-basin flow systems

A large subsurface drainage system 
commonly develops where regolith is thick, 
rock is soluble, and folds, faults or fractures 
enhance underground flow and storage. Much 
of the ground water in such a system discharges 
at one or more large springs. In the Valley and 
Ridge physiographic province, there are no 
springs with average flows greater than 100 ffi/s 
(cubic feet per second); however, there are 
about 50 springs whose average flows are be 
tween 10 and 100 fWs (4,490 and 44,900 
gal/min) and numerous springs whose flows are 
less than 10 ft3/s. Water budgets for large 
springs in the Valley and Ridge physiographic 
province could be similar to the budgets for 
Schantz Spring, Lehigh County, Pa. (Wood and 
others, 1972), or for Boiling Spring and Baker 
Spring, Cumberland County, Pa. (Becher and 
Root, 1981). If so, then the subsurface 
drainage basin of a spring with an average flow 
of 10 ft3/s would be expected to be about 
10 mi2 . Spring basins are elongated in the 
direction of strike. Wells completed in spring 
basins are capable of yielding a few thousand 
gallons of water per minute.

Ground-Water Quality

Natural quality of ground water in the 
Valley and Ridge physiographic province is 
affected by the residence time of water within 
the aquifer, depth of circulation, and mineral 
composition of the rock matrix. In shallow

flow systems, dissolved-solids concentrations in 
water from springs and wells commonly range 
from 50 to 500 mg/L (milligrams per liter) 
(Brah<ma and others, 1986). The predominant 
water types are calcium-magnesium bicarbonate 
(the most common type) and calcium- 
magnisium sulfate-chloride type water. 
Magnesium concentrations are generally higher 
in water from dolomite than in water from 
limestone. Therefore, the ratio of calcium to 
magnesium in water samples can be used to 
infer which of these rocks form the predominant 
aquifer in a given area. Concentrations of iron, 
manganese, and hydrogen sulfide concentrations 
are typically higher in water from shale than in 
water from carbonate rocks.

Water from wells that tap deep aquifers 
with low hydraulic conductivities typically is 
similar in type to water from wells that tap 
shallower aquifers with greater hydraulic con 
ductivities; however, ground water below a 
depth of 200 ft has about twice the dissolved- 
solids concentration of water at about 50 ft. 
Oil- and gas-exploration wells have produced 
brine (water whose dissolved-solids concentra 
tion is greater than 35,000 mg/L) from 
permeable zones at depths generally greater than
4,000 ft. Most fluids at these depths are found
in pal<x)karst within Lower Ordovician rocks.

PIEDMONT AND BLUE RIDGE 
PHYSIOGRAPHIC PROVINCES

The hydrogeology of the Piedmont and 
Blue lidge physiographic provinces is different 
than that of the Valley and Ridge physiographic 
province mainly in that there is not the propen 
sity for the aquifer material in the Piedmont and 
Blue liidge physiographic provinces to form 
large dissolution cavities. In addition, in the 
Mesozoic basins where primary permeability 
exists, the well-yielding characteristics are 
usually more consistent with time than in other 
rocks of the APRASA study area. Water- 
yieldirg characteristics of the various 
hydro^eologic terranes within the Piedmont and 
Blue ifcdge physiographic provinces is very
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dependent upon the thickness of the regolith or 
the transition zone. As a result, once the 
regolith has been significantly drained of its 
water, the volume of well yield per unit of 
water level decline may also decrease signif 
icantly.

Rock Regimes

Similar to the Geologic Setting and 
Framework, the hydrogeology of the Piedmont 
and Blue Ridge physiographic provinces can be 
divided initially into two distinct regimes based 
on differences in lithology. These two regimes 
are the crystalline-rock regime for the majority 
of the Piedmont and Blue Ridge physiographic 
provinces, and the sedimentary-rock regime for 
the early Mesozoic basins.

Crystalline-rock regimes

The principal components of the ground- 
water system in the crystalline-rock regimes of 
the Piedmont and Blue Ridge physiographic 
provinces are illustrated schematically in fig 
ure 10. In most places, the consolidated rocks 
are overlain by regolith. Porosity of the 
regolith is on the order of 35 to 55 percent 
(Stewart, 1962) near land surface but decreases 
with depth as the degree of weathering 
decreases. Porosity of the bedrock can range 
from only 0.01 to 2 percent (Heath, 1984). 
Because of the relatively high porosity and 
permeability of the regolith, recharge from 
precipitation is stored in the regolith and later 
reaches the underlying rocks through fractures. 
The storage and transmitting characteristics of 
the bedrock and regolith and the hydrologic 
relation between them determines the water- 
supply potential of the aquifers in crystalline- 
rock regimes of the Piedmont and Blue Ridge 
physiographic provinces. Wells penetrating 
consolidated rocks in areas mantled by thick 
saturated regolith generally have higher sus 
tained yields than wells where regolith is thin or 
absent.

The transition zone between overlying 
saprolite and the unweathered rock below is 
often more permeable than the saprolite is. If 
the transition zone is sufficiently thick, then 
lateral ground-water movement can take place in 
this zone (Stewart and others, 1964; Nutter and 
Otton, 1969). The increased permeability of the 
transition zone is a result of the hydration of 
feldspar minerals which causes a separation of 
the platy structure of the rock. Where the 
weathering process has proceeded further as in 
the saprolite above the transition zone, the 
feldspars are chemically altered to clay-size 
particles, and reduced permeability results. 
Laboratory analyses of samples of saprolite 
overlying crystalline rocks of the Piedmont 
physiographic province in Maryland and 
Georgia indicate a wide range of permeability  
from about 0.0013 ft/d (foot per day) to about 
15.4 ft/d (Nutter and Otton, 1969).

The abundance of connected fractures 
within the bedrock directly affects the yield of 
wells in the Piedmont physiographic province 
(Powell and Abe, 1985: Heath, 1984). Because 
fractures act as conduits for the flow of ground 
water, well yields are greatest where wells 
intersect numerous fractures or large fractures. 
The number and size of fractures decreases with 
depth in the Piedmont rocks. Consequently, 
most wells within the Piedmont are less than 
800 ft deep. Wells in the crystalline rocks of 
the Piedmont commonly produce from 5 to 35 
gal/min and occasionally may yield more than 
1,800 gal/min (McGreevy and Sloto, 1977).

Several studies have indicated the strong 
relation between topography and well yields. 
Nutter and Otton (1969) found that wells drilled 
in valley floors have 3 to 4 times the yield of 
wells drilled on hilltops. In a study of well 
yields for different topographic locations in the 
southern Piedmont of Virginia, LeGrand (1960) 
found that wells in valleys or draws have 
substantially higher yields than do wells on 
slopes and hilltops.

Fractures, bedding planes, and foliation 
create inhomogeneity in the distribution of

23



Unsaturated 
zone

Water table 

Saturated 
zone

Transition 
zone

150 feet 
maximum

Figure 10.-Principal components of the 
Ridge physiographic provinces.

;> Regollth

The regolith has 20 to 50 times 
the water-storing capacity of 
the consolidated rocks

800 feet

Open fractures are scarce 
below 800 feet

ground-water system in the Piedmont and Blue 
(Modified from Heath, 1984, fig. 3.)
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permeability in rocks and increase permeability 
parallel to these features and reduce perme 
ability at right angles to these features.

Sedimentary-rock regimes

Ground water in sedimentary-rock regimes 
within early Mesozoic basins is stored and 
transmitted primarily through a complex 
network of interconnected openings formed 
along joints, fractures, faults, and bedding 
planes. To a lesser extent, water moves 
through interstitial pore space and locally 
enlarged solution channels. The intervening 
unfractured rock typically has a negligible 
capacity to store and transmit water. The 
primary porosity that originally existed in the 
rocks has commonly been reduced by compac 
tion and cementation. The interconnected 
openings generally decrease in size and number 
with increasing depth below land surface. In 
the Newark basin, for example, a drill hole that 
has not successfully tapped a water-yielding 
zone in the first 500 ft of drilling is not likely to 
penetrate water-yielding zones if drilling is 
continued. However, in the Culpeper basin of 
Virginia, at least one public-supply well has 
produced water at a depth of more than 800 ft 
(Nelms, D.L., U.S. Geological Survey, oral 
commun., 1990). Well yields tend to decrease 
substantially from north to south along this band 
of sedimentary basins; in fact, yields of wells 
tapping the rocks of the Wadesboro, Sanford, 
and Durham basins in North Carolina and South 
Carolina (fig. 7) are among the lowest in the 
Piedmont.

Some preferential alignment is typical of 
secondary openings in consolidated-rock aqui 
fers of the early Mesozoic basins; thus, the 
aquifers are anisotropic to some degree. In 
wells open to the Brunswick Group in the 
Newark basin, drawdown was noted in an 
observation well 2,400 ft from a pumped well in 
a direction parallel to the strike of the formation 
beds, whereas no drawdown was evident in 
observation wells 600 ft from a pumped well in 
a direction perpendicular to the strike (Herpers

and Barksdale, 1951). Similar observations of 
the anisotropy of the Brunswick Group have 
been documented by Vecchioli (1965) and 
Vecchioli and others (1962).

Preferential flow along strike is probably 
caused by variable degrees of fracturing in dip 
ping beds. In a highly fractured bed, horizontal 
flow in the direction of strike is not impeded by 
boundaries, but horizontal flow in the direction 
of dip is bounded by adjacent, relatively unfrac 
tured beds and by the closure of fractures at 
depth.

The most productive water-yielding zones 
in the sedimentary-rock regimes are in fractured 
red shale, sandstone, and conglomerate. 
Locally, fractured-shale and sandstone aquifers 
yield as much as 1,500 gal/min (Carswell and 
Rooney, 1976; Nemickas, 1976). Black mud- 
stones, basaltic rocks, diabase, and thermally 
metamorphosed rocks in the sedimentary basins 
commonly yield little water. These hydrogeo- 
logic units are tapped primarily for domestic 
supplies, and well yields generally are less than 
5 gal/min.

Hydrogeologic Terranes and Conceptual 
Ground-Water-Flow Systems

The hydrogeological terranes identified for 
the Piedmont and Blue Ridge physiographic 
provinces in the study area are described in 
table 3 and are further described below. The 
hydrogeologic terranes associated with local or 
shallow flow systems are (1) massive or foliated 
crystalline rocks mantled by thick regolith; 
(2) massive or foliated crystalline rocks mantled 
by thin regolith; (3) metamorphosed carbonate 
rocks; and (4) sedimentary basins.

Massive or foliated crystalline rocks mantled by 
thick regolith

Although most wells in the Piedmont and 
Blue Ridge provinces are open to fractured 
crystalline rocks, storage characteristics of the 
overlying regolith probably control the quantity
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of water available to wells (fig. 11). The thick 
ness of the regolith which typically overlies 
crystalline rocks is highly variable and ranges 
from 0 to more than 150 ft. As defined for this 
study, "thick regolith" is that which is greater 
than 50 ft. The water yielding capacity of the 
rocks in this hydrogeologic terrane is greatly 
dependent upon not only the regolith thickness 
but also the density, width, and spacing of the 
fractures in the crystalline rocks.

This hydrogeologic terrane has the highest 
"average" water yielding capability for the 
Piedmont and Blue Ridge physiographic prov 
inces. Others however, may have much higher 
extremes where large dissolution cavities or 
bottom-hole stress relief fractures exist.

Massive or foliated crystalline rocks mantled by 
thin regolith

Massive crystalline rocks that are fractured 
can be locally significant sources of ground 
water. Storage within the fractures is generally 
small. Yields of wells open to massive 
unmantled, fractured rocks must be sustained by 
an extensive fracture network connected to a 
surface-water body; otherwise the well yields 
will usually be small. In areas of North 
Carolina, porosities of 1 to 3 percent are 
common for the fractured rocks (Daniel and 
Sharpless, 1983).

The stress-relief bottom-of-well fracture 
system with yields up to 470 gal/min in the 
massive crystalline rocks near Atlanta (Cressler 
and others, 1983) is one example of excep 
tionally high yields which can occur in this 
hydrogeologic terrane even without any connec 
tion to a surface-water body.

Foliated crystalline rocks generally are 
anisotropic in terms of physical properties such 
as orientation of fractures and primary perme 
ability. Fractures are typically at high angles to 
bedding and foliation because of compressive 
forces. In the eastern and southeastern United 
States, compressive forces were oriented gener

ally [northwest to southeast. Foliated rocks 
contain minerals such as mica and chlorite that 
have laminated-type cleavage planes and that are 
able to withstand extreme folding and deforma 
tion without creating any major secondary per 
meability. As a result, wells completed in 
foliated crystalline or highly schistose rocks 
generally yield only small amounts of water.

Metamorphosed carbonate rocks

Ground-water flow within metamorphosed 
carbonate rocks can be significant. McGreevey 
and Sloto (1976, 1977) reported well yields 
ranging from 74 to 1,800 gal/min from the 
CocKeysville Marble units in eastern Pennsyl- 
vani^. Solution cavities were reported in 
metapiorphosed carbonate rock in outcrop areas; 
therefore, secondary permeability is probably 
significant in these rocks. Yield from the 
Sylacauga Marble Member of the Talladega 
Slate in Talladega County, Alabama, was over 
900 gal/min during testing in 1954. One well in 
that area yielded 700 gal/min with only 12 ft of 
drawdown after 3 months of pumping (Causey, 
1965).

Sedimentary basins

Sedimentary basins containing rocks of 
Mesozoic age (fig. 7) generally are filled with 
deposits that contain locally significant aquifers, 
particularly in the northern part of the study 
area. In places, the sediments filling these 
basins have been intruded by diabase dikes and
sills. Greater than 10 percent of the ground
water pumped within the study area during 1985 
was from the Newark basin (see basin 15, 
fig. 7).

The highest yielding wells are large- 
diambter (10 in. or more), relatively deep (200- 
to 600-ft-deep) wells used for public supply and 
industry. Yields of 500 gal/min from these 
wells are common. Lowest yielding wells are 
small-diameter (6 in. or less) domestic wells, 
which are generally less than 250 ft deep.
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Isolated 
bedrock 
outcrop

Regoiith 
50-150 
feet thick

Figure 11 .--Hydrogeologic terrane of massive or foliated crystalline rock mantled by thick regolith in 
the Piedmont or Blue Ridge physiographic provinces. (Modified from Heath, 1984, fig. 36.)
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Yields of 10 to 20 gal/min from these wells are 
common.

Ground-Water Quality

The quality of ground water in the 
crystalline-rock regimes of the Piedmont and 
Blue Ridge physiographic provinces generally is 
suitable for drinking and most other purposes. 
Mineral composition of the regolith and bedrock 
strongly affect the quality of the ground water. 
Water from most light-colored, felsic crystalline 
metamorphic and igneous rocks is soft (less than 
60 mg/L of hardness) and slightly acidic (pH 
less than 7.0) and contains low concentrations of 
dissolved solids (Powell and Abe, 1985). Water 
moving through these silica-rich rocks remains 
relatively dilute because of the chemically 
resistant nature of the silicate minerals. Water 
from the dark-colored, mafic crystalline meta 
morphic and igneous rocks is hard and some 
what alkaline and contains moderate concen 
trations of dissolved solids as a result of the 
solubility of calcium- and magnesium-bearing 
minerals in these rocks. Corrosion of pipes and 
plumbing fixtures and objectionable concentra 
tions of iron and manganese are the most 
common water-quality problems.

Water from wells in the sedimentary rocks 
in the Mesozoic basins generally is hard (greater 
than 120 mg/L of hardness as calcium carbon 
ate) to very hard (greater than 180 mg/L of 
hardness as calcium carbonate) and somewhat 
alkaline and contains moderate concentrations of 
dissolved solids. High concentrations of sulfate 
(greater than 250 mg/L) are a common problem 
with water from deep wells and directly corre 
spond to high concentrations of dissolved solids. 
As in crystalline rocks, ground water in sedi 
mentary rocks contains objectionable concentra 
tions of iron and manganese in places. The 
concentrations of dissolved solids and sulfate 
increase more with well depth in siltstone than 
gypsum and pyrite.

The depth of effective circulation of water 
in the early Mesozoic basins is not known, but

deptH to the base of potable water appears to be 
between 1,000 and 2,000 ft in the north (Wood 
and Wood, 1982) and shallower southward. Few 
chemical data are available for water from deep 
aquifers. Most water samples have been taken 
from discharge points at the tops of wells and 
represent mixtures of water from all contri 
buting aquifers. Water type is variable with 
depth. Although calcium magnesium sodium 
bicarbonate-type water is commonly produced at 
shallow depths, a calcium magnesium sodium 
sulfate type or calcium sulfate type is produced 
at moderate depth and a sodium chloride type is 
produced from deep aquifers.

In the early Mesozoic basins, there are 
regional differences in concentrations of the 
major cations and anions in potable water 
(Wocd and Wood, 1982). The calcium magne 
sium bicarbonate sulfate facies dominates in 
basins north of Culpeper, Va., except in Mary 
land, where the calcium bicarbonate facies 
dominates. In North Carolina sulfate generally 
is absent, and water is mostly a sodium calcium 
magnesium bicarbonate type and rarely is a 
calcium chloride type. Sodium chloride-type 
waters apparently dominate at depth in all 
basins. The regional differences in water 
chemistry may reflect the regional differences in 
the mineralogy of the source rocks or the areal 
variability in depositional environments.

GROUND-WATER ISSUES 
AND PROBLEMS

The diversity of ground-water flow con 
ditions in the Valley and Ridge physiographic 
province and in the Piedmont and Blue Ridge 
physiographic provinces accounts for the greatly 
different ground-water issues and problems 
whiclji exist within these two study areas.

VALLEY AND RIDGE PHYSIOGRAPHIC PROVINCE

Large ground-water supplies in the Valley 
and Ridge physiographic province are difficult 
to locate and develop for several reasons. The
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most productive areas within a carbonate rock 
aquifer are where the rock has been dissolved to 
produce sheetlike openings and conduits below 
the water table (Moore, 1973). The location and 
extent of these areas appear to be controlled not 
by lithology alone but by a combination of 
lithology, geologic structure, topography, and 
degree of weathering. As a consequence, the 
most productive areas of the aquifer may under 
lie less than one-third of its outcrop area 
(Bradfield, A.D., U.S. Geological Survey, 
written commun., 1990; Webster, D.A., U.S. 
Geological Survey, written commun., 1990). In 
addition, permeability is likely to range through 
several orders of magnitude within these areas.

Management of ground-water supplies also 
is difficult because the most permeable parts of 
the aquifer are shallow and unconfined and 
therefore are vulnerable to contamination from 
numerous human activities at land surface. In 
addition, the aquifers are hydraulically con 
nected to streams, and excessive pumping of 
wells could induce infiltration from streams or 
reduce ground-water discharge to streams and 
thus reduce streamflow by an unacceptable 
amount.

Specific problems listed below relate to 
ground-water development and management and 
examples of each within the Valley and Ridge 
physiographic province.

  Well yields are extremely variable, even 
from wells tapping the same hydrogeologic 
units. For example, the range in reported 
specific capacities of wells in the 
Conestoga Limestone in south-central 
Pennsylvania spans four orders of magni 
tude (fig. 12).

  Sinkholes form during well drilling or 
pumping. At Erwin, Tenn., more than a 
dozen sinkholes opened within a few 
hundred feet of a housing development 
during exploratory drilling. Similarly, 
municipal buildings in Rossville, Ga., were 
threatened by sinkhole formation during

well drilling and development nearby 
(Newton, 1987).

Streamflow is reduced by ground-water 
withdrawal. Pumping of ground water 
near Allentown, Pa, resulted in a 39- 
percent reduction in the average annual 
discharge of nearby Saucon Creek (Wood 
and others, 1972). In this case, the 
pumping was related to zinc mining.

Sustainable yield of aquifers is difficult to 
determine. Although permeability due to 
solution openings within carbonate rocks 
can be sufficient to allow pumping of large 
amounts of water from wells, it is difficult 
to determine whether an aquifer contains 
sufficient water in storage to supply the 
wells during periods of limited recharge. 
Data are not readily available to estimate 
aquifer boundaries and storage coefficients; 
both types of information are needed to 
determine the volume of water in storage.

Recharge areas are not well defined or 
protected from contamination. In spring- 
drainage basins underlain by carbonate 
rock that has undergone dissolution, 
ground-water flow velocities are suffi 
ciently high that entire basins can be 
considered vulnerable to contamination.

Water-quality problems resulting from 
natural geochemical processes include 

o Saline water in shallow wells (100 to 
200 ft deep), such as wells in Snyder 
and Union Counties, central Pennsyl 
vania (Wood, C.R., U.S. Geological 
Survey, oral commun., 1988) and in the 
Williamsport, Pa. area (Lloyd and 
Carswell, 1981). These wells are 
reported to produce from the Salina 
Formation which contains evaporites.

o Objectionable concentrations of iron, 
manganese, and hydrogen sulfide in 
water from wells completed in shale and 
in clay-rich carbonate rocks in
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Cumberland County, Pa. (Becher and 
Root, 1981).

(Wright, W.G., U.S. Geological Sur 
vey, written commun., 1988).

Objectionable concentrations of these constit 
uents are common throughout the Valley and 
Ridge physiographic province.

  Water-quality problems resulting from 
human activities include 

o Reported moderate concentrations of 
nitrate (4 mg/L as nitrogen) in most 
samples of water from wells in Cumber 
land County, Pa. and Clarke County, 
Va. Increasing nitrate concentration 
indicate a growing problem of ground- 
water contamination due to agricultural 
practices in rural areas underlain by 
carbonate rocks (Becher and Root, 
1981; Wright, 1990).

o Contamination by organic chemicals. 
Organic contaminants have been 
detected in the ground water under 
Anniston Ordinance Depot, which may 
be within the subsurface drainage basin 
of Coldwater Spring, the second largest 
spring in Alabama (Scott, J.C., U.S. 
Geological Survey, oral commun., 
1988). Elsewhere a total of 219,000 
gal of gasoline was pumped from 
ground water and openings in carbonate 
rock east of Mechanicsburg, Pa. 
(Becher and Root, 1981).

o Contamination of ground water and sur 
face water due to well drilling. For 
example, a well being drilled to test for 
oil and gas lost drilling-fluid circulation 
at a depth of 1,100 ft, presumably in a 
solution opening in carbonate rock in 
Craig County, Virginia. Attempts to 
stop the lost circulation by injection of 
plugging material caused fish to be 
killed at a spring several miles away. 
The spring was the prime source of 
water for a government fish hatchery

o Use of sinkholes by rural landowners 
for the disposal of solid and liquid 
wastes. Numerous cases of contami 
nation of stock and domestic water 
supplies resulting from this traditional 
method of waste disposal are on record 
in State-agency files (Clifford Boles, 
Tennessee Department of Health and 
Environment, written commun., 1980).

PIEDMONT AND BLUE RIDGE 
PHYSIOGRAPHIC PROVINCES

Although crystalline rocks in the Piedmont 
and Blue Ridge physiographic provinces have 
been described as yielding only small quantities 
of ground water to wells, this description is 
based upon large numbers of low-yield wells 
drilled for domestic supplies. These low-yield 
wells do not represent efforts to obtain quanti 
ties of water beyond the minimum requirement 
of 2 to 10 gal/min necessary for most house 
holds. More than two-thirds of all wells drilled 
in the Piedmont and Blue Ridge physiographic 
provinces are used for domestic supply (Mann, 
1978; Daniel, 1987). Homeowners have little 
incentive to pay for additional well footage once 
a supply of water adequate for their needs has 
been obtained. Therefore, the yield to a well 
drilled for a domestic supply almost never is an 
indication of the full aquifer potential at that 
site. If many of these domestic wells were 
drilled deeper, it is probable that additional 
water-producing fractures within an aquifer 
would be intersected. In addition, most homes 
and their wells are located on ridges, hilltops, 
or slopes which are the least favorable areas for 
obtaining large yields of ground water (Daniel, 
1987). Because of the generally low reported 
yields and previously abundant surface water, 
many water-resources planners and managers 
have not considered ground water as a practical 
source for large water supplies in the Piedmont 
and Blue Ridge physiographic provinces.
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A significant number of wells in the 
Piedmont and Blue Ridge physiographic prov 
inces, however, yield a few tens to a few 
hundreds of gallons per minute of water. Most 
of these wells were sited and drilled without 
regard to geology, topography, and optimal well 
designs. It is likely that additional high-yield 
wells can be developed at carefully selected 
sites.

Results of studies in several areas of the 
Piedmont physiographic province show that the 
aquifers can provide large amounts of water to 
wells. Daniel and Sharpless (1983) list more 
than 300 wells in an 8-county area of central 
North Carolina that produced 50 gal/min or 
more of water. Cressler and others (1983) 
report that a significant number of wells in the 
Piedmont physiographic province in Georgia 
yielded more than 100 gal/min and that some 
wells yielded nearly 500 gal/min. They also 
identify 66 wells used primarily for industrial 
and municipal supplies that had been in use for 
periods of 12 to more than 30 years without 
declines in yield. Similarly, Cederstrom (1972) 
reports that well yields of 100 to 300 gal/min 
were common for bedrock wells in the 
Piedmont and Blue Ridge physiographic 
provinces from Maine to Virginia.

Increasing population growth, industrial 
development, and recent droughts have 
increased the demand for additional water 
supplies in the study area, especially in the 
northern basins. Increased ground-water 
pumpage has caused significant declines in 
water levels in places; decreases in well yields; 
interference between closely spaced wells; and, 
possibly, a decrease of ground-water discharge 
to streams and a resulting decrease in base flow.

Water-quality problems from natural geo- 
chemical processes result from 

  The mineral composition of the rocks;

  Seasonal variation in recharge;

  Duration of water-rock contact; and

  Presence of radon, radium, and uranium in 
the rocks and soils.

Of all the natural constituents in ground 
water, radionuclides potentially pose the greatest 
threat to human health in the Piedmont and Blue 
Ridge physiographic provinces. Since 1984, 
indoor radon gas has gained National attention 
as a major cause of lung cancer in the United 
States. The crystalline rocks of the Piedmont 
consist in part of granite and gneiss that contain 
small to moderate amounts of uranium, which is 
a source of radon gas; the amounts are suffi 
cient for radon to eminate significantly from the 
regolith and the part of the underlying fractured 
rock above the water table (LeGrand, 1987). 
One of the pathways for radon gas migration 
into households is through ground water and 
aeraion of the water at faucets and shower- 
heads. In addition to radon, high concentrations
ofd ssolved radium and uranium nuclides have
been detected in ground-water supplies tapping 
crystalline and sedimentary rocks of the 
Piedmont physiographic province (Zapecza and 
Szabo, 1988). High concentrations of radium 
and uranium in drinking water are known to be 
carcinogenic.

Water-quality problems resulting from 
hunian activity include 

  Discharge from septic tanks;

  leaking gasoline from storage tanks;

  improper handling and/or transport of 
industrial chemicals;

  improperly constructed water wells;

  agricultural activities (application of 
pesticides and fertilizers, and feedlot and 
barnyard wastes);

  highway de-icing salts; and

  infiltration of contaminated surface water 
from lakes and streams.
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PLAN OF STUDY

Understanding and quantifying the diverse, 
complex hydrogeologic environment of the 
APRASA study area is difficult because the 
aquifers are discontinuous, independent, and 
contain mostly secondary permeability. The 
first step, in this study required the development 
of a list of well-defined, attainable objectives. 
The methods to attain these objectives requires 
using both a geographic information system 
(GIS) and models of individual basins repre 
senting each of the hydrogeologic terranes. The 
abundant hydrogeologic and water-quality data 
must be collected, collated, and synthesized for 
analysis. Finally, report products must be 
specified early in the project to give definitive 
direction for the project goals.

OBJECTIVES

General objectives of the U.S. Geological 
Survey's RASA studies are described by Sun 
(1986). Specific objectives of the APRASA are 
as follows:

1. Define the hydrogeologic framework of 
each of the physiographic provinces 
according to how lithology, structure, 
topography, or other relevant features are 
related to the hydraulic properties of the 
rocks. Then, define the major hydro- 
geologic terranes within each of the 
physiographic provinces.

2. Delineate and describe quantitatively the 
major hydrologic processes that affect 
ground-water quantity and quality within 
the three physiographic provinces.

3. Quantify the components of ground-water 
flow systems in typical areas within the 
hydrogeologic terranes. Identify the 
hydrologic factors controlling recharge 
and discharge. Assess the response of 
hydrogeologic terranes to ground-water 
development.

4. Provide regional estimates of the ground- 
water budget, including pumpage, natural 
discharge, recharge, and aquifer storage.

5. Determine the relation between surface- 
water and ground-water-flow systems and 
their effects on availability and quality of 
ground water.

6. Describe the ground-water quality for the 
study area by physiographic province and 
by hydrogeologic terrane, where possible.

7. Develop a data base to aid in planning, 
development, and management of ground- 
water resources in the three physiographic 
provinces.

Attainment of these specific objectives will 
assist water-resource planners and managers in 
developing potential water supplies and meeting 
the increasing demands on existing sources of 
water in the study area. In addition, data and 
information gathered during this study could be 
applied to similar hydrologic settings.

APPROACH

The fundamental approach of this study 
will be similar to that of other RASA studies  
that is, available geologic and hydrologic data 
will be assembled and used to describe aquifer 
systems. In the APRASA study, however, the 
diverse nature and the lack of regional con 
tinuity of aquifers prevent the development of a 
regional ground-water-flow model for the entire 
study area.

Definition of the hydrogeologic framework 
and delineation of the major processes affecting 
ground-water flow and development within the 
study area require knowledge of:

1. The types of rocks within which water 
resides or through which ground water 
flows;

2. The expected yields to wells in each of the 
aquifers;
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3. The quantities of natural recharge and 
discharge from the ground-water system;

4. The topographic location (hilltops, slopes, 
valleys) of wells;

5. Well-construction and well-development 
practices and their effects on yields in the 
area;

6. Water-level information;

7. Transmissivity or hydraulic-conductivity 
information;

8. Aquifer boundaries for the study area and 
hydrogeologic terranes; and

9. The thickness of the freshwater system.

The two specific approaches to be used in 
achieving the first two objectives for this project 
will probably overlap to some extent. The first 
approach is based on full-scale implementation 
and use of a GIS for the entire study area. 
Previously mapped geologic contacts and struc 
ture for those parts of the 11 states within the 
APRAS A area will be digitized and the GIS will 
be used to assign lithologic information to each 
of the polygon areas of the digitized map. 
Then, by combining areas or formations of 
similar lithology, the initial number of polygons 
can be reduced. A further reduction in the num 
ber of polygons can be achieved by combining 
lithologies that have similar hydrologic charac 
teristics; for example, granite, granodiorite, and 
quartz monzonite could be combined into a 
single class called felsic intrusives. Several 
different types of lithologic aggregations will be 
attempted to create categories that will represent 
hydrologic uniformity without sacrificing the 
independent character of each lithologic type. 
The initial products of this digitizing effort and 
combining of similar units will be preliminary 
maps of hydrogeologic units or terranes in the 
study area. These hydrogeologic-terrane maps 
will continually be revised during the course of 
the APRASA study as additional information is 
collected on each area and lithology.

further refinement of the initial 
hydrogeologic-terrane maps will be made as 
well-yield data (specific-capacity or aquifer-test 
data) ate compared with the GIS coverages. As 
additional digital coverages such as precipi 
tation, rainfall-runoff, stream discharge and 
low-flbw discharge, ground-water and surface- 
water (quality, and land-surface elevation are 
integrated with the preliminary hydrogeologic- 
terrane maps, the areas of specific ground-water 
characteristics will be improved.

A subproject to determine what factors 
control the well-yield potential of rocks within 
the study area was done early in this study 
(Knopman, D.S., 1991). Through a statistical 
analysis of the extensive well information in the 
Ground-Water Site Information (GWSI) files of 
the US. Geological Survey in Pennsylvania, it 
was shown that perhaps as much as 54 percent 
of the variability in well yields can be accounted 
for by characteristics such as water use, casing 
diameter, well depth, regolith thickness, topo 
graphic setting, and aquifer lithology. Although 
"water use" is not a determinant of hydrologic 
characteristics, this category in GWSI could 
prove useful as an indicator of optimum yield of 
wells in certain aquifers. Wells developed for 
public; supply, for example, are usually more 
thoroughly developed, of larger diameter, 
drilled deeper, and fitted with more powerful 
pumps than are wells for domestic supplies.

The second specific approach for achieving 
the first two objectives (framework and pro 
cesses) of this study requires quantification of 
the &round-water-flow characteristics within 
selected "type areas" that are representative of 
flow in the hydrogeologic terranes. In this 
effort, a flow system will be conceptualized for 
each hydrogeologic terrane, and significantly 
different ground-water-flow regimes in these 
type iireas will be simulated by use of numer 
ical methods. Most flow will be simulated as a 
hydraulic continuum (if Darcy's Law applies) by 
use of the finite-difference method. Other 
models, such as turbulent "pipe flow" models, 
may )e required for flow systems that are not 
adequately described by Darcy's Law. It may



be necessary, for example, to employ a model 
that couples hydraulic-continuum flow for areas 
where flow is diffuse with turbulent pipe flow 
for zones of concentrated flow near springs. 
Other numerical methods, such as the finite- 
element method, may be required because of 
complex geometry of some flow systems. 
These models will improve the understanding of 
the role that individual hydrogeologic com 
ponents have on each flow system. The know 
ledge gained will be transferable to other areas 
within the same hydrogeologic terrane. Small 
type-area studies will be chosen to represent 
flow in a specific hydrogeologic terrane; 
however, it is recognized that a particular type 
area could encompass a flow system that is 
hydraulically interconnected with more than one 
hydrogeologic terrane. Studies of type areas for 
the most commonly existing flow systems will 
provide techniques needed to quantify recharge, 
discharge, storage, and flow on a regional basis.

The type-area studies will be conducted by 
USGS District-level personnel and will be 
selected on the basis of (1) the hydrogeological 
significance of systems within each physio 
graphic province, (2) the sufficiency of available 
data for quantification of the ground-water-flow 
systems, (3) the backgrounds of the proposed 
investigators, and (4) the technical soundness of 
the proposals. It is estimated that two or three 
type-area studies will be done for the Valley and 
Ridge physiographic province and an additional 
two or three type-area studies will be done for 
the Piedmont and Blue Ridge physiographic 
provinces. As these type-area studies are com 
pleted, analyses and statistical tests will be done 
to determine the transferability of the informa 
tion gained from each study to other areas 
within the same hydrogeologic terrane.

Where information on ground-water 
chemistry is available for type areas, speciation 
or flow-path precipitation-solution modeling will 
be done to refine further the understanding of 
dissolution, time of travel, and depth of circu 
lation for flow within these specific areas.

The approach for estimating the regional 
ground-water budget (objective 4) and deter 
mining the hydrologic factors controlling 
recharge and discharge (objective 5) will be to 
analyze the relation between ground water and 
surface water in approximately 200 basins in the 
study area. Base flow will be analyzed to iden 
tify and quantify the ground-water contributions 
to streamflow, provide estimates of natural 
recharge and evapotranspiration, and provide 
estimates of aquifer diffusivity (transmissivity 
divided by storage coefficient). Stream- 
discharge and low-flow data will be digitized on 
a point basis into a GIS coverage file and will 
be compared with other digitized data.

Water-chemistry data from each state 
within the study area will be acquired and 
evaluated for accuracy as a first step toward 
describing the natural ground-water quality for 
the APRASA study area (objective 6). By 
means of trilinear plots of major constituents, 
pie diagrams, and other methods to statistically 
present this data for the study area as a whole, 
the chemical character of ground water and 
surface water will be indicated on maps for each 
of the physiographic provinces. Where data are 
available, the chemical character of ground 
water will also be described for the major 
hydrogeologic terranes. Chemical analyses 
done as part of the type-area projects will 
expand upon the regional representation of 
water quality through intensive sampling in a 
small area. If sufficient data are available for 
certain areas, temporal changes of water quality 
will be noted and explained. Currently (June 
1990), the water-quality files obtained from the 
USGS offices in each state consist of 200,000 
separate analyses for ground water and surface 
water. Data for as many as 277 constituents 
could be included for some of the analyses.

Regional data bases containing geologic, 
hydrologic, water-quality, climatic, precipi 
tation, runoff, population, pumpage, and 
streamflow information will be compiled. 
These data will be collected from existing USGS 
files, published reports, and files of other 
Federal and State agencies. In addition, some
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data may be obtained from private industrial 
sources. All data will be reformatted into 
machine-readable files, and selected data types 
will be statistically analyzed by use of 
multivariant factor analysis to identify 
significant trends of multiple variables and the 
effect of the individual components on the 
water-yielding potential of different hydro- 
geologic terranes.

The initial ground-water data base 
compilation includes almost 50,000 separate 
well entries in the computer files of the 11 
states within the study area. Of the initial well 
data obtained, almost one-half are for sites 
within Pennsylvania. Data for fewer than 3,000 
sites are available for many of the states, and 
data are limited to fewer than 1,000 sites for 
some states. Efforts to obtain additional data on 
wells have been ongoing in USGS offices in 
each state since the beginning of this study. In 
some states, extensive additional information has 
been obtained. Despite the additional data 
available for wells, however, there is a paucity 
of data on well yields, and specific-capacity data 
are particularly scarce. For some states, 
specific-capacity data are available for fewer 
than 10 sites. Specific capacity has been 
selected as an important factor for assessment of 
aquifer properties because specific capacity, 
unlike reported well yield, is directly related to 
the transmissivity of the aquifer.

As a result of the scarce specific-capacity 
data, a study to seek a surrogate or surrogates 
for specific capacity was begun in 1989 based 
on information in the Pennsylvania data base for 
both the Valley and Ridge physiographic prov 
ince and the Piedmont and Blue Ridge physio 
graphic provinces. Preliminary results indicate 
that, if drawdown data are not available, there 
is no useful surrogate for the specific capacity 
of wells completed in relatively pure limestone 
and dolomite; however, yield divided by well 
depth could be useful in predicting the average 
specific capacity of municipal and industrial 
wells in all other rock types (Hippe, D.J., U.S. 
Geological Survey, written commun., 1989).

An additional effort to develop a data file 
for springs is underway for the Valley and 
Ridge physiographic province where spring 
information can be useful in understanding the 
groilnd-water-flow systems in some carbonate 
rocks. Reports for Tennessee (Hollyday and 
Smith, 1990) and Pennsylvania (Saad and 
Hipi^e, 1990) written as part of this study 
include the locations and discharges of large 
springs that have been measured within the 
Valley and Ridge physiographic province.

A schedule of major work elements for the 
APRASA is shown in figure 13.

ORGANIZATION

The APRASA study will be directed by a 
cenfal staff in Richmond, Va. The staff will 
consist of a project leader and three hydrologists 
specializing in some combination of data-base 
administration, geology, geochemistry, ground- 
water and surface-water interactions, and 
numerical flow simulation.

i
The study area is divided into two sub- 

regions, the Valley and Ridge physiographic 
province and the Piedmont and Blue Ridge 
physiographic provinces. One subregional pro 
ject leader will be designated as chief for each 
of the subregional areas. Each chief will be 
respjnsible for defining the hydrogeologic 
framework and factors affecting flow in hydro- 
geologic terranes within his study area. Indi 
vidual District offices within the project area 
will collect and compile data and enter these 
data into computer files. The project staff will 
provide the Districts with descriptions of the 
hydrogeologic terranes and will formulate con 
cepts of flow within these terranes and the cri 
teria for selecting type areas within which to 
test these concepts of flow. The Districts will 
projJose suitable type areas and, under supervi 
sion of the project staff, will conduct quanti 
tative studies of ground-water flow in the type 
areas selected and funded by the project.
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PROPOSED REPORTS

The findings of the APRASA will be 
presented in a series of chapters of a USGS 
Professional Paper prepared at the conclusion of 
the study. Many interim reports presenting the 
data, methods, and preliminary findings and 
conclusions are planned to be written while the 
study is in progress. These reports will be 
released as USGS Open-File Reports, USGS 
Water-Resources Investigations Reports, or 
journal articles. Most of the early reports will 
be map-type reports covering such subjects as 

1. Hydrogeologic terranes for the study area 
within groups of states,

2. Surface-water and ground-water inter 
actions,

3. Trends in water use and population,

4. Thickness of weathered zone (inferred 
from reported length of well casings) for 
specific areas,

5. Well yields,

6. Areal differences in water quality,

7. Hydrogeologic characteristics, boundaries, 
and hydraulic properties of type areas,

8. Springs in the Valley and Ridge physio 
graphic province,

9. Statistical analysis of factors controlling 
the water-yielding potential of rocks,

10.

11.

Hydrogeologic factors controlling specific 
capacity, and

Preliminary simulations of ground-water 
flow in the type areas.

The Professional Paper will consist of the 
following seven chapters:

A. Summary of the Regional Aquifer System 
Analysis of the Appalachian Valley and 
Ridge, Piedmont, and Blue Ridge Physio 
graphic Provinces of the Eastern and 
Southeastern United States.

B. Hydrogeologic framework of the Piedmont 
and Blue Ridge Physiographic Provinces.

C. Hydrogeologic framework of the Appa 
lachian Valley and Ridge Physiographic 
Province.

D. Geochemistry of ground water in the 
Appalachian Valley and Ridge, Piedmont, 
and Blue Ridge Physiographic Provinces.

E. Hydrogeology and digital model analysis 
of representative areas in the Piedmont and 
Blue Ridge Physiographic Provinces.

F. Hydrogeology and digital model analysis 
of representatives areas in the Appalachian 
Valley and Ridge Physiographic Province.

G. Analysis of ground-water and surface- 
water interactions for the Appalachian 
Valley and Ridge, Piedmont, and Blue 
Ridge Physiographic Provinces.
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