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Sea level: 1In this report, "sea level" refers to the National Geodetic
Vertical Datum of 1929--a geodetic datum derived from a general adjustment of
the first-order level nets of the United States and Canada, formerly called

Sea Level Datum of 1929.

The standard unit for transmissivity is cubic foot per day per square

foot times foot of aquifer thickness [(ft3/d)/ft2?]ft.

In this report, the

mathematically reduced form--foot squared per day (ft2?/d)--is used for

convenience.



HYDROGEOLOGIC FRAMEWORK AND SIMULATION OF SHALLOW
GROUND-WATER FLOW IN THE VICINITY OF A
HAZARDOUS -WASTE LANDFILL NEAR
PINEWOOD, SOUTH CAROLINA

By Don A. Vroblesky
ABSTRACT -

The geologic units in the vicinity of a hazardous-waste landfill near
Pinewood, S.C., were divided into hydrogeologic units on the basis of
lithologic and hydrologic characteristics. A quasi-3-dimensional, finite-
difference model was constructed to simulate ground-water flow through the
hydrogeologic framework. The simulation results indicated that if
contaminants were released to the first water-bearing zone underlying the
central and western parts of the disposal areas, the Lang Syne water-bearing
zone, they would move in a southwesterly direction. The transport rate of
water and unreactive constituents would be from about 0.6 to 7 feet per year.
Constituents that interact with the aquifer matrix would move more slowly.

Although these flow rates indicate that ground-water contamination would
require at least 50 years to travel between the disposal area and a nearby
(400 ft) potential discharge area, the heterogeneity of the site hydrogeology
imparts an uncertainty to the conclusion. Faster travel times cannot be ruled
out if contamination enters parts of the aquifer having a higher hydraulic
conductivity than those used in this investigation. Faster arrival times at
Lake Marion also could occur if there are pathways shorter than about 400 feet
between the contamination and an area where it can discharge to the surficial
aquifer or streams. Once in the surficial aquifer or in surface water,
transport to Lake Marion would be substantially faster.

If contaminants were released on the eastern side of the ground-water
mounds near landfill section II or, possibly, the southeastern part of
landfill section I, then initial flow directions would be approximately
eastward, toward the water-level depression in the eastern part of the
facility. Ground water within the water-level depression would flow downward
to underlying water-bearing sands. Contaminant movement in the underlying
lower Sawdust Landing water-bearing zone would be southwestward toward Lake
Marion. The transport rate of water and nonreactive constituents in the lower
Sawdust Landing water-bearing zone would be from about 8 to 20 feet per year.
Constituents that interact with the aquifer matrix or are affected by
microorganisms would move more slowly. Contamination transport from disposal
areas to Lake Marion along this route could require more than 200 years.
Close agreement between simulated steady-state heads and measured average
water levels for 1989 indicated that the conceptualization of the
hydrogeologic framework is consistent with the observed distribution of
hydraulic head in the various aquifers and water-bearing zones.

INTRODUCTION

A hazardous-waste landfill, referred to hereafter as the facility, near
Pinewood, S.C., is one of two landfills in the southeastern United States
permitted by State and Federal agencies to accept hazardous waste. Since
1977, ignitable, corrosive, acutely hazardous, reactive, and toxic wastes have



been buried at the 279-acre site. The landfill is located approximately 1,200
ft from Lake Marion, South Carolina's largest reservoir (fig. 1). Thus, the
potential for contamination of ground water and surface water by possible
leakage from the site, and the directions of transport of such potential
leakage are issues of public concern. The U.S. Geological Survey (USGS), in
cooperation with the South Carolina Public Service Authority, investigated the
hydrogeology (Vroblesky, 1992), benthic invertebrates (Belval and others,
1991), streamflow, lake-flow patterns, water quality, and sediment quality
(Burt and others, 1989) in the vicinity of the hazardous-waste landfill during
1987 to 1990.

Purpose and Scope

This report describes the hydrogeologic framework and the results of a
computer simulation of shallow ground-water flow in the vicinity of a
hazardous-waste landfill near Pinewood, S.C. Investigation of the
hydrogeology involved defining the hydrogeologic framework, or a conceptual
model, describing the ground-water flow system, and simulating the system
using a digital ground-water-flow model.

The steady-state simulation focused on a 3-mi radius around the landfill
and included parts of Sumter and Clarendon Counties farther from the landfill.
The simulation was accomplished using a quasi-3-dimensional finite-difference
ground-water-flow model. The model was used to test and evaluate the
conceptual model of ground-water movement and to gain a better understanding
of the directions and rates of ground-water flow and the probable pathways of
contaminant movement in the event of contaminant discharge to ground water.

Geologic Setting

The hazardous-waste landfill near Pinewood, S.C., is located
approximately 2 mi northwest of the town of Rimini and 5 mi southwest of the
town of Pinewood (fig. 1). The area of investigation is in the central part
of South Carolina, mostly in Sumter County, but includes parts of Calhoun,
Richland, and Clarendon Counties.

The study area is located in the Coastal Plain physiographic province,
which is underlain by a seaward-thickening wedge of sand, clay, and limestone
(Colquhoun and others, 1983). The topography of this upland Coastal Plain
area is characterized by gently undulating relief of 25 to 50 ft. The uplands
contain low-gradient streams and several Carolina bays, which are shallow oval
depressions as wide as 2,000 ft. A steep (10- to 20-percent grade) escarpment
from 70- to 80-ft high separates the uplands from the Santee River valley in
the study area. The geologic units underlying the study area consist of pre-
Cretaceous metamorphic and sedimentary rocks overlain by Late Cretaceous and
younger sediments.

Several geologic units have been identified in the area surrounding the
facility (fig. 2). The deepest sediments investigated are from the Black
Creek Group of late Cretaceous age. Also of late Cretaceous age and overlying
the Black Creek Group is the Peedee Formation (Prowell, 1990), formerly mapped
at the facility as the Black Creek Formation (Environmental Technology
Engineering, Inc., 1988a). Overlying the Peedee Formation are the Paleocene





























































































































































































Modifying the vertical leakance of the Sawdust Landing confining zone
also had little effect on water levels in the surficial aquifer and the Peedee
aquifer but had a marked effect in the Lang Syne and the lower Sawdust Landing
water-bearing zones. Increasing the vertical leakance allowed water to flow
from the Lang Syne water-bearing zone to the lower Sawdust Landing water-
bearing zone, resulting in increased water levels in the Lang Syne water-
bearing zone and drawdowns in the lower Sawdust Landing water-bearing zone.
Decreasing the vertical leakance reduced the amount of water that flows from
the Lang Syne water-bearing zone to the lower Sawdust Landing water-bearing
zone, resulting in increased water levels in the Lang Syne water-bearing zone
and drawdowns in the lower Sawdust Landing water-bearing zone.

Changes in the vertical leakance of the Peedee confining unit had no
effect on water levels in the surficial aquifer. Because of the substantially
larger transmissivity in the Peedee aquifer than in the overlying water-
bearing zones, little change (less than 3.5 ft) was produced in the average
water levels of the Peedee aquifer. The changes produced substantial
differences (up to 53.7 ft) in water levels in some areas of the lower Sawdust
Landing water-bearing zone, but average change in the layer was 3.3 ft or less
in the facility and less than 6.9 ft across the modeled area.

Decreases in the transmissivity of the surficial aquifer had a
substantially greater effect on simulated water levels than increases.
Decreasing the transmissivity by an order of magnitude produced a head
increase of 214.5 ft in the surficial aquifer in the facility; but increasing
the transmissivity by the same amount produced drawdowns of 30.3 ft in the
facility. The changes in water level were reflected by corresponding changes
in water level in the underlying water-bearing zones. The amplitude of the
change decreased with depth: In the lower Sawdust Landing water-bearing zone,
the maximum changes in water level beneath the facility were 2.1 ft of
drawdown for an increase in transmissivity by an order of magnitude and 14.1
ft of rise for a decrease in transmissivity by an order of magnitude.
Doubling the transmissivity or decreasing it by one-half produced less than 2
ft of change in the lower Sawdust Landing water-bearing zone, and less than 2
ft of change in the facility in the Lang Syne water-bearing zone.

Increasing and decreasing the transmissivity of the Lang Syne water-
bearing zone by an order of magnitude had little effect on water levels in the
surficial aquifer and the Peedee aquifer, and it produced less than 1.5 ft of
average change in water level in the Lang Syne water-bearing zone and less
than 2.5 ft of average change in water level in the lower Sawdust Landing
water-bearing zone. Because the Lang Syne water-bearing zone has a relatively
low transmissivity, increasing the transmissivity produced greater changes in
water level than further decreasing the transmissivity.

Changing the transmissivity of the lower Sawdust Landing water-bearing
zone by an order of magnitude had a greater effect on average drawdowns in the
facility than did the same changes of transmissivity in the Lang Syne water-
bearing zone. Average water-level changes in the Lang Syne water-bearing zone
ranged from a decline 2.7 ft to an increase of 4.2 ft in the facility and in
the lower Sawdust Landing water-bearing zone ranged from a decline of 4.2 ft
to an increase of 7.1 ft in the facility.
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Decreasing the transmissivity of the Peedee aquifer produced greater
changes in water level than increasing the transmissivity. Decreasing the
transmissivity by an order of magnitude produced an average drawdown in the
Peedee aquifer of 28.5 ft in the facility, and increasing it by an order of
magnitude produced an average water-level increase in the Peedee aquifer of
6.6 ft in the facility. Multiplying the transmissivity by 10, 2, and 0.5
produced less than 1 ft of average change in water level in the facility in
the Lang Syne water-bearing zone and less than 1.5 ft of average change in
water level in the facility in the lower Sawdust Landing water-bearing zone;
however, decreasing the transmissivity of the Peedee aquifer by an order of
magnitude produced an average drawdown in the facility of 4.1 ft in the Lang
Syne water-bearing zone and 6.2 ft in the lower Sawdust Landing water-bearing
zone. The surficial aquifer was essentially unaffected by the changes.

Changing the hydraulic conductance of the drains in the surficial aquifer
produced water-level changes that were most severe in the surficial aquifer
and the Lang Syne water-bearing zone. Decreases in the hydraulic conductance
(drain leakance) produced greater changes than corresponding increases. The
average water-level increase in the facility was 23.2 ft in the surficial
aquifer and 10.4 ft in the Lang Syne water-bearing zone for a decrease in the
hydraulic conductance by a factor of 10. Increasing the hydraulic conductance
by a factor of 10 produced an average drawdown in the facility of 1.5 ft in
the surficial aquifer and 0.6 ft in the Lang Syne water-bearing zone. The
effect was less severe in the lower Sawdust Landing water-bearing zone, and
the Peedee aquifer was unaffected.

Doubling the recharge increased average water levels by 9.1 ft in the
facility in the surficial aquifer, by 2.3 ft in the Lang Syne water-bearing
zone, and by less than 1 ft in the underlying zones. Decreasing the recharge
by 50 percent produced an average head decline in the facility of 5.4 ft in
the surficial aquifer, 1.5 ft in the Lang Syne water-bearing zone, and less
than 0.5 ft in the underlying zones.

Increasing the flow out of the model through the southeastern flux
boundary in the Peedee aquifer produced greater changes in water levels than
did decreasing the amount of water. The maximum change in head was in the
Peedee aquifer, with upward-decreasing amounts of change in overlying
aquifers. The average drawdown resulting from an increase in the flux by a
factor of 10 in the facility was 38.5 ft in the Peedee aquifer, 8.2 ft in the
lower Sawdust Landing water-bearing zone, and 5.4 ft in the Lang Syne water-
bearing zone. The average drawdown resulting from a decrease in the flux by a
factor of 10 in the facility was 3.8 ft in the Peedee aquifer and less than 1
ft in the overlying layers. The surficial aquifer was unaffected.

Limitations of the Model

The ground-water-flow model presented here is subject to various
uncertainties that need to be considered when it is used to evaluate the
hydrogeology of the site. For example, the model does not represent a unique
solution because other combinations of aquifer properties can produce head
configurations that adequately match the observed values. As an example, the
model was calibrated to two different configurations of transmissivity in the
Peedee aquifer. Two calibration simulations were necessary because a series
of aquifer tests produced a range of transmissivity that was substantially
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different than the transmissivity produced from a test run under different
conditions. An adequate match to observed heads was obtained using both
transmissivity values. Calibration of the model in both cases required
adjustments of transmissivities and vertical leakances in the overlying layers
(with the exception of the surficial aquifer). Thus, two different model
simulations produced head configurations that were similar, but the aquifer
properties and ground-water velocities differed. Multiple calibrations also
were obtained by adjusting other properties. Moreover, as shown by the
sensitivity analyses (table 2), relatively small changes in certain properties
(particularly vertical conductance of the confining units) produced relatively
large head changes. The final solution presented in this investigation was
based on input values considered to be the most reliable.

Another model limitation is that hydrogeologic data are sparse for the
area outside that encompassed by the observation wells installed during this
investigation. The need to extend the model to identifiable hydrologic
boundaries requires that part of the simulated area is the region where little
is known regarding the hydrogeology. As compensation, the grid size becomes
larger as it extends into this region, resulting in an integration of the
uncertainties over a larger area. The combination of a larger grid size and
greater uncertainty in the data indicates that interpretations of the
hydrologic flow regime outside of the area near the facility using the flow
model should be approached with caution.

An additional factor to be aware of is that the modeling results are
derived from an interpolation, over individual cells, of aquifer properties
defined at boreholes. Local heterogeneities in aquifer properties due to the
complex geology of the site could result in some discrepancies between
simulated and actual ground-water velocities. Actual velocities may be larger
than those simulated if undetected zones of substantially greater horizontal
hydraulic conductivity preferentially channel ground water between the
disposal areas and a discharge point. Velocities in the Lang Syne water-
bearing zone also may be larger than those simulated if there are areas
between the disposal sites and discharge points where fractures in the
opaline-claystone part of the zone are more transmissive than the silty to
sandy part of the zone.

Finally, it is important to note that the transport rates and directions
derived from this model apply to ground water. Because non-reactive
contaminants behave similarly to water, the ground-water transport rates have
also been applied to non-reactive contaminants in this report. In some
situations, however, contaminants can move more quickly or, in the case of
nonconservative solutes subject to chemical or microbiological influences,
more slowly than water. If the released contaminant is a concentrated dense
organic solvent, then the transport direction would be more downward than
lateral, and may have little or no relation to the direction of ground-water
movement.

SIMULATED DIRECTIONS AND TRANSPORT RATES OF
POTENTIAL CONTAMINATION AND GROUND WATER

Model simulation indicated that if contaminants were released to the
first water-bearing zone underlying the disposal areas, the Lang Syne water-
bearing zone, the direction of horizontal movement would be as shown in figure
40. TFor the most part, contaminants released from landfill sections I and II
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would move in a southwesterly direction toward Lake Marion, where they would
discharge. Simulated ground-water flow rates in that area are from about 0.6
to 7 ft/yr, calculated using a range of porosity from 0.3 to 0.5.

One area where ground water from beneath a disposal area (landfill
section II) may discharge to the surficial aquifer or to surface water is near
the sediment pond in the northwestern part of the facility. The flow model
indicated that movement of non-reactive constituents (moving at the same rate
as ground water) between those areas (a distance of about 400 ft) could
require more than 50 years. If there are shorter flowpaths by which
contamination could enter the surficial aquifer or surface water, then the
transport time could be faster. The flow model indicated that in some areas
west of the facility, contaminants might move from the Lang Syne water-bearing
zone upward into the surficial aquifer. Once in the surficial aquifer or in
streams, transport velocity would be substantially greater. Additional
hydrogeologic data are required to determine the length of such flowpaths
downgradient from landfill section I.

If contaminants were released on the eastern side of the ground-water
mounds near landfill section II or, possibly, the southeastern part of
landfill section I, initial flow directions would differ from that discussed
above. Flow from parts of landfill section I could be generally to the
northeast toward the water-level depression in the eastern part of the
facility (fig. 40). Flow from the eastern part of landfill section II would
be to the east or southeast toward the depression. Simulated ground-water
velocities in the eastern part of the facility are from about 1 to 5 ft/yr.
Ground water within the depression would flow downward to the underlying
water-bearing sands between the Lang Syne water-bearing zone and the part of
the Peedee aquifer simulated in this investigation (UBC-B water-bearing zone
described by Environmental Technology Engineering, 1987). These sands include
the lower Sawdust Landing water-bearing zone and, depending on local head
gradients, a series of discontinuous sands that are not simulated in this
model (UBC-A water-bearing zone as described by Environmental Technology
Engineering, 1978). Movement of non-reactive contamination in the lower
Sawdust Landing water-bearing zone would be southwestward toward Lake Marion
at a rate of from about 8 to 20 ft/yr (fig. 41). Transport of contaminants to
the lake through this circuitous route could require more than 200 years.

Ground-water or surface-water contamination at the facility would
ultimately be transported to Lake Marion if not mitigated by natural processes
or by man-induced remediation. The ground-water-flow model indicated little
potential for contamination of aquifers deeper than the Peedee because the
confining beds retard vertical flow and because the higher heads in the deeper
aquifers in the facility prevent downward movement of water and contaminants,
except by diffusion along concentration gradients.

Flow simulation also provided information regarding the potential for
water transport across confining beds. Although head differences between the
surficial aquifer and the Lang Syne water-bearing zone were evident over most
of the modeled area, there was little or no flow across the opaline-claystone
confining unit in most parts of the facility. Areas in or near the facility
where simulation indicated upward movement of ground water from the Lang Syne
water-bearing zone were in the extreme northwestern corner of the facility,
west of the facility, and near the boundary of the facility downstream from
the old sediment pond in the southwestern part of the facility. It is in
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these areas that the opaline-claystone confining unit was thin or absent and
sufficient head existed in the Lang Syne water-bearing zone to allow upward
movement of water. Downward recharge to the Lang Syne water-bearing zone
probably occurred immediately north of the facility in the vicinity of a
series of man-made lakes and possibly in the central part of the facility near
well SL-6.

Simulation indicated the potential for upward movement of water from the
lower Sawdust Landing water-bearing zone to the Lang Syne water-bearing zone
beneath parts of Lake Marion and in the extreme northwestern part of the
facility. Elsewhere in the western part of the facility, there was minimum
movement of water across the confining zone. The area of maximum downward
movement of water from the Lang Syne water-bearing zone to the lower Sawdust
Landing water-bearing zone was in the eastern part of the facility at the
water-level depression shown in figure 33.

Simulation indicated that there was little exchange of water between the
Sawdust Landing aquifer and the lower part of the Peedee aquifer in the
facility. However, a downward hydraulic gradient to the upper part of the
Peedee aquifer, cited in previous reports as water-bearing zone UBC-A
(Environmental Technology Engineering, Inc., 1987; 1988b; 1989), measured in
some areas of the facility, allowed the potential for transport of ground-
water constituents to UBC-A from overlying aquifers.

SUMMARY

This report describes the hydrogeologic framework and computer simulation
of ground-water flow in the vicinity of a hazardous-waste landfill near
Pinewood, South Carolina.

The geologic units underlying the area were divided into hydrogeologic
units on the basis of lithologic and hydrologic characteristics. A ground-
water-flow model was used to test the conceptual model of ground-water
movement and to gain a better understanding of the directions and rates of
ground-water flow and the probable pathways of contaminant movement in the
event of contaminant discharge to ground water. The simulation was
accomplished using a quasi-3-dimensional finite-difference ground-water-flow
model. The flow model used to simulate ground-water movement in the study
area consisted of four layers that simulated the surficial aquifer, the Lang
Syne water-bearing zone and the lower Sawdust Landing water-bearing zone of
the Lang Syne-Sawdust Landing aquifer, and the Peedee aquifer. The steady-
state simulation focused on a 3-mile radius of the landfill but also includes
parts of Sumter and Clarendon Counties farther from the landfill.

Close agreement between simulated steady-state heads and measured average
water levels for 1989 indicated that the conceptualization of the
hydrogeologic framework as presented in this study was consistent with the
measured distribution of hydraulic head in the aquifers and water-bearing
zones. Model simulations indicated upward movement of water from the Lang
Syne water-bearing zone in the northwestern corner of the facility, west of
the facility, and near the boundary of the facility downstream from the old
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sediment pond in the southwestern part of the facility. It was in these areas
that the opaline-claystone confining unit was thin or absent and heads in the
Lang Syne water-bearing zone were high enough to produce upward movement of
water. The model also implied that there probably was downward recharge to
the Lang Syne water-bearing zone immediately north of the facility in the
vicinity of a series of man-made lakes and in the central part of the facility
near well SL-6. In most of the remaining areas of the facility, there was
little flow across the opaline-claystone confining unit, despite differences
in hydraulic head.

Model simulation indicated upward movement of water from the lower
Sawdust Landing water-bearing zone to the Lang Syne water-bearing zone beneath
parts of Lake Marion and in the extreme northwestern part of the facility.
Elsewhere in the western part of the facility, there was minimum flow across
the confining zone. The area of maximum downward movement of water from the
Lang Syne water-bearing zone to the lower Sawdust Landing water-bearing zone
was in the eastern part of the facility at a water-level depression.

In general, simulated transmissivities and flow rates were close to those
calculated from aquifer tests. Simulated ground-water velocities in the
facility were from about 23 to 38 ft/yr in the surficial aquifer, from 0.6 to
7 ft/yr in the Lang Syne water-bearing zone (slightly faster than the velocity
estimated from aquifer tests) from 8 to 20 ft/yr in the lower Sawdust Landing
water-bearing zone, and from 35 to 65 ft/yr in the Peedee aquifer.

Simulations indicated that if contaminants were to be released to the
first water-bearing zone underlying the central and western parts of the
landfill, the Lang Syne water-bearing zone, any unreactive constituents would
move in a southwesterly direction at a rate of from about 0.6 to 7 ft/yr
toward Lake Marion. Constituents that react with the aquifer matrix or
biodegrade would move more slowly.

Simulations indicated that in some areas west of the facility,
contaminants might move from the Lang Syne water-bearing zone upward into the
surficial aquifer. Although these flow rates indicate that ground-water
contamination would require at least 50 years to travel between the disposal
area and a nearby (400 ft) potential discharge area, the heterogeneity of the
site hydrogeology imparts an uncertainty to the conclusion. Faster travel
times cannot be ruled out if contamination enters an area having a higher
hydraulic conductivity than those used in this investigation. Faster arrival
times at Lake Marion also could result if there are pathways shorter than
about 400 feet between the contamination and an area where it can discharge to
the surficial aquifer or streams. Once in the surficial aquifer or in
streams, transport velocity would be substantially greater. If not mitigated,
by natural processes or man-induced remediation, such contamination would
ultimately be transported to Lake Marion.

If contaminants were released on the eastern side of the ground-water
mounds near landfill section II or, possibly, the southeastern part of
landfill section I, initial flow directions would differ from that discussed
above. Flow from landfill section I could be generally to the northeast
toward the piezometric depression in the eastern part of the facility. Flow
from landfill section II would be to the east or southeast toward the
piezometric depression. Ground-water velocities in the eastern part of the
facility, as derived from the flow model, are from about 1 to 5 ft/yr. Ground
water within the water-level depression would flow downward, probably to the
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underlying lower Sawdust Landing water-bearing zone or the UBC-A water-bearing
zone (not simulated). Contaminant movement in the lower Sawdust Landing
water-bearing zone would be southwestward toward Lake Marion at a rate of from
about 8 to 20 ft/yr. Transport of contaminants to Lake Marion along this flow
path could require more than 200 years. Flow simulations indicated little
potential for contamination of aquifers deeper than the UBC-A water-bearing
zone.
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