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Area
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square foot (ft?) 929.0 square centimeter (cm?)
square foot (ft?) 0.09290 square meter (m?)
square mile (mi?) 2.59 square kilometer (km?)
Volume
million gallons (Mgal) 3,785 cubic meter (m?)
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Flow rate
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Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
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Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft¥/d)/ft?]ft. In this report, the mathematically reduced form, foot
squared per day (ft¥d), is used for convenience.
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Groundwater Availability in the Crouch Branch and
McQueen Branch Aquifers, Chesterfield County,

South Carolina, 1900-2012

By Bruce G. Campbell and James E. Landmeyer

Abstract

Chesterfield County is located in the northeastern part of
South Carolina along the southern border of North Carolina
and is primarily underlain by unconsolidated sediments of
Late Cretaceous age and younger of the Atlantic Coastal
Plain. Approximately 20 percent of Chesterfield County is
in the Piedmont Physiographic Province, and this area of the
county is not included in this study. These Atlantic Coastal
Plain sediments compose two productive aquifers: the Crouch
Branch aquifer that is present at land surface across most of
the county and the deeper, semi-confined McQueen Branch
aquifer. Most of the potable water supplied to residents of
Chesterfield County is produced from the Crouch Branch
and McQueen Branch aquifers by a well field located near

McBee, South Carolina, in the southwestern part of the county.

Overall, groundwater availability is good to very good in most
of Chesterfield County, especially the area around and to the
south of McBee, South Carolina. The eastern part of Chester-
field County does not have as abundant groundwater resources,
but resources are generally adequate for domestic purposes.
The primary purpose of this study was to determine
groundwater-flow rates, flow directions, and changes in water
budgets over time for the Crouch Branch and McQueen
Branch aquifers in the Chesterfield County area. This goal
was accomplished by using the U.S. Geological Survey
finite-difference MODFLOW groundwater-flow code to
construct and calibrate a groundwater-flow model of the
Atlantic Coastal Plain of Chesterfield County. The model was
created with a uniform grid size of 300 by 300 feet to facilitate
a more accurate simulation of groundwater-surface-water
interactions. The model consists of 617 rows from north to
south extending about 35 miles and 884 columns from west
to east extending about 50 miles, yielding a total area of about
1,750 square miles. However, the active part of the modeled
area, or the part where groundwater flow is simulated, totaled
about 1,117 square miles.

Major types of data used as input to the model included
groundwater levels, groundwater-use data, and hydrostrati-
graphic data, along with estimates and measurements of stream
base flows made specifically for this study. The groundwater-
flow model was calibrated to groundwater-level and stream
base-flow conditions from 1900 to 2012 using 39 stress periods.
The model was calibrated with an automated parameter-estimation
approach using the computer program PEST, and the model used
regularized inversion and pilot points. The groundwater-flow
model was calibrated using field data that included ground-
water levels that had been collected between 1940 and 2012
from 239 wells and base-flow measurements from 44 locations
distributed within the study area. To better understand recharge
and inter-aquifer interactions, seven wells were equipped with
continuous groundwater-level recording equipment during
the course of the study, between 2008 and 2012. These water
levels were included in the model calibration process. The
observed groundwater levels were compared to the simulated
ones, and acceptable calibration fits were achieved. Root mean
square error for the simulated groundwater levels compared
to all observed groundwater levels was 9.3 feet for the Crouch
Branch aquifer and 8.6 feet for the McQueen Branch aquifer.

The calibrated groundwater-flow model was then used to
calculate groundwater budgets for the entire study area and for
two sub-areas. The sub-areas are the Alligator Rural Water and
Sewer Company well field near McBee, South Carolina, and
the Carolina Sandhills National Wildlife Refuge acquisition
boundary area. For the overall model area, recharge rates vary
from 56 to 1,679 million gallons per day (Mgal/d) with a mean
of 737 Mgal/d over the simulation period (1900-2012). The
simulated water budget for the streams and rivers varies from
653 to 1,127 Mgal/d with a mean of 944 Mgal/d. The simulated
“storage-in term” ranges from 0 to 565 Mgal/d with a mean of
276 Mgal/d. The simulated “storage-out term” has a range of
0 to 552 Mgal/d with a mean of 77 Mgal/d. Groundwater budgets
for the McBee, South Carolina, area and the Carolina Sandhills
National Wildlife Refuge acquisition area had similar results.
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An analysis of the effects of past and current groundwater
withdrawals on base flows in the McBee area indicated a
negligible effect of pumping from the Alligator Rural Water
and Sewer well field on local stream base flows. Simulated
base flows for 2012 for selected streams in and around the
McBee area were similar with and without simulated ground-
water withdrawals from the well field. Removing all pumping
from the model for the entire simulation period (1900-2012)
produces a negligible difference in increased base flow for the
selected streams. The 2012 flow for Lower Alligator Creek
was 5.04 Mgal/d with the wells pumping and 5.08 Mgal/d
without the wells pumping; this represents the largest differ-
ence in simulated flows for the six streams.

Introduction

Chesterfield County (809 square miles [mi*]) and the
surrounding region is a primarily rural area in the northern
part of South Carolina (S.C; fig. 1). Between 2000 and
2010, the population of Chesterfield County increased about
9 percent from 42,768 to 46,734 people (U.S. Census Bureau,
2013). This population increase, as well as potential economic
development in the area, is associated with increased demand
for high-quality drinking or process water in Chesterfield
County. As residential, agricultural, industrial, and other
forms of projected development occur, increased demands for
groundwater will put further pressure on the water resources
of the region. Natural pressures such as periodic severe
droughts have placed additional stresses on the water
resources of the area (Gellici and others, 2004).

Currently (2013), the principal sources of potable water
supply for most of Chesterfield County are the Crouch Branch
and McQueen Branch aquifers, which generally contain high-
quality groundwater. In 2010, the total groundwater use reported
for Chesterfield County by the South Carolina Department of
Health and Environmental Control (SCDHEC) was 4.62 million
gallons per day (Mgal/d) (South Carolina Department of Health
and Environmental Control, 2002, 2006; Alex Butler, South
Carolina Department of Health and Environmental Control,
written commun., 2010).This groundwater use is primarily
derived from a well field near McBee, S.C. (fig. 1), operated
by Alligator Rural Water and Sewer Company (ARWS), and
supplies most of the potable water for the county, with the
exception of Cheraw, S.C. (which is supplied by surface-water

withdrawals from the Pee Dee River). Groundwater use in
Chesterfield County has increased substantially since 1983
(when groundwater-use data became available) when about
0.1 Mgal/d was reportedly used for all purposes (public
supply, industrial, irrigation, and mine dewatering) (fig. 2). As
pipelines were completed to the towns in the northwestern part
of Chesterfield County (fig. 1), there was an increase in ground-
water withdrawals beginning about 2001 (fig. 2). In addition
to reported water use, an unknown volume of groundwater is
withdrawn in the study area for domestic, irrigation, industrial,
and other uses. This unreported groundwater use falls outside
of the SCDHEC regulatory reporting requirement of 3 million
gallons in any month of the year (South Carolina Department
of Health and Environmental Control, 2006). Chesterfield
County has surface-water resources available; however, these
surface-water sources, with the exception of the Pee Dee
River, tend to be difficult to treat to drinking water standards
and are susceptible to low flows during drought periods.

As demand increases, groundwater withdrawals from
the aquifers underlying the study area may overstress the
groundwater resources and possibly lower groundwater levels.
Lower groundwater levels could potentially reduce base flow
to streams and rivers in the area and affect groundwater levels
in adjacent areas. In addition, Chesterfield County is home
to a major State forest (Sand Hills State Forest; SSF) and an
extensive Federal wildlife refuge (Carolina Sandhills National
Wildlife Refuge; CSNWR). The CSNWR and the SSF are
located in central and southern Chesterfield County, respec-
tively, near the ARWS well field near McBee, S.C. (fig. 1).
This area contains more than 95,000 acres of critical longleaf
pine habitat and contains a large population of endangered
red-cockaded woodpeckers (U.S. Fish and Wildlife Service,
2007). A reduction in groundwater levels or groundwater base
flows to surface-water bodies could have a negative effect on
these protected natural resources.

To address the concerns of public, private, and govern-
mental users of the groundwater resources in Chesterfield
County, the U.S. Geological Survey (USGS), in cooperation
with the South Carolina Department of Natural Resources
(SCDNR), compiled and interpreted hydrologic data and
constructed and calibrated a groundwater-flow model for
the county. Model simulations are used in this study to
provide information to facilitate the best management of
the groundwater resources in Chesterfield County. This
study also addresses one of the six USGS science strategy
goals, “Quantifying, forecasting, and securing freshwater for
America’s future” (U.S. Geological Survey, 2007).
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Department of Health and Environmental Control, 2002, 2006; Alex Butler, South Carolina Department of
Health and Environmental Control, written commun., 2010).

Purpose and Scope

The primary purpose of this investigation was to evaluate
long-term concerns regarding groundwater availability from
the Atlantic Coastal Plain aquifers in the Chesterfield County
study area. This report documents the development, calibration,
and analysis of a finite difference, numerical groundwater-flow
model of the Atlantic Coastal Plain sediments underlying
the Chesterfield County, S.C., area. As part of the study, the
groundwater-flow model was used to determine groundwater-
flow rates, flow directions, and changes in water budgets over
time. Groundwater budgets for the entire study area, along with
subareas centered on McBee and the CSNWR, were simulated.
Base-flow budgets for six small streams in the vicinity of the
ARWS well field are analyzed to determine if pumping from
the McBee area has negatively affected base flows.

Groundwater-flow models are commonly used analytical
tools for quantifying groundwater flow and budgets. Modeling
results also can be used to evaluate future stresses given likely
management scenarios and the design of monitoring networks
that address specific long-term questions. In this case, study
objectives were met by developing a numerical groundwater-
flow model of the aquifers and confining unit of the ground-
water-flow system using the USGS modular finite-difference
groundwater-flow model, MODFLOW-2000 (Harbaugh and
others, 2000). The Chesterfield County groundwater-flow
model represents transient three-dimensional groundwater
flow from 1900 to 2012.

The groundwater-flow model includes the Crouch
Branch aquifer, the McQueen Branch confining unit, and the
McQueen Branch aquifer underlying Chesterfield County
and parts of Darlington, Lee, Lancaster, and Kershaw Coun-
ties in South Carolina and a small part of Anson County in
North Carolina (fig. 1). The modeling effort is limited to the
unconsolidated sediments of Upper Cretaceous and younger
age of the upper Atlantic Coastal Plain Physiographic Province
beneath the model area. The up-dip and basal limits of this
modeling effort are the crystalline bedrock of the Piedmont
Physiographic Province. The crystalline bedrock typically
yields much less groundwater to wells than the Atlantic
Coastal Plain sediments of Late Cretaceous age and younger
and is not included in the scope of this investigation.

Previous Investigations

The Chesterfield County area has a history of geologic
and hydrologic investigations dating back to 1908. A chapter
devoted to the discussion of the geology and mineral resources
of the State was included in the Handbook of South Carolina
in 1908 (Sloan, 1908) and gives a description of the geology
of the State, including Chesterfield County. Berry (1914)
described plant fossils from the Upper Cretaceous sediments
near Middendorf, Chesterfield County. Cooke (1936) compre-
hensively describes and illustrates the geology of the Atlantic
Coastal Plain of South Carolina. The geology of the Piedmont



crystalline and Atlantic Coastal Plain sedimentary rocks near
Pageland, S.C., are described in detail and illustrated on an
accompanying geologic map by Bell and others (1974). A
preliminary geologic map of Chesterfield County by Butler
and Howell (1977) illustrates the surficial geology found

in Chesterfield County, though not comprehensively. The
configuration of the pre-Cretaceous rock surface underlying
the Southeastern (Atlantic) Coastal Plain aquifer system, as
well as the hydrology of the crystalline rocks, is presented
in Wait and Davis (1986). The lithologic description of two
cores and groundwater-quality data in the northeastern part
of the Atlantic Coastal Plain of South Carolina is presented
in Falls (1994). Prowell and others (2003) discuss the
chrono- and lithostratigraphic importance of the type section
of the Middendorf Formation located near Middendorf,
Chesterfield County.

The groundwater resources of Kershaw, Lee, and Ches-
terfield Counties have been described in reports by Newcome
(2002, 20044, b). These reports present data on the water
quality, geology, hydrology, hydraulics, and potential well
yields for the aquifers underlying each of the aforementioned
counties. The groundwater resources of Darlington County
are included in a five-county groundwater modeling report by
Rodriguez and others (1994). The report describes the effects
of continuous groundwater withdrawals in a five-county study
area as well as the results of computer-based simulations to
determine the best groundwater management alternatives for
selected sites within the five-county study area.

Aucott and Newcome (1986) and Newcome (1993,
2000) published reports that include selected information on
well hydraulics and aquifer properties for sites in Chesterfield
County. Other reports that include various information on the
hydrology in the study area include Aucott and others (1984,
1987a, b), Aucott and Speiran (1985a, b, ¢, 1986, 1996), and
Aucott (1988, 1996). Harrelson and Fine (2006) published a
report that represents a partial inventory of wells in North and
South Carolina, including several wells within Chesterfield
County. Reports by Hockensmith (2003, 2008, and 2012)
present the hydrogeology and configuration of the potentio-
metric surface of the Middendorf aquifer (equivalent to the
Crouch Branch and McQueen Branch aquifers described in
this report) in the southeastern part of the study area. Discus-
sions about selected springs in South Carolina, some of which
are in Chesterfield County, are presented in Mitchell (2004).
Reports by Bloxham (1976 and 1979) and Barker (1986) list
surface-water base-flow measurements for selected streams in
the study area. Computations of groundwater discharge from
regional aquifers to large streams (base flow) in the upper
Atlantic Coastal Plain of South Carolina are presented in
Aucott and others (1987b). Additionally, the characteristics of
natural streams during low-flow conditions in the Blue Ridge,
Piedmont, and upper Atlantic Coastal Plain Physiographic
Provinces of South Carolina are presented in Zalants (1991).
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Description of Study Area

The Chesterfield County study area comprises the
Atlantic Coastal Plain part of Chesterfield County and small
parts of Darlington, Lee, Lancaster, and Kershaw Counties
in northeastern South Carolina and Anson County in North
Carolina, occupying approximately 1,117 mi® (fig. 1). The
study area includes parts of the Atlantic Coastal Plain sedi-
ments and is bounded by the Fall Line to the northwest, the
Pee Dee River to the northeast, the northern parts of Lee and
Darlington Counties to the southeast, and the topographic
divide between the Little Lynches River Basin and the Wateree
River Basin in Kershaw County to the southwest. Because of
the abundant, white, highly leached sand that covers the land
surface of most of the region, this area is informally known as
the Sand Hills (Cooke, 1936).

Population

The population of Chesterfield County in 2010 was
46,748 (U.S. Census Bureau, 2013). The study area includes
the following communities (2010 populations): McBee (867),
Patrick (351), Cheraw (5,851), Chesterfield (1,427), Ruby
(360), Pageland (2,760), and Jefferson (753) (fig. 1). Mount
Croghan (195) is just outside the study area; however, all of
the town’s potable water is supplied by the well field near
McBee, S.C. The communities of Society Hill (563) and
Hartsville (7,764) in Darlington County and Bethune (334) in
Kershaw County also are included in the study area.

Climate

The relatively low latitudinal location of Chesterfield
County along with a strong moderating influence from warm
Gulf Stream water along the coast of South Carolina results
in an overall mild climate. Also important to the climate are
the Blue Ridge Mountains to the north and west, which help
to block or delay the movement of cold air masses from the
northwest. Abnormal weather patterns can alter or restrict
precipitation, resulting in prolonged dry spells (Wachob and
others, 2009). Warm summers and mild winters, with mild
spring and fall seasons, characterize the climate of the study
area. Daytime temperatures (in degrees Fahrenheit) usually
are in the 80s and 90s in the summer, and the 40s and 50s in
the winter. Temperatures during the year average 60 degrees
Fahrenheit (°F); they seldom reach 100 °F or fall below
10 °F. July is the warmest month, and January is the coolest
(Newcome, 2004b).

Precipitation has been recorded at five sites within
Chesterfield County. The station with the longest period of
record (1893—current) is located in the vicinity of Cheraw, S.C.
(fig. 3), is maintained by the National Weather Service (NWS),
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and reports a long-term, annual mean of about 47 inches of
precipitation. The lowest recorded value, 29.72 inches, was
in 2001, and the highest value, 67.93 inches, was recorded

in 1929 (National Oceanic and Atmospheric Administration,
2012). The USGS operates three precipitation gages in the
Black Creek Basin that are characterized by short records, the
oldest beginning in 1999. Two precipitation gages are located
in the CSNWR—one operated by the U.S. Fish and Wildlife
Service and another operated by the SCDHEC that have short
records of less than 10 years. Parameter-Elevation Regression
on Independent Slopes Model (PRISM) (Di Luzio and others,
2008) precipitation data for the entire study area from 1900 to
2012 were obtained and compared to the NWS precipitation
data collected at Cheraw, S.C. (fig. 4). Di Luzio and others
(2008) describe the PRISM method as “long-range and wide-
area daily precipitation and temperature data that combines the
interpolation of daily ratios/fractions derived from ground-
based meteorological station records and respective fields of
monthly estimates.” The two precipitation datasets correlate
fairly closely with an R? (coefficient of determination;
indicates how well data points fit a line or curve) of 0.76 (an
R? of 1.0 indicates the regression line perfectly fits the data)
when regressing the annual precipitation totals from 1900 to
2012. Most of the two precipitation records agree relatively
closely over time with the exception of 1945 and 2010 to
2012 when the PRISM data are 5-8 inches less than the NWS

Description of Study Area 1

Cheraw data and 5 to 8 inches greater in 1908 and 1988. The
precipitation data include occasional snowfalls.

The factors of climate and precipitation described above
are affected by the processes of evaporation and transpiration.
When combined and referred to as evapotranspiration (ET), it
is the sum of evaporation of water to the air from sources such
as the soil, canopy interception, and water bodiesand the loss
of water through plant stomata and, to a lesser extent, bark
(Thornthwaite, 1948). Evapotranspiration varies seasonally and
can be responsible for removing up to 70 percent of the precipi-
tation in a basin (Thornthwaite, 1948). During times of reduced
precipitation, ET continues to deplete water supplies in surface-
water bodies, streams, and sediment and varies according to
weather and wind conditions (Hanson, 1991). For the period
1948 to 1990, the annual mean ET for the Chesterfield County
region was 30 inches per year (in/yr), and the annual mean
water yield (precipitation minus evapotranspiration) ranged
from 10 to 15 in/yr (Cherry and others, 2001). Sanford and
Selnick (2012) use a water-balance method combined with
a climate and land-cover regression equation to estimate
long-term (1971-2000) ET rates for the entire United States.
This methodology yields an annual ET rate in the Chesterfield
County area that ranges from 27.5 to 31.4 in/yr. Lu and others
(2005) provide an ET estimate of 36 in/yr for Upper Drowning
Creek Basin in North Carolina (fig. 5), which is hydrologically
similar to the Black Creek Basin in Chesterfield County.

DT T T TTTTTT T T T

65 —

Annual precipitation, in inches

EXPLANATION
—o— PRISM
—=a— National Weather Service at Cheraw

Figure 4. Parameter-elevation regressions on independent slopes model (PRISM) data and National Weather Service
precipitation data at Cheraw, South Carolina, from 1900 to 2012.
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Physiog raphy are fed by groundwater flow in the study area. Additionally,

numerous springs are present in the area. The topography
The Chesterfield County study area is located in the Pee of the study area is characterized by a rolling landscape,

Dee River Basin in South Carolina (fig. 6). Major drainages with land-surface altitudes that range from 58 feet (ft; North

in the basin include the Pee Dee and Lynches Rivers. Black American Vertical Datum 1988 [NAVD 88]) along the

Creek and Thompson Creek are tributaries that flow into the Pee Dee River to as much as 722 ft along parts of the Fall

Pee Dee River and drain parts of the study area (Newcome, Line in northern Chesterfield County (fig. 7) (U.S. Geological

2004b). The rivers, streams, and many other tributaries (fig. 3)  Survey, 1999).
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Land Uses streams have extensive areas of wetlands along their length.
Crops grown in the study area include peaches, strawberries,
soybeans, pasture, and sorghum. The study area has little
developed land, consisting mostly of small towns and the

The study area has a mixed land use of forest (deciduous,
evergreen, and mixed; 40 percent), wetlands (woody and
emergent herbaceous; 15 percent), grassland (14 percent), crops - ) )
(13 percent), pasture (10 percent), developed land (7 percent), electrical power generation complex at Lake Robinson (fig. 6).
and open water (1 percent; Fry and others, 2011; fig. 8). Forest ~Lake Robinson is the only large open-water body in the study;
lands that cover the study area are composed of the CSNWR, however, the study area contains numerous small lakes and
the SSF, and private land holdings. Most of the larger rivers and ~ ponds (commonly springs that have been dammed).
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Figure 8. Land use in the Chesterfield County area. (Land-use data from the National Land Cover Database, 2006).
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Geology

The study area is underlain by Late Cretaceous and
younger unconsolidated sands and clays of the Atlantic
Coastal Plain (ACP), which in turn overlie various types of
crystalline rocks of Paleozoic age of the Piedmont Province.
The Piedmont rock types in the study area are thought to
be primarily low-grade metamorphic rocks including slates
and phyllites (D.C. Prowell, U.S. Geological Survey, retired,
written commun., 2000). Depths to bedrock and thickness of
the Atlantic Coastal Plain sediments in the McBee, S.C., area
were delineated by using a surface geophysical technique
(horizontal-to-vertical spectral ratio) (appendix A). The
outcropping Late Cretaceous and younger sediments of the
upper Atlantic Coastal Plain are mostly micaceous, kaolinitic
sands with lenses of clay of variable thickness (Nystrom and
others, 1991). The sands are mostly of quartz mineralogy and
are coarse, angular to subangular, and poorly sorted. White
mica and dark heavy minerals are commonly found, with
feldspar grains rarely occurring. Bedding is laterally and
vertically discontinuous, and cross bedding is common. Local
sandstone ledges are cemented with iron oxide or silica and
are present at numerous locations in Chesterfield County.

Atlantic Coastal Plain geologic formations present in
the study area are, bottom to top, Cape Fear, Cane Acre,
Coachman, Bladen, Donoho Creek, and Peedee Formations
(Joseph A. Gellici, South Carolina Department of Natural
Resources, written commun., 2013; Gellici and Lautier, 2010).
Prowell and others (2003) describe the Bladen Formation of
the Black Creek Group (Sohl and Owens, 1991) at a geologic
type section near Middendorf in Chesterfield County (fig. 1).
At this location, two depositional units are present: a lower
fluvial unit and a marginal marine upper unit.

Hydrogeology

The sediments that compose the aquifers and confining
units that underlie Chesterfield County are part of the ACP that
extends from New York to Georgia along the eastern seaboard
of the United States. A detailed hydrogeologic framework of
the ACP in North and South Carolina is presented in Gellici and
Lautier (2010), and the following discussion is mostly derived
from that framework description. Newcome (2004b) also
presents a hydrogeologic framework of Chesterfield County.

The hydrogeologic framework of Chesterfield County
consists of two aquifers separated by a confining unit—the
Crouch Branch aquifer, the McQueen Branch confining unit,
and the McQueen Branch aquifer (fig. 94, B, C). The aquifers
and confining unit are composed of sedimentary materials,
such as gravel, sand, silt, and clay, with some small areas of
lithified sandstone, and are Late Cretaceous to younger in age.
Thickness of the materials ranges from 0 ft at the Fall Line to
approximately 450 ft in the southeasternmost part of the study
area (Newcome, 2004b). Biostratigraphic and allostratigraphic
data and borehole geophysical logs are used to identify and

correlate aquifers and confining units from well to well.
Aquifers and confining units are characterized in terms of their
lithology, hydrologic properties, and geophysical-log signature
(Gellici and Lautier, 2010).

The Crouch Branch aquifer overlies the McQueen Branch
confining unit where it exists and is present at land surface
over all of the study area. The Crouch Branch aquifer dips to
the south-southeast at a rate of 18 feet per mile (ft/mi) in the
western part of the ACP and 2 ft/mi in the eastern part. The
shallow dip in the east is the result of erosion or nondeposition
of the upper parts of the aquifer owing to uplift along the
Cape Fear arch. The aquifer is also correlated with the Black
Creek aquifer system of Colquhoun and others (1983) and
with the Black Creek aquifer of Aucott (1988). Sediments
that compose the aquifer in Chesterfield County are typically
medium- to coarse-grained quartz sands with interbedded
clays. The Crouch Branch is a highly productive aquifer in
updip parts of the Atlantic Coastal Plain where it is thick
and consists of unconsolidated medium- to coarse-grained
sand. It is, however, generally less permeable and transmis-
sive than the underlying McQueen Branch aquifer. Results
of 21 aquifer tests of the Crouch Branch aquifer in Dillon,
Florence, Marion, and Marlboro Counties (Rodriguez and
others, 1994) produce transmissivity values that range from
about 1,000 to 6,200 square feet per day (ft*/d) and average
2,400 ft*/d (median of 1,700 ft¥/d).

The McQueen Branch confining unit (Gellici and Lautier,
2010) overlies the McQueen Branch aquifer and underlies the
Crouch Branch aquifer over most of the SC Atlantic Coastal
Plain. In counties along the Fall Line, clay beds composing the
confining unit thin and are locally absent. In these areas, the
McQueen Branch and Crouch Branch aquifers coalesce and
are designated as the Crouch Branch aquifer (fig. 94). Little
hydraulic or lithologic information is available in the Chester-
field County area for the McQueen Branch confining unit.

The McQueen Branch aquifer (Gellici and Lautier, 2010)
overlies Piedmont Physiographic Province bedrock in the
Chesterfield County area. The aquifer dips to the south-
southeast at a rate of about 8§ ft/mi in the eastern part of the
SC Atlantic Coastal Plain. In updip regions of the SC Atlantic
Coastal Plain, the McQueen Branch aquifer consists of all or
parts of three formations that, in ascending order, are the upper
part of the Cape Fear (late Turonian to Coniacian), the Cane
Acre (middle Campanian), and the lower part of the Coachman
(middle Campanian) (Gellici and Lautier, 2010). Most of the
aquifer in updip regions consists of the Cane Acre Formation.
The McQueen Branch aquifer is correlated with the Middendorf
aquifer of Aucott (1988) in updip regions and with the Midden-
dorf aquifer system of Colquhoun and others (1983). The
McQueen Branch aquifer is characterized by unconsolidated,
poorly sorted fine- to coarse-grained sand and clayey sand
with local gravel. The sand fraction consists of quartz with
sparse carbonaceous material, mica, feldspar, and monazite.

The McQueen Branch aquifer is one of the most productive
in the SC Atlantic Coastal Plain, especially in the west-central
and updip parts of the ACP where it is thick and consists of



unconsolidated coarse-grained sand. Generally, the aquifer thins
to the east and south where it is less permeable. To the east,
27 aquifer tests made in Darlington, Dillon, Florence, Marion,
and Marlboro Counties (Rodriguez and others, 1994) resulted
in transmissivity values that range from 300 to 9,100 ft*/d and
average 3,800 ft*/d (median of 2,500 ft?/d). In Chesterfield
County, Newcome (2004b) presents aquifer test results for

13 wells screened primarily in the McQueen Branch aquifer.
Results of these tests give a minimum horizontal hydraulic
conductivity of 3 feet per day (ft/d) and a maximum of

87 ft/d, with a standard deviation of 26 ft/d.

EXPLANATION

|:| Crouch Branch aquifer
- McQueen Branch confining unit
- McQueen Branch aquifer

A—A’ Line of section

Figure 9A. Hydrogeologic framework of the Chesterfield County area.
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Springs

Mitchell (2004) documents several of the numerous springs
in the study area. These springs are present where the water
table intersects the land surface. The headwaters of most of
the streams in the study area are technically springs, although
generally the springs of interest are those that flow out of rock or
the ground in such amounts as to be useful or at least noticeable.
One of the springs described by Mitchell (2004) in the study
area is Big Spring, located on the banks of the Lynches River
just downstream from the U.S. Highway 1 crossing (fig. 1).
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Methods of Data Collection and Analysis

This groundwater assessment of the Chesterfield County
area involved the collection, integration, and use of new and
existing data, along with the construction and calibration of a
groundwater-flow model. The model is the primary tool used
in the assessment of groundwater availability of the study
area. The results, conclusions, and limitations discussed in this
report are based on the analyses of these data along with the
interpretation of results from the groundwater-flow model.

Major types of data used in the study include (1) ground-
water levels, synoptic and continuous types; (2) groundwater-
use data, consisting of estimated and recorded groundwater
pumping rates, locations, and aquifer assignments;

(3) hydrostratigraphic data such as aquifer and confining
unit thicknesses; (4) estimates of base flows derived from
the analysis of observed stream base flows at selected sites;
and (5) precipitation data. Historical groundwater levels,
groundwater-use data, precipitation data, and streamflows
were compiled for the period 1900 to 2012 and used in the
model construction and calibration process.

A finite-difference numerical modeling technique
(MODFLOW-2000; Harbaugh and others, 2000) was used
to simulate groundwater flow in the aquifers and confining
unit of the study area over a 112-year period from 1900 to
2012. The methods of investigation used in the modeling
effort included conceptual model evaluation and revision, data
compilation, model construction and calibration, and sensi-
tivity analysis. The existing conceptual models were evaluated
to determine the appropriateness of boundary conditions,
model layering, and methods of approximating field condi-
tions. Aquifer properties, water-use data, and groundwater-
level data for 1900 to 2012 were compiled from various
State agencies and other USGS investigations for inclusion
in the model. The model was calibrated by approximating
steady-state, predevelopment, groundwater conditions prior to
1900 and simulating transient conditions from 1900 to 2012
by using multiple stress periods that included pumping. The
sensitivity of the calibrated model to the modeled parameters
was evaluated to determine the relative importance of the
parameters to simulated results. These modeling techniques
produced groundwater altitudes and flow directions that were
statistically compared to field measurements of groundwater
altitudes. Water budgets were derived from the model for
selected areas and analyzed.

Well Network

Several different types of wells were used in the data
collection effort that included production, irrigation (agri-
cultural), domestic-supply, and monitoring wells (fig. 10).
Data from production wells near the cities of McBee, Patrick,
Bethune, Hartsville, and Society Hill and Darlington County
consisted of groundwater levels, hydrostratigraphic data, and
historical water-use data. Data from agricultural irrigation
wells, screened in the Crouch Branch and McQueen Branch
aquifers, in the vicinity of McBee consisted of groundwater
levels and historical water-use data. These wells are used
to seasonally irrigate various crops, including fruits and
vegetables. Data from domestic-supply wells throughout
the study area consisted of historic groundwater levels and
hydrostratigraphic data. Most of these domestic-supply wells
are screened in the Crouch Branch aquifer. Monitoring wells
drilled as part of this project and other publicly and privately
owned monitoring wells were used to obtain continuous and
historical groundwater levels and hydrostratigraphic data.

Four monitoring wells were installed as part of this
project (fig. 11). Well CTF-197 (USGS site 343907080164400)
was drilled in the northern part of the CSNWR. This well is
130 ft deep and is screened in the Crouch Branch aquifer.
Groundwater levels from the well were recorded hourly from
May 2008 to July 2013. Wells CTF-221 (342543080165801)
and CTF-222 (342543080165800) were installed as a nested
well pair and are located on Blackwell Farm Road about
2 miles (mi) southwest of McBee, S.C. Well CTF-221 is
260 ft deep and is screened in the McQueen Branch aquifer.
Well CTF-222 is 171 ft deep and is screened in the Crouch
Branch aquifer. Groundwater levels were recorded hourly
at both wells from August 2008 to December 2013. Well
CTF-228 (342828080131900) is located about 1 mi east of
McBee. Well CTF-228 was drilled in October 2010, is 335 ft
deep, and is screened in the McQueen Branch aquifer.

Groundwater-Level Measurements

Groundwater-level measurements were a key part of the
data collection effort for this study and were used primarily
in the groundwater-flow model calibration process. Historical
groundwater levels were retrieved from the USGS National
Water Information System database, from the SCDNR WellTab
database (Andy Wachob, South Carolina Department of Natural
Resources, written commun., 2012), and from SCDHEC files
of domestic well records (Jim Hess, South Carolina Department
of Health and Environmental Control, retired, written commun.,
2009). Groundwater level altitudes from 154 wells open to the
Crouch Branch aquifer were used, along with 85 groundwater
level altitudes from wells screened in the McQueen Branch
aquifer (fig. 124, B). These water levels range in altitude from
69 ft NAVD 88 to 555 ft, for a range of 487 ft.
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Streamflow Measurements Barker, 1986; Zalants, 1991); and (3) discrete streamflow

measurements made specifically as part of this study, some

Streamflow measurements from 44 sites (fig. 13; table 1)  of which are at the low-flow measurement sites and others at

were used during model construction. Several types of sites where no previous data had been collected.
streamflow measurements were used:(1) hourly stage values These streamflow discharge measurements ranged from
(from which discharge or streamflow is calculated) that are about 10,000 cubic feet per day (ft*/d) to about 23,000,000 ft*/d.
transmitted in near real time; (2) low-flow measurements that Streamflow data from one of the long-term (50 years) gaging
are documented in several studies (Bloxham, 1976, 1979; stations were used in hydrograph separation analyses to
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calculate base flow derived from groundwater discharge. filtering method, which resulted in three total methods being
USGS site 02130900, Black Creek near McBee, S.C., used for the hydrograph separation analysis. These three

(fig. 13, site 41) was chosen for analysis because of the length ~ methods resulted in an average base-flow index of 76 percent,
of record and the absence of upstream flow regulation. Two which means that 76 percent of the measured streamflow is
hydrograph separation programs were applied to the daily derived from groundwater discharge and 24 percent is from
streamflow data from the site: PART (Rutledge, 1998) and overland flow. All of the streamflow measurements were
HYSEP (Sloto and Crouse, 1996). Two different HY SEP corrected using the 76-percent index.

methods were used, the minima method and the digital

Table 1. Streamflow measurement sites in the Chesterfield County area.

[Map index number is referenced to figure 13; ft*/d, cubic feet per day; n/a, not applicable; NWIS, National Water Information System]

Percentage of

Map USGS Dates of Observed  Simulated simulated base
index station Station name measuremants base flow, base flow, flow within the Source
number number in ft’/d inft/d  30-percent error
criteria
1 02131460 Neds Creek 1968-1970 161,856 130,759 16 Bloxham (1979) and
7/13/2012 Zalants (1991)
2 n/a Gates Ford Creek 10/25/2011 55,520 143,098 0 This study
3 n/a Shirley Creek 10/25/2011 65,000 64,844 100 This study
4 n/a Mills Creek 10/25/2011 75,000 160,170 0 This study
5 021314751 Beaverdam Creek near 1981-1986 812,396 552,872 45 Barker (1986) and
Bethune 7/13/2012 Zalants (1991)
6 021314991 Merchants Mill Creek 1981-1986 197,280 312,957 50 Barker (1986) and
near Bennettsville Zalants (1991)
n/a Bell Branch 9/20/2012 42,336 338,547 0 This study
021313900  Red Oak Camp Creek 1981-1985 755,383 912,615 71 Barker (1986) and
near Bethune Zalants (1991)
9 n/a Jumping Gully Creek 7/13/2012 1,435,968 257,116 0 This study
10 021313551 Little Buffalo Creek 1981-1986 702,679 632,508 28 Zalants (1991)
11 n/a Big Sandy Creek— 10/28/2008 182,001 514,467 0 This study
Upper site
12 n/a Big Sandy Creek— 10/28/2008 809,749 726,591 100 This study
Lower site
13 n/a Little Rocky Creek— 10/30/2008 47,926 111,990 0 This study
Upper site
14 n/a Little Rocky Creek— 10/30/2008 162,423 301,530 0 This study
Lower site
15 n/a Little Sandy Creek 9/6/2012 152,928 64,699 0 This study
16 n/a Swift Creek— 10/30/2008 283,875 589,414 0 This study
North Prong
17 n/a Swift Creek— 10/30/2008 10,877 16,033 0 This study
South Prong
18 n/a Swift Creek 9/6/2012 631,584 1,109,475 0 This study
19 n/a Cedar Creek—Lower site 9/6/2012 207,360 105,383 0 This study
20 n/a Cedar Creek—Upper site 9/6/2012 409,536 498,516 100 This study
21 n/a Beaverdam Creek at 7/20/2012 493,344 644,281 100 This study

Old Stagecoach Road
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Table 1. Streamflow measurement sites in the Chesterfield County area.—Continued
[Map index number is referenced to figure 13; ft*/d, cubic feet per day; n/a, not applicable; NWIS, National Water Information System]
Percentage of
Map USGS Dates of Observed  Simulated simulated base
index station Station name measuremants base flow, base flow, flow within the Source
number number in ft’/d inft/d  30-percent error
criteria
22 021309151 Spring Branch 1981-1986 306,720 133,907 0 Barker (1986) and
Zalants (1991)
23 021309201 Boggy Swamp 1981-1986 776,736 547,473 9 Barker (1986) and
7/20/2012 Zalants (1991)
24 n/a Big Beaverdam Creek 9/20/2012 648,000 34,151 0 This study
at Middendorf Road
25 n/a Little Beaverdam Creek 9/20/2012 302,400 135,240 0 This study
at Middendorf Road
26 n/a Lower Alligator Creek 10/28/2008 545,629 569,151 100 This study
7/20/2012
27 n/a Little Alligator Creek— 10/29/2008 61,456 7,762 0 This study
Upper site
28 n/a Little Alligator Creek— 10/29/2008 309,839 266,229 100 This study
Lower site 11/8/2012
29 02130840 Black Creek below 20062012 3,598,277 3,795,855 33 NWIS
Chesterfield, SC
30 n/a Little Bear Creek 10/30/2008 205,891 926,676 Barker (1986)
31 n/a Jennings Branch 10/25/2012 45,000 85,701 This study
32 n/a Thompson Creek 10/3/2012 13,392,000 8,827,871 This study
33 02130500 Juniper Creek near 1941-1958 6,268,320 5,318,816 61 NWIS
Cheraw, SC
34 02130600 Cedar Creek at 1949-1981 4,844,926 5,250,480 32 NWIS
Society Hill, SC
35 021305941 Little Cedar Creek 1981-1986 575,424 352,733 33 Barker (1986) and
near Patrick Zalants (1991)
36 021305971 Harris Creek near 19701986 2,284,488 735,224 16 Barker (1986) and
Society Hill Zalants (1991)
37 n/a Seed Branch 9/20/2012 812,160 298,065 0 Barker (1986) and
Zalants (1991)
38 021307101 Buckholtz Creek near 1981-1986 542,016 723,960 33 Barker (1986) and
Society Hill Zalants (1991)
39 n/a Juniper Creek 10/28/2008 6,021,492 3,315,522 50 This study
11/8/2012
40 02130910 Black Creek near 1961-2012 17,596,847 17,303,358 92 NWIS
Hartsville, SC
41 02130900 Black Creek near 19602012 12,376,066 10,896,438 76 NWIS
McBee, SC
42 021314701 Cow Branch near 1981-1986 589,989 470,703 42 Barker (1986)
Kershaw 7/13/2012
43 n/a Mount Prong Creek 10/29/2008 537,352 695,650 100 Barker (1986)
11/8/2012
44 021308601 Skipper Creek 1981-1986 485,309 660,124 40 Barker (1986)
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Groundwater-Flow Model

A finite-difference numerical groundwater-flow model
of the Crouch Branch aquifer, McQueen Branch confining
unit, and McQueen Branch aquifer in the Chesterfield County
area was constructed and calibrated using the conceptualiza-
tions and data previously discussed. This section documents
(1) the development of the transient, three-dimensional,
finite-difference numerical flow model; (2) the procedure used
to calibrate the groundwater-flow model; (3) a summary of
the model results; (4) and a discussion of model uncertainty
and limitations. The simulation incorporates time-varying
stresses and can be used to evaluate the effects of climatic and
anthropogenic temporal changes in recharge and discharge on
the hydrologic system between 1900 and 2012.

Groundwater flow in the ACP aquifers of Chesterfield
County was simulated by using MODFLOW-2000 (Harbaugh
and others, 2000), referred to in this report as MODFLOW.
MODFLOW simulates an aquifer as porous media; that is,
water is assumed to move through small pores, such as the
void space between sand grains. In this type of simulation, an
aquifer is considered to be saturated and groundwater flow is
considered to be Darcian (nonturbulent) flow. If these condi-
tions are met, then the mathematical treatment of this type of
flow is well understood and well developed. Many different
computer codes exist to simulate flow that meets these condi-
tions, but MODFLOW is one of the most commonly used
(Leake, 1997). The ACP aquifers of Chesterfield County are
composed of sand, silt, and clay and are considered ideal for
the use of MODFLOW as a groundwater-flow simulation tool.

MODFLOW was used to simulate groundwater flow in
the ACP aquifers of Chesterfield County for many reasons.

(1) The finite-difference method used by MODFLOW is easy
to understand and apply to a wide variety of real-world condi-
tions. (2) Each simulation feature of MODFLOW has been
extensively tested. (3) Data input instructions and theory are
well documented (Leake, 1997). (4) A wide variety of computer
programs written by the USGS, other Federal agencies, and
private companies are available to analyze field data and
construct input datasets for MODFLOW (Leake, 1997).

(5) A wide variety of programs are available to read output from
MODFLOW and graphically present model results in ways that
are easily understood. (6) MODFLOW has been accepted in
many court cases in the United States as a legitimate approach
to analysis of groundwater systems (Leake, 1997).

MODFLOW uses a finite-difference approach to solving
the equations that describe groundwater flow. A finite-
difference approach solves equations by replacing the equa-
tions at a point, known as a node, by ratios of the changes in
appropriate variables over a small but finite interval (Harbaugh
and others, 2000). The volume of the aquifer described by
the model is divided into cells, and a node is in each cell;
MODFLOW locates the node at the cell center. The time of
the simulation must be discretized into time intervals to use

finite-difference methods for transient analyses. The process of
dividing the model volume into cells and time into intervals is
referred to as discretization. All of the aquifers and confining
units are simulated as confined in the MODFLOW model.

A commercial graphical user interface was used to
prepare the MODFLOW input files and visualize the model
inputs and outputs. This interface provides a means to compre-
hensively manage all of the data associated with the model.

Model Geometry and Discretization

The model grid consists of the lateral discretization of
the model domain into rows and columns and the vertical
discretization of the unconsolidated ACP sediments into
layers. The MODFLOW finite-difference grid consists
of 617 rows from north to south extending 35 mi and
884 columns from west to east extending 50 mi (fig. 14),
yielding a total area of 1,750 mi®>. However, the active part
of the model totaled 1,117 mi®. The spacing of the rows and
columns is uniform, 300 ft by 300 ft, and was chosen to maxi-
mize the potential for accurate simulations of groundwater
interaction with surface water. Vertically, the ACP sediments
were discretized into three layers. Of the total possible active
model cells (1,636,284), there are 733,662 cells (or about
45 percent) that were used to actively simulate groundwater
flow in the study area. Because the finite-difference grid must
be square or rectangular, placement of boundary conditions
such as the extent of various aquifers or the Pee Dee River
requires that many model cells be inactive.

The MODFLOW model was constructed to use variable
time intervals ranging from 1 to 10 years (fig. 15). This time
discretization primarily reflects the availability and quality of
groundwater-use data. Few groundwater-use data are available
until 1980, when the modeled time interval becomes smaller
(2 years to 1 year). The first 7 stress periods (1900 to 1960) are
10 years in length, the next 4 stress periods (1965 to 1980) are
5 years in length, the next 4 stress periods (1982 to 1988) are
2 years in length, and the last 24 stress periods (1989-2012)
are | year in length.

Conceptual Model of the Groundwater-
Flow System

A conceptual model of the groundwater-flow system of
the ACP sediments in Chesterfield County was developed as
the basis for constructing a digital groundwater-flow model
(fig. 16). The conceptual model is based on recharge, surface
topography, properties, and distribution of the hydrostrati-
graphic units, groundwater-level data, stream base-flow data,
hydrologic testing results, geochemical data, and previously
published interpretations of the flow system. The Crouch
Branch and McQueen Branch hydrostratigraphic units in the
study area are the principal water-bearing units. Recharge to



hydrostratigraphic units in the study area is from atmospheric
precipitation that infiltrates through the surficial materials of

the Crouch Branch aquifer at land surface. The Crouch Branch

aquifer discharges water to springs, streams, rivers, and wells.

Groundwater-Flow Model 25

The deeper McQueen Branch aquifer does not crop out in the
study area and discharges water to wells. Some water from
both aquifers flows laterally out of the study area downdip
toward the Atlantic Ocean.
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Figure 15. Groundwater-flow model stress periods, 1900 to 2012, Chesterfield County area.

Figure 16. Conceptual model of the aquifers and confining units
of the Atlantic Coastal Plain in the Chesterfield County area
(modified from Healy and others, 2007).
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Boundary Conditions and Model Stresses

Several boundary conditions are used in the groundwater-
flow model of the study area, including no-flow and time-
varying specified-head boundaries (Harbaugh and others,
2000). No-flow boundaries are used along the Fall Line, the
topographic divide between the Little Lynches River and
Wateree River Basins, and the geologic boundary between the
ACP sediments and the Piedmont crystalline rocks at the base
of the model (fig. 6).

The Time-Variant Specified-Head (TVSH) MODFLOW
package is used to simulate the model boundary at the south-
east edge of the model (fig. 1) and simulates groundwater flow
from the model area to downdip parts, outside of the model,
to the Crouch Branch and McQueen Branch aquifers. The
time-varying specified heads used in this boundary are derived
from potentiometric-surface maps of the Middendorf aquifer
(equivalent to the Crouch Branch and McQueen Branch
aquifers) over time (Aucott and Speiran, 1985c; Hockensmith,
2008). The TVSH package is used to simulate the model
boundary that is represented by the Pee Dee River below the
Fall Line and is based on the altitude of the river determined
from Digital Elevation Model (DEM) data described above.

Groundwater-Flow Model 21

Recharge

Recharge to the groundwater-flow model is simulated
with the MODFLOW Recharge package (Harbaugh and
others, 2000). The recharge package is used to simulate a spec-
ified flux (precipitation, in this case) distributed to the highest
active model cell across the horizontal extent of the model and
specified in units of length/time. Within MODFLOW, these
rates are multiplied by the horizontal area of the cells to which
they are applied to calculate the volumetric flux rates. For
the Chesterfield County model, a net recharge rate was used,
which is assumed to be the precipitation minus the estimated
evapotranspiration rate and overland flow for the study area.
Evapotranspiration and overland flow are not simulated in
the model. All net recharge in the model is applied to model
layer 1 representing the Crouch Branch aquifer. In the model,
two recharge zones are used to represent upland areas and
wetland areas. Upland areas cover about 85 percent of the
study area (fig. 17). Most of the larger streams and rivers have
extensive wetland areas that border the surface-water corri-
dors. These wetland areas are conceptualized as groundwater
discharge areas, so a different net recharge rate is applied to
the wetland areas compared to the upland areas.
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Figure 17. Simulated net recharge rates (1900-2012) for the wetlands and uplands areas, Chesterfield County area.
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Wetland delineations from the U.S. Fish and Wildlife
Service National Wetlands Inventory (U.S. Fish and Wildlife
Service, 2009) were obtained and used to discretize the study
area into uplands and wetlands areas. The original National
Wetlands Inventory data were modified by hand to simplify
and create polygons that could be used for input into the
graphical user interface used to construct the MODFLOW
input files (fig. 18). This simplification process removed small,
isolated wetland areas and preserved the wetland areas along
the streams and rivers. Most of these isolated wetlands are not
connected to the groundwater-flow system in the study area
due to the depth to groundwater (as much as 200 ft).

During the model calibration process, the net recharge
rates are allowed to vary over time to attempt to match
the observed groundwater levels and more importantly,
the observed base-flow measurements from streams in the
study area. These calibrated, net recharge rates varied from
0.08 to 3.07 feet per year (ft/yr) over the simulation period of
1900 to 2012. There are several periods of high precipitation
(1929, 1950, 1970, 1990, and 1997) and several periods of low
precipitation (1975-80, 1984, 1998-2001, and 2005-2012)
(fig. 4). The lowest rates of precipitation correspond to
droughts during 1998-2002 and 20092011 (fig. 4) when
stream base flows were at or near period-of-record lows.

The wetland and upland recharge rates are not substantially
different, and both show the same overall trends (fig. 17).
The mean net recharge rates are 1.16 ft/yr for the uplands and
1.18 ft/yr for the wetlands, and the standard deviations are
0.80 and 0.71 for the uplands and wetlands, respectively. The
lowest net recharge rate during the drought years (0.08 ft/yr)
is an extremely low net recharge rate, but conceptually the
evapotranspiration demand for the study area is met before
recharged precipitation moves into the groundwater-flow
system. During the drought years, the evapotranspiration
demand is barely met, with little water left for net recharge
and subsequent discharge to the streams and springs in the
study area. These low recharge rates are reflected in the low
stream base flows during the drought periods.

Wells

Potable-water supply, irrigation, industrial, and mine
dewatering wells located in the study area are simulated with
two MODFLOW packages: (1) the WEL package (Harbaugh
and others, 2000) and the Multi-Node Well 1 (MNW 1) package
(Halford and Hanson, 2002). Two different MODFLOW
packages are used to simulate the various wells because of the
presence or absence of well construction documentation. The
wells with complete documentation on screen zones and depths
were simulated with the MNW1 package. The MNW1 package
allows for the simulation of wells that are open to multiple
aquifers due to the presence of long screened intervals. Many
of the potable-water supply wells in the Chesterfield County
study area have long screened intervals that extend across the
Crouch Branch and McQueen Branch aquifers. The rest of
the wells that did not have complete documentation on screen
settings and depths were simulated with the WEL package

and were manually assigned to a specific aquifer based on the
available information such as well depth.

Water-use data for all of the wells simulated in the study area
were obtained from SCDHEC (A. Butler, South Carolina Depart-
ment of Health and Environmental Control, Water-Use Data for
Chesterfield, Darlington, Kershaw and Lee Counties, 19802010,
written commun., 2011). These data begin in 1980, when the
water-use program started in South Carolina. Groundwater
users that withdraw more than 3 million gallons in any month
are required to report their usage (South Carolina Department
of Health and Environmental Control, 2006). Historical ground-
water-use data, prior to 1980, for Hartsville, S.C., were collected
from records maintained by the city of Hartsville and incorporated
into the groundwater-flow model (Aucott and Sperian, 1996).

Groundwater Discharge to Surface-Water Bodies

Where the water table intersects the land surface in the
study area, groundwater discharges to surface water, and the
stream’s flow increases downstream. This concept is demon-
strated in several places in the study area, primarily in the Black
Creek Basin, where three gages provide streamflow measure-
ments (fig. 19). The average annual flows for the periods of
record at these gages (from upstream to downstream) are
41 cubic feet per second (ft*/s) at 02130840 (Black Creek
below Chesterfield, S.C.), 109 ft*/s at 02130900 (Black Creek
near McBee, S.C.), and 156 ft3/s at 02130910 (Black Creek
near Hartsville, S.C.). These mean annual flows indicate a
strongly gaining stream with large volumes of groundwater
discharged to Black Creek as it flows downstream.

Flow in several other streams was measured at upstream
and downstream locations as part of this investigation. These
were not sites where continuous streamflow was recorded
but where individual measurements of flow were taken to
collect data for model calibration purposes. Streamflow on
Swift Creek was measured at three sites, two upstream (North
Prong of Swift Creek at Swift Creek Road and South Prong
Swift Creek at Swift Creek Road) and one downstream at Swift
Creek and Highway 151 (fig. 19). The two upstream streamflow
measurements were 3.2 ft*/s at North Prong of Swift Creek at
Swift Creek Road and 0.1 ft¥/s at South Prong Swift Creek at
Swift Creek Road. Streamflow at Swift Creek at Highway 151,
the site furthest downstream, was 7.3 ft3/s. Streamflow measure-
ments in Big Sandy Creek and Little Rocky Creek show the
same pattern of increasing flows downstream.

Altogether, base flows were estimated from streamflow
data from 44 sites (fig. 13), and these estimates were used for
model calibration purposes. The data are from several sources,
including active USGS streamgages (3 sites), inactive USGS
streamgages (2 sites), several low-flow studies (12 sites), and
discrete streamflow measurements done as part of this study
(24 sites) (table 1). The discrete streamflow measurements
were made with a hand-held acoustic Doppler current meter.
These types of meters are based on the Doppler principle. The
velocity of the moving water is measured using the transmitted
and received signals from sound pulses reflecting off particles
in the moving water column (Turnipseed and Sauer, 2010).
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Model Calibration

The Chesterfield County groundwater-flow model was
calibrated to groundwater-level and stream base-flow condi-
tions from 1900 to 2012 by using 944 parameters and 39 stress
periods (fig. 15). The model was calibrated to conditions from
the 1940s to 2012 when discrete groundwater levels were
available from individual wells. Streamflow data for the period
1941 to 2012 were also used in the model calibration. Model
input parameters used in the model calibration process include
horizontal hydraulic conductivity, horizontal anisotropy,
specific storage, drain conductance, and net recharge. If
data were available for these inputs, an attempt was made to
incorporate the data into the calibration process. Examples
are hydraulic conductivity values derived from aquifer tests
(Newcome, 2004b) or trends in recharge rates.

The model was calibrated with an automated parameter-
estimation approach by using the computer program PEST
(Doherty, 2008a,b), and the model used regularized inversion
and pilot points (de Marsily and others, 1984; LaVenue and
Pickens, 1992; Doherty, 2003; Doherty and Hunt, 2010). With
PEST, horizontal hydraulic conductivity values were estimated
at “pilot points” distributed throughout the model; the
estimated values then were interpolated to each active model
grid cell (fig. 14). The pilot points were spatially distributed to
match well locations where hydraulic conductivity data were
available; in areas where no hydraulic conductivity data were
available, the pilot points were distributed in an approximately
regularly spaced distribution. The hydraulic conductivities at
the pilot points were estimated in such a way that the weighted
sum-of-squares differences (objective function) between
simulated and observed water levels and simulated and
measured stream base flows were minimized.

The use of pilot points for parameterization resulted in
many more parameters than would have resulted by using
zones of uniform parameter values. Regularized inversion
was used through PEST to numerically stabilize the over-
parameterized inverse problem (Doherty, 2003). In addition,
by using regularization in the parameter-estimation process, a
large number of parameters could be estimated, allowing for
locations where heterogeneity likely exists and was expected
to be identified through the calibration process.

Groundwater-Flow Model K] |

Published horizontal hydraulic conductivity values from
the McQueen Branch aquifer within the study area were
used as initial values for the hydraulic conductivity pilot
points (Aucott and Newcome, 1986; Newcome, 1993, 2000,
2004b). These values were allowed to vary within reasonable
limits during model calibration to obtain the best fit to the
observation data. No measurements of hydraulic conductivity
were available for the McQueen Branch confining unit or the
Crouch Branch aquifer within the study area.

Calibrated hydraulic conductivity values for the aquifers
ranged from 2 to 112 ft/d; the highest mean value (44 ft/d)
occurred in layer 3, the McQueen Branch aquifer, and the
lowest mean value (36 ft/d) occurred in layer 1, the Crouch
Branch aquifer (table 2; figs. 20 and 21). Calibrated hydraulic
conductivity values for layer 2, the McQueen Branch confining
unit, ranged from 1.4x107° ft/d to 1 ft/d (table 2; fig. 22).

Calibrated specific storage values were 2.6x102 ft! for
the Crouch Branch aquifer, 7.8x10* ft ' for the McQueen
Branch confining unit, and 1.95x10 ft! for the McQueen
Branch aquifer. The calibrated specific storage value used for
the Crouch Branch aquifer (2.6x10 ) is high for a confined
aquifer, however, the unconfined Crouch Branch aquifer is
simulated as a confined aquifer to minimize convergence
problems inherent to MODFLOW (Kuniansky and Danskin,
2003). This large specific storage value when multiplied by
the aquifer thickness provides a storage property close to a
specific yield value. Calibrated vertical anisotropies for both
aquifers and the confining unit were 3.0.

Pilot points were used to smoothly vary the horizontal
anisotropy in the Crouch Branch and McQueen Branch
aquifers while a single value was used for the McQueen
Branch confining unit. Calibrated horizontal anisotropy ranged
from 1.0 to 4.1 (dimensionless) in the Crouch Branch aquifer,
was 3.0 in the McQueen Branch confining unit, and ranged
from 1.0 to 5.2 in the McQueen Branch aquifer.

The groundwater-flow model was calibrated by using
field data that included water levels from 239 wells and
streamflow measurements from 44 locations distributed within
the study area, some of which included 2 or more measure-
ments on the same stream at upstream and downstream loca-
tions (fig. 13). These data were incorporated into the parameter
estimation process, and the model inputs described above were

Table 2. Summary statistics for the calibrated horizontal hydraulic conductivities in the Chesterfield County area.

[ft/d, feet per day]

Aquifer or Mean, Median, Standard Range, Maximum, Minimum,
confining unit in ft/d in ft/d deviation in ft/d in ft/d in ft/d
Crouch Branch aquifer 36 24 32 99 101 2
McQueen Branch 0.058 0.003 0.183 1.126 1.126 0.000014
confining unit
McQueen Branch aquifer 44 40 32 110 112 2
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adjusted by using the PEST program to minimize the differ-
ence between the observed and simulated values. Water levels
from 154 wells open to the Crouch Branch aquifer were used
in the calibration process. These wells ranged from domestic
wells with a single water-level measurement, to test wells
drilled specifically for the study, to wells where continuous
groundwater-level monitoring equipment was installed and
groundwater levels were recorded for about 5 years. Ground-
water levels from 85 wells screened in the McQueen Branch
aquifer were used; most of these wells are production wells of
various types, including public supply, irrigation, and indus-
trial supply. The target calibration criteria for the simulated
groundwater-level measurements were +10 ft of the observed
value. A reasonable fit to water-level altitude is achieved if
the majority of weighted residuals (observed minus simulated
heads) are less than two times the accuracy of the data to
account for both general altitude accuracy and additional error
in spatial location or variation during a model stress period.
Thus the calibration criteria for weighted head residuals are
that the majority should be less than 10 ft in the study area to
consider the model well calibrated. It is also desirable that the
residuals be normally distributed and not have spatial bias. A
spatial bias occurs when all residuals are positive (simulated
heads are lower than observed heads) in one area and negative
(simulated heads are higher than observed heads) in another
area. Normally distributed residuals with no spatial bias would
be both positive and negative in a somewhat random pattern in
all areas, resulting in the mean of the residuals equaling zero
or close to zero—another desirable characteristic of a good fit
to the water-level data (Fine and Kuniansky, 2014).

For the Crouch Branch aquifer groundwater levels
(154 total), 22 percent, or 35 out of 154, were outside of the
+10-ft calibration target with 26 measurements +10 ft and
9 measurements outside of —10 ft. For the McQueen Branch
aquifer groundwater levels (85 total), 22 percent, or 19 out
of 85, were outside of the +10-ft calibration target with
14 measurements +10 ft and 5 measurements outside of —10 ft.

During the model calibration process, the groundwater
levels and flows are assigned weights, which are a measure of
the expected precision of the measurement and the amount of
information they are likely to contain regarding the simulated
model parameters (Doherty and Hunt, 2010). These weights
can be assigned by a rigorous mathematical process in an
attempt to account for the precision of measurement, but as
Doherty and Hunt (2010) suggest, this methodology can lead to
problems such as unbalanced regressions with some obser-
vations dominating or not accounting for the importance of
some types of measurements. The weighting strategy employed
was to promote equal visibility of the two measurement types
(groundwater levels and flows) during the parameter estimation
process. The groundwater levels were all equally weighted,
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and the weighting of the flow measurements was adjusted to
represent about 20 percent of the objective function.

The groundwater-flow model produced an acceptable fit
to the observed groundwater levels from the 239 wells. The
154 observed groundwater levels for the Crouch Branch aquifer
ranged from a low of 75 ft above NAVD 88 to a high of 555 ft
above NAVD 88 (table 3; figs. 23 and 24). The mean residual
(difference between the observed and simulated groundwater
levels) was 2.7 ft with a root mean square error (RMSE)
of 9.2 ft. The normalized standard deviation (the weighted
residuals divided by the range of the Crouch Branch aquifer
water levels) was 0.02 (dimensionless). This dimensionless
statistic is useful because it takes into account the range in
water-level data used in the calibration process. Optimally, the
normalized standard deviation will be less than 0.1, meaning
that the majority of the residuals are less that 10 percent of the
range in observations (Kuniansky and others, 2004; Fine and
Kuniansky, 2014). The 2012 simulated potentiometric surface
of the Crouch Branch aquifer (fig. 25) reflects the influence of
groundwater to surface-water discharges. The larger surface-
water drainages, Little Lynches and Lynches Rivers and Black
and Thompson Creeks, (fig. 6) influence the shape of the
potentiometric surface and show the gaining nature of these
streams. The relatively small model grid cell size of 300 ft
by 300 ft (fig. 14) allows small features of the potentiometric
surface, such as Swift Creek (fig. 19), to be seen.

Table 3. Statistics for model calibration for the Chesterfield
County area.

[ft, foot]
. Crouch Branch McQueen Branch
Statistic . .
aquifer aquifer
Number of observations 154 85
Range of observations (ft) 480 281
Minimum residual (ft) -42 -26
Maximum residual (ft) 34 20
Mean residual (ft) 1.4 0.5
Standard deviation of 10.1 9.5
residuals (ft)
Root mean square error of 9.2 8.6
residuals (ft)
Percentage of values within 78 78
10-ft error range
Normalized standard 0.02 0.03

deviation'

'Normalized standard deviation is the standard deviation of residuals
divided by the range of observations (Kuniansky and others, 2004; Fine
and Kuniansky, 2014).
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The model also produced an acceptable fit for the process was 0.03 (dimensionless). The 2012 simulated poten-
85 observed groundwater levels from the McQueen Branch tiometric surface of the McQueen Branch aquifer (fig. 28) is
aquifer (table 3; figs. 26 and 27). The observed groundwater influenced by the larger surface-water features in the study
levels ranged from a low of 78 ft above NAVD 88 to a high area such as the Pee Dee, Little Lynches, and Lynches Rivers

of 351 ft above NAVD 88. The mean residual was 1.5 ft with and Black Creek (fig. 6). For the most part, smaller surface-
an RMSE of 8.6 ft. The normalized standard deviation for the ~ water features do not influence groundwater levels in the

McQueen Branch aquifer water levels used in the calibration McQueen Branch aquifer.
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Figure 26. Observed and simulated groundwater levels (1940-2012) for the McQueen
Branch aquifer in the Chesterfield County area.
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Groundwater levels collected continuously at seven
recording wells as part of this study were included in the
model calibration process, and the observed groundwater
levels were compared to simulated groundwater levels. The
recording wells produce a detailed record of changes in
groundwater levels due to nearby seasonal pumping, rainfall
events, and barometric pressure changes, but the model simu-
lates groundwater levels over time intervals of a minimum
of 1 year and cannot simulate all of the local and short-term
stresses that are recorded in groundwater levels collected from
the seven wells. To account for this, a mean annual ground-
water level is calculated for each recording well’s period of
record and is compared to the simulated groundwater levels.

Wells CTF-222 (171 ft deep) and CTF-221 (260 ft deep)
are paired Crouch Branch and McQueen Branch aquifer wells
located at the same site southeast of McBee, S.C. (fig. 11).
Both wells have declining groundwater levels during the
time period when data are available (2008-2012), most likely
due to climatic influence. The simulated groundwater levels
closely match the observed groundwater levels calculated by
the groundwater-flow model for both wells (figs. 29 and 30)
both in values and in the downward trend.

Well CTF-197 (130 ft deep), located in the northern
part of the CSNWR (fig. 11), is a Crouch Branch aquifer
well that recorded variable groundwater levels from 2008 to
2012 (fig. 29). Water levels declined from 2008 to 2009, rose
sharply in 2010, and declined in 2011 and 2012. Simulated
groundwater levels show a slight decline from 2008 to 2012
but do not show the annual variability of the average observed
water levels, most likely due to the yearly stress periods
of the model.

Well CTF-189 (90 ft deep), located about 3 mi northwest
of McBee (fig. 11), is a shallow Crouch Branch aquifer well
that clearly records annual climatic fluctuations in the ground-
water levels recorded from 2008 to 2012 (fig. 29). Ground-
water levels in CTF-189 declined in 2009, increased in 2010,
and have steadily declined since 2010, most likely due to
climatic influence. Simulated groundwater levels in CFT-189
closely match observed levels in trend and magnitude.

Well CTF-211 (185 ft deep) is a Crouch Branch aquifer
well located on U.S. Highway 1 about 3 mi northeast of
McBee in the CSNWR (fig. 11). Groundwater levels in
CTF-211 are influenced by seasonal agricultural irrigation

pumping from the northernmost irrigation wells (fig. 10).
Groundwater levels have trended downward for the period

of monitoring (2008-2012) because of climatic and nearby
pumping influences. Simulated groundwater levels at CTF-211
closely match the observed groundwater levels in magnitude
and trend (fig. 29).

Well CTF-56 (23 ft deep) is a shallow Crouch Branch
aquifer well (fig. 11) located in the Cheraw National Fish
Hatchery. Groundwater levels in CTF-56 respond to precipi-
tation events and therefore have a strong climatic influence
but have been relatively steady from 2008 to 2012. Simulated
groundwater levels for CTF-56 produce an acceptable fit to
observed groundwater levels in 2008 and 2009 and produce a
close match in 2010-2012 in trend and magnitude (fig. 29).

Well DAR-96 (380 ft deep) is an unused production well
screened in the McQueen Branch aquifer in Society Hill, S.C.
(fig. 11). Groundwater levels in the well have not trended up
or down during 2008-2012. Simulated groundwater levels
from DAR-96 match the trend but are about 16 ft higher than
the observed levels (fig. 30).

The groundwater-flow model used the MODFLOW
Drain package (Harbaugh and others, 2000) to simulate
streams in the study area. Conceptually, the streams are always
gaining reaches and are losing reaches only under extreme
hydrologic conditions. The MODFLOW Drain package
removes water from the aquifer as long as the water table is
above the altitude of the drain. If the water table falls below
the altitude of the drain, the drain has no effect. The rate of
removal is proportional to the difference in altitude between
the water table and the drain. The constant of proportionality
is the conductance of the fill material surrounding the drain.
The drain locations (fig. 13) were derived from the 1:24,000-
scale National Hydrography Dataset (NHD; U.S. Geological
Survey, 2010) and were placed in the groundwater model. The
drain altitudes were interpolated from a 30-meter by 30-meter
DEM derived from the USGS National Map and referenced to
NAVD 88. A constant value of drain conductance was applied
to each stream, and the altitude of the drain was linearly
interpolated from upstream to downstream. There are no
known values of drain conductance in the study area, so the
values were estimated during the model calibration process.
Calibrated drain conductance values in the model ranged from
1 to 687 cubic feet per day per foot [(ft*/d)/ft].
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Simulated flows from the MODFLOW Drain package
can be compared to observed stream base flows to determine
how well the model is calibrated to field conditions. Five
long-term USGS gaging stations with multiple years of
daily discharge records form the basis of the flow calibration
(fig. 3). The annual mean base flow (estimated from annual
mean streamflow by using a 76-percent base-flow index) was
used in the model calibration process because the shortest
model stress period was 1 year (fig. 15). A calibration criterion
of £30 percent is used to evaluate the fit between the observed
and simulated flows. The three gaging stations on Black Creek
(fig. 19) have acceptable fits for the observed and simulated
data (table 1). Black Creek below Chesterfield (02130840) has
the shortest record of the three sites (2006—2012); however,
the groundwater-flow model simulates the base flow at this site
fairly well (fig. 31). The magnitude of the changes in observed
flow (as much as 6 million cubic feet per day [Mft*/d]) is
not captured by the model, but the overall simulated flow
(3.3 to 4.0 Mft¥/d) is similar in trend.

Black Creek near McBee (02130900) has daily discharge
records from 1960 to 2012, which were converted to annual
mean base-flow values that were used in the model calibration
(fig. 31B). Observed Black Creek annual mean base-flow
discharges at this gaging location range from 4.5 Mft*/d to
22.9 Mft*/d depending on rainfall in the basin because there
is no substantial regulation or storage upstream from the
gage location. The lowest observed base flow (4.5 Mft*/d)
at the Black Creek near McBee gage was in 2002 at the end
of the 1998-2002 drought (Gellici and others, 2004). The
highest annual base flow recorded for the period of record,
22.9 Mft¥/d, was observed in 1998. Since 1998, the general
trend of stream discharge has tended toward lower flows. The
groundwater-flow model for Chesterfield County simulates the
magnitude and trend of the observed base-flow discharges at
the Black Creek near McBee gage.

Black Creek near Hartsville (02130910) has daily
discharge records from 1961 to 2012, which were converted
to annual mean base-flow values (based on the 76-percent
hydrograph separation index) that were used in the model
calibration (fig. 31C). Observed Black Creek base-flow
discharges at this gaging location range from 6.8 Mft*/d
to 30.9 Mft*/d, depending on rainfall in the basin and the
regulation from Lake Robinson, just upstream from the gage
(fig. 6). The lowest observed base flow (6.8 Mft¥/d) at the
Black Creek near Hartsville gage was in 2002 at the end of
the 1998-2002 drought (Gellici and others, 2004). The highest
annual base flow for the period of record, 30.9 Mft*/d, was
observed in 1998. Since 1998, the overall trend of stream
discharge has tended toward lower flows. The groundwater-
flow model simulates the general magnitude and trend of
the observed base-flow discharges at the Black Creek near
Hartsville gage. The three Black Creek gages (02130840,
02130900, and 02130910) meet the £30-percent million cubic
feet per day calibration criteria.

Base flow, in millions of cubic feet per day

25

35

30

25

20

A. Black Creek below Chesterfield, SC (02130840)
[ [ [ [ [ [

I I I I I I I
2006 2007 2008 2009 2010 2011 2012

B. Black Creek near McBee, SC (02130900)
TTTTTTTTT T T I I I T T T I I T T T T I I T T I T T T I TTITT

C. Black Creek near Hartsville (02130910)
TTTTTTTTIT T T I I I T T T I I T T I I T I I I T T ITTITT

o =t [==] o~ [{=] (=) <t [==] o~ [{=] o = [==) o~
S 8 8 5 5 8 8 8 8 8 8 8 8 o
= pedd — — - - — — — — ~ ~ N N
Year
EXPLANATION
—6—— Observed ——&—— Simulated
Figure 31. Hydrographs of simulated and observed

base flows in Black Creek at three gaging stations in the
Chesterfield County area: Black Creek below Chesterfield
(02130840), Black Creek near McBee (02130900), and Black
Creek near Hartsville (02130910).



Two discontinued streamgages, Cedar Creek at Society
Hill, S.C. (02130600) and Juniper Creek near Cheraw, S.C.
(02130500), were used in the groundwater-flow model calibra-
tion process (fig. 3). Data from the Cedar Creek at Society
Hill station included 46 discrete streamflow measurements
from 1949 to 1981 that were converted to annual base flows
according to the model stress periods by using the 76-percent
hydrograph separation index. The model does not simulate the
variability of the observed base-flow data but does simulate
the overall base-flow magnitude and trend at this location.
Data from the Juniper Creek near Cheraw station included
17 discrete streamflow measurements from 1941 to 1958
(fig. 32) that were converted to annual base flows according
to the model stress periods using the 76-percent hydrograph
separation index. The model does not simulate the variability
of the observed base-flow data at this location primarily
because of the 10-year stress periods representing the period
from 1900 to 1960 (fig. 15). However, the groundwater-flow
model simulates the magnitude of base flow at this location
(fig. 32) with acceptable accuracy. These two discontinued
gages (02130600 and 02130500) meet the +30-percent million
cubic feet per day calibration criteria.

Previous studies (Bloxham, 1976, 1979; Barker, 1986;
Zalants, 1991) document streamflow measurements at 15 sites
(table 1; fig. 13) in the study area that are used for model
calibration purposes. These streamflow measurements were
typically collected during low-flow periods and have multiple
(4 to 12) streamflow measurements that were collected in
the 1960s, 1970s, and 1980s. The streamflow measurements
were converted to base-flow values (based on the 76-percent
hydrograph separation index) that were used in the model
calibration. The simulated base flows typically match the
overall magnitude of the observed base flows but do not match
the variability in most cases. The time period of 1965 to 1988
in the model is discretized into 2- or 5-year stress periods in
the simulation and cannot capture the base-flow variability in
detail. Of the 15 sites, 2 meet the £30-percent million cubic
feet per day calibration criteria.

Discrete streamflow measurements were made during the
course of this study (2008-2012) at 24 sites (table 1; fig. 13) in
the study area to provide data for calibration purposes at loca-
tions where long-term measurements were not available. These
were typically smaller streams with observed flows that ranged
from about 10,000 ft*/d (0.1 ft*/s) to 13 Mft¥/d (155 ft*/s) and
with a mean flow of about 1 Mft¥/d (12 ft¥/s). These discrete
streamflow measurements were converted to base-flow values
(based on the 76-percent hydrograph separation index) and
were used in the model calibration. Overall, the simulated
base flows compared to the observed base flows from the
groundwater-flow model are a poor fit on these smaller streams.
Only 7 of the 24 observed compared to simulated base-flow
values fell within the +30-percent million cubic feet per day
calibration criteria, and 17 did not meet the +30-percent
criteria. Having these data in the parameter estimation process,
however, provided valuable information in parts of the study
area where no other observation data were available.

Base flow, in millions of cubic feet per day
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Figure 32. Hydrographs of simulated and observed
base flows at Cedar Creek near Society Hill, South
Carolina (02130600) and Juniper Creek near Cheraw,
South Carolina (02130500).



44 Groundwater Availability in the Crouch Branch and McQueen Branch Aquifers, Chesterfield County, South Carolina, 1900-2012

Parameter Sensitivity

As part of the PEST process, relative sensitivity
values were calculated for all of the input parameters, and
an analysis of these values was conducted. A sensitivity
analysis is a systematic evaluation to identify the parameters
that have the greatest potential effect on simulation results.
Parameter sensitivity was assessed as part of the automated
calibration process by using the PEST Jacobian matrix
(Doherty, 2008a, b). The PEST algorithm uses the sensitivity
of simulated calibration-target values to small adjustments
in simulation parameters to guide the selection, in sequence,
of candidate parameter values. The 944 parameters used
in this groundwater-flow model were ranked (1 to 944) by
relative sensitivity and plotted by category. The parameter
category types are (1) drain conductance, (2) horizontal
anisotropy pilot points in the Crouch Branch aquifer,
(3) horizontal anisotropy in the McQueen Branch confining
unit, (4) horizontal anisotropy pilot points in the McQueen
Branch aquifer, (5) horizontal hydraulic conductivity pilot
points in the Crouch Branch aquifer, (6) horizontal hydraulic
conductivity pilot points in the McQueen Branch confining
unit, (7) horizontal hydraulic conductivity pilot points
in the McQueen Branch aquifer, (8) recharge fluxes, and
(9) specific storage values.

There are few drain conductances (of the 160 total)
that are sensitive; none of the conductance parameters are
in the top 100 rankings (fig. 334). About 70 percent of the
horizontal anisotropy pilot point parameters (41 total) for the
Crouch Branch aquifer are in the top 100 sensitivity rankings
(fig. 33B) making this category one of the most sensitive in
the model. Six horizontal anisotropy parameters for the
Crouch Branch aquifer are in the top 10 most sensitive
parameters. Only one parameter for horizontal anisotropy
is used in the model for the McQueen Branch confining
unit, and it is relatively insensitive. About 25 percent of
the horizontal anisotropy pilot point values (41 total) for
the McQueen Branch aquifer are in the top 100 sensitivity

rankings, making this category somewhat sensitive (fig. 33C).

About 10 percent of the horizontal hydraulic conductivity
pilot points (304 total) in the Crouch Branch aquifer are in
the top 100 rankings (fig. 34). However, two of these pilot
points are the fourth and fifth most sensitive parameters.
Only two horizontal hydraulic conductivity pilot points
(160 total) for the McQueen Branch confining unit are in
the top 100 sensitivity rankings (fig. 34B), making this
category relatively insensitive. Nine horizontal hydraulic
conductivity pilot points (170 total) for the McQueen Branch
aquifer are in the top 100 sensitivity rankings (fig. 34C),
making this category somewhat sensitive.

Net recharge flux sensitivities were calculated for the
wetland and upland areas, and this is the only parameter
category that also varies by model stress period (fig. 35).
The simulation time, from 1900 to 2012, is divided into
39 stress periods of various time increments, and each of
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Figure 33. Sensitivity rankings for A, drain conductances,
B, horizontal anisotropy parameters for the Crouch Branch
aquifer, and C, horizontal anisotropy parameters for the
McQueen Branch aquifer in the Chesterfield County area.
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these stress periods has a parameter value for net recharge

and therefore a sensitivity ranking. Twelve net recharge flux
parameters (of 78 total net recharge flux parameters) are in

the top 100 rankings, with the upland area parameter for the
first stress period being the most sensitive parameter in the
model. Generally, the parameters representing the earlier stress
periods for the uplands areas are more sensitive than the later
stress periods. The sensitivities for the wetlands areas are more
variable, with the earliest stress periods and the stress periods
centered on stress period nine being somewhat sensitive.

The Crouch Branch aquifer, the McQueen Branch
confining unit, and the McQueen Branch aquifer each have a
specific storage parameter. The specific storage parameter for
the Crouch Branch aquifer is the third most sensitive param-
eter in the model, but the other two specific storage parameters
are relatively insensitive.
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Figure 35. Sensitivity rankings for recharge fluxes on
A, uplands and B, wetlands areas in the Chesterfield
County area.
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Groundwater Budgets

Water budgets are presented for the overall study area
(figs. 36 and 37) and two subareas: (1) the McBee area,
centered on the ARWS well field and (2) the CSNWR
acquisition area (fig. 38). These water budgets consist of the
various components of the groundwater-flow system that are
simulated with the groundwater-flow model documented in the
previous sections of this report. An analysis of the potential for
withdrawals from the various types of wells in the McBee arca
to affect local stream base flows is presented.

The overall transient (1900-2012) water budget
simulated by the groundwater-flow model for the study area
consists of the following components: storage-in, storage-out,
multi-node wells-in, multi-node wells-out, recharge, drains
(streams and rivers), wells-out, time-varying specified head-in,
and time-varying specified head-out (Pee Dee River and
southeastern lateral model boundary). Simulated groundwater-
flow budgets for the area are presented in several ways. First
is the simulated major water-budget components in the study
area from 1900 to 2012 (fig. 36). Next are water budgets
that quantify the inflow and outflow of water to and from the
groundwater-flow system for each hydrologic component
and model layer for 1998 (a wet year) and 2012 (a dry year)
(fig. 37). The wet year—dry year comparison illustrates the
large differences in groundwater-flow budgets that can take
place under different hydrologic conditions.

The McBee subarea was selected for detailed analysis
because of the relatively long history of groundwater use and
detailed records of groundwater use and water-level data that
are available. The volume of groundwater use in the McBee
area is also some of the highest in the study area; this analysis
could help water managers in these areas understand the
potential effect of this pumpage on the water resources of the
area. The CSNWR subarea was selected to provide the refuge

managers with a tool to assist in the management of the water
resources of the 46,000-acre refuge.

The budgets are broken down into the 39 stress periods
that vary over time, with the largest components of the
1900-2012 water budget being drains and net recharge
(fig. 36). Recharge rates vary from 56 to 1,679 Mgal/d
with a mean of 737 Mgal/d (fig. 37). The simulated water
budget for the drains (streams and rivers) varies from
653 to 1,127 Mgal/d with a mean of 944 Mgal/d. The next
largest budget component is storage, both inflow and outflow.
Storage terms related to groundwater can be defined as the
volume of water released or taken into storage per unit volume
of a porous medium per change in head (Fetter, 1988). The
simulated storage-in term ranges from 0 to 568 Mgal/d with
a mean of 276 Mgal/d. The simulated storage-out term has a
range of 0 to 556 Mgal/d with a mean of 77 Mgal/d. The next
largest budget components are inflows and outflows through
the specified-head boundaries. Flow from or to the specified-
head boundaries is derived from the vertical and horizontal
hydraulic gradient at the boundary. The total inflow varies
from 97 to 111 Mgal/d with a mean of 103 Mgal/d through
all specified-head boundaries and has a slightly increasing
trend over the simulation time, indicating less net water is
moving across the boundary— or conversely, more water is
moving into the area from outside of the model. The total
outflow through all specified-head boundaries varies from
68 to 86 Mgal/d with a mean of 79 Mgal/d and has a slightly
decreasing trend over the simulation time. The smallest
budget component is from the various wells simulated in
the groundwater-flow model. The WEL package simulates
withdrawals that range from 0 to 6.7 Mgal/d with a mean
of 3.0 Mgal/d over the simulation time from 1900 to 2012.
The MNW1 package (which incorporates the well screen
settings and depth) simulates withdrawals that range from
0 to 9.3 Mgal/d with a mean of 5.2 Mgal/d over the simulation
time from 1900 to 2012.
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the Chesterfield County area.
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Figure 37. Water budgets for wet (1998) and dry (2012) years for the Chesterfield County area.

(All units are in million gallons per day.)
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McBee Area Groundwater Budget

A water budget was derived from the calibrated Ches-
terfield County area groundwater-flow model for the McBee
area, centered on the ARWS well field, which supplies most of
the potable water for Chesterfield County (fig. 38). Two of the
ARWS wells that are located east of Black Creek (fig. 1) are
not included in the water budget analysis because they have
provided very little of the total volume of water produced by
the well field and they may be abandoned in the near future
(Glenn Odom, Alligator Rural Water and Sewer Company,
oral commun., 2011). The area chosen for analysis includes
11 ARWS wells and extends from the Lynches River on the
west to Black Creek on the east. The Lynches River and
Black Creek surface-water features were chosen to reflect the
groundwater-flow system boundary conditions at these two
incised stream valleys in the Crouch Branch aquifer. The water
budgets for a wet year (1998) were compared to that of a dry
year (2012).

The lower units (McQueen Branch confining unit and
the McQueen Branch aquifer) have similar budgets in wet
and dry years (fig. 39). The budgets for the Crouch Branch
aquifer, however, are different for the wet and dry years. In
the wet year (1998), water going into storage (30.2 Mgal/d) is
one of the largest budget terms, while in the dry year (2012),
water flowing into the Crouch Branch aquifer from storage is
the largest budget term (39.9 Mgal/d). Streamflow in the wet
year is 47.1 Mgal/d and is reduced to 30.9 Mgal/d in the dry
year (2012). Total pumping from the well field (along with
irrigation wells in the budget area) is 1.5 Mgal/d in 1998 and
4.0 Mgal/d in 2012.

Carolina Sandhills National Wildlife Refuge
Groundwater Budget

A groundwater budget for the CSNWR was developed
by using the calibrated groundwater-flow model of the
Chesterfield County area. The planned acquisition area for
the CSNWR (Allyne Askins, U.S. Fish and Wildlife Service,
written commun., 2013) was used for the boundary of the
water budget area (fig. 38). The planned acquisition area is
about 101,000 acres, and the current size of the CSNWR is
about 45,000 acres. Most of the planned acquisition area is
included in the Chesterfield County groundwater-flow model;
however, a small area in the Lynches River valley is in the
Piedmont Physiographic Province, outside of the study area,
and is not included in the water budget calculations.

Two water budgets for the CSNWR are presented, one
from a relatively wet year (1998) and one from a relatively dry
year (2012) (fig. 40). The only groundwater pumping simulated
in the CSNWR budget area is a small volume of irrigation
pumping in the southern part of the area. Most of the water
budget volumes are the natural components of the groundwater-
flow system, and the two budgets represent how the natural
system responds to wet and dry hydrologic conditions.

The largest components of the wet and dry year water
budgets are net recharge, storage, and streamflows. In 1998,
simulated net recharge was 231.9 Mgal/d with streamflows
of 151.3 Mgal/d. In 2012, recharge was 31.4 Mgal/d, and
stream base flows were 92.7 Mgal/d (fig. 40). Storage fluxes
for the wet year (1998) were 78.4 Mgal/d into storage and
65.2 Mgal/d out of storage in 2012 because the low net
recharge rate alters the flow budget. Most of the CSNWR
acquisition area is underlain by only the Crouch Branch
aquifer; the McQueen Branch confining unit and the McQueen
Branch aquifer pinch out against the Piedmont crystalline
bedrock in the southeastern part of the acquisition area. The
water budgets for the McQueen Branch confining unit and
the McQueen Branch aquifer, therefore, are relatively small
compared to the water budget for the Crouch Branch aquifer.
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Figure 39. Water budget for wet (1998) and dry (2012) years for the McBee, South Carolina, area.

(All units are in million gallons per day.)
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Figure 40. Water budget for wet (1998) and dry (2012) years for the Carolina Sandhills National Wildlife
Refuge acquisition area, Chesterfield County, South Carolina. (All units are in million gallons per day.)



McBee Area Stream Base-Flow Budget Area

A concern that has been expressed by SCDNR, local
residents of the McBee area, and the CSN'WR has been that
pumping from the ARWS well field (and other wells in the
area) is lowering groundwater levels and reducing stream base
flows in the well field area. The water budgets for Cedar Creek,
Lower Alligator Creek, two unnamed tributaries to the Lynches
River near the U.S. Highway 1 crossing, Blackwell Creek,
and the upper reaches of Beaverdam Creek (fig. 41) have been
derived from the groundwater-flow model of the Chesterfield
County area. These streams all have headwaters in or near
the ARWS well field and have the potential for groundwater
discharges to the streams to be lowered by pumping from the
wells. Two simulated water budgets for selected streams from
2012 are presented: (1) the budget from the original model,

Groundwater Budgets 53

which includes withdrawals from the ARWS well field along
with nearby irrigation and industrial supply wells and (2) a
modified version of the model with all pumping removed from
the model throughout the simulation period.

Simulated stream base flows for 2012 for the selected
streams in the ARWS well field area for the two versions
of the model are similar (table 4). Removing all pumping
from the model for the entire simulation period (1900-2012)
produces negligible differences in base flow for the selected
streams. The largest difference was for Lower Alligator Creek
with an increase of 0.04 Mgal/d for the non-pumping budget.
The 2012 flow for Lower Alligator Creek was 5.04 Mgal/d
with the wells pumping and was 5.08 Mgal/d without the wells
pumping. This small difference (<1 percent) is within the
acceptable model error. The other five streams selected for this
base-flow analysis had similar results.

Table 4. Simulated 2012 base flows for McBee, South Carolina, area streams within the Alligator Rural Water
and Sewer well field (see figure 41 for stream locations) under conditions of pumping and no pumping.

[Mgal/d, million gallons per day]

Simulated base flow

Simulated base flow Difference

Stream with wells pumping with wells not pumping
In Mgal/d
Cedar Creek 6.97 6.99 0.02
Unnamed Tributary 1 0.00 0.00 0.00
Unnamed Tributary 2 0.06 0.06 0.00
Upper reaches of Blackwell Creek 1.14 1.15 0.01
Upper reaches of Beaverdam Creek 0.72 0.75 0.03
Lower Alligator Creek 5.04 5.08 0.04
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Model Uncertainties and Limitations

Groundwater-flow models are based on limited data and
are simplifications of natural systems. The simplifications
incorporated into the development of a groundwater-flow
model can limit the ability of the model to predict actual
hydraulic conditions over time. Accuracy and prediction
capabilities of this model are affected by the finite-difference
discretization, boundary conditions, hydraulic properties, and
observations used in the model calibration.

The model was spatially discretized into a grid of
300- by 300-ft model cells and was temporally discretized into
1 steady-state stress period and 38 transient stress periods.
The small size of the grid cells allows the model to relatively
accurately simulate local flow conditions, such as discharge
to wells or streams. The 39 transient stress periods range in
length from 10 years (in the earlier periods of the model) to
1 year (in the more recent time periods of the model). The
variable-length stress periods are appropriate for the accuracy
of the water-use data and temporally sparse observations but
cannot represent seasonal variations within the groundwater
flow system.

Boundary choices can affect model uncertainty, run times,
and stability. The boundaries defined for the model are, in
some cases, true boundaries of the natural hydrologic system.
In other cases, there is some uncertainty in the location of
the boundary. The best available data were used to place the
boundaries. The northeastern specified-head boundary in the
model is placed at the Pee Dee River, which acts as natural
hydraulic boundary for the incised hydrogeologic units. The
southwestern boundary is placed at the topographic divide
between the Little Lynches River and the Wateree River
Basins. This topographic boundary is thought to be the same
as the groundwater-flow divide, but the exact position of the
groundwater divide is unknown. The northwestern no-flow
boundary is placed at the Fall Line, or geologic boundary
between the ACP sediments and the Piedmont crystalline
rocks, and may not be precisely mapped. The Piedmont rocks
underlying the modeled area are assumed to be impermeable
and are simulated as a no-flow boundary; however, it is not
known if these underlying Piedmont rocks are impermeable.
The southeastern boundary is arbitrarily located to enclose the
study area and is a specified-head boundary. The groundwater
levels for this specified-head boundary are extrapolated from
the predevelopment potentiometric-surface map, which may
have uncertainty in the locations of equal potentiometric
heads. Care should be taken, however, when interpreting
simulated water levels near all model boundaries.

The recharge rate specified in the model was derived
initially from rainfall data available for the study area.
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However, the model calibration required a net recharge rate
that did not include evapotranspiration or overland flow;
therefore, the water budget term for recharge is based on the
model calibration process which introduces uncertainty. The
precipitation station represents a small fraction of the large
area covered in the model where recharge is simulated, and
precipitation data at the station were collected over a 112-year
period; therefore, the precipitation data most likely are subject
to an unknown degree of uncertainty.

Groundwater withdrawals simulated in the model may
underrepresent actual historic water use because pumping rates
less than 3 Mgal per month are not required to be reported
to the State environmental regulatory agency and therefore
are unknown. Groundwater withdrawals prior to 1980 are
uncertain and have been estimated from historical records.
Many domestic water wells in the study area are not simulated
in the groundwater-flow model because of the lack of location
and withdrawal data. However, most of these domestic wells
return much of the withdrawn groundwater back to the flow
system through onsite septic systems.

Hydraulic properties of horizontal hydraulic conductivity,
horizontal anisotropy, and specific storage were all calibrated
to a large degree during the modeling process. Initial values
of hydraulic conductivity and specific storage for the aquifer
were derived from published transmissivity and storage
coefficient data and are the best-defined hydraulic properties
in the model. In some cases, however, aquifer thicknesses at
the wells had to be assumed from screen length. All of the
calibrated hydraulic-property distributions are large-scale
approximations of measured and estimated values.

The hydraulic heads used as steady-state and transient
calibration targets have uncertainty associated with the
accuracy of the land-surface elevations of each well; the
calibration target was to match simulated and observed water
levels within +20 ft. In addition, the clustering of head data in
some areas and the lack of head data in other areas can lead to
areas being overemphasized or underemphasized, respectively,
during model calibration. Care was taken during this study to
limit the clustering of head data, but the lack of head data in
some areas is a limitation that cannot be corrected.

Stream base flows simulated by the model accurately
represent calculated base flows in some cases but not in
all cases. A scale issue occurs between the 300- by 300-ft
model cells and the stream widths that the model simulates,
which are much less than 300 ft during base-flow conditions.
Because of this scale issue, the model is not capable of always
accurately simulating base flow for many streams. In addition,
the model is relatively insensitive to streambed conductance,
and the calibrated values may not be accurate representations
of true streambed conductances.
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Summary

The population of Chesterfield County grew at about a
9-percent rate during the last decade (2000—2010), and along
with this rate of population growth is an increased demand for
high-quality water for various uses in the Chesterfield County
area and adjacent counties. Residential, agricultural, industrial,
and other forms of development have increased during this
time period and are expected to increase in the future. These
increased demands for high-quality groundwater will put further
pressure on the water resources of the region. Natural pressures,
such as periodic severe droughts, also have placed additional
stresses on the water resources of the area. Since about 2000,
much of the demand for potable water in Chesterfield County
has been met by withdrawals from the Alligator Rural Water and
Sewer well field near McBee, South Carolina. Treated ground-
water from the well field is piped to the towns of Jefferson,
Pageland, Mount Croghan, Ruby, Chesterfield, and Patrick to
supply most of the potable water needs of these communities.

Chesterfield County is home to the Sand Hills State
Forest and the Carolina Sandhills National Wildlife Refuge.
The Carolina Sandhills National Wildlife Refuge and the
Sand Hills State Forest are located in central and southern
Chesterfield County. These areas contain more than
95,000 acres of critical longleaf pine habitat and a protected
population of endangered red-cockaded woodpeckers. A
reduction in groundwater levels or groundwater base flows
to surface-water bodies could have a negative effect on these
valuable natural resources.

The Chesterfield County study area is composed of the
Atlantic Coastal Plain (ACP) part of Chesterfield County
and small parts of Darlington, Lee, and Kershaw Counties in
northeastern South Carolina and Anson County in North Caro-
lina, occupying approximately 1,117 square miles (mi?). The
study area is composed of parts of the ACP sediments and is
bounded by the Fall Line to the northwest, the Pee Dee River
to the northeast, the northern parts of Lee and Darlington
Counties to the southeast, and the topographic divide between
the Little Lynches River Basin and the Wateree River Basin
in Kershaw County to the southwest. Because this region is
covered by abundant white sand, this area is informally known
as the Sandhills.

The hydrogeologic framework of Chesterfield County
consists of two aquifers separated by a confining unit—the
Crouch Branch aquifer, the McQueen Branch confining unit,
and the McQueen Branch aquifer. The aquifers and confining
unit are composed of sedimentary materials, such as gravel,
sand, silt, and clay, with some small areas of lithified sand-
stone and are Late Cretaceous in age.

The groundwater assessment of the Chesterfield County
area consisted of the collection, integration, and use of new
and existing data along with the construction and calibration of
a groundwater-flow model. The model is the primary tool used

in the assessment of groundwater availability of the study area.
Major types of data used in the study include groundwater-
level data, groundwater-use data, hydrostratigraphic data such
as aquifer and confining unit extents, estimates of stream base
flows derived from the analysis of observed streamflows at
selected sites, and precipitation data. Historical groundwater
levels, groundwater-use data, and streamflows were compiled
for 1900 to 2012 and used in the model construction and
calibration process.

A conceptual flow-system model of the Atlantic Coastal
Plain aquifers in Chesterfield County was developed as the
basis for constructing the digital groundwater-flow model. The
conceptual model is based on recharge, surface topography,
properties and distribution of the hydrostratigraphic units,
water-level data, stream base-flow data, hydrologic testing
results, geochemical data, and previously published interpre-
tations of the flow system. The Crouch Branch and McQueen
Branch hydrostratigraphic units in the model area are the
principal water-bearing units. Recharge to hydrostratigraphic
units in the model area is from atmospheric precipitation that
infiltrates through the surficial materials of the Crouch Branch
aquifer at land surface. The Crouch Branch aquifer discharges
water to springs, streams, rivers, and wells based on the
potentiometric surfaces developed by this study. The deeper
McQueen Branch aquifer does not crop out in the study area
and discharges water to wells. Some groundwater from both
aquifers flows laterally out of the study area downdip toward
the Atlantic Ocean.

A finite-difference numerical model, MODFLOW-2000,
was used to simulate groundwater flow in the aquifers and
confining unit of the study area over a 112-year period
from 1900 to 2012.The model grid consists of the lateral
discretization of the model domain into rows and columns
and the vertical discretization of the unconsolidated ACP
deposits into layers. The MODFLOW finite-difference grid
consists of 617 rows from north to south extending 35 miles
(mi) and 884 columns from west to east extending 50 mi,
yielding a total area of 1,750 mi®>. However, the active part
of the model totaled 1,117 mi®. The spacing of the rows and
columns is uniform, 300 feet (ft) by 300 ft, which was chosen
to maximize the potential for accurate simulations of ground-
water discharge to surface water. Vertically, the sediments are
discretized into three model layers.

Historical groundwater levels were retrieved from the
U.S. Geological Survey National Water Information System
database, from the South Carolina Department of Natural
Resources WellTab database, and from South Carolina
Department of Health and Environmental Control files of
domestic well records. Groundwater levels from 154 wells
open to the Crouch Branch aquifer were used along with
85 groundwater levels from wells screened in the McQueen
Branch aquifer. These water levels range in altitude from
69 ft (North American Vertical Datum 1988) to 555 ft. All of



these streamflow measurements were adjusted to reflect the
estimated base flow, or groundwater discharge component of
the streamflow, by using hydrograph separation methods.

The groundwater-flow model was calibrated to
groundwater-level conditions and stream base-flow conditions
for 1900 to 2012 by using 39 stress periods. Input parameters
were included in the model calibration process including
horizontal hydraulic conductivity, horizontal anisotropy,
specific storage, drain conductance, and recharge. The model
was calibrated with an automated parameter-estimation
approach using the computer program PEST, with regularized
inversion and pilot points. Calibrated hydraulic conductivity
values for the Crouch Branch and McQueen Branch aquifers
ranged from 2 to 112 feet per day (ft/d). Calibrated hydraulic
conductivity values for the McQueen Branch confining unit
ranged from 1.3x10 5 to 1.0 ft/d. Calibrated specific storage
values were 2.6x10 2 per foot for the Crouch Branch aquifer,
7.8x10 per foot for the McQueen Branch confining unit, and
1.95%10* per foot for the McQueen Branch aquifer. Cali-
brated vertical anisotropies for both aquifers and the confining
unit were 3.0. Calibrated horizontal anisotropy ranged from
1.0 to 4.1 (dimensionless) in the Crouch Branch aquifer, was
3.0 in the McQueen Branch confining unit, and ranged from
1.0 to 5.2 in the McQueen Branch aquifer.

Water levels from 154 wells open to the Crouch Branch
aquifer were used in the calibration process along with water
levels from 85 wells open to the McQueen Branch aquifer. The
target calibration criteria for the groundwater level measure-
ments were +10 ft of the observed value. For the Crouch
Branch aquifer groundwater levels (154 total), 22 percent, or
35 out of 154, were outside of the + 10-ft calibration target
with 26 measurements +10 ft and 9 measurements outside
of —10 ft. For the McQueen Branch aquifer groundwater
levels (85 total), 22 percent, or 19 out of 85, were outside
of the +10-ft calibration target with 14 measurements +10 ft
and 5 measurements outside of —10 ft. Base-flow measure-
ments from 44 sites were included in the calibration process.
Data from five continuous streamflow gages were used in
the model calibration process to provide base-flow discharges
over time. The calibration process produced acceptable fits on
the base flows derived from all five of these gages. Discrete
streamflow measurements (converted to base flows) from
39 locations were used for model calibration. Generally, the
simulated base-flow values were similar in magnitude to the
observed base-flow values for these 39 locations, but the
groundwater-flow model did not capture the variability present
in the base-flow observations primarily due to the longer
model stress periods of 2 to 5 years during the time these data
were collected.

Water budgets for the overall study area, the Alligator
Rural Water and Sewer Company well field near McBee,
South Carolina, and the Carolina Sandhills National Wildlife
Refuge acquisition area consist of the various components
of the groundwater-flow system that were simulated with the
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groundwater-flow model. For the overall study area budget,
for the 1998 and 2012 simulation periods, recharge rates vary
from 56 to 1,679 million gallons per day (Mgal/d), drains
(streams and rivers) vary from 653 to 1,127 Mgal/d, storage-in
terms range from 0 to 568 Mgal/d, storage-out terms range
from 0 to 556 Mgal/d, total inflows through all specified-head
boundaries vary from 97 to 111 Mgal/d, total outflows through
all specified-head boundaries vary from 68 to 86 Mgal/d. Well
withdrawals over the simulation time from 1900 to 2012,
range from 0 to 9.3 Mgal/d. For the Alligator Rural Water

and Sewer Company well field area near McBee, for the wet
budget year (1998), water going into storage (30.2 Mgal/d)

is one of the largest budget terms, but in the dry year (2012),
water coming into the Crouch Branch aquifer from storage

is the largest budget term (39.9 Mgal/d). Streamflow in the
wet year is 47.1 Mgal/d and is reduced to 30.9 Mgal/d in the
dry year (2012). Total pumping from the well field (along
with irrigation wells in the budget area) is 1.5 Mgal/d in 1998
and 4.0 Mgal/d in 2012. For the Carolina Sandhills National
Wildlife Refuge acquisition area, the largest components

of the wet and dry water budgets are the recharge and the
streamflows. In the wet year (1998), simulated recharge was
231.9 Mgal/d with streamflows of 151.3 Mgal/d; in the dry
year (2012), recharge was 31.4 Mgal/d, and stream base flows
were 92.7 Mgal/d. Storage fluxes for the wet year (1998)
were 78.4 Mgal/d into storage. In 2012, the low recharge

rate resulted in relatively lower groundwater levels and

65.2 Mgal/d moving out of storage. Most of the CSNWR
acquisition area is underlain by only the Crouch Branch
aquifer; the McQueen Branch confining unit and the McQueen
Branch aquifer pinch out against the Piedmont crystalline
bedrock in the southeastern part of the acquisition area.

A concern that has been expressed by the South Carolina
Department of Natural Resources, local residents of the
McBee area, and the Carolina Sandhills National Wildlife
Refuge has been that pumping from the Alligator Rural Water
and Sewer Company well field (and other wells in the area) is
lowering groundwater levels and reducing stream base flows
in the well field area. Water budgets have been derived from
the groundwater-flow model for Cedar Creek, Lower Alligator
Creek, two unnamed tributaries to the Lynches River near the
U.S. Highway 1 crossing, Blackwell Creek, and the upper
reaches of Beaverdam Creek. Two simulated water budgets
for selected streams from 2012 are presented: (1) the budget
from the original model, which includes withdrawals from the
Alligator Rural Water and Sewer Company well field along
with nearby irrigation and industrial supply wells and (2) a
modified version of the model with all pumping removed from
the model throughout the simulation period. Simulated stream
base flows for 2012 for the selected streams in the ARWS
well-field area for the two versions of model are similar.
Removing all pumping from the model for the entire simula-
tion period (1900-2012) produces negligible differences in
base flow for the selected streams.
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Appendix 1. Bedrock Topography of the McBee, South Carolina, Area,
Based on Bedrock Altitudes From Geologic Borings and Analysis of
Ambient Seismic Noise by the Horizontal-to-Vertical Spectral-Ratio Method

By Bruce G. Campbell and Emily B. Voytek

The bedrock surface underlying the McBee, South
Carolina (S.C.), area (fig. 1-1) defines the lower boundary of
a groundwater-flow model presented earlier in this report. This
model is used to simulate groundwater flow in the Atlantic
Coastal Plain aquifers and confining unit underlying the area.
This bedrock surface is represented by a no-flow boundary in
the model, and the topography of the bedrock surface plays a
role in determining the patterns of groundwater flow. Mapping
the altitude of the bedrock surface will provide a guide for the
drilling of wells in the McBee area in the future. The bedrock
surface in the McBee area has not been characterized in this
detail in the past; however, several geologic borings have been
drilled to bedrock and are either public supply or test wells
(table 1-1).

The McBee area (fig. 1-1) bedrock surface was mapped
by using the horizontal-to-vertical spectral-ratio (HVSR)
method, which is a passive seismic technique that uses an
analysis of the horizontal and vertical components of ambient
seismic noise or microtremors (Lane and others, 2008). The
HVSR method has been developed as a method to collect data

Table 1-1.

on the depth to bedrock in a manner that is noninvasive and
less expensive than drilling. These advantages are beneficial
in an area such as McBee, where the depths to bedrock
commonly exceed 300 feet (ft). The U.S. Geological Survey
(USGS) used the HVSR method during 201112 to estimate
bedrock depth in areas for which there was little information
from drilling and to prepare a map of the altitude of the
bedrock surface for the McBee area.

The HVSR method has been used in several areas of the
northeastern United States to map buried bedrock surfaces
underlying glacial sediments in areas in Ohio, Connecticut,
and Massachusetts. Haefner and others (2010) mapped sedi-
ment thickness in Franklin County, Ohio. Fairchild and others
(2013) produced a map of the bedrock surface underlying the
western Cape Cod, Massachusetts, area. Brown and others
(2013) mapped the bedrock surface along several transects in
the Woodbury, Connecticut, area.

The area of the bedrock topographic map presented in
this report is in western Kershaw and eastern Chesterfield
Counties and underlies the towns of Bethune and McBee,

Locations and altitudes of bedrock surfaces for geologic borings where bedrock

was encountered during drilling in the McBee, South Carolina, area.

[See figure 1-1 for well locations; NAD 83, North American Datum of 1983; NAVD 88, North American

Vertical Datum of 1988]

Well Latitude Longitude Altitude of Used to
identification - !ledrock surface, calcula?e Ios:al
(Decimal degrees referenced to NAD 83)  jp feet (NAVD 88) regression line
CTF-288 34.4745917 —80.2221556 121 Yes
CTF-88 34.4466695 —80.2176500 -34 Yes
CTF-107 344361472 —80.2945444 25 Yes
CTF-313 34.4168175 —80.3003830 —45 Yes
CTF-106 34.4907500 —-80.2475000 125 Yes
CTF-60 34.5123749 —80.2475694 40 No
CTF-219 34.4636111 —80.2319444 56 Yes
KER-66 34.4162649 —80.3292383 40 No
KER-23 34.4318205 —80.3345160 38 No
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Figure 1-1. Altitude of the top of the crystalline basement rocks underlying the Atlantic Coastal Plain in the McBee,
South Carolina, area as interpreted from horizontal-to-vertical spectral-ratio (HVSR) measurements and geologic borings.



S.C. (fig. 1-1). The study area is underlain by unconsolidated
Atlantic Coastal Plain sediments that primarily consist of
medium- to coarse-grained sand and clay, which in turn
overlie an unknown type of crystalline bedrock that is part of
the Piedmont Province.

There are two Atlantic Coastal Plain aquifers underlying
the area: the Crouch Branch aquifer which is underlain by the
McQueen Branch confining unit, which is underlain by the
McQueen Branch aquifer. The water table is in the unconfined
Crouch Branch aquifer, but most of the public supply wells are
screened in the both the Crouch Branch and McQueen Branch
aquifers. In the McBee area, these aquifers are used for public
supply and for domestic, agricultural, and commercial needs,
and 2-3 million gallons per day of high-quality potable water
are typically withdrawn. The Alligator Rural Water and Sewer
Company operates 11 production wells within the area. These
wells supply potable water to the immediate area surrounding
the well field along with a much wider area that encompasses
most of Chesterfield County through a network of pipelines.

The HVSR method is based on a relation between the reso-
nance frequency of ambient seismic noise as measured at land
surface and the thickness of the unconsolidated sediments that
overlie consolidated bedrock. A spectral analysis of the ambient
seismic noise from the earth’s surface is used to determine the
fundamental resonance frequency for the measurement site.
Ambient seismic noise is composed of microtremors caused by
ocean waves, wind, rainfall, and anthropogenic activities such
as traffic and industry (Ibs-von Seht and Wohlenberg, 1999).
The HVSR method works best at locations where the subsurface
can be approximated by a two-layer model consisting of a layer
of generally homogeneous, unconsolidated sediments overlying
a consolidated bedrock layer. The HVSR method is effective
in areas where there is a strong contrast in acoustic impedance
between the sediment and bedrock (Nakamura, 1989; Lane
and others, 2008). The McBee area’s geologic structure, with
unconsolidated Atlantic Coastal Plain sediments on top of
crystalline bedrock, produces a distinct contrast in acoustic
impedance at the sediment-bedrock interface. However, in
most cases, some thickness of highly weathered crystalline
rock or saprolite are expected at the bedrock—Atlantic Coastal
Plain geologic contact that could range in thickness from zero
to possibly tens of feet thick. How this saprolite layer will
affect the acoustic impedance between the Atlantic Coastal
Plain and the crystalline bedrock is unknown.

At each measurement site, a single, broadband, three-
component seismometer was used to record ambient seismic
noise from the earth’s surface. The seismometer was placed
directly on the ground or on a metal plate with spikes. The
spikes on the bottom of the seismometer or the metal plate
were firmly driven into the ground to ensure that the seismo-
meter was securely coupled with the earth. A bull’s eye spirit
level and north arrow built into the instrument along with an
external compass were used to level the instrument and align
it with magnetic north. Data were collected for 30 minutes
at each location. To minimize noise, the equipment was set
up away from traffic when possible and where pedestrians,
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including those collecting the data, were not walking in the
immediate area around the equipment; these disturbances
create excessive noise that later would have had to be removed
from the record.

In areas that have a strong acoustic impedance contrast
between the bedrock and overlying sediments, such as near
McBee, the seismic noise induces resonance at frequencies in
the range of about 0.1 to 100 hertz. The ratio of the average
horizontal- and vertical-component amplitude spectrums
produces a spectral ratio curve with peaks at fundamental and
higher order resonance frequencies. Resonance frequencies
are a function of sediment layer thickness and average layer
shear-wave velocity (Lane and others, 2008).

Measurements were made at 64 locations in and around
McBee (fig. 1-1) by using the field methods described in Lane
and others (2008). Additional measurements were collected
at several surrounding bedrock wells where the altitude of the
bedrock surface is known. These were used to calculate a local
regression line based on the relation between the sediment
thickness (z) and the resonance frequency (f, in hertz) of the
main peak in H/V spectra:

z=afr-b, (1-1)
where
aand b are empirically derived coefficients
(Ibs-von Seht and Wohlenberg, 1999).

Once calculated, the local regression line was used to
determine sediment thickness from observed frequencies
within the same geologic framework. The values for a
(205.78) and b (1.611) were determined from the observed
resonance frequencies and corresponding depths to bedrock
(table 1-1; fig. 1-2) at six well locations around the McBee
area. Using these values for a and b, the depth of the bedrock
(v, in feet) is calculated to be

y=205.78fr-1.611. (1-2)

Once the depths to bedrock were calculated by using the
local regression, bedrock altitude was determined by subtracting
the depths determined from a 2-ft contour light detection and
ranging (lidar) digital elevation model (South Carolina Depart-
ment of Natural Resources, 2013). These bedrock altitudes
were used to draw bedrock altitude contours (fig. 1-1).

The bedrock surface mapped by using the HVSR
technique generally dips from the higher altitude areas in the
northwest to lower altitude areas in the southeast as would be
expected from previous maps of the bedrock surface (Wait and
Davis, 1986; Gellici and Lautier, 2010) (fig. 1-1; table 1-1).
However, there is a high area just south of U.S. Highway 1 in
the southern part of the study area. Observed bedrock altitudes
range from 234 ft above the North American Vertical Datum
of 1988 (NAVD 88) to 169 ft below NAVD 88. Atlantic
Coastal Plain sediment thicknesses in the study area range
from a low of 73 ft to a high of 510 ft with a mean of 321 ft
(fig. 1-2; table 1-2).
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Table 1-2. Horizontal-to-vertical spectral-ratio measurement locations, estimated bedrock altitude, land-
surface altitude, and estimated sediment thickness of the Atlantic Coastal Plain sediments in the vicinity of
McBee, South Carolina.

[NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum of 1988]

Land-surface

Location on Latitude Longitude) Bedrock altitude altitude Thickness
figure 1-1 : (in feet)
(Decimal degrees referenced to NAD 83) (In feet NAVD 88)

1 37.849411 84.648333 43 316 273

2 37.856279 84.646610 79 322 243

3 37.814447 84.611561 95 273 178

4 37.876814 84.679160 76 307 231

5 37.909740 84.678888 =75 365 440

6 37.884929 84.567685 163 485 322

7 37.892470 84.578798 21 461 440

8 37.890339 84.550941 171 528 357

9 37.898729 84.536380 104 523 419
10 37.933598 84.651085 -14 325 339
11 37.897945 84.637029 =52 399 451
12 37.864432 84.657269 115 369 254
13 37.889858 84.610733 5 462 457
14 37.860841 84.674222 54 295 241
15 37.851419 84.597980 112 263 151
16 37.844580 84.728412 -95 266 361
17 37.914162 84.555639 157 479 322
18 37.886312 84.659133 -96 361 457
19 37.929537 84.606325 43 429 386
20 37.921798 84.561014 131 425 294
21 37.922475 84.575124 106 291 185
22 37.815128 84.648954 45 280 235
23 37.868406 84.605855 95 383 288
24 37.864897 84.606217 221 364 143
25 37.866354 84.623620 24 371 395
26 37.856480 84.623985 43 340 297
27 37.876261 84.615529 110 404 294
28 37.911463 84.603593 -9 410 419
29 37.901833 84.607226 -17 440 457
30 37.862530 84.567231 119 447 328
31 37.900256 84.541972 88 528 440

W
[\

37.840660 84.647664 2 212 210
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Table 1-2. Horizontal-to-vertical spectral-ratio measurement locations, estimated bedrock altitude, land-
surface altitude, and estimated sediment thickness of the Atlantic Coastal Plain sediments in the vicinity of
McBee, South Carolina.—Continued

[NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum of 1988]

Land-surface

Location on Latitude Longitude) Bedrock altitude altitude Thickness
figure 1-1 : (in feet)
(Decimal degrees referenced to NAD 83) (In feet NAVD 88)
33 37.817788 84.585477 193 266 73
34 37.839979 84.705309 -13 253 266
35 37.868460 84.645883 -39 395 434
36 37.871742 84.585569 95 293 198
37 37.943626 84.654813 -3 373 376
38 37.918914 84.649299 -16 318 334
39 37.889756 84.597815 66 469 403
40 37.857870 84.666138 74 340 266
41 37.889385 84.675554 27 355 382
42 37.823108 84.666270 13 275 262
43 37.928500 84.675685 -169 320 489
44 37.907508 84.661280 —119 391 510
45 37.923970 84.550210 155 413 258
46 37.893446 84.705457 —~114 282 396
47 37.869031 84.685790 33 284 251
48 37.875807 84.692154 14 347 333
49 37.829974 84.683146 -12 269 281
50 37.851431 84.612769 125 330 205
51 37.875357 84.662330 23 268 245
52 37.898266 84.649970 -96 393 489
53 37.870852 84.704310 =77 241 318
54 37.853421 84.660496 =32 296 328
55 37.894385 84.626260 88 416 328
56 37.899640 84.568398 53 473 420
57 37.846643 84.577455 132 308 176
58 37.901042 84.541566 234 524 290
59 37.917224 84.527710 89 432 343
60 37.810147 84.628921 52 294 242
61 37.919778 84.590056 124 458 334
62 37.922735 84.625304 -34 389 423

63 37.858967 84.636295 27 297 270
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Figure 1-2. Thickness of the Atlantic Coastal Plain sediments in the McBee, South Carolina, area as interpreted from
horizontal-to-vertical spectral-ratio (HVSR) measurements and geologic borings.
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Appendix 2. Water Well Data Used for Model Calibration
of the Crouch Branch and McQueen Branch Aquifers

Data for all wells used in model calibration of the Crouch Branch and McQueen Branch
aquifers for water years 1949 through 2012 are presented in tables 2—1 and 2—-2. These data
will be available for download as Excel spreadsheets on this publication’s Web page at
http://pubs.usgs.gov/sir/2014/5050/.
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