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AND ACRONYMS
Multiply By To obtain
Length
inch (in.) 2.54 centimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
square foot (ft2) 0.0929 square meter
square mile (mi?) 2.590 square kilometer
Flow
cubic foot per second (fc’/s) 0.02832 cubic meter per second
cubic foot per second per square mile 0.01093 cubic meter per second per square kilometer
[(f6%/s)/mi?]
gallon per minute (gal/min) 0.06309 liter per second
gallon per day (gal/d) 0.003785 cubic meter per day
million gallons per day (Mgal/d) 0.04381 cubic meter per second
Transmissivity
foot squared per day (ft%/d) 0.0929 meter squared per day

Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of
1929)—A geodetic datum derived from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called Sea Level Datum of 1929.

Equation for temperature conversion between degrees Celsius (°C) and degrees Fahrenheit (°F):

°C=5/9 (°F-32)

Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times foot of
aquifer thickness [(f3/d)/E2]ft. In this report, the mathematically reduced form, foot squared per day
(ft2/d), is used for convenience.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (1S/cm at 25 °C).

Definition: Water year in U.S. Geological Survey reports is the 12-month period October 1 through
September 30, designated by the calendar year in which it ends.

Acronyms:
ANOVA analysis of variance
APRASA Appalachian Valleys—Piedmont Regional Aquifer-System Analysis
DEHNR North Carolina Department of Environment, Health, and Natural Resources
EUD equivalent uniform depth
GIS Geographic Information System
GWSI Ground-Water Site Inventory
MODFLOW modular three-dimensional finite-difference ground-water flow model
NADP National Atmospheric Deposition Program
RASA Regional Aquifer-System Analysis
RMSE root mean square error
TIN-DEM triangulated irregular network—digital elevation map
USGS U.S. Geological Survey
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Hydrogeology and Simulation of Ground-Water Flow in
the Thick Regolith-Fractured Crystalline Rock Aquifer
System of Indian Creek Basin, North Carolina

By Charles C. Daniel Ill, Douglas G. Smith, and Jo L. Eimers

Abstract

The Indian Creek Basin in the southwestern
Piedmont of North Carolina is one of five type
areas studied as part of the Appalachian Valleys—
Piedmont Regional Aquifer-System Analysis.
Detailed studies of selected type areas were used
to quantify ground-water flow characteristics in
various conceptual hydrogeologic terranes. The
conceptual hydrogeologic terranes are considered
representative of ground-water conditions be-
neath large areas of the three physiographic
provinces— Valley and Ridge, Blue Ridge, and
Piedmont—that compose the Appalachian
Valleys—Piedmont Regional Aquifer-System
Analysis area. The Appalachian Valleys—Piedmont
Regional Aquifer-System Analysis study area
extends over approximately 142,000 square miles
in 11 states and the District of Columbia in the
Appalachian highlands of the Eastern United
States. The Indian Creek type area is typical of
ground-water conditions in a single hydrogeologic
terrane that underlies perhaps as much as
40 percent of the Piedmont physiographic prov-
ince.

The hydrogeologic terrane of the Indian
Creek model area is one of massive and foliated
crystalline rocks mantled by thick regolith. The
area lies almost entirely within the Inner Piedmont
geologic belt. Five hydrogeologic units occupy
major portions of the model area, but statistical
tests on well yields, specific capacities, and other
hydrologic characteristics show that the five

hydrogeologic units can be treated as one unit for
purposes of modeling ground-water flow.

The 146-square-mile Indian Creek model
area includes the Indian Creek Basin, which has a
surface drainage area of about 69 square miles.
The Indian Creek Basin lies in parts of Catawba,
Lincoln, and Gaston Counties, North Carolina.
The larger model area is based on boundary condi-
tions established for digital simulation of ground-
water flow within the smaller Indian Creek Basin.

The ground-water flow model of the Indian
Creek Basin is based on the U.S. Geological
Survey’s modular finite-difference ground-water
flow model. The model area is divided into a uni-
formly spaced grid having 196 rows and 140 col-
umns. The grid spacing is 500 feet. The model grid
is oriented to coincide with fabric elements such
that rows are oriented parallel to fractures
(N. 72° E.) and columns are oriented parallel to
foliation (N. 18° W.). The model is discretized ver-
tically into 11 layers; the top layer represents the
soil and saprolite of the regolith, and the lower 10
layers represent bedrock. The base of the model is
850 feet below land surface. The top bedrock
layer, which is only 25 feet thick, represents the
transition zone between saprolite and unweathered
bedrock.

The assignment of different values of trans-
missivity to the bedrock according to the topo-
graphic setting of model cells and depth results in
inherent lateral and vertical anisotropy in the
model with zones of high transmissivity in bed-
rock coinciding with valleys and draws, and zones
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of low transmissivity in bedrock coinciding with
hills and ridges. Lateral anisotropy tends to be
most pronounced in the north-northwest to south-
southeast direction. Transmissivities decrease non-
linearly with depth. At 850 feet, depending on
topographic setting, transmissivities have
decreased to about 1 to 4 percent of the value of
transmissivity immediately below the regolith-
bedrock interface.

The model boundaries are, for the most part,
specified-flux boundaries that coincide with
streams that surround the Indian Creek Basin. The
area of active model nodes within the boundaries is
about 146 square miles and has about 17,400
active cells. The numerical model is designed not
as a predictive tool, but as an interpretive one. The
model is designed to help gain insight into flow-
system dynamics. Predictive capabilities of the
numerical model are limited by the constraints
placed on the flow system by specified fluxes and
recharge distribution.

Results of steady-state analyses that simu-
late long-term, average annual conditions indicate
that the quantity of ground water flowing through
model layers decreases with depth. In the top
model layer, representing the soil and saprolite of
the regolith, about 55 percent of recharge flows
directly to streams, and 45 percent flows into layer
2. Lesser amounts flow into deeper layers. In the
bottom model layer, the quantity of water moving
in or out of the layer is about 2 percent of the max-
imum quantity that flows through the top layer.
The quantity decreases with depth by about two
orders of magnitude between layers 1 and 11, even
though the bottom layer is 175 feet thick and the
saturated thickness of the top layer is about 20 to
30 feet thick.

Flow-path and time-of-travel analyses show
that most ground water flows through the shal-
lower parts of the system close to streams, and that
travel times in the regolith vary from less than
10 years to as much as 20 years from time of
recharge to time of discharge in streams. Travel
times along flow paths through the lower layers
can take decades or even centuries; travel times
approaching five centuries were computed in some

areas for flow that passed through the bottom layer
(675 to 850 feet below land surface).

INTRODUCTION

The Appalachian Valleys—Piedmont Regional
Aquifer-System Analysis (APRASA) is one of several
regional investigations conducted to assess the
Nation’s principal aquifer systems (Sun, 1986). The
APRASA is part of the Regional Aquifer-System
Analysis (RASA) program of the U.S. Geological
Survey (USGS). The USGS began the RASA program
in 1978, as mandated by Congress, and was given the
task of “initiating a program to identify the water
resources of the major aquifer systems within the
United States *** and *** establish the aquifer bound-
aries, the quantity and quality of the water within the
aquifer, and recharge characteristics of the aquifer”
(Sun, 1986, p. 2).

The APRASA study area is in the Appalachian
Highlands (Fenneman, 1938) of the Eastern United
States. The study area covers about 142,000 mi? in
parts of Pennsylvania, New Jersey, Maryland, the
District of Columbia, Delaware, West Virginia,
Virginia, Tennessee, North Carolina, South Carolina,
Georgia, and Alabama (fig. 1). Severe and prolonged
drought, allocation of surface-water flow, and
increased demands on ground-water resources have
resulted in a need to evaluate ground-water resources
in the Valley and Ridge, Piedmont, and Blue Ridge
physiographic provinces. Rapid industrial growth and
urban expansion have caused existing freshwater sup-
plies to be used at or near maximum capacity.

Although large amounts of ground water and
surface water are currently (1993) being withdrawn
throughout the Appalachian Valley and Ridge, Blue
Ridge, and Piedmont Provinces, processes of recharge,
discharge, storage, ground-water flow, and stream-
aquifer relations within the three physiographic
provinces are poorly understood. This lack of under-
standing is due primarily to the diverse and complex
nature of the hydrogeologic system.

The APRASA study area can be subdivided into
two distinct major subareas based on differences in
geology and hydrologic characteristics. One subarea
consists of the Valley and Ridge and the extreme west-
ern edge of the Blue Ridge. This area is underlain pri-
marily by sedimentary rocks such as sandstone, shale,
and carbonate rocks. The second subarea consists of
the central and eastern Blue Ridge and the Piedmont.

C2 Ground-Water Resources of the Piedmont-Blue Ridge Provinces of North Carolina
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Figure 1. The Appalachian Valleys—Piedmont Regional Aquifer-System Analysis {APRASA) study area and

locations of five type-area studies.

This area is underlain primarily by crystalline rocks of
metasedimentary, metaigneous, and igneous origin.

Large rift basins, extending within the Piedmont crys-
talline rocks from New Jersey to South Carolina, have

been filled with sedimentary deposits of Mesozoic
age. The Indian Creek Basin in North Carolina occurs

entirely within the Piedmont physiographic province.

Approach
The fundamental approach of the APRASA has

been similar to that of other RASA studies (Sun, 1986)

Hydrogeology and Simulation of Ground-Water Flow in the Indian Creek Basin, North Carolina

in that available geologic and hydrologic data have
been assembled and used to describe the regional aqui-
fer systems. In the APRASA study, however, the lack
of regional continuity and the diverse nature of
aquifers prevented the development of a regional
ground-water flow model for the entire study area.
Understanding the hydrogeology of the APRASA
study area was complicated by the fact that the poros-
ity and permeability of the rocks are mostly of second-
ary origin and extremely variable, which obscures the
distinction between aquifers and confining units.
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A more useful approach than making a distinc-
tion between aquifers and confining units has been to
divide the study area into hydrogeologic terranes on
the basis of the distribution and magnitude of factors
related to secondary porosity and permeability. Spe-
cific type areas within these terranes were then
selected for detailed investigation (Swain and others,
1991, 1992). A “hydrogeologic terrane,” as defined in
the APRASA study, is a combination of rock type,
regolith characteristics, and topographic setting that is
relatively homogeneous with respect to water-yielding
potential of the materials, ground-water storage, and
ground-water quality. Ground-water flow within speci-
fied terranes has been described in terms of conceptual
flow systems. The Indian Creek Basin is the type area
for terranes identified as “massive or foliated crystal-
line rocks, thick regolith,” that is described later in this
report.

Two specific approaches were taken to define
the hydrogeologic terranes. The first approach was to
produce hydrogeologic terrane maps for the entire
APRASA study area. Lithologic and hydrologic infor-
mation was combined with well-yield data and addi-
tional hydrologic data.

The second specific approach was quantification
of ground-water flow characteristics within selected
“type areas” that were considered representative of
flow in various hydrogeologic terranes. For this
approach, a flow system was conceptualized for each
type of hydrogeologic terrane, and ground-water flow
in selected type areas was analyzed and simulated by
use of ground-water flow models. Flow models were
used to improve the understanding of ground-water
flow related to various hydrogeologic components and
streams. Techniques used to quantify recharge, dis-
charge, storage, and flow within the type areas may be
transferable to other areas within similar hydrogeo-
logic terranes.

Purpose and Scope

The purpose of this report is to describe the
hydrogeologic framework and results of ground-water
flow simulations in part of the southwestern Piedmont
of North Carolina. Hydrogeologic information on the
region is presented, including a conceptual model of
the flow system and application of a finite-difference
ground-water flow model based on this conceptual
model. The flow model simulations are designed to
characterize the complex two-part aquifer system that

underlies much of the Piedmont. Discussions include
descriptions of modeling procedures and flow bound-
aries, and determination of aquifer properties. Model
calibration strategies, steady-state conditions prior to
1991, and a sensitivity analysis are also described.

Results of the simulations are discussed with
respect to changes in ground-water flow as shown by
changes in the water budget, potentiometric surfaces
of the model layers, and directions of ground-water
flow through the aquifer system. An inventory and
analysis of available ground-water and surface-water
data used in support of model design are also pre-
sented.

Description of the Study Area

The APRASA study area in North Carolina
includes the Indian Creek Basin and surrounding areas
in Catawba, Cleveland, Gaston, and Lincoln Counties
(fig. 2). The study area is located in the southwestern
Piedmont of North Carolina approximately 30 mi
north of the South Carolina State line (fig. 1).

The Indian Creek Basin (fig. 2) extends over
approximately 69 mi* in the Piedmont Province
(Fenneman, 1938). The basin extends from southwest-
ern areas of Catawba County in a southeasterly direc-
tion, completely transecting western Lincoln County,
to northern areas of Gaston County. The easternmost
boundary of the basin is approximately 2 mi southwest
of the city of Lincolnton, with the southernmost
boundary extending partially into the city of
Cherryville. The Indian Creek model area, which
includes the Indian Creek Basin, covers 146 mi* and
extends to surrounding rivers and streams. The larger
model area is based on boundary conditions estab-
lished for digital simulation of ground-water flow
within the smaller Indian Creek Basin.

The Indian Creek Basin lies within the Inner
Piedmont belt of the western Piedmont of North
Carolina. The Inner Piedmont belt is a fault-bounded
stack of thrust sheets containing schists, gneisses,
sparse ultramafic bodies, and granitic intrusives
(Horton and McConnell, 1991). The Inner Piedmont
belt in North Carolina has undergone several periods
of metamorphism and intrusive activity, and is
bounded to the northwest by the Brevard fault zone
and by the Kings Mountain shear zone and Eufola
fault to the southeast. The Inner Piedmont belt is the
largest of the geologic belts in the Piedmont of North

c4 Ground-Water Resources of the Piedmont-Blue Ridge Provinces of North Carolina
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Figure 2. Location of the Indian Creek Basin in the Piedmont physiographic province of North Carolina.

Carolina, occupying a 50- to 60-mi-wide area across
the State (Conrad and others, 1975).

Metamorphic and igneous crystalline rocks
underlie most of the basin. Although most of the for-
mations in the area have been metamorphosed and
exhibit strong directional fabrics, igneous intrusives
emplaced after the last metamorphic event during the
late Paleozoic Era are generally massive and less foli-
ated. Most of the formations in the area were subjected
to uplift during the Cenozoic Era (Swain and others,
1991).

Throughout the Indian Creek Basin, bedrock is
generally overlain by regolith consisting of soil, allu-
vium, and weathered rock material. Bedrock is gener-
ally exposed only in areas of rugged topography or in
stream channels where erosion has removed the

regolith. In some locations, the regolith consists only
of weathered material, called saprolite, which remains
atop the parent rock from which it was derived (Swain
and others, 1991). Thickness of the regolith in the
study area ranges from O to more than 100 ft.

Regolith can be divided into three horizons—
the soil zone, saprolite, and a transition zone between
saprolite and weathered bedrock. Where the regolith
does not include material that has been transported,
these three horizons represent stages in the breakdown
of bedrock in response to weathering (Swain and
others, 1991).

Topography of the study area is typical of the
western Piedmont and foothills regions of North
Carolina. Moderately rounded hills with long, fairly
steep ridges are common. Local relief is generally
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80 to 120 ft from stream bottom to drainage divides.
Land-surface altitudes generally decrease across the
basin in a southeasterly direction, ranging from greater
than 1,340 ft near the headwaters at the northwest
drainage divides to about 740 ft in the southeast at the
gaging station site on Indian Creek (fig. 2). The Indian
Creek stream channel produces perennial flow for
about 20 mi, while dropping some 330 ft in altitude
along its course. Perennial flow begins near the head-
waters of Indian Creek at an altitude of about 1,070 ft
and continues downstream, reaching an altitude of less
than 740 ft near the gaging station site. Stream chan-
nels of tributaries flowing into Indian Creek generally
trend in a northeast or southwest direction (fig. 2).
Streamflow at the gaging station site on Indian
Creek has been monitored since 1951. The 69.2-mi”
Indian Creek Basin had a mean annual discharge of
88.4 ft'/s during the 40-year period from 1951 to
1991. The maximum peak flow for this period was
8,450 ft*/s recorded on August 10, 1970. The highest
daily mean flow at the site was 4,350 ft*/s, which also
occurred on August 10, 1970. Minimum flow for this
40-year period, 1.7 ft'/s, was recorded on
July 21, 1986, during a period of extreme drought. The
lowest daily mean flow, 2.1 ft¥/s, occurred on July 20
of the same year (U.S. Geological Survey, 1992).
Since 1951, streamflow data from the Indian
Creek gaging station indicate that monthly mean flow
generally increases in October, decreases slightly in
November, then gradually increases each month until
the maximum monthly mean flow occurs in March.
Beginning in April, monthly mean streamflow
decreases. Throughout the growing season, monthly
mean flow continues to decline until reaching the
minimum monthly mean flow in September (U.S.
Geological Survey, 1952-92, 1964).

Climate

The climate of the Indian Creek area is moder-
ate and can be typed as humid-subtropical. The area is
characterized by short, mild winters and long, hot,
humid summers. Mean minimum January tempera-
tures range from 28 to 32 °F, whereas mean maximum
July temperatures range from 88 to 90 °F. Average
annual precipitation in the area is 44 to 48 in. Prevail-
ing winds are from the northeast, with a mean annual
windspeed of 7 miles per hour. The average length of
the freeze-free season in the area lasts approximately
210 to 230 days, with the average last date of freezing

temperature occurring between April 1 and April 11.
The average first date of freezing temperature occurs
between October 30 and November 9 (Kopec and
Clay, 1975).

Previous Investigations

Between 1946 and 1971, 14 reconnaissance
ground-water investigations were completed that pro-
vided information on ground-water resources in all the
counties in the Piedmont and Blue Ridge Provinces of
North Carolina (Daniel, 1989). Included in the 14
reports are maps that show well locations in each
county and tables of well records that provide details
of well construction, yield, use, topographic setting,
water-bearing formation, and miscellaneous notes.
Data for drilled wells finished in bedrock were com-
piled from these reports and statistically analyzed by
Daniel (1989) to determine relations between well
yield and construction, topographic setting, hydrogeo-
logic units, lithotectonic belts, and other characteris-
tics. A hydrogeologic unit map of the Piedmont and
Blue Ridge Provinces of North Carolina was also
compiled by Daniel and Payne (1990) as part of this
work. Three of these reconnaissance reports (fig. 3)
provide specific information about the Indian Creek
area in Burke, Catawba, Cleveland, Gaston, and
Lincoln Counties.

The hydrogeology of the Piedmont and Blue
Ridge Provinces of the Eastern and Southeastern
United States is described by LeGrand (1967), Heath
(1984), and Swain and others (1991). The hydrogeo-
logic framework of the Piedmont of North Carolina
was described by Harmed (1989) as part of a recon-
naissance study of ground-water quality. Details of the
hydrogeologic framework, particularly the nature of
the transition zone between bedrock and regolith, were
refined by Harned and Daniel (1992). Ground-water
recharge rates in the Piedmont and Blue Ridge of
North Carolina have been estimated by Daniel and
Sharpless (1983), Harned and Daniel (1987), and
Daniel (1990a, 1990b). The distribution of fracture
permeability with depth in fractured bedrock beneath
different topographic settings in the Piedmont of
North Carolina has been statistically characterized by
Daniel (1992).

cé6 Ground-Water Resources of the Piedmont-Blue Ridge Provinces of North Carolina
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sources of well data for this study.
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CONCEPTUALIZATION OF THE AQUIFER
SYSTEM

The hydrogeology of the APRASA study area is
best described in terms of hydrogeologic terranes and

Hydrogeology and Simulation of Ground-Water Flow in the Indian Creek Basin, North Carolina

conceptual flow systems. The hydrologic characteris-
tics of terranes and flow systems in the Valley and
Ridge, Piedmont, and Blue Ridge Provinces are dis-
cussed by Swain and others (1991). In summary, the
APRASA study area can be considered as two distinct
subareas based on differences in geology and hydro-
logic characteristics. One subarea consists of carbon-
ate rock, sandstone, and shale in the Valley and Ridge
and the extreme western part of the Blue Ridge. The
second subarea consists of metamorphic and igneous
crystalline rocks in the Piedmont and central and east-
ern Blue Ridge. Because the crystalline rocks that
form most of the Piedmont and Blue Ridge are so sim-
ilar in character, these provinces are grouped as one
unit for this study. Large rift basins, extending within
the Piedmont crystalline rocks from New Jersey to
South Carolina, have been filled with sedimentary
deposits of Mesozoic age. The hydrogeology of the
Piedmont and Blue Ridge is different from that of the
Valley and Ridge in that the aquifer material in the
Piedmont and Blue Ridge does not have the propen-
sity to form large dissolution cavities.

Regolith, consisting of soil, alluvium, and
weathered rock material, overlies most of the geologic
units throughout both subareas. In some locations, it
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includes material that has been transported and depos-
ited as glacial drift, colluvium, or alluvium. In other
locations, the regolith consists only of material weath-
ered in place called residuum or saprolite, which
remains atop the parent rock from which it was
derived. Thickness of the regolith throughout the study
area is extremely variable and ranges from 0 to more
than 150 ft.

Terranes in both subareas can be distinguished
primarily by rock type and secondarily by rock tex-
ture, regolith thickness and texture, rock structure, and
topographic setting. Variability in the thickness and
texture of the regolith, which can store a significant
amount of ground water, in addition to variability in
the secondary permeability of the bedrock, also must
be considered in describing ground-water flow within
the subareas.

Water-yielding characteristics of the various
hydrogeologic terranes within the Piedmont and Blue
Ridge Provinces (table 1) are highly dependent on the
thickness of the regolith and transition zone. Because

Table 1.

the sedimentary rocks of the Mesozoic Basins are so
distinct from the metamorphic and igneous crystalline
rocks of the Piedmont and Blue Ridge, the hydro-
geology of the Piedmont and Blue Ridge Provinces
has been divided into two distinct groups based on dif-
ferences in lithology: (1) crystalline-rock terranes,
which make up 86 percent of total Piedmont area, and
(2) sedimentary-rock terranes of the early Mesozoic
Basins, which make up 14 percent of the Piedmont.
The Indian Creek Basin represents the first group.
The hydrogeologic terranes identified for the
Piedmont and Blue Ridge Provinces in the APRASA
study area are (1) massive or foliated crystalline rocks
mantled by thick regolith, (2) massive or foliated crys-
talline rocks mantled by thin regolith, (3) metamor-
phosed carbonate rocks, and (4) sedimentary rocks of
the Mesozoic Basins (table 1). These hydrogeologic
terranes are thought to be associated with local or
intermediate flow systems as described by Toth
(1963). Local and intermediate flow systems are com-
monly restricted to depths shallower than 600 ft in the

General hydrologic characteristics of the hydrogeologic terranes of the Piedmont and Blue Ridge physiographic

provinces within the Appalachian Valleys—Piedmont Regional Aquifer-System Analysis (APRASA) study area

[<, less than or equal to; do, ditto. Modified from Swain and others, 1991]

Hydrologic characteristics

Hydrogeologic Topo- Type .Of Type Depth Confined Rego-
terrane graphic Recharge Discharge porosity of of or lith "Y’e"
. or flow, ! yield
relief - flow . unconfined storage
permeability in feet

Massive or Low to Precipita-  To Intergranular  Diffuse, Shallow to ~ Mostly Large.... Propor-
foliated high. tion on streams. in regolith, fracture. intermedi-  uncon- tional to
crystalline topo- fracture. ate, < 800.  fined. regolith
rocks, thick graphic thickness.
regolith. highs.

Massiveor ... do... ... do..... ... do..... Fracture....... Fracture...  Shallow Uncon- Small.... Low.
foliated (mostly)to  fined.
crystalline intermedi-
rocks, thin ate, < 500.
regolith.

Metamor- Lowto ... do..... .. do..... Dissolution Conduit, Shallow ...... ... do...... Small to Variable,
phosed moder- openings, fracture. moder-  some
carbonate ate. some ate. very high.
rocks. fractures.

Mesozoic ... do... ... do...... ... do..... Intergranular, Diffuse, Shallow Mostly Small.... Variable,
sedimentary some fracture. (mostly)to  uncon- decreas-
basins. fractures. intermedi-  fined. ing from

ate, < 800. north to
south.
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Valley and Ridge Province and 800 ft in the Piedmont
and Blue Ridge Provinces. The local flow systems
commonly lie between adjacent topographic divides
that range from a few thousand feet to a few miles
apart. The intermediate flow systems are thought to
occur at depths up to 800 ft and, in places, to traverse
adjacent topographic divides. The quantity of flow in
the intermediate flow systems is thought to represent
less than 5 percent of the total ground-water flow
(Swain and others, 1992). The hydrogeologic terrane
discussed in this report is more closely associated with
local flow systems than with intermediate flow return
systems.

Hydrogeologic Framework of the Indian
Creek Basin

The Indian Creek Basin represents the hydro-
geologic terrane in which massive or foliated crystal-
line rocks are mantled by thick regolith (table 1). An
idealized sketch of the principal hydrogeologic com-
ponents of this terrane (fig. 4) shows (1) the unsatur-
ated zone in the regolith, which generally contains the

soiL __
Regolith { ZONE

unsaturated

zone Water table [+

REGOLITH Regolith

saturated

2oM€ | TRANSITION/

ZONE

} SAPROLITE

<. 1) WEATHERED
— BEDROCK,
BOULDERS

UNWEATHERED
BEDROCK

FRACTURED BEDROCK
AY
[ SHEET JOINT

|  BEDROCK
STRUCTURE

— FRACTURE

Figure 4. The principal hydrogeologic components of a
crystalline-rock terrane in which massive or foliated crystalline
rocks are mantled by thick regolith (from Harned and Daniel,
1992).

organic layers of the surface soil, (2) the saturated
zone in the regolith, (3) the lower regolith, which con-
tains the transition zone between regolith and bedrock,
and (4) the fractured crystalline bedrock.

Collectively, the uppermost layer is regolith,
which is composed of saprolite, alluvium, and soil
(Daniel and Sharpless, 1983). The regolith consists of
an unconsolidated or semiconsolidated mixture of clay
and fragmental material ranging in grain size from silt
to boulders. Because of its porosity, the regolith pro-
vides the bulk of the water storage within the Pied-
mont crystalline rock terrane (Heath, 1984).

Saprolite is the clay-rich, residual material
derived from in-place, predominantly chemical,
weathering of bedrock. Saprolite is often highly
leached and, being granular material with principal
openings between mineral grains and rock fragments,
differs substantially in texture and mineral composi-
tion from the unweathered crystalline parent rock in
which principal openings are along fractures. Because
saprolite is the product of in-place weathering of the
parent bedrock, some of the textural features of that
bedrock are retained within the outcrops. Saprolite is
usually the dominant component of the regolith; allu-
vial deposits are restricted to locations of active and
former stream channels and river beds, and soil is
generally restricted to a thin mantle on top of both the
saprolite and alluvial deposits.

In the transition zone, unconsolidated material
grades into bedrock. The transition zone consists of
partially weathered bedrock and lesser amounts of
saprolite. Particles range in size from silts and clays to
large boulders of unweathered bedrock. The thickness
and texture of this zone depend primarily on the tex-
ture and composition of the parent rock. The best
defined transition zones are usually those associated
with highly foliated metamorphic parent rock,
whereas those of massive igneous rocks are poorly
defined, with saprolite present between masses of
unweathered rock (Harned and Daniel, 1992).

Variations in the thickness and texture of the
transition zone may result from different parent rock
types (fig. 5). The incipient planes of weakness pro-
duced by mineral alignment in the foliated rocks
probably facilitate fracturing at the onset of weather-
ing, resulting in numerous rock fragments. Such
planes of weakness are not present in the more mas-
sive rocks, and weathering tends to progress along
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Figure 5. Conceptual variations of transition zone thickness and texture due to parent rock
type. A, Development of distinct transition zone on highly foliated schists, gneisses, and slates;
B, Development of an indistinct transition zone on massive bedrock (from Harned and Daniel,
1992).
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fractures such as joints. The result is a less distinct
transition zone in the massive rocks.

In the Piedmont of North Carolina, 90 percent
of the records for cased bedrock wells show thick-
nesses of 97 ft or less for the regolith (Daniel, 1989).
This value is comparable to a thickness of 100 ft or
less observed in the Indian Creek area and in sur-
rounding parts of the Chauga, Inner Piedmont, Kings
Mountain, and Charlotte belts. However, the average
thickness of the regolith for the entire North Carolina
Piedmont was reported by Daniel (1989) to be 52 ft
(average of 4,038 sites), whereas the average thickness
of the regolith in the Indian Creek area was 63 ft (aver-
age of 736 sites). Overall, the thickness of regolith in
the Indian Creek area exceeds the average thickness in
the North Carolina Piedmont.

Careful augering of three wells in the central
Piedmont of North Carolina indicated that the transi-
tion zone over a highly foliated mafic gneiss was
approximately 15 ft thick (Harned and Daniel, 1992).
A similar zone was found in Georgia (Stewart, 1962)
and in Maryland (Nutter and Otton, 1969) where
the transition zone has been described as being more
permeable than the upper regolith and slightly more
permeable than the soil zone. This observation is sub-
stantiated by reports from well drillers of so-called
“first water” in drillers’ logs (Nutter and Otton, 1969).

The high permeability of the transition zone is
probably due to less advanced weathering in the lower
regolith relative to the upper regolith. Chemical alter-
ation of the bedrock has progressed to the point that
expansion of certain minerals causes extensive minute
fracturing of the crystalline rock, yet has not pro-
gressed so far that the formation of clay has clogged
these fractures. The presence of a zone of relatively
high permeability on top of the bedrock can create a
zone of concentrated flow within the ground-water
system. Well drillers indicate they occasionally find
water at relatively shallow depth, yet complete a dry
hole after setting casing through the transition zone
into unweathered bedrock. When this occurs, the
ground water that is present is probably moving pri-
marily within the transition zone, and there is a poor
connection between the regolith reservoir, the bedrock
fracture system, and the well. Based on this observa-
tion, it can be hypothesized that the transition zone

between bedrock and saprolite is a potentially high-
flow zone of ground-water movement (Harned and
Daniel, 1992).

Stewart (1962) and Stewart and others (1964)
tested saprolite cores from the Georgia Nuclear Labo-
ratory area for variables including porosity and perme-
ability. These data indicate that porosity, although
variable, changes only slightly with depth through the
saprolite profile until the transition zone is reached,
where porosity begins to decrease. The highest perme-
ability values occurred in the soil near land surface
and within the transition zone.

Ground-Water Movement

A conceptual view of the ground-water flow
system for a typical area in the North Carolina Pied-
mont is shown in figure 6. Under natural conditions
(no major ground-water withdrawals or artificial
recharge), ground water in the intergranular pore
spaces of the regolith and bedrock fractures is derived
from infiltration of precipitation. As shown, water
enters the ground-water system in the recharge areas,
which generally include all the land surfaces above the
lower parts of stream valleys. Following infiltration,
the water slowly moves downward through the unsat-
urated zone to the saturated zone. Water moves verti-
cally and laterally through the saturated zone,
discharging as seepage springs on steep slopes and as
bank and channel seepage into streams, lakes, or
swamps where the saturated zone is near land surface.
Some ground water is returned to the atmosphere by
evapotranspiration (soil moisture evaporation and
plant transpiration). In the regolith, ground-water
movement is primarily through intergranular flow. In
the bedrock, ground-water flow is through fractures,
and the flow paths from recharge areas to discharge
areas are commonly more circuitous than those in the
regolith.

The depth to the water table varies from place to
place and from time to time depending on the topogra-
phy, climate, and properties of the water-bearing mate-
rials. However, the climate throughout the Indian
Creek area is relatively uniform, and the water-bearing
properties of the different bedrock lithologies and
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Figure 6. Conceptual view of the ground-water flow system of the North Carolina Piedmont showing the unsaturated zone
(lifted up), the water table surface, the saturated zone, and directions of ground-water flow (from Daniel, 1990a).

regoliths are similar. Therefore, topography probably
has the greatest influence on the depth to the water
table in a specific area.

In stream valleys and areas adjacent to ponds
and lakes, the water table can be at or very near to land
surface. On the upland flats and broad interstream
divides, the water table generally ranges from a few
feet to a few tens of feet beneath the surface, but on
hills and rugged ridge lines, the water table can be at
considerably greater depths. The depth to the water
table and its relation to the saturated thickness of
regolith influence the timing of recharge, the amount of
water in storage, and the movement of ground water to
discharge areas. The influence of topography on
ground-water flow must be considered for development
of ground-water flow models of this terrane.

Characterization of Topographic Settings

The topographic settings of interest to this study
were grouped into three categories based on well yield
(Daniel, 1989). The three categories are valleys and
draws, slopes, and hills and ridges. Consideration of
three other settings was necessary to refine the limits of
the three major categories. The three other settings are
bottom of slope, top of slope, and drainage divide.
Each major and minor topographic setting was numeri-
cally defined by relating the setting at a number of sites
to the orthogonal distance to the nearest perennial
stream. These distances were subset by setting and sta-
tistics were generated to describe the distribution of the
distance data.
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Well data were related to each topographic set-
ting to define aquifer hydraulic and hydrogeologic
characteristics. Well data included (1) depth to the
static water level below land surface, (2) depth of
casing in drilled wells as an approximation of regolith
thickness, and (3) the topographic setting in which the
well was drilled. Topographic setting was described in
well records. The topographic setting of well sites
described in well records is a subjective determination
made by the well driller or hydrologist who visits the
well site. The well sites were located on 7.5-minute
topographic maps, and the orthogonal distance to the
nearest perennial stream was measured. Topographic
settings, distances, and well data were determined for
846 sites.

Frequency distributions for distances from
perennial streams to wells in valleys and draws, at bot-
toms of slopes, on slopes, at tops of slopes, and on
hills and ridges were determined along with a fre-
quency distribution for distances from streams to
drainage divides. Box plots of these six distributions
are shown in figure 7. For wells at bottoms of slopes,

at tops of slopes, and on hills and ridges, mean and
median distances from streams are the same or nearly
the same. For wells in valleys and draws, and on
slopes, the mean distance is slightly greater than the
median distance. The mean distance to drainage
divides also is slightly greater than the median dis-
tance.

Although the topographic setting of well sites is
a subjective determination, the results of this analysis,
as shown in figure 7, are distinct because of the sys-
tematic increase in mean distance from stream to topo-
graphic setting, and these distances were used to
develop a conceptual hydrogeologic section from
stream to drainage divide (fig. 8). The total relief of
the section is 200 ft, which is typical of the south-
western Piedmont of North Carolina. Data on relief for
each of the 846 sites were unavailable and, although
somewhat subjective, were estimated based on field
observation and experience.

Data on the average depth to static water level in
bored and hand-dug wells tapping regolith (table 18,
p. C44), the average depth to the static water level in
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Figure 7. Distributions of distances between streams and wells in different topographic settings of the North Carolina
Piedmont and between streams and interstream drainage divides.
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Figure 8. Conceptual hydrogeologic section from Piedmont stream to interstream drainage divide showing details of

average hydrogeologic conditions.

drilled wells tapping bedrock (table 15, p. C40), and
the average depth of well casing in drilled wells used
to estimate the thickness of regolith (table 15), were
compiled to supplement the data on topographic set-
tings of well sites. Relational profiles based on these
data define the average depths to the water table, the
bedrock potentiometric surface, and the bedrock-
regolith contact along the conceptual section (fig. 8).
Depths to the water table and bedrock potentiometric
surface are greatest beneath hills and ridges at inter-
stream divides and are least beneath valleys and
draws. The depth of the bedrock-regolith contact is
rather uniform at about 60 to 65 ft.

Boundaries for topographic settings identified in
figure 8 divide the section into three physical regions
comparable to the categorical subdivisions identified
by Daniel (1989). The bottom-of-slope (BS) and top-
of-slope (TS) positions were used to define the

c14

boundaries of slopes. The mean distance of well loca-
tions from perennial streams to valleys and draws
(VD) was used to establish the outer limit of valleys
and draws and the boundary between valleys and
draws and adjacent slopes. Similarly, the mean dis-
tance of well locations from perennial streams to hills
and ridges was used to establish the boundary between
slopes and upland areas of hills and ridges. Although
the bottom-of-slope and top-of-slope positions could
be better boundaries than the valley/draw and
hill/ridge (HR) positions, two considerations were
given to the positions selected: (1) the mean positions
of the valley/draw and bottom-of-slope well locations
are nearly the same, and the mean positions of top-of-
slope and hill/ridge well locations are similar; there-
fore, the choice of one setting rather than the other
would not likely be a major source of error, and

(2) the topographic boundaries are not really discrete
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boundaries, but typically are marked by a gentle
change in slope, particularly as slopes merge into hill-
tops and interstream divides. Therefore, well positions
clearly described as being in valleys and draws and on
hills and ridges defined more definitive boundaries.

According to Stewart (1962), Daniel and
Sharpless (1983), and Harned and Daniel (1992), the
transition zone in similar hydrogeologic settings of the
Piedmont is about 15 to 30 ft thick. Along stream
channels, erosion can locally remove the saprolite and
expose the partially weathered rock of the transition
zone. If a transition zone having these characteristics
were incorporated into figure 8, the top of the transi-
tion zone would approximately coincide with the
water table. Whether this is coincidental or reflective
of differences in hydrologic properties between the
saprolite and transition zone is uncertain, but might
justify further evaluation.

Conceptual Hydrogeologic Section

A conceptual hydrogeologic section for the
Piedmont Province can be generated using informa-
tion from the topographic characterization described
in the previous section, in combination with informa-
tion about water-yielding properties (Daniel, 1989)
and the permeability distribution (Daniel, 1992) in
fractured crystalline bedrock. Basic to the understand-
ing of ground-water flow in fractured rocks is some
comprehension of fracture distribution, and perme-
ability, within these rocks as shown schematically in
figure 9. According to Daniel (1989, 1992), the yields
of wells drilled in valleys and draws are about three
times greater than yields from wells on hills and
ridges. Yields from wells on slopes are intermediate to
those from the other two topographic settings. Based
on specific-capacity data and estimates of transmissiv-
ity and hydraulic conductivity, Daniel (1992) deter-
mined that among the three topographic settings,
transmissivity and hydraulic conductivity have essen-
tially the same distribution as well yield. Daniel
(1992) also noted that transmissivity and conductivity
decreased nonlinearly with depth; values for the three
topographic settings converged at depths between 750
and 850 ft and remained nearly constant at greater
depths. Based on these evaluations, the inferred frac-
ture abundance is greatest beneath valleys and draws,
lower beneath slopes, and least beneath hills and
ridges. The inferred abundance also decreases with

depth and becomes relatively constant below depths of
750 to 850 ft.

INCREASING VALUES OF SPECIFIC CAPACITY, ESTIMATED
TRANSMISSIVITY AND HYDRAULIC CONDUCTIVITY, AND
INFERRED FRACTURE ABUNDANCE

4

TOPOGRAPHIC SETTING
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INFERRED FRACTURE ABUNDANCE

Figure 9. Schematic diagram showing relative changes in
specific capacity, estimated transmissivity and hydraulic
conductivity, and inferred fracture abundance with depth in
different topographic settings of the North Carolina
Piedmont.

The conceptual hydrogeologic section that
emerges from these observations is shown in figure 10.
The average distance between the Piedmont streams in
this example is 0.83 mi. The topography between the
streams comprises, on average, 14 percent valleys and
draws, 38 percent slopes, and 48 percent hills and
ridges. The regolith averages about 60 to 65 ft in thick-
ness, although it may be partly or completely dissected
by stream channels. The base of the ground-water flow
system occurs about 850 ft below land surface. Below
850 ft, there are few open fractures, and little ground-
water circulation occurs. Open fractures are most
abundant immediately below the regolith-bedrock
interface beneath valleys and draws. The number of
open fractures decreases both with depth and with hor-
izontal distance toward the divide. To use this concep-
tual model in a digital ground-water flow model,
aquifer coefficients had to be determined for a com-
plex system in which properties vary not only with
depth, but areally as well. Determination of aquifer
properties is discussed in the section, “Hydrogeologic
Characteristics.”

Hydrogeology and Simulation of Ground-Water Flow in the Indian Creek Basin, North Carolina C15



VALLEY AND  SLOPE HILL AND RIDGE SLOPE  VALLEY AND
DRAW DRAW
REGOLITH  DRAINAGE DIVIDE .
£
& 0 S 3 _
<Z( %) 4 - / - g
E 5 % N ¢ /X \\/ / \ - / /\ AN /X N X X7
oS l P >< AT BEDROCK N N />( )
2 Z 0.10- /o S AN ~ XX s
Su |~ X ~ NN N XX
e N N N % - - /s NN
E5 N\~ o GASE OF GROUND-WATER SYSTEM FNX N s
o
o 0.20 | | | i I | ! i | L
0.10 0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.900.93

DISTANCE FROM STREAM, IN MILES

Figure 10. Conceptual hydrogeologic section through the ground-water flow system of the North Carolina Piedmont.

HYDROGEOLOGY OF THE INDIAN CREEK
BASIN

In previous discussion, the conceptual hydro-
geologic framework of the Piedmont and the Indian
Creek Basin has been described. However, to fully
understand the hydrology of the Indian Creek Basin
and the quantities, rates, and pathways through which
water moves through the ground-water system, numer-
ous components and characteristics of the system must
be evaluated in detail. Among these components and
characteristics are local geology and geologic struc-
tures, soil types, and the shape and relief of the water
table and other potentiometric surfaces. Other neces-
sary components and characteristics include the water
budget of the area, which defines quantities of
recharge to and discharge from the ground-water sys-
tem, and aquifer hydraulic characteristics, which
define the storativity and transmissivity in regolith and
rock units. Knowledge about water use and ground-
water withdrawals facilitates an understanding of
fluctuations of the ground-water levels or possible
long-term water-level declines. Water-quality charac-
teristics can provide insights into aquifer homogene-
ity, or lack of homogeneity, as well as help identify
general pathways through which ground water has
traveled. These and other topics are discussed in fol-
lowing sections.

Geology

The geology of the Indian Creek Basin and sur-
rounding model area has been mapped in detail by
Goldsmith and others (1988) and as part of the State
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geologic map by Brown and Parker (1985). The model
area lies almost entirely within the Inner Piedmont
belt, which occurs between the Charlotte and Kings
Mountain belts to the east and the Blue Ridge and
Chauga belts to the west (fig. 11). The Inner Piedmont
is separated from the Charlotte and Kings Mountain
belts by the Kings Mountain shear zone and Eufola
fault zone and from the Blue Ridge by the Brevard
fault zone. Faults bounding the Inner Piedmont typi-
cally exhibit ductile deformation but locally, brittle
faulting may be present.

Stratified rocks of the Inner Piedmont consist
predominantly of thinly layered mica schist and biotite
gneiss, which are interlayered with lesser amounts of
hornblende gneiss, amphibolite, quartzite, and some
rare calc-silicate rock and marble. Two stratigraphic
suites seem to be present. A mostly mafic lower suite,
consisting mainly of biotite gneiss and amphibolite
with layers of mica schist and layered granitoid gneiss,
structurally underlies a metasedimentary upper suite
of interlayered mica schist, biotite gneiss, and minor
calc-silicate rock. The lower suite is predominantly of
metasedimentary origin, but appears, in part, to be of
metavolcanic origin that could have been flows or
tuffs. The age of the stratified rocks in the Inner Pied-
mont is unknown but, because they are intruded by
granite that is probably as old as Cambrian, they are
probably of Proterozoic age, but no younger than
Cambrian.

Many large and small intrusive bodies of granite
and granodiorite are scattered through the Inner Pied-
mont. The granitic rocks of the Toluca pluton, a gray,
medium-grained biotite granite that grades into a gran-
odiorite, are widely distributed in the central core of

Provinces of North Carolina
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belts, major plutons, and major structural features (from Goldsmith and others, 1988).
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the Inner Piedmont. The Toluca forms concordant to
semiconcordant masses, some of which are gneissic
and appear to be relatively older than a poorly foliated
to nonfoliated facies. Along the western flank of the
Inner Piedmont are elongate masses of porphyritic
granitoid Henderson Gneiss. Tabular masses of dark-
colored, nonlayered, porphyritic biotite gneiss, consid-
ered to be a phase of the Henderson, are aligned on
both sides of the central core of the Inner Piedmont.
The Henderson and Toluca are considered to be of
Cambrian age on the basis of somewhat ambiguous
isotopic data (Davis and others, 1962; Odom and
Fullagar, 1973; Odom and Russell, 1975; Kish, 1983),
but ages as young as Ordovician have been determined
by Harper and Fullagar (1981) from other Inner Pied-
mont granites, which may be, in part, equivalent in age
to the Toluca. Late- to post-metamorphic two-mica
granitic rocks of the Cherryville pluton of Mississip-
pian age (Kish, 1983) intrude mica schist and gneiss
southeast of the central belt of the Toluca pluton.

Metamorphic rocks, including stratified rocks
and intrusive bodies, of the central core of the Inner
Piedmont are in the sillimanite-muscovite zone of
regional Barrovian metamorphism. The flanks are
mostly in the staurolite-kyanite zone. Both zones con-
tain many areas where alumino-silicate minerals have
been altered to sericite and locally to muscovite,
which indicates a period of hydration following the
main dynamothermal peak. Butler (1972) considered
the main period of regional metamorphism in the Inner
Piedmont of the Carolinas and Georgia to have been
410-430 million years ago.

The Inner Piedmont has been extensively folded
and faulted. An early formed foliation is generally par-
allel to layering. This foliation has been tightly to iso-
clinally folded about gently plunging axes and
moderately inclined to recumbent axial surfaces with
flat dips. The axial trend of this folding generally
ranges from west to northwest. Later upright folds
have produced broad synforms and antiforms across
the earlier structures. The later folds have gently
plunging subhorizontal axes and moderately to steeply
dipping axial surfaces that strike east-northeast, north-
east, and north.

Foliations and axial surfaces of the earlier folds
dip moderately southeast near the Brevard zone, but
flatten toward the core of the Inner Piedmont and
locally dip west. Moderate dips to the west prevail
along the eastern side of the Inner Piedmont belt, but
dips steepen abruptly near the Kings Mountain belt. In

the Indian Creek area west of Lincolnton, N.C., the
dip is generally to the west and west-southwest.

The Inner Piedmont is separated from the Blue
Ridge by the Brevard fault zone. Repetition of units in
the Inner Piedmont near the Brevard zone suggests
that unrecognized subsidiary faults may be present in
this part of the Inner Piedmont. The Eufola fault
(Milton, 1981), which bounds the Inner Piedmont on
the east, projects into the Inner Piedmont and swings
southward north of Lincolnton, N.C. Here it may con-
nect with a fault which strikes along the western edge
of the Cherryville pluton (fig. 11). The projection of
this fault to the Eufola fault coincides with the bound-
ary between the sillimanite and kyanite metamorphic
zone. However, no evidence for such faulting has been
observed north or northeast of the Cherryville pluton.

The complexity of structure within the Inner
Piedmont, the lack of recognizable indicators of facing
direction and of primary features except layering, and
the paucity of distinctive marker units make recogni-
tion of a more detailed stratigraphic sequence uncer-
tain. Geochronologic evidence indicates several
periods of intrusive activity, and some evidence exists
for multiple periods of regional metamorphism
(Butler, 1972; Hatcher and others, 1979). The complex
deformational and intrusive history of the Inner Pied-
mont remains to be documented.

Hydrogeologic Units

Hundreds of rock units within the Piedmont and
Blue Ridge Provinces have been defined and named
by various conventions more in keeping with classical
geologic nomenclature than hydrologic terminology.
The geologic nomenclature does little to reflect the
water-bearing potential or hydrologic properties of the
different units. To overcome this shortcoming and to
reduce the number of rock units to the minimum nec-
essary to reflect the differences in water-bearing
potential and hydrologic properties, a classification
scheme was devised by Daniel (1989) for rocks in the
Piedmont and Blue Ridge Provinces of North
Carolina. This classification scheme was based on ori-
gin (rock class igneous, metamorphic, or sedimentary;
or subclass metaigneous, metavolcanic, or metasedi-
mentary), composition (mafic, intermediate, felsic),
and texture (foliated, massive). Twenty-one hydrogeo-
logic units resulted from this classification of rocks.
Of the 21 units described by Daniel (1989), 7 occur
within the Indian Creek model area (table 2). One of
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Table 2. Classification and lithologic description of hydrogeologic units in the Indian Creek model area of the southwestern

Piedmont of North Carolina
[From Daniel, 1989]

Symbol Hydrogeologic unit Lithologic description
Igneous intrusive rocks
IFL..... Igneous, felsic intrusive ........ Light-colored, mostly granitic rocks, fine- to coarse-grained, some porphyritic, usually
massive, locally foliated; includes granite, granodiorite, quartz diorite, quartz monzonite,
alaskites.
Metamorphic rocks
Metaigneous rocks (intrusive)
MIF..... Metaigneous, felsic ............... Light-colored, massive to foliated metamorphosed bodies of varying assemblages of felsic
intrusive rock types; local shearing and jointing are common.
MIL.... Metaigneous, intermediate....  Gray to greenish-gray, medium- to coarse-grained, massive to foliated, well-jointed,

metamorphosed bodies of diotitic composition.

MIM...  Metaigneous, mafic ...............

Massive to schistose greenstone, amphibolite, metagabbro and metadiabase, may be strongly

sheared and recrystallized; metamorphosed ultramafic bodies are often strongly foliated,
altered to serpentine, talc, chlorite-tremolite schist and gneiss.

Metasedimentary rocks

GNF....  Gneiss, felSiC....coourrvvivrneenns

Mainly granitic gneiss; light-colored to gray, fine- to coarse-grained rocks, usually with

distinct layering and foliation, often interlayered with mafic gneisses and schists.

GNM..  Gneiss, mafic........ccoceveeveennns

Mainly biotite hornblende gneiss; fine- to coarse-grained, dark-gray to green to black rock,

commonly with distinct layering and foliation, often interlayered with biotite and
hornblende gneisses and schists, and occasional amphibolite layers.

SCH....  Schist.....cocvinmricrnniicnnnne,

Schistose rocks containing primarily the micas muscovite or biotite or both, occasional

sericite and chlorite schists; locally interlayered with hornblende gneiss and schist,
commonly with distinct layering and foliation.

these units (SCH) is limited to a tiny area at the south-
east end of the Indian Creek model area where it
crosses into the Kings Mountain belt (fig. 12). Another
unit (GNF) occupies a small area along the northeast
margin of the Indian Creek model area. Because the
areas underlain by SCH and GNF are small and lie
outside the surface drainage divides of the Indian
Creek Basin, they were omitted from any analyses of
hydrologic characteristics made during this study.

The identification of hydrogeologic units shown
in table 2 is based on the hypothesis that origin, com-
position, and texture can be linked not only to a rock’s
primary porosity but also to its susceptibility to the
development of secondary porosity in the form of frac-
tures and solution openings. The composition and tex-
ture of the rocks would also determine, in part, the rate
and depth of weathering of these units and the water-
bearing properties of the resulting regolith.

Using this classification scheme and the most
recent geologic maps available, Daniel and Payne
(1990) compiled a hydrogeologic unit map for the
Piedmont and Blue Ridge Provinces in North
Carolina. Part of this map that includes the Indian
Creek model area is shown in figure 12. Well location
maps were related to hydrogeologic units using this

map. Hydrologic and hydraulic characteristics of each
unit were then determined using well-construction,
specific-capacity, and aquifer-test data.

Geologic Belts

The Piedmont and Blue Ridge have been
divided into a number of northeast-trending geologic
belts (Brown and Parker, 1985). Within a belt, rocks
are to some degree similar to each other in general
appearance, metamorphic rank, structural history, and
relative abundance of igneous, metaigneous, metasedi-
mentary, and metavolcanic rocks (Butler and Ragland,
1969). Areally, the most significant belts are the Blue
Ridge, Inner Piedmont, Charlotte, Carolina slate, and
Raleigh (Daniel, 1989).

The belts important to this study are the Chauga,
Inner Piedmont, Kings Mountain, and Charlotte belts
(fig. 11). A brief summary of the belts and the hydro-
geologic units that constitute the belts is given in
table 3. Hydrogeologic units present in the Indian
Creek model area are common to these belts. To obtain
a large enough data set with which to determine
hydrologic characteristics and aquifer properties of
hydrogeologic units within the Indian Creek model
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Table 3. Geologic belts of part of the Piedmont Province of southwestern North Carolina

[GNF, gneiss, felsic; GNM, gneiss, mafic: MIF, metaigneous, felsic; SCH, schist; MII, metaigneous, intermediate; MIM, metaigneous, mafic; IFI, igneous,
felsic intrusive; MVU, metavolcanic, undifferentiated. The hydrogeologic unit MVU is not found in the Indian Creek model area. The other hydrogeologic

units are described in table 2. From Daniel, 1989]

Dominant
Belt Boundaries hydrogeologic
units
Chauga (includes Brevard fault ~ Blue Ridge belt on northeast, Inner Piedmont on southeast .................. GNF, GNM.
zone).
Inner Piedmont..........cccceueneeee. Chauga and Blue Ridge belts on northwest, Kings Mountain and GNM, MIE.
Charlotte belts on southeast.
Kings Mountain .........ccccccueuees Inner Piedmont belt on northwest, Charlotte belt on southeast ............. SCH, MIF, GNE.

Charlotte..........ccooeevevrireireiens

Kings Mountain and Inner Piedmont belts on northwest, Milton belt on

MII, MIF, MIM, IFI, MVU.

north, Gold Hill shear zone and Carolina slate belt on southwest.

area, data from wells tapping comparable hydrogeo-
logic units within the four belts were compiled into
one data set and analyzed. The boundary between the
Blue Ridge and Piedmont Provinces crosses the
Chauga and Inner Piedmont belts in southwestern
North Carolina. The selection of wells was restricted
to the Piedmont area of these belts.

Structural Fabric and Orientation

The structural fabric and orientation of bedrock
beneath the Indian Creek Basin were characterized by
taking measurements of strike and dip at points of rock
outcrop throughout the basin. Fractures and foliation
are the principal fabric components considered to have
a role in the hydrogeology of the basin. Joints are the
most common form of fracture, although fracture
zones of closely spaced joints and minor zones of
shearing were observed. Foliation varies from simple
mineral lineation to schistosity and gneissic banding.
The Cherryville pluton is generally massive with
sparse fracturing and only minor foliation, possibly
flow banding, that seems to occur near the edges of the
pluton. Relict foliation could frequently be observed in
the regolith where exposed in road cuts and other
excavations.

Measurements of strike and dip were compiled
on fractures and foliation. Sites where measurements
were made on fractures and foliation are shown in
figure 13. Individual measurements of strike and dip
on fractures and foliation are compiled in tables 4 and
5, respectively (p. C96—C98).

Analysis of the fabric data consisted of plotting
pi diagrams (poles to planes plotted on equal-area
nets) and contouring data points so that the geometry

of the fabric elements could be determined. Methods
of plotting, contouring, and analysis are discussed by
Billings (1972).

The contour diagram for poles to fracture planes
(fig. 14) shows that most fractures are steeply dipping
and strike northeast. There is some range in strikes to
the northeast and an indication that many fractures dip
steeply to the northwest; however, the greatest concen-
tration of fractures strikes N. 72° E. and is vertical.

Analysis of foliation data followed the same
process used for analyzing fracture data. A contour
diagram for all foliation data (fig. 15) shows that the
greatest concentration of foliation planes strikes
N. 18° W. and dips 27° SW. By subsetting the foliation
data so that data from the northern, central, and south-
ern parts of the basin could be analyzed separately, a
subtle variation in strike and dip is observed along
strike. The division of sites into three subsets is shown
in figure 16. Once the three subsets of foliation data
were contoured, poles to planes for the concentration
maxima were determined. A beta diagram (Billings,
1972) shows the foliation planes represented by these
three maxima (fig. 17). In the northern part of the
basin, foliation strikes due north and dips rather gently
to the west at 16° W. In the central part of the basin,
foliation has a more northwesterly strike at N. 26° W.
and the dip steepens to 37° SW. In the southern part of
the basin, foliation returns to a more northerly orienta-
tion with a strike of N. 16° W. and dip of 31° SW.

Because local deviation in orientation of folia-
tion from the regional average is minor, different parts
of the basin do not need to be considered individually
for hydrologic analysis. The fabric data are consistent
in that the entire basin apparently lies on the southwest
flank of an anticlinal fold whose axis is northeast and
outside of the basin and has a strike slightly west of
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Figure 13. Sites where measurements of strike and dip were made on fractures and
foliation planes in the Indian Creek Basin. (Site locations and descriptions are listed in

table 8, p. C103).

north (fig. 11). The average strike of fractures (prima-
rily joints) at N. 72° W. is at right angles to foliation
and is consistent with an extensional joint set created
normal to the anticlinal axis.

It is fortuitous that the two fabric components
thought to have a role in ground-water movement are
oriented at right angles to each other. By orienting a
model grid to coincide with the fabric components,
model development is greatly simplified. The develop-
ment of the model grid is discussed in later sections.

Faults

A few high-angle faults have been observed in
outcrop and deduced from map patterns within the

c22

Indian Creek Basin and surrounding model area

(fig. 11). A zone of closely spaced high-angle joints
and fractures was observed at site 30 (fig. 13). The
most intense fracturing occurs in a zone 25-30 ft
wide, but less intense fracturing on either side of this
zone extends the total width to 50 ft. Fractures within
the zone have strikes between N. 65° E. and N. 80° E.,
but most are in the N. 65° E. direction. Relative move-
ment or displacement associated with this fracture
zone could not be determined. Topographic expression
of this fracture zone was poorly developed; however, a
small topographic low that is barely perceptible on the
topographic map may reflect this feature (U.S. Geo-
logical Survey, 1973). Other shear zones are
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Figure 17. Beta diagram of foliation planes represented by
the three maxima from the contour plots of the Indian Creek
Basin shown in figure 16.

interpreted primarily on topographic expression by
alignment of stream channels, particularly alignment
of tributary channels across the channel of the main
stream. A recurved pattern is especially indicative of
structural control. Examples of these patterns are
found upstream from site 13, site 26, and sites 41 and
42 that are expressed topographically by alignment of
tributary streams across Indian Creek. The channel of
Indian Creek also appears in part to be controlled by a
structural feature north of sites 41 and 42. The change
in channel orientation of Indian Creek northeast of
Cherryville, N.C., from southeast to northeast also
indicates possible fracture control, although no fault-
ing was observed. Outcrops are sparse and poorly
exposed in this reach of Indian Creek because flatten-
ing of the stream gradient results in submersion of the
channel bottom and extensively developed flood-plain
deposits. Perhaps the most extensive fault in the Indian
Creek model area is a fault mapped by Goldsmith and
others (1988) that bounds the western edge of the
Cherryville pluton west of Lincolnton, N.C., and
extends southwest at least as far as Cherryville, N.C.
No evidence of brittle fracturing associated with this
fault could be identified in outcrop. Evidence for this
fault is based, in part, on map patterns.

Folds

The stratified metamorphic rocks of the Indian
Creek model area dip gently to moderately to the west
and southwest. Dips in the northern part of the area are
lower than in the central and southern parts of the area.
According to the tectonic map of Goldsmith and oth-
ers (1988), the Indian Creek model area lies between
antiforms on the east and northeast and a synform
(Buffalo Creek synform) on the southwest (fig. 11).
The Buffalo Creek synform is truncated on the north
by the Toluca pluton. Dips within the Indian Creek
model area are consistent with regional folds mapped
by Goldsmith and others (1988).

Soils

Soils in the Indian Creek model area have differ-
ent properties and characteristics such as color,
texture, size and shape of soil aggregates, kind and
amount of rock fragments, distribution of plant roots,
soil reaction, and other features (U.S. Department of
Agriculture, 1995). Soils generally occur in patterns
that result from the combined influences of climate,
parent rock type, relief, and biological activities inter-
acting through time (U.S. Department of Agriculture,
1995). Soils with similar properties, characteristics,
and arrangement of horizons within their profiles are
identified and assigned to taxonomic classes. Each
taxonomic class, or soil type, has a set of soil charac-
teristics with defined limits and is associated with a
particular kind of landscape. Figure 18 shows the
general types and locations of soils in the Indian Creek
model area.

One property important to hydrologic study is
soil permeability. Permeability indicates the ability of
water to move through the soil profile. Soil permeabil-
ity is important in its ability to enhance or restrict the
infiltration of precipitation through the soil profile.
Typically within a profile, soils at depths of less than
1 ft below land surface exhibit maximum permeability.
As depth increases to greater than 1 ft, permeability
generally decreases. As precipitation moves down-
ward through the different layers within a soil profile,
the layer of minimum permeability controls infiltra-
tion. In this manner, soil permeability can greatly
affect the hydrology of an area by controlling the
amount of recharge available to the ground-water sys-
tem.

Permeability and other properties of soils in the
Indian Creek model area are published by the U.S.
Department of Agriculture, Bureau of Soils and Soil
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Counties showing the Indian Creek model area. The soil associations corresponding to the map numbers are
described in table 6. (Map compiled from U.S. Department of Agriculture, 1916, 1918, 1930, 1975, 1989,
1995.)
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Conservation Service (U.S. Department of Agricul-
ture, 1916, 1918, 1930, 1975, 1989, 1995). Table 6
summarizes the general soil associations, predominant
soil types within each association, topographic occur-
rence, texture, and permeability of soils in the study
area. When compared to the permeability of soils in
the study area, estimates of net recharge (table 12,

p- C107) derived from hydrograph separation were
found to be much less than the permeabilities of all
soils in the study area. As a result, net recharge to the
ground-water system is not limited or restricted by the
soils in the study area.

Ground-Water Flow System

Movement of ground water through the ground-
water flow system is controlled by the hydraulic prop-

erties of the bedrock and overlying regolith, the distri-
bution of these properties, and the distribution of
potentiometric heads within the system. In fractured-
rock aquifer systems, anisotropic conditions often are
present because of nonuniform distributions of frac-
tures, faults, foliation, and lithologic contacts in the
bedrock, and relict foliation in the overlying regolith
(Harned and Daniel, 1992). If the fractured-rock aqui-
fer under investigation is sufficiently extensive and if
the fractures have similar dimensions, have relatively
uniform spacing, have distributed rather than uniform
orientations, and are sufficiently abundant so as to be
interconnected, then porous-media equivalence is gen-
erally assumed. Implicit in the criteria of fracture
abundance and spacing is the factor of scale in evaluat-
ing porous media equivalence (Long and others,

Table 6. General soil association, predominant soil types, occurrence, U.S. Department of Agriculture soil texture, and
permeability of soils in the Indian Creek model area

[USDA, U.S. Department of Agriculture; <, less than; do. ditto. Modified from U.S. Department of Agriculture, 1916, 1918, 1930, 1975, 1989, 1995]

Predominant

Soil permeability’,

; ; Typical in inches per hour
Map Soil soll types (in Topographic USDA
number e decreasing !
- association occurrence soil Depth below land surface
(fig. 18) order of
dance) texture
abun <1 foot 1 to 5 feet
1 Cecil....cooevnnne Cecil, Pacolet, Broad ridges, short Sandy clay loam.. 0.6-6.3 0.06-2.0
Hiwassee. side slopes.
2 Gaston .............. Gaston, Pacolet, Broad to narrow ... docecins 0.6-6.0 0.6-2.0
Cecil, Winns- ridges, gently
boro, Hiwassee. sloping to steep
side slopes.
3 Pacolet— Pacolet, Broad to narrow ... 13 [0 DU 0.6-6.0 0.6-2.0
Madison. Madison, Cecil. ridges, gently
sloping to
moderately steep
side slopes.
4 Chewacla.......... Chewacla, Flood plains of Silty clay loam..... 0.6-2.0 0.6-2.0
Congaree. major streams.
5 Georgeville— Georgeville, Broad to narrow Gravelly silty 0.6-2.0 0.6-2.0
Tatum. Tatum. ridges, gently clay loam.
sloping to
moderately steep
side slopes.
6 Appling ............ Appling, Broad to narrow Sandy loam.......... 0.6-6.0 0.6-2.0
Wedowee, ridges, gently
Pacolet. sloping to steep
side slopes.
7 Urban land........ Pacolet, Cecil, Uplandsinurbanized ... do..oicis 0.6-6.0 0.6-2.0

Madison,
Urban land.

areas.

!Given values of permeability do not include areas of impervious cover.
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1982). Given these assumptions, analytical techniques
and models developed for porous media can be
applied to fractured-rock aquifer systems.

Large fracture discontinuities, such as major
faults or shear zones (or solution openings such as
caverns, although none are thought to be present due
to the sparsity of carbonate rocks in the area), are
potential sources or sinks for ground water that could
preferentially conduct ground water within the
ground-water system or even transfer ground water
past the surface drainage divides of the basin. If this
occurs, a basic assumption about the nature of the
ground-water flow system—that ground-water divides
coincide with surface drainage divides—is violated.
Any water budgets, mass balance computations, or
models based on this assumption would be in error.

The hydraulic properties of bedrock and regolith
are discussed in a later section, “Hydrogeologic

Characteristics.” Potentiometric heads in the Indian
Creek area were determined by measuring water levels
in wells and the water-surface altitude in streams and
lakes. The determination of water levels and fluctua-
tions of ground-water levels are described below. In
order to identify possible sources or sinks for large
quantities of ground water, an investigation of base
flow was made at 85 sites uniformly distributed
throughout the basin. The results of this investigation
also are discussed below.

Ground-Water Levels

Information about the natural fluctuation of
ground-water levels was obtained from a network of
38 observation wells distributed throughout the Indian
Creek Basin (fig. 19). The network consisted of
16 drilled wells tapping bedrock and 22 bored or
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hand-dug wells tapping regolith. One drilled well and
five bored or hand-dug wells were instrumented with
recorders to obtain continuous records of water levels.
Water levels in the other 32 wells were measured
monthly. Monthly water-level measurements began in
April 1991 and continued through September 1992.
Five recorders were installed in June 1991 and the
sixth was installed in July 1991. Hydrographs of water
levels from the six wells equipped with recorders for

June 1991 through October 1992 are shown in
figure 20. Records of monthly water-level measure-
ments from the 38 observation wells are given in
table 7 (p. C99).

Four pairs of wells, each pair consisting of a
drilled well and a bored or hand-dug well, were identi-
fied to compare the water level in the regolith with the
water level in the bedrock at specific sites. One pair of
wells, consisting of wells Li-117 and Li-118, was

15 T T T T T T T T T T T T T T
Li-211 GERALDINE DELLINGER WELL
Drilled well in bedrock; site on
a slope.
20 — —
25 f— —
———— Li-130 SANFORD YATES WELL
w Hand-dug well in regolith; site
g Gs-244 FLOYD DELLINGER WELL ~ ©ona hilitop.
E Hand-dug well in regolith; site on
2 a hilltop.
N - —]
a 30
b4
<
-
= Li-203 JERRY REYNOLDS WELL
9 Bored well in regolith; site on
o a hilltop.
0 g - P _
m /
w
w
Z
) Li-164 HARVEY HEAVNER WELL
L | Hand-dug well in regolith; site on / |
4 40 a hilltop.
od
L
<
=
Cw-327 ARNOLD COOK WELL
45 — Hand-dug well in regolith; site on —
a hilltop.
50 [~ m
55 1 | | 1 1 H I | 1 ] 1 | I |
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Figure 20. Daily average water levels from a drilled well tapping bedrock and five bored or hand-dug
wells tapping regolith in the Indian Creek Basin, June 1991 through September 1992. (Location of wells

shown in figure 19.)
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later determined to be unsuitable for this purpose
because of the effects of pumping on water levels in
well Li-118. Hydrographs of water levels in the other
three pairs of wells (Li-120 and Li-121, Li-179 and
Li-180, and Li—198 and Li-199) are shown in

figures 21, 22, and 23, respectively. Elevations
between pairs of wells were determined to establish a
common land-surface reference for the water levels.
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Figure 21. Monthly water levels in well pair Li-120 and

Li-121, located on a hilltop in the indian Creek Basin. (Well
Li—120 is a hand-dug well tapping regolith; well Li-121 is a
drilled well tapping bedrock.)
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Figure 22. Monthly water levels in well pair Li-180 and
Li—~179, located on a hilltop in the Indian Creek Basin. (Well
Li~180 is a bored well tapping regolith; well Li-179 is a
drilled well tapping bedrock.)
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Figure 23. Monthly water levels in well pair Li—-198 and
Li—199, located on a hilltop in the Indian Creek Basin. (Well
Li-198 is a bored well tapping regolith; well Li-199 is a drilled
well tapping bedrock.)

The three pairs of wells are on uplands; how-
ever, wells Li-120 and Li-121 (fig. 21) are on the
edge of an interstream upland at the top of a steep
slope, and the other two pairs of wells are more cen-
trally located on interstream uplands. The difference in
topographic settings may explain, in part, the greater
seasonal amplitude of water-level changes in wells Li—
120 and Li-121 as compared to the other two pairs of
wells. The average difference in water levels between
wells Li-120 and Li-121 is 2.15 ft for the 18 months
of water-level measurements. Between wells Li-179
and Li-180 (fig. 22), the average difference in water
levels is 4.70 ft, and between wells Li—198 and Li—199
(fig. 23), the average difference is 17.54 ft.

To compare average conditions in the regolith
with average conditions in the bedrock, monthly
water-level measurements from 22 bored and hand-
dug wells tapping regolith were averaged for each
month, and monthly water-level measurements from
14 drilled wells tapping bedrock were averaged for
each month (fig. 24). Only a few wells were measured
in May and June of 1991, and the averages were omit-
ted because they are not representative of the entire
observation-well network. Two drilled wells, Li-118
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Figure 24. Monthly average water levels in 22 bored and
hand-dug wells tapping regolith and 14 drilled wells tapping
bedrock in the Indian Creek Basin, April 1991 through
September 1992.

and Li-146, were not included in the computation of
monthly averages because of erratic water levels pro-
duced by pumping. The hydrographs in figure 24
represent average conditions for the entire basin for
the 18 months during which water-level measurements
were collected. The average difference between
monthly average water levels in wells tapping regolith
and in wells tapping bedrock is 8.34 ft. The minimum
difference in monthly averages is 6.70 ft in July 1991;
the maximum difference in monthly averages is
10.21 ft in September 1992.

The hydrographs in figures 20, 21, 22, 23, and
24 show similar patterns. Declines in water levels
begin during the growing season and extend into dry
fall and winter months. Rises in water levels in
response to precipitation begin in late spring and
extend into the summer months. During 1991-92,
water levels in most wells reached seasonal high levels
in July or August and seasonal low levels in February
or March, although wells Li—168, Cw—327, and
Li-180 reached seasonal lows in April 1992. This pat-
tern is somewhat atypical from the long-term seasonal
pattern for this area. The long-term pattern (LeGrand,
1954) for ground-water levels is for the seasonal high
to occur in late winter or early spring, typically in
March or April. Once the growing season starts,
ground-water levels typically follow a long decline
until the growing season ends in September or Octo-
ber. In December or January, late fall and early winter
rains cause a rise in water levels that continues until
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the next growing season begins. During 1992, recov-
ery of ground-water levels in some wells did not begin
until late February, and in others recovery did not
begin until March or April. Water levels rose in
response to above-average rainfall until June 1992
when heavy rain produced atypically high summer
ground-water levels.

In the Indian Creek area, the decline of ground-
water levels extends over a longer aggregate period
during a year and is more gradual than the rise of
ground-water levels. In spite of the difference between
the aggregate periods of water-level rise and water-
level decline, in most years recharge to the ground-
water system is approximately equal to the discharge
from it, so that ground-water levels at the end of the
year are at about the same level as at the beginning of
the year.

Base Flow

Base flow is that part of streamflow resulting
from the discharge of ground water to surface-water
bodies such as springs, seeps, and perennial streams.
The rate of discharge can be affected by many factors
including, but not limited to, aquifer hydraulic proper-
ties and the lateral hydraulic gradient between the
water table and the spring or stream. Aquifer hydraulic
properties are often assumed to be uniformly distrib-
uted to facilitate analytical solutions, but in nature they
can vary a great deal areally and vertically within an
aquifer system. In fractured-rock terranes, variability
is expected because of the variety of processes that
produce the secondary permeability (fractures) within
these systems. Therefore, an evaluation of the perme-
ability distribution within the Indian Creek Basin was
necessary to identify any possible exceptions to the
assumption of uniformity. One means of assessing the
areal uniformity of aquifer hydraulic properties is
through a detailed study of base flow throughout the
basin.

At a very small scale, differences in hydraulic
properties between fractures and the intervening solid
rock are exaggerated. As scale increases and the num-
ber of fractures in any unit volume of aquifer (fracture
density) increases, hydraulic properties of the
fractured-rock aquifer take on some semblance of
porous-media equivalence. At scales contemplated for
the model described in this study, highly fractured
rock presumably would have porous-media equiva-
lence, but large features such as faults, shear zones,
and solution openings would not. Large solution
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openings such as caverns are not likely in the Indian
Creek area, although some small carbonate (marble)
bodies have been mapped in the Inner Piedmont and
Kings Mountain belts (Goldsmith and others, 1988).
Faults and shear zones are more likely pathways for
channeling ground-water flow within the basin or
across basin boundaries. Some faults and shear zones
possess considerable secondary porosity, although
others do not, and some have lost their porosity as a
result of secondary mineralization. A detailed study of
base flow, in addition to providing information on uni-
formity of aquifer properties, can provide information
on channeling of ground water along preferential path-

ways such as faults, shear zones, and solution open-
ings.

A detailed synoptic survey of base flow in the
Indian Creek Basin was conducted during
November 26-28, 1990. Discharge was measured at
85 stream sites (fig. 25; table 8, p. C103) during this
period. Measurements of stream width, cross-section
area, and average depth also were determined at these
sites (table 9). Discharge from the basin, as measured
at the gaging station near Laboratory, N.C., was about
57 ft'/s on November 27. This is nearly the same as
the median discharge of 56 ft*/s during the 39-year
period of record from water years 1952 through 1990.
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Figure 25. Locations of 85 stream sites in the Indian Creek Basin where synoptic surveys of

base flow and water-quality conditions wer

e made. (Measurements of strike and dip were

made on fractures and foliation in the bedrock exposed at some sites [tables 4 and 5] in the

stream channel. Gaging station 02143500,
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Indian Creek near Laboratory, N.C., is at site 85.)
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Table 9. Stream width, cross-section area, and average
depth at 85 stream sites in the Indian Creek Basin,

November 26—-28, 1990

[ft, feet; ft, square feet]

Table 9. Stream width, cross-section area, and average
depth at 85 stream sites in the Indian Creek Basin,
November 26—28, 1990—Continued

[ft, feet; ft, square feet]

Site number Width Area Average Site number Width Area Average
(fig. 25; table 8) (ft) () depth (ft) (fig. 25; table 8) () (ft3) depth (ft)
1 3.3 1.06 0.32 51 15.0 8.00 0.53
2 8.9 3.04 34 52 17.0 8.43 .50
3 3.0 .87 .29 53 30.0 36.7 1.23
4 3.0 .50 .16 54 4.2 1.32 31
5 5.0 2.02 .40 55 4.0 1.05 .26
6 1.5 .22 15 56 9.0 4.79 .53
7 8.2 3.03 .37 57 3.0 .69 .23
8 10.0 1.78 18 58 2.3 .19 .08
9 7.7 3.00 .39 59 4.9 2.29 47
10 10.7 3.06 .29 60 7.1 2.35 .33
11 7.5 3.03 40 61 2.7 52 .19
12 1.5 21 .14 62 9.3 4.08 44
13 15.0 5.08 34 63 10.0 2.59 .26
14 1.9 .66 .35 64 13.0 5.03 .39
15 2.0 74 .37 65 4.5 1.04 23
16 20.0 10.9 .54 66 3.5 71 22
17 93 3.66 .39 67 4.9 1.06 22
18 34 .90 .26 68 .80 .04 .05
19 9.7 3.79 .39 69 12.0 3.77 31
20 4.4 .92 21 70 1.6 .16 .100
21 24.0 22.7 .95 71 34.0 343 1.01
22 25.0 20.5 .82 72 51.0 200.0 392
23 16.5 13.1 .79 73 2.5 40 .16
24 9.6 4.35 45 74 8.6 1.81 21
25 1.8 18 .10 75 3.5 1.66 47
26 26.0 154 .59 76 32.0 89.8 2.81
27 2.6 42 .16 77 32 1.12 35
28 2.9 1.16 40 78 3.6 .89 25
29 2.0 .60 .30 79 4.7 2.87 .61
30 12.6 7.69 .61 80 25.0 32.2 1.29
31 3.1 1.17 .38 81 1.5 21 .14
32 24.0 20.5 .85 82 8.0 2.23 .28
33 17.0 4.75 .28 83 1.6 23 .14
34 29.0 253 .87 84 2.2 42 .19
35 4.5 1.09 24 85 63.0 61.3 97
36 4.3 1.22 .28
37 3.7 1.78 48
38 38 97 26 In addition to being representative of median flow
431(9) 22 ;gs i; conditions, no major storms occurred in the basin
al 3 70 23:2 3 during the 4 weeks prior to the November 2628,
42 4.0 91 23 1990, survey. A minor storm occurred on
43 23 38 .16 November 10, 16 days prior to the survey, when daily
44 1.80 41 23 average discharge peaked at 112 ft*/s. Flow from this
45 2.0 5.62 62 storm had entirely dissipated by the time of the survey.
2? 1‘7‘:3 831 :}13 Accordingly, based on stream discharge and climato-
48 29 61 91 logical records, streamflow during the survey was
49 1.5 9.48 82 considered steady and due entirely to ground-water
50 6.0 2.57 43 discharge.
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Unit area discharges were computed to facilitate
comparison of discharges at the 85 sites. Unit area dis-
charges were computed for the entire drainage area
above the site where streamflow was measured, and as
the difference between discharge at a site and any
upstream site (net discharge) divided by the drainage
area for the reach between the sites (intervening drain-
age area). When a site was the most upstream site on a
stream, the intervening drainage area was simply the
drainage area above the site. The net discharge compu-
tation was performed to isolate and enhance any local
variation in base flow. Statistics for the two computa-
tions of unit area discharge, total drainage areas above
sites, and drainage areas between sites are listed in
table 10.

Drainage areas for the 85 synoptic survey sites
range from 0.13 mi’ for a headwater site—the most
upstream site on a stream—to 69.48 mi” at the gaging
station near Laboratory, N.C. Unit area discharges at
these 85 sites (table 11) range from 0.070 (ft*/s)/mi* to
1.337 (ft*/s)/mi* and average 0.799 (ft*/s)/mi’.
Approximately 80 percent of the unit area discharges
are within plus or minus one standard deviation of the
mean. If these data were normaily distributed,

66 percent of the data would occur within plus or
minus one standard deviation. This tendency of the
data to cluster about the mean is also indicated by a
kurtosis of 5.035. The nature of data at the extremes is
interesting because both the minimum and maximum
values of unit area discharge are from headwater sites.
In fact, the five lowest unit area discharges and the five
highest unit area discharges are from headwater sites.
Drainage areas of the five lowest unit area discharge
sites range from 0.14 to 0.30 mi” and average 0.20 mi®.
Drainage areas related to the five highest unit area dis-
charge sites range from 0.38 to 0.68 mi” and average
0.54 mi®. Unit area discharges at the other 75 sites are
between these extremes, yet many of the sites relate to
larger, often much larger, drainage areas.

Inspection of topographic maps suggests that
differences in extremes of base-flow discharge are due
to differences in relief and depth of incision of corre-
sponding headwater streams. The five tributary areas
with the lowest unit area discharges have modest
relief, their valleys are not deeply incised, and the
streamflow measurement sites are closer to drainage
divides compared to the five areas with the highest unit
area discharges. Stream gradients in the five high dis-
charge areas are also steeper than gradients in the low
discharge areas. These observations suggest that

higher base flows are associated with higher relief,
which could result in steeper ground-water hydraulic
gradients. Assuming that the hydraulic properties of
regolith and bedrock are everywhere similar in the
Indian Creek Basin, differences in base flow reflect
differences in ground-water gradients.

Unit area discharges at sites further downstream
from headwater sites and with larger drainage areas
probably reflect an averaging of the extremes. Stream
gradients and relief also tend to decrease with distance
downstream, and valleys and flood plains tend to
broaden. This suggests that as tributary drainage areas
increase and valleys and flood plains broaden, ground-
water gradients decline.

Unit area discharges for intervening areas
between streamflow measuring sites ranged from
-0.444 to 4.497 (ft’/s)/mi* and averaged
0.840 (ft*/s)/mi? (table 11). No discernible pattern of
discharge occurred on an areal basis or along individ-
ual streams to indicate preferential movement of
ground water through faults or shear zones. Negative
values of unit area discharge were computed for two
sites on Indian Creek—site 76 [-0.444 (ft*/s)/mi*] and
site 80 [-0.406 (ft*/s)/mi*]. However, discharge gains
in streams tributary to Indian Creek near sites 76 and
80 are positive and relatively large. The two highest
intervening unit area discharges occurred at site 26
[4.497 (ft'/s)/mi*] and site 72 [2.558 (ft*/s)/mi’]. These
two sites also are on Indian Creek, have above average
discharge and drainage area compared to the other
83 sites, and have small intervening areas between the
sites and upstream sites. Accordingly, much of the
variation in intervening unit area discharge data may
result from (1) errors in discharge measurements (gen-
erally given as plus or minus 5 percent, although it
may be higher), (2) errors in determining drainage
areas from topographic maps where diversion of
drainage for agriculture, roadways, and urban devel-
opment may not always be apparent, and (3) the
related mathematical computations, particularly divi-
sion by small values of intervening drainage area
when measurement sites are close together. Even if
preferential ground-water flow were taking place,
evaluation of this flow probably would be hindered by
variation of unit area discharge resulting from other
nonhydrologic data.

Data from the synoptic survey of base flow and
related unit area discharges do not indicate channeling
of ground water within the basin or beneath basin
boundaries through large-scale features such as faults,
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Table 10. Results of synoptic base-flow survey of 85 stream sites within the Indian Creek Basin,
November 26-28, 1990

[ft'/s, cubic feet per second; mi’, square miles; (ft'/s)/mi’, cubic feet per second per square mile: *, denotes the furthest upstream site on a stream]
p! q P! per sq

Intervening

Drainage Unit area drainage l.!nit area

Site ] ) are_a discharqe area dlscharg_e

Date Time Discharge (mi?, ([f¥/s)/mi?, - ([ft¥/s])/mi?,

m_xmber (1990) (hours) (ft/s) total for total (m#", for reach

(fig. 25) . for reach

above drainage between

site) area) bet.ween sites)
sites)

1* 11/26 1030 0.20 0.29 0.690 0.29 0.690
2 11/26 1130 1.14 1.24 931 93 1.008
3% 11/26 1210 .58 .62 922 .62 922
4* 11726 1015 25 32 787 32 187
5% 11/26 1055 1.15 1.21 950 1.21 950
6* 11726 1135 .09 13 703 13 703
7 11726 1210 .96 1.09 .878 47 .820
8* 11/26 1115 1.08 1.25 .862 1.25 .862
9 11/26 1205 2.24 2.70 .828 1.48 743
10 11/26 1300 1.36 1.44 .941 .35 1.136
11 11726 1105 245 2.66 921 1.00 955
12* 11/26 1300 .19 32 .594 32 .594
13 11726 1325 3.18 3.26 976 .60 1.225
14* 11/26 1430 33 .38 .849 .38 .849
15* 11/26 1410 25 .29 852 .29 .852
16 11726 1220 4.05 4.93 821 .65 .826
17 11/26 1300 1.62 2.00 .808 .56 464
18%* 11/26 1350 41 40 1.035 40 1.035
19 11726 1450 3.35 372 .902 .46 371
20* 11726 1010 .58 .68 .848 .68 .848
21 11/26 1400 8.28 10.68 776 1.98 528
22 11/26 1700 10.1 12.00 .842 1.32 1.375
23 11/26 1550 4.16 5.64 738 1.92 421
24%* 11/26 1635 .66 .86 767 .86 767
25% 11/26 1440 .07 .14 479 .14 479
26 11726 1430 15.6 17.94 .870 .30 4.497
27%* 11/26 1530 22 25 .869 25 .869
28* 11/26 1530 27 27 1.007 27 1.007
29%* 11726 1555 15 .30 517 .30 517
30 11/26 1605 1.86 2.53 736 .96 739
31* 11727 1115 .34 48 .706 48 706
32 11/27 0905 17.2 19.60 .878 94 1.115
33 11727 1035 3.17 4.00 792 1.48 .886
34 11/26 1550 238 26.94 .883 3.33 1.029
35% 11/26 1635 51 .55 .932 .55 932
36* 11/27 1110 .64 .93 .692 .93 692
37* 11/27 1020 .68 .66 1.030 .66 1.030
38%* 11726 1700 31 .46 .675 46 675
39 11726 1725 1.67 1.90 877 1.36 855
40 11727 0930 1.00 1.44 .693 .52 694
41 11727 0850 259 30.52 .849 2.46 453
42% 11/27 0845 .87 1.06 .826 1.06 .826
43* 11/27 1235 .09 18 478 .18 478
44%* 11/27 1305 17 27 .624 27 .624
45 11/27 1355 2.67 3.68 725 1.78 .562
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Table 10. Results of synoptic base-flow survey of 85 stream sites within the Indian Creek Basin,
November 26-28, 1990—Continued

[ft*/s, cubic feet per second; mi’, square miles; (ft¥/s)/mi’, cubic feet per second per square mile; *, denotes the furthest upstream site on a stream]

Intervening

Drainage L'lnit area drainage Unit area

Site ) arga dlscharqe area discharg_e

number Date Time Discharge (mi?, ([ft/s)/mi?, (mi? ([ft*/s)/mi?,

" (1990) (hours) (ft%/s) total for total ’ for reach

(fig. 25) . for reach

above drainage between

site) area) bet'ween sites)
sites)

46* 11727 1055 0.27 0.51 0.530 0.51 0.530
47 11/27 1200 1.64 1.93 .848 1.42 .962
48%* 1127 1130 .68 72 944 72 944
49 11/26 1445 2.74 3.09 .887 44 .966
50 11727 1540 1.90 2.31 821 87 1.033
51 11727 1350 4.98 6.43 774 1.03 330
52 11727 1210 5.53 6.66 831 22 2.466
53 11727 1130 27.4 32.75 .836 1.18 531
54* 11/27 1050 .32 .40 .809 40 .809
55 11727 1450 .63 .90 .703 .63 736
56 11727 1540 3.68 4.87 756 L.19 851
57* 11727 1600 .58 .56 1.025 .56 1.025
58%* 11727 0900 .04 21 192 21 192
59* 11727 1630 .50 .38 1.337 .38 1.337
60 11727 1310 249 2.99 834 .78 658
61* 11727 1430 .28 .30 .953 .30 .953
62 11/27 1450 4.42 5.10 .867 1.82 .907
63 L11/27 1725 2.08 2.54 818 1.46 931
64 11727 1650 4.28 5.64 759 .20 103
65* 11/28 0905 74 .68 1.092 .68 1.092
66* 11/27 1015 24 .38 .648 .38 .648
67 11727 0940 51 .58 877 37 1.263
68* 11/28 0805 .01 .18 .070 .18 .070
69 11/28 0830 1.46 1.64 .888 .69 1.026
70* 11727 1240 .18 24 755 24 755
71 11/28 1020 43.1 50.12 .860 2.95 1.288
72 11/28 0915 48.1 52.07 924 1.96 2.558
73%* 11727 1320 .36 46 786 46 .786
74 1127 1405 1.16 1.74 .668 .69 467
75* 11/28 1045 28 28 1.014 28 1.014
76 11/27 1800 54.3 62.97 .862 2.04 -444
77* 1127 1630 31 46 679 46 .679
78* 11727 0830 47 .58 815 .58 815
79%* 11/27 1600 75 1.13 667 1.13 .667
80 11/27 1510 54.1 64.69 .836 1.26 -.406
81* 11/28 1025 .16 .28 551 28 551
82 11/28 1020 1.79 2.52 710 L.11 795
83* 11727 1600 17 .24 714 24 714
84* 11/28 0950 15 .18 .826 18 .826
85 11727 1720 57.2 69.48 .823 1.86 .534
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Table 11. Statistical summary of unit area discharges at sites in the Indian Creek Basin

[(ft*/s)/mi?, cubic feet per second per square mile. Discharges were measured during a synoptic low-flow survey of 83 sites,

November 26-28, 1990}

Unit area discharge ([ft¥/s}/mi?)

Aversge  olimion MU il cuane MU gl decuie  Maximum
Unit area discharge for total drainage area above site
0.799 0.173 0.070 0.624 0714 0.826 0.878 0.953 1.337
Unit area discharge for intervening drainage area between sites’
0.840 0.576 -0.444 0453 0.624 0.815 0.962 1.136 4.497

'When a site is the most upstream site on a stream, the drainage area is the drainage area above the site.

shear zones, or solution openings. The narrow range of
unit area discharges (by the first method described
above) indicates a rather uniform contribution of
ground water to streamflow throughout the Indian
Creek Basin. Hydrologic explanations for areal varia-
tion in unit area discharge are based on local variation
in topographic relief and ground-water gradients.
Hydrologic properties of the aquifer materials seem to
be areally uniform at the scales involved in this evalua-
tion.

Springs

Small springs occur throughout the Indian
Creek area. Most springs occur near the outer margins
of valley flats along the base of terraces or valley
walls, or on near-valley slopes. Some springs are
depression springs that occur where a topographic low
or change in topography results in ground-water dis-
charge below the intersection of the water table and
the land surface. Other springs, called contact springs,
may be created by seepage from an area where the
contact between regolith and bedrock is at or near land
surface.

Some springs in the area have been developed
for use as agricultural or domestic water sources.
Development usually involves construction of
masonry or concrete spring boxes to maintain sanitary
conditions; some supplies depend on gravity flow to
the point of use, whereas other springs have pumps
and pressure tanks. Development of a few springs

included excavation of as much as 8 to 10 ft of soil and
the installation of gravel-packed concrete casing and
pump. In one instance, the developed spring provides
enough flow to be used as the primary source of water
for several households.

Water Budget

The water budget of the Indian Creek Basin can
be expressed by the following general form of a mass
balance equation:

precipitation = evaporation + transpiration
+ streamflow + change in storage. N

Under natural conditions, precipitation represents the
source of 100 percent of surface-water and ground-
water supplies. Part of the precipitation is returned to
the atmosphere by evaporation from soil, wet surfaces,
and surface-water bodies and by transpiration by
vegetation (collectively referred to as evapotran-
spiration).

Streamflow has two components: (1) ground-
water discharge (also called base flow), and (2) surface
runoff consisting of overland flow from areas that can-
not absorb the water as fast as it falls, and precipitation
that falls directly on bodies of water. Storage has two
components: (1) water stored in surface-water bodies,
and (2) water stored in the ground as ground water.
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Components of the water budget that are impor-
tant to this study are ground-water storage and
recharge to and discharge from the ground-water sys-
tem that result in changes in ground-water storage.
When net changes in ground-water storage are small
over a specified time interval, ground-water recharge
is roughly equal to ground-water discharge. For this
discussion, components of the water budget are
expressed as percentages of precipitation on an annual
(water year) basis.

Precipitation

Average precipitation in the water budget was
computed from a modified form of the Thiessen poly-
gon method (Johnstone and Cross, 1949, p. 45) for an
area of southwestern North Carolina that includes the
Indian Creek Basin (fig. 26). Because only one precip-
itation station is in the basin, additional stations in the
immediate vicinity of the basin were selected for use
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Figure 26. Modified Thiessen polygon of precipitation
stations used for estimating average rainfall for the Indian
Creek Basin and model area.

Hydrogeology and Simulation of Ground-Water Flow in the Indian Creek Basin, North Carolina

in the computation to obtain a regionally representa-
tive value. The Thiessen method is favored over the
arithmetic mean because it has the theoretical advan-
tage of allowing for irregularities in gage spacing by
weighting the value from each gage in proportion to
the area that the gage is assumed to represent.

The modified Thiessen method produced
weighted monthly and annual averages (equivalent
uniform depth, EUD) for the area within the large
polygon (fig. 26) that includes the Indian Creek Basin.
Data from five National Weather Service rainfall sta-
tions (fig. 26) were used to compute regional average
values according to the following equation:

EUD = 0.1148 (Station 1) + 0.1719 (Station 2)
+ 0.4442 (Station 3) + 0.1657 (Station 4)
+0.1034 (Station 5). )

Long-term annual average precipitation from 1952
through the 1990 water years for the Indian Creek area
was 48.25 in. Monthly average values are given as part
of a water budget in the next section of this report.

Recharge-Discharge

The net ground-water recharge from precipi-
tation cannot be measured directly; however, an esti-
mate of the amount of precipitation that infiltrates into
the ground and uvltimately reaches the streams of the
study area as base flow can be determined by the tech-
nique of hydrograph separation (Rorabaugh, 1964;
Daniel, 1976; Pettyjohn and Henning, 1979; Daniel,
1990b; Rutledge, 1992). Hydrograph separation
entails dividing the streamflow graph (hydrograph)
into two components—ground-water discharge and
overland runoff—and then totaling the flow deter-
mined to be ground-water discharge over the
hydrograph period. Assuming no long-term change in
ground-water storage has occurred, ground-water dis-
charge is equal to ground-water recharge.

The hydrograph separation method employed in
this study is the local minimum method of Pettyjohn
and Henning (1979) that estimates values of daily base
flow (table 12, p. C107). The method is executed by a
Fortran-77 computer program that reads data files of
daily mean streamflow obtained from USGS records.
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Because this method entails calculation of daily
ground-water discharge, use of the small time scale
may result in substantial errors in daily estimates
because storm events last for periods longer than a
day. Therefore, means for longer periods (month, year)
are reported in the water-budget summaries (tables 13
and 14) that are discussed in a later section.

The Pettyjohn—Henning method belongs to a
category of hydrograph separation techniques known
as base-flow-record estimation (Rutledge, 1992).
Results from this method include the effects of ripar-
ian evapotranspiration (loss of ground water to vegeta-
tion and evaporative losses on the flood plain) and,
therefore, are usually lower than estimates produced
by the hydrograph separation technique of recession-

curve-displacement (Rutledge, 1992). Estimates of
ground-water recharge produced by base-flow-record
estimation are sometimes called effective (or residual)
ground-water recharge because the estimates represent
the difference between actual recharge and losses to
riparian evapotranspiration.

The recession-curve-displacement method,
often referred to as the Rorabaugh or the Rorabaugh—
Daniel method (Rorabaugh, 1964; Daniel, 1976), is
more theoretically based compared to base-flow-
record estimation, and is much less affected by
riparian evapotranspiration. Disadvantages of the
recession-curve-displacement method include the
lengthy time required to manually apply all the steps
necessary to calculate recharge for each storm event.

Table 13. Water budget for the Indian Creek Basin, 1952 through 1990 water years

[Values in inches, except percent, which is the annual total expressed as percent of precipitation]

Annual Per-
Now. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. total cent
Precipitation 3.01 3.83 392  4.09 5.24 3.73 4.18 4.40 426 4.29 4.16 48.25 100.0
Total runoff .............. 1.02 1.56 1.88 2.07 2.47 1.87 1.49 1.17 91 91 76 17.19 35.6
Base flow.....ccoeneneee 56 67 .89 1.12 1.17 1.38 1.24 99 74 .61 53 .45 10.35 214
Overland runoff ....... 52 .35 .67 .76 .90 1.09 .63 .50 43 30 38 31 6.84 14.2
Evapotranspiration... 2.06 1.99 227 204 202 2.77 1.86 2.69 3.23 3.35 3.38 3.40 31.06 64.4
Note: Base flow during the period 1952 through 1990 water years was 60.2 percent of total runoff.
Table 14. Water budget for the Indian Creek Basin, 1991 and 1992 water years
[Values in inches, except percent, which is the annual total expressed as percent of precipitation]
1991 water year

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. At':) '::Ia ! :::;
Precipitation ............ 11.67 224 325 493 1.94  6.67 7.13 3.86 3.15 284 7.16 1.19 56.03 100.0
Total runoff.............. 468 1.16 1.27 2.51 1.19 3.16 3.00 1.78 1.19 75 1.26 48 22.43 40.0
Base flow................. 1.16 94 1.09 1.61 1.14 1.55 1.77 1.41 .80 .60 .66 45 13.18 235
Overland runoff....... 352 22 .18 .90 .05 1.61 1.23 .37 39 15 .60 .03 9.25 16.5
Evapotranspiration .. 699 1.08 198 242 75 351 413 208 196 209 590 1 33.60 60.0

1992 water year

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. A::) '::Ia : ::l:-t
Precipitation ............ 008 1.34 3.29 264 440 4.68 390 5.62 6.80 2.12 5.62 4.77 45.26 100.0
Total runoff.............. 44 .55 71 98 1.47 1.93 1.65 1.34 2.56 .70 .83 .59 13.75 304
Base flow 41 .49 .56 .67 .64 1.12 91 .83 1.12 .60 .49 .50 8.34 18.4
Overland runoff....... .03 .06 15 31 .83 .81 74 51 1.44 .10 .34 .09 5.41 12.0
Evapotranspiration .. ™ .79 2.58 1.66 2.93 2.75 2.25 4.28 4.24 1.42 4.79 4.18 31.87 70.4

'"Evapotranspiration was not estimated because total runoff was greater than precipitation.
Note: Base flow during the 1991 water year was 58.8 percent of total runoff. Base flow during the 1992 water year was 60.7 percent of total runoff.
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Development and testing of a computer program to
mechanically compute recession-curve-displacement
(Rorabaugh—Daniel) results was begun as part of the
APRASA study but was not available for this study.
Streamflow data for Indian Creek at the Laboratory,
N.C., gaging station began in 1951, and represent dis-
charge from most of the drainage included in the
Indian Creek model area. The computerized
Pettyjohn—Henning local minimum method was
chosen to analyze the more than 30 years of this
streamflow record.

Results from selected hydrograph separation
techniques, including the Pettyjohn—Henning local
minimum method and the Rorabaugh—Daniel method,
were compared by Daniel (1990b). Results of the
comparison for 161 water years of record from 16
stations in four states (Georgia, North Carolina,
Pennsylvania, and Tennessee), showed that the
Pettyjohn—Henning local minimum method produced
results that averaged 21 percent lower than the
Rorabaugh—Daniel recession-curve-displacement
method. These results suggest that riparian evapo-
transpiration may consume, on average, 21 percent of
ground-water recharge before it discharges to streams
as base flow.

Knowledge of differences between estimates of
ground-water recharge produced by different
hydrograph separation techniques, and the magnitude
of these differences, is important for the development
and calibration of ground-water models. Initial esti-
mates of recharge to the Indian Creek Basin ground-
water model were based on results from the
Pettyjohn—-Henning local minimum method; therefore,
during model testing and calibration, increases in esti-
mates of recharge of up to 21 percent were considered
reasonable, particularly for upland areas outside of
flood plains.

Ground-Water Storage

" Most ground water in the Piedmont ground-
water system is stored in the regolith; the quantity
stored in the bedrock is small by comparison. Ground-
water levels and corresponding changes in storage
vary seasonally, declining during the summer when
atmospheric conditions enhance evaporation and
plants transpire significant quantities of water, and
rising during the winter when plants are dormant. The
seasonal range of water-level change is about 6-10 ft;
thus, the average saturated thickness of the regolith
varies seasonally by 6 to 10 ft. However, net changes

on an annual basis are usually small, and long-term
changes in ground-water storage in the study area are
small or zero.

Because nearly all ground water is stored in the
regolith, the quantity of water in storage can be esti-
mated from the saturated thickness of regolith. The
depth of well casing used in drilled open-hole wells
approximates the regolith thickness at a given well. By
subtracting the depth to water from the depth of cas-
ing, an estimate of the saturated thickness of regolith
is obtained. If the water level in the well is below the
bottom of the casing, the saturated thickness of
regolith is equal to zero. Table 15 provides a statistical
summary of data on depth of well casing, depth to
water, and estimated saturated thickness of regolith for
wells in different topographic settings. The average
depth of well casing for all wells is 63 ft. The average
depth to water is greatest beneath hills and ridges and
least beneath valleys and draws. Consequently, the sat-
urated thickness of regolith is least beneath hills and
ridges (average 26.1 ft) and greatest beneath valleys
and draws (average 35.6 ft).

Accordingly, the quantity of ground water avail-
able from storage in the Indian Creek Basin can be
estimated from the following general equation:

Available ground water = average saturated
thickness of regolith x average specific
yield of regolith. 3)

The specific yield to be used in the above storage
computation can be derived from the relation for
northeastern Georgia as shown in figure 27A
(modified from Stewart, 1962). Specific yield is the
ratio of the volume of water a saturated rock (or other
earth material) will yield by gravity, to the total
volume of rock. The distinction between porosity and
specific yield is important; porosity indicates the total
volume of pore space in the rock while specific yield
refers to the volume of water that can be drained by
gravity from the saturated rock. The two values are not
equal because some water is retained within the spaces
by surface tension and as a film on the rock surface.
The ratio of the volume of water retained to the total
volume of rock is the specific retention. Based on the
average thicknesses of saturated regolith as shown in
table 15 and the relations shown in figure 27B, the
average quantity of available water in storage is

0.8 million gallons per acre beneath hills and ridges,
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Table 15. Statistical summary of casing depth, water-level, and estimated saturated thickness of regolith data
for drilled wells according to topographic setting compared to statistics for all wells

[ft, feet; VD, wells in valleys and draws; SL, wells on slopes; HR, wells on hills and ridges]

Topographic Average First First Median Third Ninth Number
setting 9 dectile quartile quartile dectile of wells
Depth of well casing (ft)
VD............. 59.6 21 32 48 80 100 101
) DRR 62.2 26 40 60 80 100 368
HR............. 65.4 30 44 61 82 102 267
All wells.... 63.0 27 40 60 80 100 736
Water level (ft below land surface)
VD....ceuenue. 239 5.1 12 20 30 46 128
) DR 33.1 15 20 32 40 50 307
HR............. 47.0 26 35 45 55 72 287
All wells.... 37.0 15 22 35 47 60 722
Saturated thickness of regolith (ft)
35.6 0 10 30 58 77 82
30.0 0 6 24 48 67 255
26.1 0 0 17 448 62 192
All wells.... 29.5 0 4 22 47 67 529
A B
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Figure 27. Relations of porosity and specific yield to total ground-water storage and available water in the regolith.

A, Variation of porosity and specific yield with depth in the regolith (modified from Stewart, 1962); B, Total water
in storage below the water table and water available by gravity drainage.
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1.1 million gallons per acre beneath slopes, and
1.5 million gallons per acre beneath valleys and draws.
Where a discrete transition zone is present
between the saprolite and unweathered bedrock
(Harned and Daniel, 1992), the relations between
porosity and depth, and specific yield and depth are
nonlinear. Consequently, the equation given in the pre-
ceding paragraph would be nonlinear, and a plot of
this relation would be nonlinear as shown in
figure 27B. The quantity of water available from stor-
age can be estimated from figure 27B. However, the
water table throughout much of the basin seems to be
in the saprolite, as determined from water levels in
bored and hand-dug wells. Few, if any, of these wells
penetrate the transition zone, the top of which is the
point of refusal for most well-boring equipment.
Although water levels fluctuate seasonally in these
wells, few go dry, indicating that for the most part sea-
sonal fluctuation of the water table occurs within the
saprolite. As shown in figure 27B, water available
from storage in the saprolite follows a more or less lin-
ear part of the relation corresponding to a specific
yield of about 0.20 as shown in figure 27A. Therefore,
the contribution to base flow from storage can be esti-
mated by the linear relation:

Water from storage = 0.20 x change
in water table. 4

Based on this equation and a 610 ft annual variation
in the water table, the quantity of water in storage can
increase or decrease by 1.2-2.0 cubic feet per square
foot of aquifer area (0.34—0.56 million gallons per
acre) in a year’s time.

Because sufficient similarities exist between the
Piedmont of northeastern Georgia and the Piedmont of
southwestern North Carolina, this information can be
used with reasonable confidence. The depth of weath-
ering, lithology of the underlying bedrock, and
geologic structures are similar for both areas. Further-
more, Daniel and Sharpless (1983) reported that de-
watering of saprolite during a pumping test in a similar
hydrogeologic setting in the central Piedmont of North
Carolina could be explained by a specific yield of
0.20.

Variation in the Water Budget

Water budgets for the Indian Creek Basin have
been computed for the period 1952 through 1990

water years (table 13) and for the 1991 and 1992 water
years (table 14). The period 1952 through 1990 is the
period of streamflow record from the gaging station on
Indian Creek near Laboratory, N.C., that was compiled
prior to this study. The budgets for the 1991 and 1992
water years correspond to the 2 years of data collec-
tion, including water-level measurements, that
occurred during this study. The verification period for
the ground-water flow model also was 1991-92.
Through 1990, precipitation averaged 48.25 in. annu-
ally. The 1991 water year was relatively wet, with
56.03 in. of precipitation, whereas the 1992 water year
was relatively dry, particularly at the beginning of the
year, with 45.26 in. of precipitation. Ground-water
recharge, as estimated from base flow, was 13.18 in. in
1991 and 8.34 in. in 1992. In terms of total runoff,
base flow was 58.8 percent of the total in 1991 and
60.7 percent of the total in 1992. These estimates are
comparable to the long-term average for the 39-year
period from 1952 to 1990 during which base flow
averaged 10.35 in., or 60.2 percent of total runoff. For
this period, the minimum was 45.4 percent of total
runoff in 1952, and the maximum was 74.4 percent in
1976.

When the components of the water budget are
analyzed on a monthly basis, a pronounced pattern, or
seasonality, is apparent. Higher ground-water recharge
occurs during the cooler, nongrowing months of
December through March, whereas lower ground-
water recharge occurs at the height of the growing
season during June through September (fig. 28). The
seasonality in ground-water recharge is due primarily
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Figure 28. Variation of estimated monthly mean ground-
water recharge for the Indian Creek Basin near Laboratory,
N.C., for water years 1952-90.
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to seasonal variation in evapotranspiration. Seasonal
patterns in precipitation have less effect on recharge.
In fact, long-term records indicate that precipitation is
rather evenly distributed during the year and that the
wettest months are often June and July, near the height
of seasonal ground-water declines.

Hydrogeologic Characteristics

Hydrogeologic characteristics of the aquifer
system in the Indian Creek area were determined from
well data compiled from various sources and from
published reports detailing hydrogeologic characteris-
tics in similar terranes elsewhere in the Piedmont. The
sources of well data included site inventories by
project staff, published reports, unpublished data from
USGS well data files, and computerized well records
in the USGS’s Ground-Water Site Inventory (GWSI)
data base.

Well data from the study area were compiled
during a systematic field inventory that began with a
1-mi by 1-mi grid superimposed on a topographic map
of the study area. Within each grid cell, an effort was
made to identify and inventory at least one well for
each of three topographic settings: (1) upland areas,
(2) slopes, and (3) topographic lows along valleys and
draws. The most complete data, by grid cell, are for
wells in upland areas, which is partly attributable to
the fact that most wells are found at homes and farms
located at the better drained sites on hills and drainage
divides. Another factor affecting data availability was
the order of data collection. The collection of data dur-
ing the inventory was prioritized by topographic set-
ting such that wells in upland areas were to be
collected first, and data for wells in topographic lows
were to be collected last. This prioritization was based
on the contingency that wells for all three settings
might not be identified in the time set aside for field
work, and on the knowledge that the greatest depth to
the water table and the greatest seasonal fluctuation in
the water table occur beneath uplands. In the advent
that wells were not identified in lowlands, water levels
in perennial streams, as estimated from topographic
contour maps, would provide estimates of the water
table.

A second phase of the well inventory was
based on drillers’ well completion reports filed with
the North Carolina Division of Environmental
Management, Ground-Water Section. Well records
for the Indian Creek area were obtained from the

Mooresville, N.C., office of the Division of Environ-
mental Management. Useful well data included depth
of casing in drilled wells, depth of bored wells, static
water levels, yields, specific capacity or data from
pumping tests from which specific capacity could be
determined, construction characteristics, and site-
location maps. Because the reports contained usable
data and site-location maps, an effort was made to
field check the well locations and plot the sites on
USGS 7.5-minute topographic quadrangle maps. Only
those wells that were field checked were included in
the final inventory.

Following the location of well sites on topo-
graphic maps, latitudes and longitudes of well sites
were determined, corresponding land-surface altitudes
were estimated, and hydrogeologic units were
assigned based on the hydrogeologic unit map for the
Piedmont and Blue Ridge Provinces by Daniel and
Payne (1990). The coding of data on GWSI forms was
then completed and entered into the GW SI data base.

A third aspect of the well inventory involved
checking the GWSI data base for records of wells in
the Indian Creek area. The few existing records were
based on data taken from published reports of ground-
water studies by Legrand and Mundorff (1952),
LeGrand (1954), and Sumsion and Laney (1967).
These records were reviewed for completeness and
were updated whenever additional information was
available. Many of the GWSI sites were visited during
the field inventory and located on 7.5-minute topo-
graphic maps for an update of land-surface altitudes
(which were not available from the previous studies)
and assignment of hydrogeologic units. Entry of land-
surface altitudes and corrections of latitude and longi-
tude data were the most important updates. Including
updates, data for more than 310 wells were added to
the GWSI data base. Records for these wells in the
Indian Creek area are listed in table 16 (p. C118).

Data for drilled wells completed in bedrock
throughout the Piedmont part of the Chauga and Inner
Piedmont belts, the Kings Mountain belt, and the
Charlotte belt were also retrieved from the GWSI data
base and edited. Depth and yield data were extracted
for wells that were located in the same hydrogeologic
units (table 2) present in the Indian Creek Basin. In
addition, a review of reports by LeGrand and
Mundorff (1952), Legrand (1954), and Sumsion and
Laney (1967), and files of well records and field notes
indicated that specific capacities could be calculated
from available test data for 336 wells in these units.
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Many specific-capacity tests reported by LeGrand
(1954) were of 2-hour duration or less, and most
occurred in 6-in.-diameter wells.

Characteristics of Wells

Drilled wells completed in bedrock in the south-
western Piedmont Province of North Carolina are
characterized with regard to yield, yield per foot of
total well depth, specific capacity, and depth by the
statistics presented in table 17. Data used for the com-
putation of these statistics were compiled from the
GWSI data base reports by LeGrand and Mundorff
(1952), LeGrand (1954), and Sumsion and Laney
(1967) for the areas shown in figure 3, and combined
with data about drilled wells inventoried during this
study (table 16). As described in the preceding section,
the data were edited so that they were limited to the
Piedmont part of the Chauga and Inner Piedmont
belts, the Kings Mountain belt, and the Charlotte belt

(figs. 11, 32 [p. C50]). The wells included in the data
set are limited to the five hydrogeologic units present
in the Indian Creek Basin.

The average and median values of depth, yield,
and specific capacity for wells in each of three topo-
graphic settings are listed on the left half of table 17.
Daniel (1989) observed that wells could be catego-
rized into three significantly different groups of topo-
graphic settings on the basis of well yield. These
topographic settings are arranged in order of decreas-
ing average yield. The statistics of well characteristics
in the three topographic settings can be compared to
statistics computed for all wells in the sample. The sta-
tistics given in the right half of table 17 define the fre-
quency at which a given value of a well characteristic
can be expected to occur. Similar statistics for depth of
well casing, depth to static water level, and saturated
thickness of regolith are presented in table 15 in the
section, “Ground-Water Storage.” The drilled wells

Table 17. Average and median values of selected characteristics for drilled wells according to topographic setting compared

to statistics for all wells

Topographic setting All wells Num-
. - ber
Characteristic Valleys Hills First First . Third Ninth of
and Slopes and Average dectile quartile Median quartile dectile wells
draws ridges
Average yield' 30.0 19.3 13.3 193 3 5 11 24 40 1,245
(gallons per minute)
Median yield" 20 11 8 1,245
(gallons per minute)
Average yield per foot 212 118 .083 124 .019 .040 079 161 272 1,242
of total well depth
(gallons per minute per
foot of total well depth)
Median yield per foot of total 154 .079 .056 1,242
well depth
(gallons per minute per
foot of total well depth)
Average specific capacity? 1.132 531 312 .569 051 109 .235 .600 1.200 1,153
(gallons per minute per
foot of drawdown)
Median specific capacity® .575 237 .165 1,153
(gallons per minute per
foot of drawdown)
Average depth 174.7 187.6 189.1 185.7 80 100.5 145 205 334 1,290
(feet)
Median depth 150 140 145 1,290
(feet)
'Unadjusted for differences in depth and diameter.
*Includes 336 measurements of specific capacity and 817 estimates of specific capacity based on yield per foot of total well depth as shown
in figure 31, p. C49.
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described in tables 15 and 17 range in diameter from 2
to 12 in.; however, the diameter of 62 percent of these
wells range between 5.5 and 6.5 in—diameters com-
monly referred to as “6-in. wells.”

The yield per foot of total well depth and satu-
rated thickness of regolith are computed characteris-
tics. The specific-capacity data include measured and
estimated values; the method of estimating specific
capacity from yield per foot of total well depth is
described in the section, “Analyses of Specific-
Capacity Data.” The data in tables 15 and 17 indicate a
pattern of generally decreasing yield, yield per foot of
total well depth, specific capacity, and saturated thick-
ness of regolith from valleys and draws to higher topo-
graphic settings (slopes, hills and ridges). Conversely,
the average well depth is greatest for wells on hills and
ridges, and least for wells in valleys and draws.
Median well depths, however, do not show any appar-
ent relation to topographic setting.

Bored and hand-dug wells were characterized in
a manner similar to drilled wells. Bored and hand-dug
wells are completed in the regolith; none were identi-
fied that extended into bedrock. Bored and hand-dug
wells ranged in diameter from 18 to 72 in.; however,

more than 87 percent of this group of wells were 24 in.
in diameter. Statistical summaries show that bored and
hand-dug wells are deepest on hills and ridges and
shallowest in valleys and draws (table 18). This obser-
vation is expected because the depth to the water table
is greatest beneath hills and ridges and least in valleys
and draws. Machine-bored wells can extend some dis-
tance below the water table, but hand-dug wells are
limited to depths of 3 to 5 ft below the water table. The
depths of bored and hand-dug wells probably reflect
the limitations of hand excavation as well as the fact
that machine boring can produce a more adequate res-
ervoir for storage at shallower depths in valleys and
draws than beneath hills and ridges. Also, bedrock
probably would be encountered at shallower depths in
valleys and draws than beneath hills and ridges, thus
limiting depths to which these wells can be bored or
dug.

When water levels in bored and hand-dug wells
(table 18) in each of the three topographic settings are
compared to water levels in drilled wells (table 15)
from the same three topographic settings, water levels
in bored and hand-dug wells are found to be closer to

Table 18. Statistical summary of depth, water-level, and well yield data for bored and
hand-dug wells in different topographic settings compared to statistics for all wells

(ft, feet; VD, wells in valleys and draws; SL, wells on slopes; HR, wells on hills and ridges; gal/min, gallons

per minute]

g::::i'c R First First ' Third  Ninth Number

setting verage dectile quartile Median quartile dectile wells
Depth of well (ft)
VD'.......... 344 18.1 229 39 45 45.4 11
) 47.3 32 38.5 46.4 54 69 49
HR............. 49.6 314 38.6 46.5 60 71 76
All wells. 47.6 29.8 38.0 45 579 69.1 136
Water level (ft below land surface)
VD'......... 18.0 12 12 20 21 22 11
) 24.8 16 20 24 30 35 49
HR............. 28.1 14.0 20.9 27.8 35 40.4 90
All wells. 26.3 14.1 20 25 323 38.9 150
Well yield (gal/min)

3
5.6 2 3 S 6 10 25
4.4 2.5 3 5 5 55 10
All wells.... 5.7 2 3 5 6 12 38

'Statistics for categories having less than 15 observations should be used with caution.
*Statistics for categories having less than 10 observations are not given.
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land surface in each of the topographic settings than
water levels in drilled wells. The difference in water
levels is indicative of the potential for the downward
movement of ground water and ground-water
recharge. As could be expected, the difference in water
levels is greatest for wells on hills and ridges (average
difference 18.9 ft) and least for wells in valleys and
draws (average difference 5.9 ft). Although valleys
and draws are generally considered discharge areas,
these data indicate that not all low areas in valleys and
draws are discharge areas. However, some wells were
drilled in discharge areas. Four drilled wells located in
valleys and draws were reported to flow, and water
levels in seven wells (about 1 percent of the drilled
wells for which water-level data are available) were 0
to 3 ft below land surface.

Yields of bored and hand-dug wells (table 18)
are low in comparison to yields of drilled wells
(table 17). The yields of bored and hand-dug wells in
the Indian Creek area range from 1 to 16 gal/min,
whereas yields of drilled wells range from 0 to
500 gal/min. The average yield of bored and hand-dug
wells is slightly less than 6 gal/min; the average yield
of drilled wells is slightly more than 19 gal/min.

Well Yields by Hydrogeologic Unit and
Topographic Setting

Yields of drilled wells were compared to rock
types to determine the relative yields of the different
hydrogeologic units (table 19). Because yield is
strongly influenced by well depth, well diameter, and

topographic setting, which can lead to a bias favoring
one hydrogeologic unit over another (Daniel, 1989), a
series of calculations was performed to account for the
variation in well yield attributed to differences in well
depth and well diameter in different topographic set-
tings. The equations used to perform these calcula-
tions are described by Daniel (1989); however, in the
current study (1990-93), the data were adjusted to an
average 186-ft depth and 6-in. diameter, the average
for drilled wells in the Indian Creek area.

The well data show little variation in well yield
between hydrogeologic units within any statistical cat-
egory (table 19). The most variation is for wells in val-
leys and draws, where the average yield from unit
GNM (42.8 gal/min) is nearly twice the yield from
unit IFT (21.6 gal/min), and in the first dectile, where
well yields range from 0.0 gal/min from unit GNM to
6.7 gal/min from unit MIM. At yields above the first
dectile, there is less variation in yield between hydro-
geologic units; median yields range from 14.5 gal/min
from unit GNM to 17.9 gal/min from unit MIM, and at
the ninth dectile, yields range from 36.9 gal/min from
unit IFI to 40.6 gal/min from unit GNM. The average
yields for the five hydrogeologic units only range from
19.2 gal/min (unit MII) to 21.8 gal/min (unit MIM).
Approximately 90 percent of all wells drilled in the
Indian Creek area, regardless of hydrogeologic unit,
yield between 0 and 40 gal/min.

Perhaps the most notable feature of the data in
table 19 is the difference in average well yields for
wells in different topographic settings. The average
yield of wells drilled in valleys and draws is 2.4 times

Table 19. Summary of yields from drilled wells according to hydrogeologic unit and topography

[gal/min, gallons per minute; GNM, gneiss, mafic; IF], igneous, felsic intrusive; MIF, metaigneous, felsic; MIL, metaigneous, intermediate; MIM,
metaigneous, mafic. Yield data are adjusted to account for differences in yield due to differences in well depth and diameter. The average well is
6 inches in diameter and 186 feet deep. Hydrogeologic units are described in table 2]

Mean yield by topographic Yield of all wells
Hydro- setting (gal/min) (gal/min) Number
o v:‘:,?s :::': First  First ' Third  Ninth w:fls
draws Slopes ridges Average dectile quartile Median quartile dectile
GNM........ 42.8 21.7 13.8 213 0.0 7.8 14.5 26.1 40.6 579
IFL............ 21.6 19.6 14.1 19.6 1.5 8.5 17.2 26.6 36.9 277
MIF.......... 26.9 18.7 144 19.4 21 8.4 15.9 25.5 39.9 151
Mil........... 235 22.6 12.3 19.2 5.5 9.8 16.6 22.6 394 178
MIM......... 32.7 23.7 13.9 21.8 6.7 10.9 17.9 29.2 37.9 60
All types... 31.0 21.2 13.7 20.4 i 8.4 15.9 259 39.4 1,245
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the average yield of wells located on hills and ridges.
The average yield of wells on slopes is intermediate to
yields from wells located in the other two topographic
settings. This pattern of highest yields from wells in
valleys and draws and lowest yields from wells on
hills and ridges is consistent for all five hydrogeologic
units. This pattern also is consistent with the findings
of Daniel (1989) from a statistical analysis of drilled
wells throughout the Piedmont and Blue Ridge of
North Carolina.

Analysis-of-variance tests (SAS Institute,
1982a, 1982b) were made to determine whether any of
the five hydrogeologic units were significantly differ-
ent from other units in terms of adjusted yield, yield
per foot of total well depth, and specific capacity.
None of the five units are statistically different
(0.95 confidence level) on the basis of these three well
characteristics. Therefore, project staff decided that
test data from wells tapping these five units could be
aggregated for the determination of aquifer hydraulic
characteristics. This decision leads to an important
simplification in the configuration of the ground-water
flow model because multiple sets of aquifer character-
istics based on hydrogeologic units are unnecessary,
and the model area does not have to be subdivided on
the basis of hydrogeologic units.

Analysis-of-variance tests also were made to
determine whether the values of yield, yield per foot
of total well depth, and specific capacity were signifi-
cantly different based on topographic settings of wells
(table 19). Well data for the three topographic settings
are statistically different (0.95 confidence level). This
finding indicates that statistically different aquifer
hydraulic characteristics can be associated with differ-
ent topographic settings.

Analyses of Specific-Capacity Data

Estimates of aquifer transmissivities were calcu-
lated from specific-capacity data using the methods of
Theis and others (1963); however, before these esti-
mates were made, additional specific-capacity data
were incorporated in the data base through regression
modeling techniques. Previous work (Daniel, 1989)
had demonstrated the advantage of large data sets for
characterizing hydrologic properties of fractured crys-
talline rocks. On the basis of this work (Daniel, 1989),
specific-capacity data for wells in the Indian Creek

area were subset by topographic setting. Specific
capacity also was expected to decrease nonlinearly
with depth. Although 336 specific-capacity determina-
tions represent a substantial field effort, division of
these data into three or more representative subsets
based on topographic setting was expected to be diffi-
cult because of the large variance usually present in
such data. Therefore, it was decided to first develop
and test an estimator for specific capacity that was
based on more readily available data such as yield and
total well depth. With a valid estimator, the size of the
data set (and the degrees of freedom) could be
increased before attempting to relate hydraulic
characteristics to topographic setting.

Three calculated variables were tested as esti-
mators of specific capacity: (1) the yield per foot of
total well depth, (2) the yield per saturated foot of well
depth, and (3) the yield per foot of open hole if the
static water level is within the casing, or yield per satu-
rated foot if the static water level is below the bottom
of the casing. The saturated thickness of a well is the
difference between the total depth of the well and the
depth to the static water level. The amount of open
hole is the difference between the total depth of the
well and the depth of casing. The first test was to
determine least squares linear regressions between
specific capacity as the independent variable and the
three possible estimators. Regressions of specific
capacity with yield per foot of total well depth and
with yield per saturated foot of well depth produced
similar results with coefficients of determination
(r-square) of about 0.5; regression of specific capacity
with yield per foot of open hole resulted in a lower
coefficient of determination and was not considered in
subsequent tests.

However, plots of the data and best fit lines from
these least squares regressions indicated at least two
undesirable characteristics of these models. As shown
for the regression of yield per foot of total well depth
and specific capacity in figure 29, the linear regression
line (1) does not appear to correspond to the trend of
the data, and (2) does not pass through the origin. This
is attributed to the positive skew of the data whereby a
few high values on the tail of the distribution unduly
influence the regression. The least desirable character-
istic of this regression is that the regression line does
not pass through the origin. When values of yield per
foot of total well depth are less than 0.09 gal/min per
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Figure 29. Relation of yield per foot of total depth of drilled wells to specific capacity. (The straight line is a least
squares best fit to the raw data; the curved regression is a least squares best fit to the rank estimates of yield per

foot of total well depth.)

foot of well depth, estimates of specific capacity will
be less than zero. Ideally, when well yield is zero and
yield per foot of total well depth is zero, the estimate
of specific capacity also should be zero.

Polynomial least squares regressions were also
attempted, and although some improvement over lin-
ear regression was observed, the results were less than
desired. Again, concerns over the shape and position
of the regression lines were attributed to the skew of
the data. Efforts to fit a regression line through the data
then turned to nonparametric statistical techniques.

Nonparametric rank correlation analyses were
performed on the data according to procedures
described by Iman and Conover (1983). A scatterplot
of the ranks of yield per foot of total well depth versus
ranks of specific capacity is shown in figure 30. The
rank correlation coefficient, Spearman’s rho, for this
relationship is 0.837. A similar analysis for ranks of

yield per saturated foot of well depth versus ranks of
specific capacity produced a rank correlation coeffi-
cient of 0.812. The authors then decided to use yield
per foot of total well depth as the estimator for specific
capacity. The higher rank correlation coefficient was
one reason for this decision, but because the coeffi-
cients were nearly the same, another factor influenced
this choice. More data are available on depths of
drilled wells than on static water levels. The number of
wells for which depth and static water-level data are
available is even lower. Therefore, a larger number of
estimates of specific capacity can be generated by
using yield per foot of total well depth as a predictor
than yield per saturated foot of well depth.

Rank estimates (Iman and Conover, 1983) of
yield per foot of total depth for drilled wells were cal-
culated for the data set shown in figure 29. A scatter-
plot of the rank estimates of yield per foot of total well
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Figure 30. Relation of ranks of yield per foot of total depth of drilled wells to ranks of specific capacity

for data shown in figure 29.

depth versus specific capacity is shown in figure 31. A
polynomial least squares regression was then run on
these data, producing the equation

specific capacity = -0.004946
+2.819076(yield/foot) + 5.871527(yield/foot)* (5)

and the curved regression line shown in figure 31. The
coefficient of determination for this regression is 0.97.
When this regression is plotted on the scatterplot of
yield per foot of total well depth versus specific
capacity (fig. 29), it is apparent that this regression has
much more desirable characteristics than the linear
regression. The polynomial regression follows the
trend of the data, and just as importantly, when yield
per foot of total well depth is zero, the estimate of
specific capacity is nearly zero (-0.005 gal/min per
foot of drawdown).

Two methods for estimating specific capacity
using the above equation were considered:
(1) estimates of specific capacity were determined for
6-in.-diameter wells using values of yield per foot of

total well depth from individual 6-in. wells, and

(2) estimates of yield per foot of total well depth for
6-in. wells were generated from multiple regressions
of well depth, well diameter, and yield per foot of total
well depth similar to the regression derived by Daniel
(1989, fig. 12); the estimates of yield per foot of total
well depth were then used to estimate specific capac-
ity. Results of the first method, followed by a discus-
sion of results from the second method, are described
below.

When records of 6-in. drilled wells retrieved
according to specified geologic belts, hydrogeologic
units, and yield and depth data were obtained from the
GWSI data base, an additional 817 well records were
added to the 336 for which specific capacity had been
determined. By use of equation 5, estimates of specific
capacity were calculated for these 817 drilled wells.
Pumping tests of wells in the North Carolina Piedmont
(Daniel and Sharpless, 1983; Daniel, 1990a) indicate
that the fractured bedrock, when overlain by thick
regolith, has characteristics of a semiconfined artesian
aquifer. Estimates of transmissivity were computed for
a total of 1,153 wells in the southwestern Piedmont
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(fig. 32) using the equation derived by Theis and
others (1963) for estimating transmissivity of an arte-
sian aquifer from the specific capacity of a well.

The equation given by Theis and others (1963,
eq. 6, p. 337) cannot be used to compute transmissiv-
ity directly. Instead, the equation gives a value for a
term 7', which must be used with a diagram (Theis
and others, 1963, fig. 99, p. 334) to estimate transmis-
sivity from the specific capacity. The lower the spe-
cific capacity, the more nearly 7' approximates
transmissivity. Because 94 percent of the values of
specific capacity were less than or equal to 2 gal/min
per foot of drawdown, 7' was assumed to be equal to
transmissivity. As shown by Theis and others (1963),
even if the specific capacity is four times greater
(8 gal/min per foot of drawdown), 7' will overesti-
mate transmissivity only by about 15 percent. Less
than 1 percent of the known values of specific capacity
from the southwestern Piedmont of North Carolina are
greater than 8 gal/min per foot of drawdown. Another

assumption in the derivation of 7' by Theis and others
(1963) is an aquifer storage coefficient of 0.0002; this
is not an unreasonable storage coefficient for a frac-
tured bedrock aquifer overlain by thick clay-rich
regolith.

The estimated transmissivities then were used to
compute estimates of hydraulic conductivity based on
the assumption that the thickness of the bedrock aqui-
fer tapped by any well is equal to the depth of the well.
The values of specific capacity, transmissivity, and
hydraulic conductivity were then subset by the topo-
graphic settings of the well sites similar to the divi-
sions used by Daniel (1989). An analysis of variance
(ANOVA) determined that the subsets of these data are
significantly different at 95 percent confidence. The
range of well depths and averages of specific capacity,
transmissivity, and hydraulic conductivity for drilled
wells in valleys and draws, on slopes, and on hills and
ridges are summarized in table 20. Well depths range
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Table 20. Summary of well depths, average specific capacity, average estimated transmissivity, and
average estimated hydraulic conductivity for drilled wells in three topographic settings in the southwestern
Piedmont of North Carolina

[ft, feet; (gal/min)/ft, gallons per minute per foot; (gal/d)/ft, gallons per day per foot; ft*/d, feet squared per day; (gal/d)/ft*, gallons
per day per square foot: ft/d, feet per day; VD, valleys and draws; SL, slopes; HR, hills and ridges]

Topo-  Number Well depths (ft) Specific Transmissivity Hydraulic conductivity’
graphic of capacity
setting wells Minimum Maximum ([gal/min}/ft) ([gal/dV/ft) (ft¥/d) ([gal/d)/ft?) (ft/d)
VD...... 220 37 1,301 1.13 2,488 332 26.7 3.57
SL...... 530 36 1,108 531 1,210 162 11.5 1.54
HR...... 403 36 1,200 312 692 92 5.64 15

!Assumes thickness of bedrock aquifer is equal to total well depth.

from approximately 35 ft to more than 1,100 ft in all
three topographic settings.

Values of transmissivity and hydraulic conduc-
tivity for the 6-in.-diameter wells were subset by 25-ft
intervals of well depth and then averaged. Plots of the
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ues of these properties with depth. When the data were 200 A A
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gested three different nonlinear patterns of decreasing o ‘ A P, AAA
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values. Attempts to fit least squares regressions to the
three data subsets were only partly successful because
of the scatter in the data due to the small numbers of
observations in some 25-ft intervals at depths greater
than 300 ft. In order to increase the number of obser-
vations for wells deeper than 300 ft and thereby
improve the fit of the regressions, a different approach
was applied to the problem. This is the second method
for estimating specific capacity that was mentioned
above and is described below.

Records of all drilled wells, regardless of diam-
eter, that met the criteria mentioned previously, were
retrieved from the GWSI data base. These records
included wells ranging in diameter from 1.25 in. to
12 in. The deepest well was a 6-in. well that was
1,301 ft deep (table 20). Values of yield per foot of
total well depth were computed, the data were subset
by the three topographic settings described above, and
polynomial least squares regressions were run on the
variables well depth, well diameter, and yield per foot
of total well depth. Contour plots of the trend surfaces

Hydrogeology and Simulation of Ground-Water Flow in the Indian Creek Basin, North Carolina

TOTAL WELL DEPTH, IN FEET BELOW LAND SURFACE

Figure 33. Relation of estimated average transmissivity, in
25-foot intervals of well depth, to total well depth for 6-inch-
diameter wells in the southwestern Piedmont.
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Figure 34. Relation of estimated average hydraulic
conductivity, in 25-foot intervals of well depth, to total well
depth for 6-inch-diameter wellis in the southwestern Piedmont.
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are shown in figure 35. The equations for these three
trend surfaces are:

(1) For wells in valleys and draws,

yield per foot = 0.02467 - 0.00015550 (depth)
+0.021774 (diameter)
+ 1.071461 (diameter/depth), (6)

(2) For wells on slopes,

yield per foot = -0.0005355 - 0.000055392 (depth)
+0.013888 (diameter)
+ 1.16168 (diameter/depth), and @)

(3) For wells on hills and ridges,

yield per foot = 0.007569 + 0.000015870 (depth)
+ 0.00015176 (diameter)
+ 1.62061 (diameter/depth). )

Using these three equations, estimates of yield
per foot of total well depth were computed for 6-in.-
diameter wells in each of the three topographic set-
tings. Plotting the estimates (fig. 36A) indicated that
there were three curves that intersected at depths of
750 to 850 ft, and that values of yield per foot of total
well depth decreased to a low, nearly constant, value.
This depth generally coincides with depths at which
drilled wells in the Piedmont and Blue Ridge Prov-
inces of North Carolina are reported (Daniel, 1989) to
attain maximum total yield; at greater depths there is
little additional increase in yield. Based on these find-
ings, the base of the ground-water flow system is
placed at a depth of 850 ft below land surface. Based
on the average thickness of regolith, the top of bedrock
occurs about 50 ft below land surface. Therefore, for
average conditions, the bedrock part of the flow sys-
tem lies between 50 and 850 ft below land surface.
This range of depths is indicated for 6-in.-diameter
wells by a solid bar on the contour plots in figure 35.

Estimates of yield per foot of total well depth in
each of the three topographic settings were trans-
formed to estimates of specific capacity (fig. 36B)
using methods previously described. Estimates of
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Figure 35. Trend surface contours showing relation between yield per foot of total well depth, total well depth, and well diameter
for drilled wells that are located (A) in valleys and draws, (B) on slopes, and (C) on hills and ridges. (The bar indicates the range of
values of yield per foot of total well depth used to estimate specific capacity between 50 and 850 feet below land surface.)
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Figure 36. Relation of estimated (A) yield per foot of total well depth and (B) specific capacity to total
well depth of 6-inch-diameter wells in each of three topographic settings.
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yield per foot of total well depth for 6-in.-diameter
wells were used because the relation between specific
capacity and yield per foot of total well depth had
been derived using specific-capacity data collected
from 6-in.-diameter wells. The diameter of open-hole
wells in fractured rock has been shown (Daniel, 1989,
1992) to have considerable positive correlation to well
yield and to yield per foot of total well depth. To con-
trol bias caused by different well diameters, only data
for 6-in.-diameter wells were used in this analysis.

Transmissivity and Hydraulic Conductivity of
Bedrock

Estimates of specific capacity (fig. 36B) were
transformed to estimates of transmissivity (fig. 37A)
using the methods of Theis and others (1963) that take
into account differences in well diameter. The esti-
mates of transmissivity were converted to estimates of
hydraulic conductivity (fig. 37B) by dividing transmis-
sivity by depth. Plots of transmissivity and hydraulic
conductivity (fig. 37) reflect fundamental differences
in well yields and hydraulic properties among differ-
ent topographic settings in this Piedmont terrane. The
rate of decrease with depth is lowest for wells in val-
leys and draws and greatest for wells on hills and
ridges. For wells 300 ft deep, specific yield and trans-
missivity have decreased nearly 90 percent beneath
hills and ridges, but only 60 percent beneath valleys
and draws. This suggests that open, interconnected
fractures are more abundant and persist to greater
depths beneath valleys and draws than beneath hills
and ridges.

The plots of transmissivity and hydraulic con-
ductivity (fig. 37) could also be used for assigning val-
ues of these properties to layers in a ground-water flow
model. Because these plots represent average condi-
tions for a region that includes but is not strictly lim-
ited to the Indian Creek model area, a method was
conceived whereby the plots can be generalized for
use in adapting a model to local conditions. By recom-
puting transmissivity as a percentage of the maximum
value of transmissivity (for 800 ft of bedrock beneath
valleys and draws), the values become relative rather
than absolute. By assigning percentages of transmis-
sivity to a model grid according to topographic setting
and depth, the hydraulic characteristics of different
model layers can be assigned by simply multiplying

the percentages throughout the model grid with a cho-
sen value of T-maximum. Changes in transmissivity
that may be required for model calibration can be
made rapidly by using a different 7-maximum.

Typically, hydraulic conductivity is used in
ground-water flow models to compute transmissivity
of the model layers in each grid cell using the thick-
ness of various layers assigned to the cell. This proce-
dure accounts for areal changes in the thickness of
aquifer layers and intervening confining units. How-
ever, in the Indian Creek model area, the bedrock com-
ponent of the system is conceptually one aquifer layer
with aquifer properties varying nonlinearly with
depth. Lateral changes in rock properties are
accounted for by assigning model cells to one of three
topographic settings as described in the section,
“Characterization of Topographic Settings.” The non-
linear vertical changes in hydraulic characteristics are
accounted for by creating a number of layers that are
areally uniform in thickness but increase in thickness
with depth. Because the thickness of individual layers
remains constant across the model area, transmissivity
rather than hydraulic conductivity was used in the
model.

Percentages of T-maximum were computed for
bedrock aquifer layers by using equations 5, 6, 7, 8,
and an equation by Theis and others (1963, eq. 6,

p- 337) in a computer program written for this pur-
pose. Transmissivity was first calculated for 1-ft inter-
vals of depth between 50 and 850 ft below land
surface as shown in figure 38. The 1-ft estimates of
transmissivity were then summed vertically for the
interval between 50 and 850 ft. The total transmissiv-
ity beneath valleys and draws was the largest and was
assigned the value as T-maximum. All 1-ft estimates of
transmissivity were converted to a percentage of
T-maximum. By specifying the depth of layer bound-
aries between 50 and 850 ft, the number of layers,
thickness of layers, and percentages of T-maximum
for each layer were then computed. If the number and
thickness of layers needed to be changed, the layer
boundaries were respecified and new percentages were
calculated.

Figure 39 illustrates discretization of the con-
ceptual hydrogeologic section shown in figure 10 used
in the ground-water flow model. Valleys and draws
occupy 14 percent of the distance between the two
streams, slopes occupy 38 percent of the distance, and
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of three topographic settings.
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Figure 38. Relation of estimated transmissivity to depth for each foot of bedrock aquifer between 50 and 850 feet in each of

three topographic settings.

hills and ridges occupy 48 percent. The regolith is
shown as one layer, and the bedrock is shown as

10 layers. Individual bedrock layers have constant
thickness across the section, but layers increase in
thickness with depth because the rate of change in
aquifer properties decreases with depth. Percentages
of 7“maximum shown in each layer correspond to the
three topographic settings and are the sum for a layer
of a given thickness.

Transmissivity of Regolith

Aquifer tests for bored and hand-dug wells were
unavailable for the Indian Creek area. The transmissiv-
ity of the regolith, therefore, is computed from stream
discharge (base flow) using the following equation
(Rorabaugh and Simons, 1966, p. 12):

T 0933(d°) .
S dtlcycle’

where
T is aquifer transmissivity,
S is the storage coefficient,
a 1is the distance from the stream to the
hydrologic divide, and
dt/cycle is the time for stream discharge to decline
through one log cycle.

Distance ¢ was determined from the relation A = 2alL,
where A is basin drainage area, a is average distance
from stream to divide, and L is total length of streams
in the basin. Measurements were taken from 1:24,000-
scale topographic maps. Measured values of A and L
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were 69.5 mi” and 164.7 mi, respectively. The
resulting value of a is 1,114 ft. Determination of
dt/cycle from 37 base-flow recessions (at the gaging
station on Indian Creek near Laboratory, N.C.)
resulted in an average value of 64.6 days per log cycle.
By substituting these values for a and dt/cycle
into the above equation, an aquifer diffusivity, 7/S,
of about 17,900 ft*/d is obtained. Aquifer transmissiv-
ity can be computed from the diffusivity by substitut-
ing a value of S. A representative value of S for the
regolith, based on specific yield, is 0.20. By substitut-
ing this value into 7/S, the computed value of T is
3,580 ft*/d. This value probably represents an average
diffusivity for the entire thick regolith-fractured bed-
rock aquifer system, and not just the regolith. The stor-
age coefficient of the bedrock is typically much lower
than 0.20, and an average S for the entire regolith-
bedrock system will be lower than 0.20. For similar
terranes in the Piedmont physiographic province in
Pennsylvania, Olmsted and Hely (1962, p. 17) com-
puted the average gravity yield (approximately numer-
ically equal to specific yield) to be about 0.07 to 0.10
based on water-table recessions in wells and base flow.
Trainer and Watkins (1975, table 4) report a range of
values from 0.001 to 0.022, with an average value of
0.010, for 42 tests of gravity yield in five areas of the
Upper Potomac River Basin underlain by thick
regolith-fractured bedrock. Substituting 0.01 for S in
the diffusivity determined for the Indian Creek Basin,
a T of 179 ft*/d is computed. The actual transmissivity
of the regolith probably is between 3,580 and
179 ft*/d.

Storage Coefficients and Specific Yield

The storage coefficient used for estimating the
transmissivity of artesian aquifers from specific capac-
ity by the method of Theis and others (1963) is 0.0002.
This is a reasonable value for fractured bedrock over-
lain by thick clay-rich regolith and is within the range
of values reported by Trainer and Watkins (1975) from
multiple-well aquifer tests of the crystalline rocks of
Maryland. It is less than an order of magnitude lower
than storage coefficients reported by Stewart and oth-
ers (1964) for schists and gneisses in the Piedmont of
north central Georgia.

The storage coefficient of the regolith under
water-table conditions is equal to the specific yield.
Specific yields of regolith derived from schists and
gneisses are reported by Stewart and others (1964) to
range from 0.119 to 0.404 and to average 0.265.

Daniel and Sharpless (1983) report a specific yield of
0.20 for regolith derived from schists and gneisses in
the central Piedmont of North Carolina. In both exam-
ples, the bedrock is texturally and compositionally
similar to the mafic gneisses (GNM) in the Indian
Creek area.

Water Use

Water use in the Indian Creek model area
includes withdrawals from both surface- and ground-
water sources for public and private water supplies,
livestock, irrigation, sewage treatment, and other pur-
poses. Water-use data compiled by the USGS for 1990
include information for Catawba, Cleveland, Gaston,
and Lincoln Counties (Terziotti and others, 1994).

Public water-supply systems in the model area
supply the cities of Cherryville and Lincolnton, and
the Crouse Community from surface-water sources
(figs. 2, 12). The city of Cherryville withdraws water
from Indian Creek for its public supply. Cherryville
also returns water to Indian Creek through a
wastewater-treatment facility. The city of Lincolnton
withdraws surface water from South Fork Catawba
River for its public supply. Lincolnton also returns
water to South Fork Catawba River after treatment.
The Crouse Community receives its water from the
Lincoln County water system, which withdraws water
from Lake Norman in eastern Lincoln County. Crouse
Community has no water-treatment facilities and uses
private septic systems for wastewater disposal
(Geoffry Wolfe, Lincoln County Wastewater Treat-
ment Plant operator, oral commun., 1993).

In rural areas of Catawba, Cleveland, Gaston,
and Lincoln Counties included in the Indian Creek
model area, water use is generally domestic and self-
supplied. The entire Indian Creek model area is pre-
dominantly rural with no public water-supply systems,
except for those in the Cherryville, Crouse, and
Lincolnton areas. As a result, water for most of the
population in rural areas is supplied from ground-
water sources. Single family households supplied by
individual wells are the most common users of ground
water in the area. However, at least one mobile home
park in the study area uses a single well to supply mul-
tiple households. Some crop, dairy, and livestock
farms, as well as small rural businesses, use wells for
supplying their water needs. Wells are also used for
limited irrigation during dry periods for some crops
grown in the study area. Table 21 lists, for each
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Table 21.

Total, urban, and rural populations; total, urban, and rural areas; rural population density; number of wells; and

rural population per well by county and for total area in the Indian Creek model area

[mi’, square miles. Estimates of population and wells for the Indian Creek model area were computed from data furnished by the U.S. Bureau of the Census

(1992)]
Rural
- Wells Rural
Total Urban Rural Total Urban Rural popula_t fon (bored, population
County . . . area area area density
population population population (mP?) (mi?) (mi® ersons dug, or per
) (persons  yiiied) well
per mi’)
Catawba....... 1,201 0 1,201 16.03 0 16.03 74.9 463 2.6
Cleveland..... 569 0 569 7.66 0 7.66 74.3 119 4.8
Gaston.......... 6,394 2,496 3,898 26.62 11.33 15.29 2549 1,224 3.2
Lincoln ........ 11,870 1,602 10,268 95.58 9.44 86.14 119.2 3,448 3.0
Total for
model area. 20,034 4,098 15,936 145.89 20.77 125.12 127.4 5,254 3.0

county, population data, urban and rural areas, and
data for wells in the Indian Creek model area.

In 1985, per capita water use for self-supplied
households in North Carolina was about 60 gal/d
(Treece and others, 1990). Based on the rural popula-
tion and number of wells listed in table 21, ground-
water withdrawals in the Indian Creek model area are
as follows:

[gal/d, gallons per day]

Ground-water

County withdrawals
(gal/d)
Catawba 72,060
Cleveland 34,140
Gaston 233,880
Lincoln 616,080
Total 956,160

Withdrawal by pumping of wells is not great in
the Indian Creek model area. Ground-water withdraw-
als average 182 gal/d per well, equivalent to a pump-
ing rate of 0.126 gal/min. At such low rates, pumping
is not expected to significantly affect ground-water
levels near individual wells, and lowering of the water
table during pumping near individual wells is intermit-
tent and of short duration, and does not affect the
regional water table.

Nearly all rural homes have on-site wastewater
treatment in the form of septic tanks and drain fields.
Most of the ground water pumped from wells, there-
fore, is returned to the ground. Consumptive use of
freshwater from all sources in North Carolina is less

than 6 percent (Treece and others, 1990). If the con-
sumptive use of ground water in the Indian Creek
model area is 6 percent, then actual loss of ground
water from the ground-water system by pumping is
only 57,370 gal/d, or about 0.01 inch per year for the
125.12 mi” of rural area (table 21). This amount is
about 0.1 percent of annual base flow (table 13) from
the Indian Creek Basin. Therefore, ground-water loss
from consumptive use is not considered an important
budget component in developing a ground-water flow
model of the Indian Creek area.

Water-Quality Characteristics

Water-quality characteristics of surface water
and ground water in the Indian Creek Basin were eval-
uated through collection and analysis of samples from
23 sites on streams and 22 wells located throughout
the basin (fig. 40). Samples from wells included
11 samples from drilled wells and 11 samples from
bored and hand-dug wells. The purpose of collecting
samples from the two types of wells was to compare
ground-water quality in the regolith with that in the
bedrock. Samples were collected during a 4-day
period in August 1991 after almost 2 months without
major rainfall, and streamflow at the gaging station
near Laboratory was in the lower 40 percent of
recorded flows. A period of rain began during the sam-
pling period, but there is no indication that water qual-
ity was significantly affected.

Analytical data for the 23 surface-water samples
and the 22 ground-water samples are given in
tables 22 and 23, respectively (p. C129-C134). At-
mospheric contributions to water-quality conditions in

Hydrogeology and Simulation of Ground-Water Flow in the Indian Creek Basin, North Carolina C59



81°30' 81°22'30"

- |

PR, [ CATAWBA COUNTY

e a— .
— .
— e —
- —
— i —
- —

"\' LINCOLN COUNTY

" A EXPLANATION
KN . === BASIN BOUNDARY

[N
\ 23] Li-149 80y SURFACE-WATER QUALITY
. 2w SITE AND NUMBER
) ) Li-158 Li-194

[ON ® DRILLED WELL SAMPLING

35°30' — 3 Li-146 R SITE AND NUMBER

] .
\ U 152‘Q 24 324 Li-198 5 BORED OR HAND-DUG WELL
- \ B SAMPLING SITE AND
[ T e, NUMBER
\ ‘ 33 Nz =t.,
N T L7 A,
\ G e >N, Lid1g2
. N <.
A \
\ o 45 "\ Li-202
L1748 .
v Li-183
\ 1 O Li-1980

. : Indian__{ Li-199@®
Creek

\ ke 50| g, {53

p
\ \ O
=~ /Gs-246

\ .

CLEVELAND COUNTY *

Q. K
\ Gs257 M=
35°2230"

2 t]i 6 MILES
1 ]

T T T

2 4 6 KILOMETERS

o—r+o

Figure 40. Locations of 23 sites on streams and 22 wells where samples were collected
for chemical analysis, Lincoln and Gaston Counties.

the Indian Creek Basin were approximated by data surface-water sites were compiled and analyzed for
from a National Atmospheric Deposition Program selected conservative cations and anions also found in
(NADP) station, Jordan Creek near Silver Hill, N.C. surface water and ground water in the Indian Creek

This station is 115 mi east-southeast of Lincolnton.
Criteria for siting NADP stations are described by the
National Atmospheric Deposition Program (1984) and
Robertson and Wilson (1985). Data collected in 1991
as part of the NADP are compiled in the National ) ] ]
Atmospheric Deposition Program (1992). During sites are listed 11? table 8 (p. C103), and the field

1991, a second precipitation collector was operated at parameters specific conductance, pH, and water tem-
the Jordan Creek station as part of a quality-assurance ~ Perature are given in table 24 (p. C135). Measure-
program. Therefore, data are available for two samples ~ ments of air temperature were made during the second
each week during 1991. Data for the 6-month period survey in November 1990 for comparison with water
preceding the synoptic sampling of ground-water and temperature.

Basin.

The water-quality data for surface-water sites
included synoptic surveys of field parameters at as
many as 85 sites on three different occasions. The 85
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Synoptic Surveys at Surface-Water Sites

Synoptic surveys of the 85 surface-water sites
(table 24) were made twice in November 1990 and at
23 sites during August 1991. The measurements dur-
ing August 1991 were made as part of the sampling at
surface-water and ground-water sites in the basin. Spe-
cific conductance is the water-quality characteristic
common to these three surveys. Water temperature, air
temperature, and pH were also measured during the
second survey in November 1990. The principal rea-
son for collecting these data was to evaluate ground-
water discharge and the possibility of unusual flow
conditions. These data were supplementary to the
base-flow survey and were another means of evaluat-
ing the homogeneity of the ground-water flow system.

During the three surveys, the lowest measured
value of specific conductance was 28 uS/cm at 25 °C,
and the highest value was 155 uS/cm (table 24). Only
eight sites had values of 100 uS/cm or greater during
any of the three surveys. Five of the sites (sites 71, 72,
76, 80, and 85) are on Indian Creek downstream from
the outfall of the Cherryville wastewater-treatment
plant. The other three sites (sites 74, 75, and 78) are on
a single tributary to Indian Creek that flows out of the
urban area on the northeastern side of Cherryville.
These high values reflect, to some extent, the effects of
human activities. Throughout much of the basin, spe-
cific conductance values ranged between 40 and
60 puS/cm. Excluding the eight sites associated with
runoff from Cherryville, the average specific conduc-
tance during the three surveys was 49 uS/cm, with a
range from 28 to 89 uS/cm.

Measurements of pH during the second survey
(table 24) fall in a narrow range from 5.49 to 6.74.
Measurements of pH at the eight sites affected by run-
off from Cherryville range from 5.94 to 6.53 and are
not associated with either extreme. Water temperatures
measured during the second survey range from 9.0 to
15.0 °C, and average 12.2 °C. Because of the narrow
widths and shallow depths of many of the streams that
were measured, water temperatures are less buffered
from solar heating and the temperature of the air.
Therefore, surface-water temperatures are more indic-
ative of atmospheric conditions than the temperature
of ground water discharging to the streams and were
not useful for evaluating the homogeneity of ground-
water discharge.

Measurements of specific conductance and pH
of surface water throughout the Indian Creek Basin

fall in a narrow range of values (specific conductance
downstream from Cherryville being the occasional
exception). There is no areal variation in surface-water
(base flow) quality that might be evidence of inhomo-
geneity within the ground-water flow system. These
observations serve to support similar conclusions
drawn from the analysis of unit discharges.

Comparison of Ground- and Surface-Water Quality

A statistical analysis of milliequivalents of
selected cations and anions in surface water and
ground water in the Indian Creek Basin is summarized
in table 25. Data for samples from surface-water sites
72 and 85 are not included in the summary because
water quality at these sites is affected by discharge
from the Cherryville wastewater-treatment plant.
Cation-anion diagrams (Stiff, 1951) comparing the
averages of all ground-water samples to the averages
of all surface-water samples are shown in figure 41A.
Comparison of the two diagrams shows surface water
to be the most dilute and ground water to be the most
concentrated in major dissolved constituents. In sur-
face and ground water, the major cation is calcium and
the major anion is bicarbonate. Potassium is the least
abundant cation in surface and ground water. Ground
water in the Indian Creek Basin is a calcium-
bicarbonate type water (Stiff, 1951). Surface water
might be considered a calcium-bicarbonate type
because calcium is the most abundant cation; however,
calcium is not much more abundant than magnesium,
sodium, or potassium and, compared to ground water,
surface water is not particularly distinct as a chemical
type.

Cation-anion diagrams were used to compare
the averages of ground water from wells tapping
regolith to wells tapping bedrock (fig. 41B). Ground
water in the regolith has higher concentrations of
major dissolved constituents than ground water in the
bedrock. Much of the difference is due to the cation
calcium and the anion bicarbonate, but ground water
in the regolith also contains about twice the quantity of
chloride plus fluoride and more than twice the quantity
of nitrate present in ground water in the bedrock.
Average concentrations of the major cations magne-
sium, sodium, and potassium, and the major anion sul-
fate, are not much different in ground water from
regolith and bedrock.

An ANOVA was made on water-quality data
to determine whether apparent differences in the
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Table 25. Statistical summary of milliequivalents of selected cations and anions in surface water and
ground water in the Indian Creek Basin

[Sites at which samples were collected and individual chemical analyses are given in tables 22 and 23, respectively (p. C129-C134).
Data for samples from surface-water sites 72 and 85 are not included in the summary. Samples were collected during August 1991;
eight wells were resampled for nitrogen in September and November 1991]

Cations Number of Mean Standard Minimum Maximum
and anions samples deviation value value
Surface-water chemistry
21 0.18200 0.07883 0.10500 0.44400
21 13580 .03853 .09900 .23000
21 .10400 .03649 .07000 .21700
21 .06781 .01829 .04100 .11800
21 48938 15220 .32400 .96100
21 25043 15264 .04000 71900
21 07443 01636 .04600 .12100
21 .09690 .03704 .05900 .20600
21 .00581 .00306 .00300 .01300
21 .04396 02282 .00000 .09282
21 47134 16321 .24898 97698
Ground-water chemistry (All wells)
22 0.76154 0.82352 0.04300 3.39300
22 25132 19930 .01600 69900
22 .22923 16242 .03500 .60900
22 .06923 .05042 .01000 .23300
22 1.31118 1.04573 21200 4.30400
22 93727 79806 .02000 3.25700
22 .15836 .26966 .00400 1.08300
22 14295 .18833 .01400 76200
22 .00400 00487 .00000 .01800
22 13599 .18093 .00000 64261
22 1.37844 95550 .28700 391913
Bored and hand-dug wells
11 1.04280 1.01267 0.16000 3.39300
11 .29460 .26987 .01600 .69900
11 23320 .16149 .03500 .56500
11 .07950 .07018 .01000 23300
11 1.65000 1.27612 23400 4.30400
11 1.12900 1.08040 .12000 3.25700
11 15610 23992 .00400 .77000
11 .19140 .23082 .02000 76200
11 .00150 .00242 .00000 .00700
11 .20663 15919 .00000 41413
11 1.68413 1.17219 42514 391913
Drilled wells
11 0.52717 0.56906 0.04300 2.19600
11 21525 11454 .06400 42800
11 22592 17028 .05200 .60900
11 06067 .02546 .01900 .10000
11 1.02883 75096 .21200 3.23500
11 77750 44675 .02000 1.65800
11 .16025 .30286 .00900 1.08300
11 10258 14216 .01400 42300
11 .00608 .00548 .00000 .01800
11 07711 .18287 .00000 64261
Anions (sum) .. 11 1.12370 .68044 .28700 3.10800
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Figure 41. Cation-anion diagrams comparing averages of

(A) ground-water samples (all wells) to averages of surface-
water samples and (B) ground water from wells tapping
regolith to wells tapping bedrock.

cation-anion diagrams were significant based on statis-
tical tests. Other constituents and properties were
included in the ANOVA to make the evaluation as
thorough as available data allowed. The results of the
ANOVA are presented in table 26. Comparisons that
are different at the 95-percent confidence level are
indicated. The largest number of significant differ-
ences was found in comparisons of ground water
(grouped data) to surface water. The second largest
number of significant differences was in comparisons
of ground water from the regolith to surface water; the
number of differences was only one less than the num-
ber for comparisons of ground water (grouped data)
with surface water. The third largest number of signifi-
cant differences was in comparisons of ground water

from bedrock to surface water. The fewest number of
significant differences was in comparisons of ground
water from the regolith to ground water from bedrock,
with only nitrate, fluoride, and silica being signifi-
cantly different.

Table 26. Results of analysis of variance (ANOVA) tests on
water-quality data for wells tapping regolith, wells tapping
bedrock, and surface water in the Indian Creek Basin

[GW, ground water; SW, surface water; RG, regolith; RK, bedrock. Compar-
isons based on Tukey’s studentized range (HSD) test and Duncan’s multiple
range test. Means different at 95-percent confidence are indicated by an X]

Comparison Comparisons
Property of of
or grouped subgrouped
constituent data data
GW-SW RG-SW RK-SW RG-RK
Specific conductance (field)..... X X X
Specific conductance X X
(laboratory).
HCO, (fixed endpoint).... X X X
X X
X X
X X
X X
X X
X X X
Cluieieeeeeteeeeeie e
SO, e
Foeeee e X X
Si e X X X
Fe oo
MDD e
Dissolved solids (sum of X X X
constituents).

Further inspection of results of the ANOVA for
subgrouped data shows that bicarbonate, sodium, and
dissolved solids are the only constituents in ground
water from the regolith and from bedrock that are dif-
ferent from surface water. Silica is the only constituent
in ground water from bedrock that is different from
ground water from the regolith and surface water. The
constituents potassium, chloride, sulfate, iron, and
manganese are not significantly different in any of the
comparisons. The analysis shows that ground-water
quality is different from surface-water quality largely
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because of differences in concentrations of the cations
calcium, magnesium, sodium, and silica and the anion
bicarbonate. These differences in constituent concen-
trations translate into differences in dissolved solids
(sum of constituents).

Prior to sampling, it had been hypothesized that
surface-water quality would be the result of mixing
ground water from the regolith with ground water
from the bedrock as flow through these two parts of
the ground-water system converged on discharge areas
along streams and at other surface-water bodies. On
the basis of theoretical considerations proposed by
Toth (1963), it was anticipated that ground water from
the bedrock would have the highest constituent con-
centrations, and ground water from the regolith would
have the lowest constituent concentrations. The water
quality of base flow, which is a mix of ground water
from these two parts of the ground-water system,
would be intermediate to these extremes. The results
from the chemical analyses were completely unantici-
pated. Not only does base flow (surface water) have
lower concentrations of constituents than ground
water from either the regolith or bedrock, but ground
water from bedrock has lower concentrations of con-
stituents than ground water from the regolith.

There are several possible explanations for the
lower chemical content of base flow. These include
(1) dilution by precipitation and surface runoff,

(2) geochemical processes that result in deminerali-
zation of the ground water before it discharges into
streams or other surface-water bodies, and (3) ground-
water samples that were collected are not representa-
tive of the ground-water flow system that contributes
to base flow. Although rain storms began during the
sampling in August 1991, little surface runoff was
observed by the sampling party. Thus, dilution by sur-
face runoff is not considered the best explanation. Per-
haps the most persuasive argument against the dilution
theory is based on the surveys of field parameters that
are summarized in table 24. Measurements of specific
conductance changed very little between the three sets
of measurements, and no rain was associated with the
two sets of measurements in November 1990. The spe-
cific conductance measurements suggest that the min-
eralization of base flow in the Indian Creek Basin is
typically low.

No evidence is available to support or refute a
geochemical explanation for the lower mineralization
of base flow. However, for the cation and anion abun-
dance to be reduced approximately 2.8 times from the

concentration of ground water to the concentration of
base flow (table 25), conditions would have to be
favorable for demineralization in some part of the
ground-water flow system. The few detailed drilling
logs available do not suggest that precipitation or sec-
ondary mineralization of the aquifer materials (bed-
rock or regolith) is occurring on a large scale in the
ground-water flow system.

The third of the possible explanations is perhaps
the most valid and the easiest to support given the
available information. The difference between ground-
water quality and surface-water quality could relate to
the topographic settings of the wells that were sam-
pled. All of the wells that were sampled were on the
interstream divides. Ground water traveling from these
sites to discharge areas will have the longest flow
paths and residence times. Ground water beneath hill-
sides and valley slopes will have shorter flow paths
and residence times, and ground water beneath valleys
and draws will have the shortest flow paths and resi-
dence times. According to Toth (1963), minerali-
zation of ground water will be greatest in those parts
of the system with the longest flow paths and resi-
dence times, and lowest in those parts of the system
with the shortest flow paths and residence times.
According to this concept, the wells that were sampled
will be among the most mineralized in the ground-
water flow system. In discharge areas, admixture of
less mineralized ground water from shallower regions
of the flow system that are closer to the discharge
areas could result in surface water that is less mineral-
ized than the ground water that was sampled.

In the absence of ground-water samples from
shallower wells at sites closer to discharge areas, the
dilution necessary to achieve observed surface-water
concentrations was estimated by using rain-water
chemistry as the initial composition of ground water.
The rain-water chemistry in the Indian Creek area was
approximated from data collected at the NADP sta-
tion, Jordan Creek near Silver Hill. Data were com-
piled for the 6-month period preceding the sampling
of surface- and ground-water sites in the Indian Creek
Basin. Presumably, the quality of rain water during
this period is representative of recharge to the shallow
parts of the ground-water flow system in the Indian
Creek Basin and, within 6 months, some of the
recharge to the shallow regions of the ground-water
flow system would have time to travel to discharge
areas. A statistical summary of milliequivalents of
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selected cations and anions in rain water is presented
in table 27.

In comparing ground-water quality to rain-water
quality, the analyses of ground water from wells tap-
ping regolith and bedrock were grouped (table 25).
One reason for grouping the analyses of ground water
was the small number of statistically significant differ-
ences in average concentrations of cations and anions
in ground water from the regolith and bedrock
(table 27). The ratio of milliequivalents of cations in
ground water (all wells) to milliequivalents of cations
in surface water is 2.68. The ratio of milliequivalents
of anions in ground water (all wells) to milliequiva-
lents of anions in surface water is 2.91 (NO, was not
included in the anion sums for this computation
because of its role in biologic activity). Based on the
cation and anion ratios, ground water is 2.68 to 2.91
times more concentrated than surface water (base
flow). Using rain-water quality to approximate initial
ground-water quality, mixing calculations were made
using the sums of the cations (Ca, Mg, Na, and K) in
ground water, surface water, and rain water to estimate
the minimum dilution of ground water necessary to
produce the surface-water cation sum. The calcula-
tions indicate that 1.77 volumes of rain water would
have to be mixed with 1.00 volume of ground water to
produce 2.77 volumes of surface water having
0.4894 milliequivalents of cations per liter. Similar
computations were made using the sums of the anions
SO, and Cl that were determined in rain water. The
calculations indicated that 1.13 volumes of rain water
would have to be mixed with 1.00 volume of ground
water to produce 2.13 volumes of surface water

having 0.1714 milliequivalents of the anions SO, and
Cl per liter. The mixing ratio for the anions is probably
not as reliable as for the cations because HCO, is not
included in the anion sum. Even if it were included,
many of the anions are not nearly as conservative as
the cations in the hydrologic system, and the ratios
would be suspect. Therefore, the dilution factor based
on the cations is probably the more reliable of the two
factors.

A dilution factor based on the composition of
rain water is a minimum dilution factor, assuming that
infiltrating rain water does not pick up additional dis-
solved constituents as it moves through the ground-
water system. This is not likely. It is more likely that
ground water that has traveled from interstream divide
areas will be diluted as it enters discharge areas by
ground water from shallower regions of the ground-
water flow system in proportions greater than 1.77
to 1.

Results of the water-quality sampling and data
analysis indicate that more study of the ground-water
flow system in this terrane is needed to better explain
observed water-quality conditions. Ground-water
quality within the regolith and bedrock at sites inter-
mediate to upland recharge areas and discharge areas
along streams needs to be determined. One method of
making this evaluation would be to construct clusters
of wells of varying depths along a transect from inter-
stream divide to stream. A sufficient number of clus-
ters to determine water-quality conditions and
potentiometric heads in all topographic settings along
the transect would be needed.

Table 27. Statistical summary of milliequivalents of selected cations and anions in rain

water collected near Silver Hill, N.C.

[Duplicate samples were collected weekly during the period February 19, 1991, to August 20, 1991. The station
where the samples were collected is named “Jordan Creek near Silver Hill, N.C.,” and is located in Scotland County
at latitude 34°58'12" N., longitude 79°31'34" W. It is one of a national network of stations operated as part of the

National Atmospheric Deposition Program (1984)]

Cations Number Standard Minimum Maximum
and of Mean .
anions samples deviation value value
Rain-water chemistry
[ ©F: 48 0.00577 0.00569 0.00000 0.02345
Mg..coorinns 48 .00375 .00518 .00000 .02477
f\\F: PR 48 01536 .02708 .00048 12041
Koo 48 .00101 .00100 .00000 .00445
Cations (sum).. 48 .02589 .03589 .00170 17091
SO, e 48 04104 02579 100083 11576
[ @ PO 48 .01530 .02282 .00169 10212
Anions (sum)... 48 .05634 04128 .00450 21788
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SIMULATION OF GROUND-WATER FLOW

A digital ground-water flow model was used to
further investigate the complex ground-water flow sys-
tem in the Indian Creek Basin and is based on the con-
ceptual model of subsurface flow described in a
previous section of this report. Long-term ground-
water discharge to springs and streams is considered to
be in equilibrium with long-term net recharge to
ground water. Because storage remains nearly con-
stant from year to year, a steady-state approach to
model analysis was considered appropriate.

Model Selection

The ground-water flow model selected for use
in this investigation is a modular three-dimensional
finite-difference ground-water flow model
(MODFLOW) documented by McDonald and
Harbaugh (1988). In both the conceptual and digital
models, flow through fractured rock is simulated as
flow through an equivalent porous medium.
MODFLOW was selected because it is well docu-
mented, well supported, and has been used in other
studies—in the absence of a suitable model for frac-
tured rock—to simulate flow in fractured rock using
assumptions of porous-media equivalence (Long and
others, 1982; P.S. Hsieh, U.S. Geological Survey, oral
commun., 1990). This study provided an opportunity
to test the applicability of a new conceptual model of
spatial variation of transmissivity, both areal and verti-
cal, within a volume of fractured rock and, by compar-
ison to a variety of field data, to assess the suitability
of MODFLOW as a simulator of flow in fractured
rock.

The finite-difference solution technique re-
quires that the study area be subdivided into a two-
dimensional grid and that the thickness of the modeled
subsurface be subdivided vertically into layers. Model
boundary conditions and other model input, such as
transmissivity, vertical hydraulic conductivity, stream-
reach characteristics, and recharge, are adjusted during
model calibration. The sensitivity of model output (or
response) to these adjustments is assessed. Model lim-
itations are primarily due to grid resolution and sparse
data.

Grid and Layer Design

The model area is divided into a uniformly
spaced rectangular grid having 196 rows and 140 col-
umns (fig. 42); the grid spacing is 500 ft. Each grid
cell covers 250,000 ft>. The model has 11 layers; the
top of the first layer is land surface, and the bottom of
the eleventh layer is 850 ft below land surface. Each
layer contains 27,440 cells, and the 11 layers have a
total of 301,840 cells. The model nodes are located at
the center of each cell. Each input value assigned to a
node is considered to be an average for the entire cell.
Likewise, output values (hydraulic head and flux) are
also average values for that cell.

Rows and columns parallel the average strikes
of fracturing and foliation in the study area. Average
strikes of foliation and fracturing in the study area are
orthogonal to one another. The average strike of folia-
tion trends N. 18° W.; columns are oriented in the
same direction. The average strike of fractures trends
N. 72° E.; rows are oriented in the same direction.

The modeled area covers about 146 mi, or
17,400 active grid cells, to include natural hydrologic
boundaries at streams. For the 11 layers, the number of
active cells is 191,400. The area within the surface
drainage boundaries of the Indian Creek Basin is
69.2 mi’. Most field data that were collected for the
evaluation of aquifer characteristics were collected
within the smaller area; however, values determined
through model simulations are presented for the larger
area, which is called the Indian Creek model area.

The aquifer system is simulated as 11 layers.
The top layer represents the soil and saprolite horizons
of the regolith. The second layer, or top bedrock layer,
functionally represents the transition zone between
saprolite and unweathered bedrock (fig. 4). Although
the transition zone is hydrogeologically considered the
bottom horizon in the regolith, based on intensity of
weathering, the hydraulic characteristics of the transi-
tion zone were determined as part of the numerical
analysis to be similar to the hydraulic characteristics
of the bedrock. Layers 3 through 11 represent frac-
tured, unweathered bedrock.

The soil and saprolite horizons, represented in
the model by layer 1, are unconfined; transmissivity
varies with saturated aquifer thickness. Because model
results represent long-term steady-state conditions and
because heads do not change from year to year, layer 1
is assigned a constant transmissivity in the model.
Layers 2 through 11 also are simulated as confined
aquifers with constant transmissivity.
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Figure 42. Indian Creek model grid indicating the boundary of the Indian Creek model area and the area of
active cells.

Model Boundaries

Boundary conditions are restrictions placed on
the solution to the ground-water flow equation at a
given location. During simulation, boundaries may be
assigned as specified-flux boundaries, no-flow bound-
aries across which no ground water flows, or head-
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dependent flux boundaries. Boundaries for the Indian
Creek model area are described in this section.
Streams within and at the edges of the Indian
Creek model area (fig. 43) are simulated as specified-
flux boundaries. Cells corresponding to streams were
considered to only incise layer 1; therefore, lateral
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Figure 43. Location of no-flow and specified-flux boundaries (streams) within the Indian Creek model area.

flow to streams was simulated only from the regolith
(excluding the transition zone). Vertical flow to

streams was simulated from underlying bedrock lay-
ers, including layer 2 which represents the transition

zone.

Ccé8

Layer 1 is almost everywhere surrounded by
streams, or specified-flux (discharge) boundaries.
At a few locations along the northeast, west, and
southwest boundaries of the model area, gaps occur in
the bounding stream coverage. These gaps (fig. 43) are
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represented in layer 1 of the model as no-flow bound-
aries. Lateral boundaries of layers 2 through 11 were
everywhere characterized as no-flow boundaries.
Because virtually no ground water flows across the
lower face of the modeled volume, the bottom bound-
ary of layer 11 is simulated as a no-flow boundary.

Ponds along streams also were simulated by
specified-flux cells. Isolated ponds not associated with
streams were not individually simulated. Cells con-
taining isolated ponds were treated like other inter-
stream cells having potentiometric heads free to react
to aquifer properties and recharge.

Model Input

Model input consists of a designation of topo-
graphic setting for each cell, a value of ground-water
recharge, a variety of hydraulic values characterizing
the regolith-bedrock system through which ground
water flows, as well as values that characterize
ground-water discharge to streams in the study area.
Estimates of potentiometric heads also are entered for
each block to initialize the simulation. These “starting
heads” are used only at the beginning of the first time
step in the simulation.

Topographic Settings

Input of hydraulic values and starting heads into
model layers is dependent upon the topographic set-
ting of model cells in valleys and draws, on slopes, or
on hills and ridges. Based on the conceptual model
discussed previously, valleys and draws comprise
about 14 percent of the area between Piedmont
streams, slopes comprise about 38 percent, and hills
and ridges comprise the remaining 48 percent. Model
cells were classified as being in one of the three topo-
graphic settings based on the presence or absence of
streams and a slope analysis to determine the average
land-surface slope of each model cell (fig. 44).

The average land-surface slope of all cells was
determined from USGS digital elevation maps of
1:24,000-scale topographic quadrangles with data
point spacing of 7 meters. A triangulated irregular net-
work—digital elevation map (TIN-DEM) was created
and manipulated in a Geographic Information System
(GIS) using ARC/INFO (Environmental Systems
Research Institute, 1992). The model grid was super-
imposed on the TIN-DEM, and weighted-average

slopes were computed for each cell. Weighted aver-
ages were necessary to account for slope reversals that
occurred within cells; otherwise, average slopes for
cells containing slope reversals would be low.

Because most hydrogeologic data were col-
lected within the 69.2-mi” Indian Creek Basin, includ-
ing additional digital mapping of stream channels, the
assignment of cells to topographic settings for the
entire model area was based on stream and slope data
for cells within the Indian Creek Basin. Accordingly, if
a stream passes through a cell, the cell is classified as a
valley and draw cell. Cells assigned to valleys and
draws in the Indian Creek Basin were counted and
found to be 21.8 percent of the approximately 7,700
cells in the basin. This proportion is 7.9 percent higher
than the 13.9 percent for valleys and draws determined
using orthogonal distances to streams and was consid-
ered an artifact of the 500- by 500-ft cell size. Many
streams in the basin are narrow (table 9), and valley
bottoms are less than 500 ft wide. However, without
reducing cell size, 21.8 percent was the minimum pro-
portion of cells that could be assigned to valleys and
draws using a GIS. Thus, it was decided to reduce the
percentage of cells assigned to slopes and hills/ridges
equally by 3.95 percent. As a result, the percentage of
cells to be assigned to slopes and hills/ridges was
reduced to 33.8 and 44.4 percent, respectively.

In order to identify cells to be classified as
slopes, average slopes of cells in the Indian Creek
Basin were ranked in a frequency distribution. The
comparison of slope and frequency indicated that the
average slope of 33.8 percent of the cells was greater
than 6.94 degrees and, thus, cells with average slopes
greater than 6.94 degrees were classified as slopes.
Cells with average slopes less than 6.94 degrees that
were not already classified as valleys and draws were
classified as hills and ridges. Cells classified as hills
and ridges accounted for 44.4 percent of the cells
within the Indian Creek Basin. When this classifica-
tion technique was applied to the entire 17,400 active
cells in the Indian Creek model area, cells in valleys
and draws accounted for 18.5 percent of the total; cells
assigned to slopes were 38.8 percent; and cells on flat-
topped hills and ridges were 42.6 percent of the total
(fig. 44).

Transmissivity and Vertical Conductance

Aquifer transmissivity is the product of the hori-
zontal hydraulic conductivity of the aquifer and the

Hydrogeology and Simulation of Ground-Water Flow in the Indian Creek Basin, North Carolina C69



81°30'

35935 —

35°30" —

35°25' —

CLEVELAND COUNTY y

81°25' 81°20' 81°15'
| /' [ | l
BURKE COUNTY - ; CATAWBA  COUNTY
s O EXPLANATION
TOPOGRAPHIC SETTINGS
SYMBOL SETTING CONCEPTUAL INDIAN MODEL
MODEL CREEK AREA
BASIN
(percent) {percent) (percent)
Valleys 13.9 21.8 185
and draws
. Slopes 377 338 38.3
Hills and
, [ ] dgo 483 44.4 426

No-flow boundary

~ Stream outside modeled area, treated
as no-flow boundary

Cells are considered slopes when the average slope computed from
a triangulated integrated network is greater than 6.94 degrees

LINCOLN COUNTY

A
By
*s
- — -

GASTON COUNTY

(I) 1 |2 Ci” ? ? MILES
|

I T T T T T
Y] 1 2 3 4 5 KILOMETERS

Figure 44. Classification of cells within the Indian Creek model area based on topographic setting.

thickness of the aquifer. The thickness of the

11 aquifer layers used in the Indian Creek model is
constant within each layer, although thicknesses vary
by layer to facilitate discretization of aquifer proper-
ties with depth.

C70

The regolith-fractured rock aquifer system in
the Indian Creek model area does not contain distinct
confining units. However, aquifer tests and water-level
hydrographs for observation wells indicate increasing
confinement with depth. Storage coefficients derived
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from aquifer tests of deep regolith and bedrock wells
are often in the range of 0.001 to 0.0001 (Trainer and
Watkins, 1975), indicating confined artesian condi-
tions. In addition, water levels in wells tapping bed-
rock in areas of thick regolith often exhibit lunar tides
and barometric effects, both indicative of confinement.
Because of the lack of confining units and the neces-
sity to account for confined conditions, a vertical con-
ductance is specified in MODFLOW between
vertically adjacent aquifer layers. Vertical conductance
is discussed later in this section.

Model layer 1, which represents the soil and
saprolite of the regolith, is assigned a constant thick-
ness of 50 ft throughout the model area. The transmis-
sivity of model layer 1 was estimated from aquifer
diffusivity to be 179 ft* per day, and this value is
assigned to each cell in layer 1. In the absence of
detailed information about hydraulic properties of the
regolith, any attempt to vary this term by topography
did not appear justified.

The bedrock from 50 to 850 ft is divided into
10 layers of varying thickness; although some adja-
cent layers are of the same thickness, the layers tend to
increase in thickness with depth. The top rock layer,
model layer 2, is 25 ft thick, and the bottom rock layer,
model layer 11, is 175 ft thick. This generally system-
atic increase in layer thickness with depth in bedrock
is intended to facilitate model representation of the
nonlinear decrease in bedrock transmissivity with
depth (fig. 38). As discussed in the section on trans-
missivity and hydraulic conductivity of bedrock,
hydraulic properties of the bedrock also can be varied
according to topographic setting. The novel feature of
this conceptual model is the treatment of spatial varia-
tion of transmissivity within a volume of fractured
rock. Based on the transmissivity data presented in
figure 38, the maximum transmissivity for 800 ft of
bedrock (7-maximum) is 358 ft* per day for rock
beneath valleys and draws. Once rock layer thick-
nesses are chosen, the transmissivities per foot
(fig. 38) can be summed for each layer and then
expressed for each of the three topographic settings as
a percentage of the maximum transmissivity beneath
valleys and draws (table 28).

The transmissivity of 800 ft of bedrock beneath
slopes is only about 73 percent of the transmissivity of
bedrock beneath valleys and draws; beneath hills and
ridges the percentage is even lower at approximately
67 percent of the transmissivity beneath valleys and
draws (table 28). The highest percentages, and there-

fore the highest transmissivities, are in the first bed-
rock layer, model layer 2. The difference in
transmissivities between topographic settings is much
less pronounced near the top of bedrock than at the
bottom of bedrock; in fact, the transmissivity of model
layer 2 beneath hills and ridges is slightly higher than
beneath valleys and draws. The more uniform distribu-
tion of transmissivity between topographic settings
near the top of bedrock may reflect differences in frac-
ture permeability with depth. Near the top of bedrock
there probably is a tendency toward exfoliation joint-
ing coupled with fracturing associated with weather-
ing in the transition zone. At depth, the predominant
fracturing probably is associated with high-angle
jointing and faulting which, areally, is not evenly dis-
tributed. Because streams tend to erode into zones of
weakness in bedrock, the high-angle jointing and
faulting would be manifest by higher transmissivities
at depth beneath valleys and draws.

Table 28. Average transmissivities in model layers 2
through 11 (bedrock layers) beneath three topographic
settings expressed as a percentage of the maximum
value of transmissivity

[ft, feet]
Transmissivity expressed as a
Depth Depth percentage of the maximum
to to value of transmissivity
Model top bottom Beneath Beneath
layer of of valleys Beneath hills
layer layer and slopes and
(ft) (ft) draws (percent) ridges
(percent) (percent)
2 50 75 22.4 20.4 25.7
3 75 100 11.3 9.79 114
4 100 150 12.5 10.0 10.6
5 150 200 7.66 5.56 5.05
6 200 250 5.76 3.87 3.03
7 250 325 6.98 4.37 2.89
8 325 425 7.78 4.60 2.45
9 425 550 8.43 4.84 2.08
10 550 675 7.56 4.34 1.56
11 675 850 9.56 5.62 1.78
Totals: 99.96 73.39 66.59

NOTE: The total modeled thickness of bedrock is 800 feet. The
maximum transmissivity for 800 feet of bedrock is 358 feet squared per
day beneath valleys and draws.

The assignment of different values of transmis-
sivity to the bedrock according to the topographic set-
ting of model cells results in an inherent anisotrophy
in the model, with zones of high transmissivity in bed-
rock coinciding with valleys and draws, and zones of
low transmissivity in bedrock coinciding with hills
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and ridges. North-northwest to south-southeast trend-
ing valleys and draws tend to follow zones of weak-
ness associated with compositional layering and
foliation in the gneisses and schists underlying the
basin. East-northeast to west-southwest trending val-
leys and draws tend to follow zones of weakness asso-
ciated with fracturing in the bedrock. The resulting
drainage pattern has linear reaches of valley and draw
cells (fig. 44). Where valleys and draws tend to be par-
allel to one another, the intervening area tends to be
occupied by more or less linear zones of slope cells
adjacent to the valley and draw cells, and linear zones
of hill and ridge cells midway between the valleys and
draws. Locally and regionally, this linear zoning
results in anisotrophic conditions, which tend to be
most pronounced in the north-northwest to south-
southeast direction.

The advantage of expressing transmissivities in
the model layers as percentages of maximum trans-
missivity becomes apparent during calibration of the
model. The transmissivities of each cell in 10 layers
with different transmissivities beneath three topo-
graphic settings can be changed by using the chosen
value of maximum transmissivity as a multiplier to
modify the data matrices.

The vertical conductance of aquifer material is
equal to the vertical hydraulic conductivity times the
cross sectional area perpendicular to flow divided by
the length of the flow path (McDonald and Harbaugh,
1988). For the Indian Creek model it is assumed that
the vertical hydraulic conductivity is equal to the hori-
zontal hydraulic conductivity. Because horizontal
transmissivity is equal to horizontal hydraulic conduc-
tivity times aquifer thickness, vertical hydraulic con-
ductance of the aquifer material is equal to horizontal
transmissivity divided by aquifer thickness squared.
Similarly, vertical hydraulic conductivity is equal to
horizontal transmissivity divided by aquifer thickness.

In model layer 1, the vertical conductance is
constant throughout the model area during steady-state
simulations because there is no adjustment of trans-
missivity for topographic setting and the saturated
thickness and horizontal transmissivity remain con-
stant. However, in model layers 2 through 11 the hori-
zontal transmissivities vary according to the three
topographic settings, differences in layer thickness
(the layers generally increase in thickness with depth),
and the decline in horizontal hydraulic conductivity

with depth (fig. 37B). Therefore, the vertical conduc-
tance of aquifer material in each bedrock layer is equal
to 7-maximum times the percentage of 7-maximum
assigned to each bedrock layer in each of three topo-
graphic settings (table 28) divided by the layer thick-
ness squared.

Vertical hydraulic conductance between aquifer
layers is a function of the vertical hydraulic conductiv-
ities and thicknesses of the adjacent layers. In the
Indian Creek model the nodes are at the centers of
model cells. Because the vertical hydraulic conduc-
tances are not the same in adjacent layers, the conduc-
tance between the nodes in adjacent layers is
equivalent to the conductance of two half cells in
series (McDonald and Harbaugh, 1988). That is, the
vertical conductance between nodes in adjacent layers
is equal to the vertical conductance of the lower half of
the cell in the upper layer multiplied by the vertical
conductance of the upper half of the cell in the lower
layer, divided by the sum of these two terms.

Values of vertical conductance in the model are
easily updated during model calibration. When hori-
zontal transmissivities in bedrock are modified by
changing the maximum transmissivity multiplier
(T-maximum), the vertical conductivities of cells are
modified simultaneously and conductances between
nodes in cells are recomputed.

Ground-Water Recharge

The water budget analysis indicates that, on
average, 10.35 in. of recharge (52.8 ft’/s) enters the
ground-water system annually. In areas of ground-
water recharge, this water moves downward into
underlying layers or discharges locally to nearby
streams. In areas of ground-water discharge, this water
is recharged and discharged quickly to nearby streams.

In the ground-water flow model, recharge is
considered to be uniformly distributed to the top of the
saturated zone in the regolith layer for those topo-
graphic settings classified as slopes and hills/ridges.
Recharge was not applied to stream cells that occur in
and are limited to the topographic setting classified as
valleys and draws. The application of recharge only to
those cells classified as slopes and hills/ridges is based
on the average water-level data presented in figure 8.
Beneath slopes and hills/ridges, water levels on the
water table are higher than water levels on the bedrock
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potentiometric surface at the same locations. Even at
the outer margins of valleys and draws (near the bot-
tom of slopes), the water table is higher than the bed-
rock potentiometric surface. These data indicate a
downward gradient and the potential for downward
movement of ground water (recharge) in those areas
classified as slopes and hills/ridges. On the other hand,
valley and draw cells in the model area coincide with
perennial streams which typically occur in areas of
ground-water discharge.

The difference between water levels on the
water table and the bedrock potentiometric surface is
greatest beneath interstream divides, but the difference
decreases away from divides and toward streams
(fig. 8). In discharge areas, potentiometric levels in
deeper parts of the flow system have an upward gradi-
ent and are higher than the water table. Therefore,
cells classified as valleys and draws are considered to
be in discharge areas. Cells in the model are 500 by
500 ft. If a valley/draw cell is centered along a stream
channel, the cell will extend 250 ft on either side of the
stream. By inspection of figure 8, it is apparent that
this distance approximately coincides with the posi-
tion of the boundary between the valley/draw and
slope settings.

In the Indian Creek model area, 18.5 percent of
the area is occupied by valley/draw cells and the
remaining 81.5 percent is occupied by slope and
hill/ridge cells (fig. 44). The equivalent uniform depth
of recharge for the entire land area of the Indian Creek
Basin was estimated to be 10.35 in. annually. Because
recharge is only applied to the 81.5 percent of the
model area that is considered recharge area, the equiv-
alent uniform depth of recharge applied to the
recharge area is 12.70 in.

Recharge in ground-water flow models is often
distributed in varying amounts across the model area
to account for differences in soil characteristics (Giese
and others, 1991), land-surface slope, and other fac-
tors that may affect infiltration rates. In the Indian
Creek model area, soil characteristics and land slope
were thought to be the two factors that would have the
most direct influence on infiltration.

Inspection of the soil map of the Indian Creek
model area (fig. 18), as well as the infiltration charac-
teristics of the soils (table 6), indicates that distribu-
tion of infiltration based on soil characteristics is
unwarranted. It is apparent from the soil distribution in

figure 18 that soils in the upland areas generally do not
coincide with topographic settings (fig. 44) or under-
lying hydrogeologic units (fig. 12). Only the Chewacla
silty clay loam, which occurs in flood plains of major
streams, exhibits a clear association with a topo-
graphic setting. Furthermore, the permeability of the
soils to a depth of 5 ft below land surface are the same
or nearly the same for all soil associations. Of the soils
within the model area, only the Chewacla silty clay
loam has a lower range of permeabilities in the inter-
val between land surface and a depth of 1 ft. However,
this soil is generally restricted to flood plains (dis-
charge areas) and would not be used for distribution of
recharge.

Land-surface slopes can also be used to distrib-
ute recharge based on the assumption that less
recharge will occur on slopes and hills than on flat
interstream uplands where water runs off more slowly,
accumulates in depressions, and thus has more time
for infiltration to occur. Inspection of topographic
maps of the area indicates that there is very little
upland area that is flat or has low slopes. Even the
upland areas classified as hills and ridges (the divide
areas) have average slopes within model cells of up to
about 7 degrees. Therefore, there is little justification
for distributing recharge on the basis of land surface
slope in the Indian Creek model area.

In summary, the existing water-level, soils, and
land-surface slope data provide little justification for
the uneven distribution of recharge throughout the
area. Consequently, the recharge was distributed uni-
formly to the top of the zone of saturation, except in
model areas classified as valleys and draws.

Stream Characteristics

Streams in the Indian Creek model area are sim-
ulated by specified-flux cells. The stream cells are lim-
ited to layer 1 in the area classified topographically as
valleys and draws. Stream cells constitute 18.5 percent
of the 17,400 active cells in layer 1. Discharge equal to
the 10.35 in. of annual recharge (52.8 ft/s) is divided
equally among the stream cells. Heads in stream cells
are allowed to fluctuate in the model in response to
recharge, discharge, and aquifer properties.
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Ground-Water Withdrawals

Based on information presented in the discus-
sion of water use in the Indian Creek model area, loss
of ground water from consumptive uses associated
with individual domestic supply wells is estimated to
be about 0.01 inch per year, which is about 0.1 percent
of annual base flow. The average daily pumping rate of
individual domestic supply wells is estimated to be
0.126 gal/min. The amount of water lost from the
ground-water system through consumptive uses is
minuscule; the effect of such low pumping rates on the
regional water table is probably not detectable. There-
fore, effects of ground-water withdrawals, either
locally from individual wells or regionally from all
wells, are not considered in this model.

Starting Heads

Starting heads for the 10 bedrock layers were
estimated on the basis of rank correlation analysis of
water levels measured in 673 drilled wells for which
topographic settings had been described. These data
were compiled from wells from the Chauga, Inner

Piedmont, Kings Mountain, and Charlotte belts that
are located in the same five hydrogeologic units that
occur in the Indian Creek Basin. Wells located inside
the Indian Creek model area that were selected for
comparing simulated versus measured water levels
were not included in this data set.

Based on results from analysis of variance tests
described previously, the drilled wells were catego-
rized into three subsets according to topographic set-
ting: (1) wells in valleys and draws, (2) wells on
slopes, and (3) wells on hills and ridges. All of these
wells are of open-hole construction and few have cas-
ing that extends below the regolith-bedrock contact.
Therefore, water levels represent some average head
that is probably different from the head that would be
determined at the bottom of wells if the wells were
cased to the bottom. In spite of this complication, the
data set was divided according to topographic setting,
rank correlations were determined, and rank estimates
of water levels based on total well depth were calcu-
lated. Rank estimates of water levels in wells in the
three topographic settings are shown in figure 45. The
water-level estimates were then divided among the
10 bedrock layers on the basis of total well depth. In
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Figure 45. Relation of rank estimates of water levels in wells tapping bedrock to total well depth

in each of three topographic settings.
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order to keep the estimated water levels within the
range of observed values, the rank estimates were
compared to observed water levels in each setting. The
few rank estimates for wells on hills and ridges that
fell outside the range of observed values were set
equal to the maximum or minimum observed value
depending upon whether the rank estimates were less
than the minimum or greater than the maximum value.
Average water levels were finally computed for each
layer in each of the three topographic settings. The
results of this analysis are summarized in table 29.

Table 29. Average water levels used to compute starting
heads in model layers 2 through 11 (bedrock layers)

[ft, feet. Water levels in layers 2 through 11 were derived from a rank
correlation analysis of measured water levels in wells in three topo-
graphic settings. The rank estimates of water levels were truncated at
observed minimum and maximum values for each topographic setting
prior to computation of means for each layer]

Water
Depth  Depth level Water Water
to to beneath level level
Model top  bottom beneath
valleys beneath .
layer of of hills and
la | and slopes id
yer ayer draws ) ridges
ft ft ft
@ @ e ()
2 50 75 5.5 15.1 14.2
3 75 100 10.2 20.9 232
4 100 150 15.8 27.0 35.1
5 150 200 22.1 337 474
6 200 250 27.3 39.3 57.2
7 250 325 33.0 453 67.4
8 325 425 40.0 52.5 79.6
9 425 550 47.8 60.5 93.2
10 550 675 55.5 68.4 106.5
11 675 850 63.7 76.8 117.9

Water levels in layer 1, which represents the soil
and saprolite of the regolith, were set equal to levels
for layer 2, which represents the transition zone at the
base of the regolith. This simplified estimate of water
levels in layer 1 was necessary because water-level
data for bored and hand-dug wells were not available
for wells outside the Indian Creek model area. Water
levels in layer 1 beneath valleys and draws, slopes, and
hills and ridges were set to 5.5 ft, 15.1 ft, and 14.2 ft,
respectively.

Once water levels, in feet below land surface,
were estimated for each layer in each of the three

topographic settings, the water-level data were
assigned to cells in the model grid according to the
topographic setting associated with each cell. Starting
heads in layers beneath each cell were then computed
by subtracting the water levels for each layer from the
average land-surface altitude of the cell computed as
part of the TIN-DEM analysis.

Model Calibration

Calibration of the Indian Creek ground-water
flow model was a trial-and-adjustment procedure
whereby model input was varied, and the resulting
model output was compared to observed values. The
process was repeated to minimize the difference
between computed and observed values until the simu-
lated results agreed with observed values within some
acceptable degree of accuracy. The calibrated parame-
ter set presented in this report is not the only set that
could be used to match simulated heads with observed
heads; however, one way of ensuring that the final cal-
ibrated data set is reasonable is to include as much
information about the ground-water flow system as
possible in the calibration process. To accomplish this,
input data were adjusted within probable limits
according to available water-level information,
recharge estimates, well-log data, and hydraulic char-
acteristic data. Generally, calibration was considered
acceptable when simulated water levels in each of the
11 model layers averaged within +20 ft of measured
values (the contour interval of topographic maps used
for estimating land-surface altitude at well sites).
Average differences between simulated and observed
water levels for the completed model were less than
9 ft in layers 1 through 8 and less than 12 ft in layer 9.
Of the 243 wells used for calibration, only two wells
within the model area are open to layer 9, and none are
open to layers 10 and 11.

Simulated and Observed Water Levels

A layer-by-layer summary of differences
between simulated and observed water levels indicates
that the average difference for 243 observation wells
is slightly less than -1.5 ft (table 30). The median
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Table 30. Summary statistics for simulated and corresponding observed heads for nine model layers

[Ah = h_ - h; ft, feet; do, ditto. Water-level data were unavailable for

layers 10 and 11 within the model area. Root mean square error (RMSE)
where h is simulated head, /, is observed head, and # is the number of

Z(h,—h,)?
= / —

data points]
_ Number Median Mean RMSE Minimum Maximum
Layer Lithology <_>f Ah Ah (ft) Ah Ah
points ) ) (ft) (f)
1 Regolith.... 84 -7.98 -6.62 24.64 -64.88 43.01
2 Bedrock ... 55 -5.21 -2.39 23.17 -51.34 51.23
3 L do........ 18 -2.55 1.58 25.55 -37.09 42.01
4 Ll do........ 27 1.11 6.46 3344 -71.61 97.25
5 L do........ 25 -6.13 2.98 29.43 -36.72 68.17
6 L. do........ 16 -.07 1.87 19.10 -43.37 38.18
7 . do........ 10 -5.86 -.37 22.87 -36.67 50.76
g8 L do........ 6 19.52 8.62 3148 -50.33 3743
9 L. do........ 2 -11.96 -11.96 22.78 -31.34 7.42
| (0 R do........ 0 — — — — —
mnmn L do........ 0 — — — — —
All layers.....ccocoevececnnenee 243 -4.36 -1.47 25.52 -71.61 97.25

difference between these water-level values is less
than -4.4 ft. The negative difference between simu-
lated and observed values shows that, on average, the
simulated heads are lower than the observed heads,
and that the model slightly underestimates observed
water levels. In the nine model layers for which water-
level comparisons were made, the average difference
ranges from 6.46 ft in layer 4 to -11.96 ft in layer 9.

A given observed head value or the observed
average annual head value can be expected to differ
from a spatially averaged computed head value for a
node. At some places, however, minimizing the differ-
ences between computed and observed heads is not
necessarily a calibration objective. The spatial distri-
bution of observed data points also is a factor in model
calibration; it is difficult to reasonably calibrate a
model with widely ranging head data from sites
located near each other. Additionally, depending upon
the location of sites within the model area, certain
matches of computed and observed heads can be more
important than others.

In the case of the Indian Creek model, the rela-
tion between topographic relief and cell dimensions
can make a major contribution to differences between
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simulated and observed heads. Therefore, attempts to
calibrate the model to individual observed heads is
probably much less satisfactory than assessing
goodness-of-fit by evaluating differences between
simulated and observed heads distributed over the
area. For example, data in table 30 show an average
difference between simulated and observed heads of
-1.47 ft within a range of head differences from -71.61
to 97.25 ft. During model calibration, an assessment
of head differences at individual sites indicated that
the larger differences between simulated and observed
heads could not be localized to specific areas of the
model. Therefore, areal variation in aquifer properties
did not seem to account for the larger differences
between simulated and observed heads. The root mean
square error (RMSE) was similar for all layers, which
suggested that vertical changes in aquifer properties
were not a major contributor to RMSE. When it was
recognized that the RMSE for each layer and for all
data pairs was about half the relief across a typical
model cell, changes to model parameters during cali-
bration were applied globally.

Simulated water levels were entered into a
contouring program (Harbaugh, 1990b) in order to
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generate a potentiometric contour map of part of the
Indian Creek model area (fig. 46A). The potentiometric
contour map (fig. 46B) is centered on the confluence of
Indian Creek and Little Indian Creek and covers an
area of 9.2 mi” that is bounded by columns 46 and 72
and rows 65 and 102. This area also includes the area
of a flow-path analysis made along row 97 between
columns 50 and 65 that is described later in this report.
The potentiometric contours shown in figure 46B are
for simulated water levels in model layers 2 and 10;
these are representative of simulated water levels in the
upper and lower layers of the model. All wells in the
area with measured water levels are also shown with
the layer that they tap indicated; the difference between
the simulated head and observed head for the indicated
layer is also shown. Negative differences indicate that
the simulated head is lower than the observed head;
positive differences indicate that the simulated head is
higher than the observed head.

The potentiometric contours in figure 46B reflect
the complexity and relief of the surface topography
within the map area and are typical of the topographic
complexity throughout the model area. Just within the
area shown in figure 46B, the altitude of the potentio-
metric surfaces, as indicated by the potentiometric con-
tours, ranges from less than 910 ft beneath Indian
Creek in the southern part of the map to more than
1,040 ft beneath the interstream area in the north-
central part of the map. These altitudes compare,
respectively, to land-surface altitudes of 860 to 880 ft
at the southern end of the map, and 1,060 to 1,100 ft at
the northern end of the map. Thus, simulated heads are
below land surface in the interstream uplands and
above land surface along the major streams. This is
consistent with the potential for downward ground-
water flow beneath the uplands—recharge areas—
and upward ground-water flow beneath stream
valleys—discharge areas—indicated by the separation
and relative positions of the potentiometric contours.
The potential for downward flow is readily apparent
along the Indian Creek Basin drainage divide that runs
approximately parallel to the right side of figure 46B.
At any point along this divide, the head in layer 2 is
higher than the head in layer 10. Inspection of
figure 46B finds that this relation is present beneath
other upland areas as well. The opposite is true along
the valleys of perennial streams, especially along the

valleys of larger streams such as Indian Creek and
Little Indian Creek, and the downstream valleys of trib-
utary streams. Along any of these valleys, the head in
layer 10 is higher than the head in layer 2.

Along hill sides and valley flanks, the potentio-
metric contours are closer together and in some places
coincident. The closeness of the potentiometric con-
tours indicates that beneath these settings, the direction
of ground-water flow is predominantly horizontal and
that ground water is moving away from the upland
recharge areas toward discharge areas in the valleys.

Although the relations indicated by the potentio-
metric contours in figure 46B are consistent with theo-
retical considerations of ground-water flow, the vertical
head differences between layers 2 and 10 are less than
observed differences as indicated by water levels in
three well pairs that were discussed previously. The
average head difference between layers 2 and 10 is, on
average, about 4 ft. Model layer 2 represents the transi-
tion zone at the base of the regolith, and layer 10 is
within the bed rock. Water levels in the three well pairs,
with one well tapping regolith and one well tapping
bedrock, differed, on average, by as little as 2.15 ft to
as much as 17.54 ft. The average head difference
between layers 2 and 10 is also less than the average
difference between water levels in wells tapping
regolith and wells tapping bedrock. The average differ-
ence between monthly water-level measurements in
22 bored and hand-dug wells tapping regolith and
14 drilled wells tapping regolith was 8.34 ft during an
18-month period from 1991 to 1992. Thus, the differ-
ence between the heads in layers 2 and 10 is apparently
low by a factor of 2 or more.

The data for wells shown in figure 46B also sug-
gest that simulated heads tend to be lower than
observed heads beneath upland areas and higher than
observed heads beneath lower topographic settings.
These observations suggest that vertical hydraulic con-
ductivities in the model are too large and that differ-
ences between simulated heads could be brought into
line with observed differences by reducing vertical
hydraulic conductivities. In this model, vertical
hydraulic conductivities in model layers are set equal
to horizontal transmissivities divided by layer thick-
ness; changes in transmissivity resulting from a change
in 7-maximum automatically result in a change in the
vertical hydraulic conductivity. Refinement of the
model to achieve simulated head differences that are in
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better agreement with observed differences will
require that vertical hydraulic conductivities be
adjusted independently after the initial computation.

Sensitivity Analysis

Two applications of sensitivity analysis are
appropriate for modeling studies. Logically, the first
application is performed during model calibration to
aid in data collection. If this analysis shows that the
model is not sensitive to changes in certain parame-
ters, efforts to improve parameter estimates in the
modeled area would not improve the simulation capa-
bility of the model. Conversely, if the initial sensitivity
analysis shows that the model is sensitive to changes
in a particular parameter, data-collection activities and
analyses to better define or verify the parameter values
in the model area could result in improved simulation
capability.

A second application is performed after calibra-
tion to evaluate the relation between parameter vari-
ability and model response. This relation indicates the
extent to which calibration is likely to have improved
parameter estimates and may be a guide for future
modeling studies. The following sections discuss this
second application.

Method of Analysis

The model response investigated in the sensitiv-
ity analysis was hydraulic head. The parameters
selected for testing were transmissivity, vertical

hydraulic conductivity, and recharge. Because trans-
missivity is set by two multipliers (transmissivity of
regolith and maximum transmissivity of bedrock) and
vertical conductance is calculated from the horizontal
transmissivity for each block, transmissivity and verti-
cal conductance are varied simultaneously by chang-
ing the multipliers. The multipliers were varied by
plus and minus 50 percent and plus and minus

90 percent of their calibrated values (T for model
layer 1, soil and saprolite of the regolith, is 180 ft* per
day; T-maximum for bedrock beneath valleys and
draws is 360 ft* per day). Model simulations at minus
90 percent and minus 50 percent did not converge, so
additional simulations at minus 25, 40, and 45 percent
also were performed. The model simulations at minus
25 and 40 percent converged; the simulation at minus
45 percent did not converge. The estimated annual
recharge of 10.35 in. was varied by plus and minus
2.00 in. (approximately plus and minus 20 percent).

Results

Generally, the model was highly insensitive to
changes in transmissivity and vertical hydraulic con-
ductivity (fig. 47). At minus 40 percent, the average
difference between simulated and observed heads in
all model layers was -0.40 ft with a RMSE of 25.28 ft.
At plus 90 percent, the average difference between
simulated and observed heads was -2.22 ft, and the
RMSE was 26.52 ft.

Changing the annual recharge rate of 10.35 in.
by plus and minus 2.00 in. also produced little change
in the simulated heads. The sensitivity of simulated
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Sensitivity of simulated heads to changes in transmissivity and vertical hydraulic conductivity.
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heads in model layers to changes in recharge is sum-
marized in table 31. At 8.35 in. of recharge, the mean
difference between simulated and observed heads in
243 wells was 0.30 ft greater than at 10.35 in. of
recharge. At 12.35 in. of recharge, the mean difference
between simulated and observed heads was 0.31 ft less
than at 10.35 in. of recharge. The difference between
simulated heads and observed heads (h-h,) systemati-
cally decreased as recharge increased, as was expected
because the simulated heads were lower, on average,
than the observed heads at low annual recharge rates.
However, the small change in heads in response to a
large increase in recharge—an average rise of 0.61 ft
in simulated heads with an increase in recharge from
8.35 to 12.35 in. (a 48-percent increase)—was not
expected.

Limitations of the Model

Simplification of the subsurface framework is
inherent in the modeling process because of the
required spatial discretization. Each finite-difference
cell is assigned one value for each hydraulic parame-
ter, which represents a spatially averaged uniform
value. Simplification is apparent, for instance, when
computed heads are compared to observed water lev-
els. Poor matches of simulated and observed water

levels at some cells can be attributed to discretization
scale rather than to poor estimates of hydrologic
parameters. Topographic relief and water-table gradi-
ents are high in the Indian Creek model area, and even
with cell dimensions of 500 by 500 ft, the model grid
is not fine enough to adequately reflect this variation.
A comparison of the model grid to topographic maps
(contour interval 20 ft) of the model area indicates that
individual cells routinely cross two contour intervals
and sometimes cross three or four intervals throughout
much of the model area. Therefore, land-surface alti-
tude varies by 40 to 80 ft within many cells. If a well is
located near the uphill or downhill side of a cell, the
observed water level may differ from the water levels
simulated at the center of the cell by 20 to 40 ft. This
condition is apparently reflected in the RMSE of
25.52 ft, obtained when observed water levels in 243
wells are compared to simulated water levels. Future
ground-water modeling studies of the Indian Creek
area could obtain more accurate results by using a
much finer model grid.

The resolution of the model grid is also not fine
enough to reflect the narrow widths of draws, streams,
and associated valley bottoms in discharge areas. This
ineffectualness might be suspected from the narrow

Table 31. Sensitivity of simulated heads to changes in recharge rates

[Ah = h - h,; ft, feet; do, ditto. Summary statistics for simulated minus observed heads for nine model layers.
Water-level data were unavailable for layers 10 and 11 within the model area. Root mean square error (RMSE)
where h_ is simulated head, , is observed head, and » is the number of data points]

[S(h,—h,)?
n ’

Recharge
Number 8.35 inches 10.35 inches 12.35 inches
rever Hinoloay po(i’rf\ts Mean  mmse Mean  mmse Mean  mmse
(ft) (ft) () () () W)
1 Regolith ... 84 -6.86 25.06 -6.62 24.64 -6.37 24.24
2 Bedrock.... 55 -2.78 23.63 -2.39 23.17 -2.01 22.75
3 L do....... 18 1.33 25.77 1.58 25.55 1.84 25.38
4 L do....... 27 6.10 33.43 6.46 33.44 6.81 33.48
5 L do....... 25 2.50 29.22 2.98 29.43 3.45 29.69
6 ... do....... 16 1.49 19.37 1.87 19.10 2.25 18.88
7 do....... 10 -.36 2342 -.37 22.87 -.38 22.34
g8 do....... 6 8.28 31.41 8.62 31.48 8.96 31.65
9 L do....... 2 -11.67 22.53 -11.96 22.78 -12.24 23.02
| (0 do....... 0 — — — — — —
| do....... 0 — s — — — e
All layers.......coeeeneeerinnene 243 -1.77 26.09 -1.47 25.52 -1.16 25.62
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widths of streams in the Indian Creek Basin (fig. 25;
table 8, p. C103). However, it is readily apparent when
the percentage of model cells in valleys and draws
(21.8 percent in the Indian Creek Basin and

18.5 percent in the Indian Creek model area) is com-
pared to the percentage for valleys and draws in the
conceptual model (13.9 percent).

The simulations using the calibrated model
approximate the unpumped, long-term average,
ground-water flow conditions in the study area. Local
adjustments to changes in ground-water withdrawal
are not simulated by this model. Additionaily, the
model simulates only average annual conditions and
does not account for seasonal changes in ground-water
recharge and discharge or seasonal variability in val-
ues of hydraulic head. This numerical model is
designed not as a predictive tool, but as an interpretive
one. The model is designed to help gain insight into
flow-system dynamics given the proposed conceptual
model. Predictive capabilities of the numerical model
are limited by the constraints placed on the flow sys-
tem by specified fluxes and recharge distribution.

Evaluation of the Ground-Water Flow
System Based on Simulations

Model simulations were used to evaluate spe-
cific conditions or components of the ground-water
flow system. A program written by Harbaugh (1990a)
was used to analyze ground-water budgets within the
Indian Creek model area. A particle-tracking program
written by Pollock (1989) was used to analyze and dis-
play selected ground-water flow paths. Ground-water
budget information and flow-path analyses are used to
assess the distribution of flow within the ground-water
system, and estimate the time of travel for ground-
water flow from recharge areas to discharge areas.

Flow Budgets

Long-term average recharge to the ground-water
system in the approximately 146-mi” Indian Creek
model area occurs at the rate of about 10.35 inches per
year. The calibrated model indicates that about 55 per-
cent of recharge is discharged directly to streams from
model layer 1 (the soil and saprolite of the regolith).
Only about 30 percent of recharge passes through
layer 2 (the uppermost bedrock layer, but functionally

considered the transition zone of the regolith) into
deeper parts of the system. In other words, about

70 percent of recharge flows through the regolith to
streams. About 90 percent of recharge flows through
the system at depths less than 250 ft (the boundary
between layers 6 and 7); only about 10 percent of
recharge goes deeper in the bedrock. About 98 percent
of recharge flows through the system at depths less
than 675 ft (the boundary between layers 10 and 11);
only about 2 percent flows deeper still into the bed-
rock.

A summary of model fluxes, including recharge
to layer 1, flux within layer 1 to streams, and average
fluxes between model layers is presented in table 32.
The fluxes between model layers (presented in
table 32 and described in the preceding paragraph) are
the average fluxes across layer boundaries. That is,
flow downward across a boundary in recharge areas is
balanced by flow upward across the same boundary in
discharge areas. Thus, the total flux across layer
boundaries, regardless of direction of flow, is twice as
large as the average flux between model layers
(table 32).

Table 32. Summary of model fluxes, including recharge
to layer 1, flux within layer 1 to streams, and average flux
between model layers

[(fe/d)/mi?, cubic feet per day per square mile]

Flux Flux as
f/d percent-
1(1[16 mg) age of
recharge’
Recharge to layer 1 (regolith).... 9,847,850 100.0

Flux within layer 1 to streams... 5,417,500 55.0

Average flux between:

Regolith and bedrock

Layers 1 and *2........... 4,430,350 45.0

Bedrock layers
Layers 2 and 3 ........... 2,964,600 30.1
Layers3and 4 ............ 2,275,250 23.1
Layers4 and 5 ............ 1,584,550 16.1
Layers 5and 6 ............ 1,240,950 12.6
Layers6and 7 ............ 1,022,370 104
Layers 7and 8 ............ 791,355 8.0
Layers 8 and 9 ............ 571,645 5.8
Layers 9 and 10 .......... 369,100 3.7
Layers 10 and 11 ........ 207,245 2.1

'Daily recharge is equivalent to 10.35 inches per year.
*Layer 2, the top bedrock layer, functions as the transition zone.
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The cell-by-cell vertical flow across boundaries
between model layers was analyzed to identify areas
in which downward and upward flows are occurring.
Results of the analysis for the boundaries between

model layers 1 and 2, 6 and 7, and 10 and 11 are
shown in figures 48, 49, and 50, respectively. Flow
from model layer 1 into model layer 2 is equal to
about 45 percent of recharge; flow from model layer 6
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Figure 48. The Indian Creek model area showing the direction of flow across the boundary between layers 1 and 2 at

a depth of 50 feet below land surface.
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Figure 49. The Indian Creek model area showing the direction of flow across the boundary between layers 6 and 7 at

a depth of 250 feet below land surface.

into model layer 7 is equal to about 10 percent of
recharge; and flow from model layer 10 into model
layer 11 is equal to about 2 percent of recharge. In
figures 48-50, downward flow (recharge) is indicated
by the black cells and upward flow (discharge) is indi-

cated by the white cells. In figure 48, nearly all the
interstream areas are indicated as recharge areas, and
discharge from layer 2 upward to layer 1 is almost
entirely restricted to the area beneath valleys and
draws. As indicated by figures 48-50, the area where
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Figure 50. The Indian Creek mode! area showing the direction of flow across the boundary between layers 10 and 11 at
a depth of 675 feet below land surface.

discharge is occurring increases with depth, whereas implication of these three figures regarding discharge
the area where recharge is occurring decreases with and flow paths is that upward flow in the system con-
depth. Nonetheless, recharge areas continue to be verges on the stream cells in model layer 1.
associated with interstream areas, and discharge areas Boundaries of the Indian Creek model area are
continue to be associated with valleys and draws. The either specified-flux boundaries or no-flow boundaries.
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Specified fluxes to streams total 10.35 in. annually.
The fluxes are prorated so that stream cells on the
outer boundary receive half the rate that stream cells
inside the model area receive. Stream cells are present
only in model layer 1.

Flow-Path and Time-of-Travel Analysis

Particle tracking (Pollock, 1989) can be used to
show where recharge water will move after it enters
the ground-water flow system. If numerous particles
are distributed over the top surface of a cell and are
tracked through the flow system, the combined set of
path lines will delineate the area through which
recharge that entered the ground-water system at that
cell would flow. In combination with ground-water
budget information, time-of-travel along the various
path lines can be estimated.

A representative section was selected along
which flow paths and time-of-travel could be analyzed
(fig. 51). The section chosen is in row 97 between

1,000 FEET

=t

200 METERS

35925

columns 50 and 65 and traverses uplands southwest of
Indian Creek, Indian Creek (in column 62), and the
valley wall northeast of Indian Creek. An intermittent
tributary to Indian Creek crosses the section in
column 54. The average altitude of the cell (row 97,
column 62) through which Indian Creek crosses the
line of section is 815 ft. The average altitude of the
cell (row 97, column 62) through which the tributary
crosses the line of section is 910 ft. The flow-path
analysis shows that the intermittent tributary has little
effect on the flow of ground water to Indian Creek
along this section.

One hundred particles were released on the sur-
face of the Indian Creek cell (row 97, column 62) and
backtracked to determine where they would originate.
The decreasing density of flow paths with depth as
shown in figure 52 is generally indicative of the
decreasing ground-water flux with depth as summa-
rized in table 32. Travel times through layer 1 range
from less than 10 years over a horizontal distance of
500 to 1,000 ft to about 20 years over horizontal
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Figure 51. The Indian Creek model area showing the area of a flow-path analysis along row 97 between columns 50 and 65.
(The shaded area indicates the line of section shown in figure 52. The grid spacing is 500 by 500 feet.)
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distances of about 2,000 ft. Travel times increase
markedly with depth. Travel times along flow paths
that pass through layer 11 are on the order of 300 to
500 years over a horizontal distance of about 5,000 ft.
The deepest flow path shown in figure 52 has a com-
puted travel time of 487 years and a total length of
about 6,900 ft. Although velocities vary along the flow
path as indicated by the 10-year increment marks, the
average velocity along the entire flow path is about
14 ft per year, or 0.04 ft per day.

SUMMARY AND CONCLUSIONS

The Indian Creek Basin in the southwestern
Piedmont of North Carolina is one of five type areas
studied as part of the Appalachian Valleys—Piedmont
Regional Aquifer-System Analysis (APRASA). The
APRASA utilized two specific approaches to define
the hydrogeologic framework of the APRASA study
area. The first involved producing hydrogeologic maps
for the entire study area, which covers about
142,000 mi® in the Appalachian Highlands of the
Eastern United States. The second approach involved
quantification of ground-water conditions and flow
characteristics through detailed studies of selected
“type areas” considered representative of flow in vari-
ous hydrogeologic terranes. The hydrogeologic ter-
ranes have been defined on the basis of conceptual
flow systems. The Indian Creek type area is typical of
ground-water conditions in a single hydrogeologic ter-
rane that underlies a large part (perhaps as much as
40 percent) of the Piedmont physiographic province.

The 146-mi’ Indian Creek model area includes
the Indian Creek Basin, which has a surface drainage
area of about 69 mi’. The Indian Creek Basin lies in
parts of Catawba, Lincoln, and Gaston Counties,
North Carolina. The larger area is based on boundary
conditions established for digital simulation of
ground-water flow within the Indian Creek Basin.

The hydrogeologic terrane of the Indian Creek
area is one of massive and foliated crystalline rocks
mantled by thick regolith. The area lies almost entirely
within the Inner Piedmont geologic belt. Seven hydro-
geologic units are found in the area, but only five
occupy major portions of the area. Data from wells
tapping the five units show that the units are hydrolog-
ically similar based on results of statistical tests on
well yields, specific capacities, and other characteris-
tics. For purposes of modeling the ground-water flow

system, the five hydrogeologic units can be treated as
one unit.

Ground-water movement is through shallow
flow systems that are commonly less than 850 ft deep.
Ground water flows from recharge areas on the inter-
stream divides to discharge areas along the nearest
perennial streams and adjacent flood plains. Most
ground-water storage is in the regolith, which has
porosities that can exceed 50 percent and specific
yields of 10 to 20 percent. The porosity and specific
yield of the fractured crystalline rocks is much lower
and decreases with depth; below 850 ft, the specific
yield of bedrock is near zero. In the Indian Creek area,
90 percent of the records for cased wells show regolith
thicknesses of 100 ft or less; the average thickness is
63 ft. The average depth to the water table, based on
data from bored and hand-dug wells, is about 26 ft.

Principal structural fabric components consid-
ered to have a role in the hydrogeology of the area are
fractures and foliation. Ground water flows through
fractures in the otherwise solid rock, and tends to flow
most effectively parallel to relict foliation in the
regolith. Joints are the most common form of fracture.
Foliation varies from simple mineral lineation to
schistosity and gneissic banding. The greatest concen-
tration of fracture planes strikes N. 72° E. and is verti-
cal. The greatest concentration of foliation planes
strikes N. 18° W. and dips 27° SW. These two fabric
elements are oriented at right angles to each other; the
model grid is oriented to coincide with the fabric ele-
ments.

Recharge to the ground-water system is from
precipitation and averages about 10.4 inches per year,
but varies seasonally from a low of about 0.45 in. in
September to a high of about 1.38 in. in March. The
amount of ground water in storage is usually greatest
in late winter and early spring and least in late summer
and fall. Seasonal fluctuation of ground-water levels
was determined from measurements of water levels in
anetwork of 38 observation wells. On an annual basis,
water levels in wells tapping regolith averaged 8.34 ft
higher than water levels in wells tapping bedrock.

The Indian Creek area is predominantly rural,
and water use is generally domestic and self-supplied
from wells. Some crop, dairy, and livestock farms, as
well as small rural businesses, use wells for supplying
their water needs. Withdrawal of ground water by
pumping of wells is not great in the Indian Creek area.
Total ground-water withdrawals in the Indian Creek
model area average about 0.96 Mgal/d, or 182 gal/d
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per well. These low pumping rates are expected to
have little effect on ground-water levels near individ-
ual wells and no effect on the regional water table.
Water-level changes are due almost entirely to climatic
effects and hydrogeologic conditions.

Synoptic base-flow surveys of streamflow and
selected water-quality indicators at as many as 85
stream sites indicated that ground-water discharge is
rather evenly distributed throughout the basin. There is
no indication of channeling of ground-water flow
along preferential pathways such as faults, shear
zones, or solution openings. The narrow range of unit
area discharges indicates a relatively uniform contri-
bution of ground water to streamflow throughout the
basin. Hydrologic properties of the aquifer materials
are assumed to be areally uniform at the scales
employed in the ground-water flow model.

The observed quality of ground water from the
regolith is not much different from the quality of
ground water from the bedrock. However, ground
water generally has much higher concentrations of
chemical constituents—particularly calcium, magne-
sium, sodium, silica, and bicarbonate—than surface
water. Based on cation and anion ratios, ground water
beneath the interstream divides is 2.68 to 2.91 times
more concentrated, respectively, than base flow. The
low concentrations of constituents in base flow sug-
gest that (1) most base flow is derived from shallow
regions of the ground-water system between the
interstream divides and discharge areas, (2) most
ground-water flow follows short flow paths, and
(3) most shallow ground water has very low concen-
trations of chemical constituents. Mixing calculations
show that at a minimum, 1 part of ground water from
beneath the interstream divides would have to be
diluted with 1.77 parts of ground water having a
cation composition equivalent to rain water in order
to obtain the same cation concentration as base flow.
Inferences about ground-water flow based on chemical
data are in agreement with estimates of ground-water
flow and flow paths produced by the ground-water
model.

Specific-capacity data obtained for more than
330 wells meeting requirements for construction, geo-
logic belts, and hydrogeologic units were analyzed to
estimate transmissivity within the bedrock. The data
were subset based on topographic settings of the wells
in valleys and draws, on slopes, and on hills and
ridges. At the regolith-bedrock contact, transmissivi-
ties are highest beneath valleys and draws and least

beneath hills and ridges; transmissivities beneath
slopes are intermediate to the other settings. Transmis-
sivities decrease nonlinearly with depth along separate
curves that converge at depths of about 850 ft below
land surface. At 850 ft, depending upon topographic
setting, transmissivities have decreased to about 1 to
4 percent of the value of transmissivity immediately
below the regolith-bedrock interface. The model has
10 bedrock layers to account for the nonlinear
decrease in transmissivity with depth. The model uses
a unique approach to assign transmissivities to model
layers. Transmissivities beneath the three topographic
settings are assigned to individual layers as percent-
ages of the maximum transmissivity (7-maximum)
which occurs in bedrock beneath valleys and draws.
Changes in model transmissivities are made by select-
ing other values of 7-maximum and using these values
as a multiplier in conjunction with the percentages to
generate new values of transmissivity.

The assignment of different values of transmis-
sivity to the bedrock according to the topographic set-
ting of model cells results in an inherent anisotrophy
in the model, with zones of high transmissivity in bed-
rock coinciding with valleys and draws, and zones of
low transmissivity in bedrock coinciding with hills
and ridges. This tends to be most pronounced in the
north-northwest to south-southeast direction.

The transmissivity of the regolith was estimated
from aquifer diffusivity calculated from streamflow
recession in Indian Creek. The storage coefficient of
the regolith is estimated to be between 0.20 and 0.01.
The storage coefficient of the bedrock is estimated to
be about 0.0002.

The ground-water flow model of the Indian
Creek model area is based on the USGS modular
three-dimensional finite-difference ground-water
flow model (MODFLOW). The model area is
divided into a uniformly spaced grid with 196 rows
and 140 columns. The grid spacing is 500 ft. Rows are
oriented parallel to fractures (N. 72° E.), and columns
are oriented parallel to foliation (N. 18° W.). The
model has 11 layers; the top layer represents soil and
saprolite of the regolith, and the lower 10 layers repre-
sent bedrock. The base of the model is 850 ft below
land surface. The top bedrock layer, which is only
25 ft thick, serves as the transition zone between
saprolite and unweathered bedrock. The model bound-
aries are, for the most part, specified-flux boundaries
that coincide with streams that surround the Indian
Creek Basin. Streams inside the model boundaries
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also are represented by specified-flux cells. The area
of active model nodes within the boundaries is about
146 mi’ and has about 17,400 active cells.

In steady-state simulations, the quantity of
ground water flowing through model layers decreases
with depth. In the bottom model layer, the quantity of
water moving in or out of the layer is about 2 percent
of the maximum quantity that flows through the top
(regolith) layer. The quantity decreases with depth by
about two orders of magnitude, even though the bot-
tom layer is 175 ft thick and the saturated thickness of
the top layer is about 20 to 30 ft thick. Flow-path and
time-of-travel analyses show that most ground water
flows through the shallower parts of the system close
to streams and that travel times in the regolith vary
from less than 10 years to as much as 20 years from
time of recharge to time of discharge in streams.
Travel times along flow paths through the lower layers
can take decades or even centuries; travel times
approaching five centuries were computed in some
areas for flow that passed through the bottom layer
(675 to 850 ft below land surface).

Use of the modular finite-ditference model
MODFLOW—incorporating aquifer characterization
based on assumptions of porous-media equivalence—
produced apparently reliable estimates of ground-
water circulation in the thick regolith-fractured
crystalline rock aquifer system that lies beneath the
Indian Creek model area. However, this numerical
model is designed not as a predictive tool, but as an
interpretive one. The model is designed to help gain
insight into flow-system dynamics given the proposed
conceptual model. Predictive capabilities of the
numerical model are limited by the constraints placed
on the flow system by specified fluxes and recharge
distribution.

Limited geochemical data are consistent with
ground-water flow predominantly through shallow
parts of the ground-water system. Water from deeper
regions of the flow system, as represented by samples
from wells on drainage divides, has higher concentra-
tions of chemical constituents than base flow. Accord-
ing to model results, this water represents only a small
fraction of base flow. The model indicates that most
ground-water flow follows short, shallow flow paths
and has short residence times. Although no chemical
data are available for shallow ground water at lower
topographic settings, the combination of short, shal-
low flow paths and short residence times is expected to

result in ground water with low concentrations of
dissolved constituents. Combined with lesser quanti-
ties of ground water from deeper regions of the flow
system, the resulting discharge to streams as base flow
would also be expected to be low in dissolved constit-
uents.

Although the chemical data are consistent with
model results, further model development and verifi-
cation are needed. Estimates of travel times and flow
paths based on model calculations need to be tested in
detail. Age dating and additional geochemical analy-
ses of ground water from all parts of the ground-water
system, not just that from beneath the uplands, would
help verify the model. Refinement of the model could
almost certainly be achieved by use of smaller cell
sizes. Because streams in the area are generally very
narrow in comparison to cell sizes, the most improve-
ment probably could be achieved in characterizing
discharge areas, flow paths, and heads beneath valley
and draw topographic settings.

Vertical hydraulic conductivities in the model
are set equal to horizontal transmissivity divided by
layer thickness. Changes in horizontal transmissivity
resulting from changes in 7-maximum result in com-
parable changes in vertical hydraulic conductivity.
Comparison of differences between simulated heads in
model layers, as well as comparison of differences
between simulated heads and observed heads in wells,
suggest that vertical hydraulic conductivities, and the
hydraulic conductances between model layers, are too
large. Therefore, it is likely that additional refinement
could be achieved by independently adjusting the
vertical hydraulic conductivities and the hydraulic
conductances that are derived from them.
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Table 4. Measurements of fracture orientation from bedrock outcrops at stream sites in the Indian Creek Basin

[Site descriptions are given in table 8, p. C103]

Site 2 Site 9 Site 16 Site 20 Site 21
Strike Dip Strike Dip Strike Dip Strike Dip Strike Dip
N.11°E. 90° N.59°E. 74° NW. N. 15°E. 9° SE. N. 70° E. 90° N. 17°W. 74° NE.
N.20°E. 74° NW. N. 64° E. 75° NW. N. 79° E. 90° N.58°E. 90° N. 74° E. 88° NW.
N. 66° E. 78° NW. N.71°E. 85° NW. N. 80° E. 90° N.53°E. 90° N.77° E. 90°
N.62°E. 90° N. 80° E. 79° NW. N. 64°E. 77° NW. N.72°E. 90° N. 16°W. 90°
N. 66° E. 84° NW. N. 65°E. 75° NW. N.45°W. 84° SW. N.72°E. 90°
N.71°E. 83° NW. N. 80°E. 59° NW. N.73°E. 90° N. 15°E. 90°
N.73°E. 81° NW. N. 80° W. 84° NE. N. 30° W. 90° N. 73°E. 90°
N. 80° W. 90° N.64° E. 77° SE. N.11°W. 63° NE.
N. 68°E. 82° NW., N. 80° E. 90°
N. 72° E. 84° NW. N. 10°W. 65° NE.
N. 78° E. 90°
N. 78° E. 76° NW.
Site 23 Site 26 Site 30 Site 31 Site 37
Strike Dip Strike Dip Strike Dip Strike Dip Strike Dip
N. 84° E. 74° SW. N. 72° E. 74° SE. N. 72°E. 81° NW. N. 74° E. 77° SE. N.78° W, 84° SW.
N. 80°E. 90° N. 65°E. 86° NW. N.75°E. 79° SE. N.76°E. 90°
N. 56° E. 82° SE. N. 69°E. 82° NW. N. 83°E. 85° NW.
N. 66° E. 90° N. 83°E. 80° NW. N.51°E. 90°
N. 65°E. 90° N. 85°E. 90°
N. 65°E. 88° NW. N. 81° E. 90°
N. 65°E. 90° N. 40° E. 75° NW.
N. 18°E. 65° NW. N.38°E. 83° NW.
N. 25°E. 74° NW.
N. 27°E. 87° NW.
N. 18°E. 77° NW.
N. 18°E. 76° NW.
N. 12°E. 72° NW.
Site 49 Site 50 Site 51 Site 69 Site 84
Strike Dip Strike Dip Strike Dip Strike Dip Strike Dip
N.74° E. 87° NW. N. 62° E. 85° NW. N. 86° W. 85° Sw. N. 63°E. 68° NW. N.65°E. 66° NW.
N. 70° E. 83° SE. N. 65°E. 90° N. 84° W. 86° NE. N. 80° E. 78° SE. N.30°E. 83° SE.
N. 39°E. 90° N. 74° E. 90° N. 76° E. 90° N. 83°E. 88° NW.
N. 68° E. 45° NE. N. 23°W. 90°
N. 75°E. 90° N. 34°W. 77° NE.
N. 83°E. 69° NW. N. 78° E. 90°
N.9°E. 66° NW. N. 75° E. 88° NW.
N. 15°E. 63° NW. N. 32°W. 76° NE.
N. 64° E. 81° SE.
N. 62°E. 64° SE.
N.75°E. 90°
N. 82°E. 85° SE.
N.7°E. 60° NW.
N. 38°E. 77° NW.
N. 48°E. 72° NW.
N.57°E. 84° SE.
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Table 5. Measurements of foliation orientation from bedrock outcrops at stream sites in the Indian Creek Basin

[R, measurement on relict foliation in regolith. Site descriptions are given in table 8, p. C103]

Site 2 Site 9 Site 16 Site 20 Site 21
Strike Dip Strike Dip Strike Dip Strike Dip Strike Dip
N.46°W. 77°NE. N.9°W. 25° SW. N. 12° E. 37° NW. N. 65° E. 58° SE. N.7°E. 12° NW. R
N.40°W. 70° NE. N. 30° E. 25° NW. N. 15°E. 42° NW. N.30°W. 28°SW. N.4° W, 10°SW.R
N.50°W. 89°NE. N. 50° E. 39°NW. N.14°W. 55°NE. N.55°E. 5° NW. N.5°E. 15° NW.
N.45°W. 77°NE. N. 25°E. 12° SE. N.1I°E. 34° NW. N.4°E. 8° NW.
N.45°W. 84° NE. DUE N. 29°W. N.15°W. 63°NE. N. 10° E. 12° NW.
N.45°W. 84°NE. N.35°E. 14° SE. N.35°W. 44° SW. N.25°W. 10° SW.
N.43°W. 80°NE. N.2°W. 24° SW, N.5°W. 41° SW. N.22°W. 15° SW.
N.48°W. 78°NE. N.3°W. 19° SW N.30°W. 43°SW. N.24°W. 24° SW.
N.32°W. 74°SW. N.7°W. 24° SW. N.22°W. 46°SW. N.25°W. 6° SW.
N. 5°E. 32° NW. N. 14°W. 16° SW. N.26°W. 37°SW. N.10°W. 9° SW.
N. 6°E. 50° NW. N.28°W. 39°SW. N.20°W. 19° SW.
N.25°W. 32°SW. N.4°W. 16° SW.
N.30°W. 41°SW. N.24°W. 20° SW.
N.20°W. 44°SW. N.15°W, 1200 SW.
N. 38°W. 65° SW. N. 15°W. 12° SW.
N.35°W. 52° SW. N. 55°W. 24° SW.
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