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DESCRIPTION OF FIELD STOPS

Stop #1 - H-Area Seepage Basin Extraction,
Treat and Re-Injection Project

(Coffee, juice and doughnuts provided at this
stop. Please follow all instructions and watch
for barricade ropes and warning signs.)

Until 1988, unlined seepage basins were used to
dispose of wastewater from the Savannah River
Site's (SRS) separations facilities. Six were placed
in operation in 1955, and a seventh was constructed
and became operational in 1962 to replace a basin
that had stopped seeping. The wastewater was
transported approximately 3,000 feet from each
processing area through underground vitrified clay
pipes to the basins. The wastewater was allowed to
evaporate and to seep into the underlying soil.

Use of all the basins was discontinued on Nov. 7,
1988, when the F and H Effluent Treatment
Facility replaced them. The F and H Effluent
Treatment Facility continues to fulfill this function
through chemical/mechanical treatment at the
surface. Annually, an average of about 80 million
gallons of wastewater was disposed in the basins.
The three F Area basins cover about 6.5 acres, and
the four H Area basins cover about 15.5acres.

A groundwater monitoring well network was
installed in the 1950s. The monitoring network has
been continually expanded. Approximately 234
monitoring wells, covering approximately 275
acres in these areas, are currently sampled for a
variety of chemical and radioactive parameters.
Groundwater monitoring results show tritium and
nitrate contamination, with elevated levels of some
heavy metals and radionuclides. Some of the heavy
metals are classified as hazardous waste as defined
under the Resource Conservation and Recovery
Act (RCRA).

In 1986, it was determined that the units should be
regulated under RCRA as mixed waste (waste
containing hazardous and radioactive components)
disposal facilities, and closure plans were initiated.
Closure activities began in June 1989, immediately
after the South Carolina Department of Health and
Environmental Control (SCDHEC) approved the
closure plans. Closure activities were completed in
1991, with SCDHEC certifying the F and H basin
closures. The total cost of closing the basins was
$17 million. The overall basin closure plan
included:
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¢ draining each basin,

¢ placing granite aggregate on the basin bottoms
to stabilize the sludge and prevent airborne
releases of radionuclides during construction,

¢ installing limestone and blast furnace slag on
the aggregate to chemically stabilize
contaminants in the bottom of the basin;

¢ backfilling the basin with compacted soil;

+ placing a 2-foot thick clay cap over the basins
to minimize precipitation reaching the
contaminants; and

¢ covering the clay cap with topseil, then
sodding and/or seeding.

Groundwater remediation activities to reduce
heavy metals, nitrates and some radionuclides and
hydraulically control tritium are on-going.

Major components of each remediation system
include:

+ groundwater extraction and collection system;

¢ modular groundwater and secondary waste
treatment systems,

¢ secondary waste collection and packaging
system;

¢ treated water distribution and injection system.

Additional activities currently underway to further
enhance contaminant removal include:

chemical
achieve

¢ modeling, fate and transport,
interaction and  estimates to
groundwater clean up goals.

¢ Waste Minimization with a pilot demon-
stration of the Disc Tube Nanofiltration Unit.

4 Source reduction through Hot Spot Wells.

Stop #2 - Radioactive Burial Grounds,
E-Area Vadose Zone Modeling Project

(No eating, drinking or smoking is allowed
during this stop. Please follow all instructions
and watch for barricade ropes and warning

signs.)

The  Burial Ground Complex  occupies
approximately 194 acres in the central section of
the Savannah River Site (SRS) between the F and
H Separations Area. The complex consists of
several former or present disposal sites for
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hazardous and radioactive wastes from SRS
activities. It is divided into two areas:

1. The southern area, making up 76 acres, is
called the Old Radioactive Waste Burial
Ground. In 1952, it began receiving wastes
until it reached its full storage capacity in
1972. The area contains 22 underground tanks
where used radioactive solvents were once
stored. Wastes are buried in slit trenches.

2. The northern area, called the Low-Level
Radioactive Waste Disposal Facility, occupies
119 acres. It includes underground tanks for
radioactive solvent storage, transuranic waste
storage pads and engineered and slit trenches.
The facility began receiving wastes in 1970,
and disposal continues there today. The 58-
acre Mixed Waste Management Facility
(MWMEF), which is one of three separate areas
of the 119-acre Low-Level Radioactive Waste
Disposal Facility (LLRWDF), was closed in
accordance with RCRA regulations in 1991,
Five additional areas, totaling 24 acres, of the
LLRWDF were closed in accordance with
RCRA regulations in the 1996-99 time frame.
The remaining 37 acres of the LLRWDF are
active operations areas. Most of the 76-acre
Old Radioactive Waste Burial Ground is being
covered by a low permeability soil in 1996-98,
in accordance with CERCLA Interim Action
Record of Decision.

The degree of soil contamination in the complex is
unknown. However, potential contaminants include
chlorinated and organic solvents and toluene and
benzene, both components of degreasing agents
used to clean metal parts. Metals of concern are
lead, cadmium and mercury. Potential radioactive
materials in the soil include alpha, beta and gamma
ray emitting materials,

Preliminary groundwater analyses in the complex
show contamination from tritium, cadmium, lead,
mercury and chlorinated organic compounds.
Tritium plumes are tracked originating from the
western end of the Old Radioactive Waste Burial
Ground and the northern areas of the MWMEF.

Radioactive operational and construction wastes
are currently being disposed of in engineered slit
trenches within the operational portion of the
facility. As part of the modeling and performance
assessment for the trenches, a vadose zone
characterization program was initiated. Numerous
vadose zone soil borings with sediment sampling
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for hydraulic parameters were obtained for
instrumnt calibration and to sablish baseline
conditions. CPT’s, neutron probe access wells,
vertical and angled lysimeters, Vapor wells, Time
Domain Reflectometers, and Advanced
Tensiometers have been installed in selected
horizons to monitor moisture amount and flux. The
lysimeters are sampled for potential contaminant
concentrations. Using the CPT and boring data, a
three dimensional model of the vadose zone has
been completed.

Lunch Stop - The Proposed Areas for the
DOE Plutonium Disposition Facilities

(A quick brown bag lunch will include
sandwich, chips, apple, cookie and drink. A
restroom facility is available.)

The DOE Plutonium Disposition mission includes
the construction of three facilities proposed for
surplus plutonium disposition. These facilities
involve pit conversion, immobilization, and
mixed oxide (MOX) fuel fabrication. Each
process would be carried out within its own
specific facility. Pit conversion would be done
in the Pit Disassembly and Conversion Facility
(PDCEF), immobilization would be conducted
in the Plutonium Immobilization Project (PIP)
facility, and the MOX Fuel Fabrication Facility
(MFFF) would produce MOX fuel assemblies
for domestic commercial power reactors.
Several subsurface investigations have been
completed in support of site selection and
preliminary design. Currently, structure
specific investigations are underway.

Stop 3 - TNX, Geo-Siphon and Vadose
Zone Remediation Project, TNX Ground-
water Operable Unit

The TNX Area is an industrial facility where pilot-
scale testing and evaluation of chemical processes
in support for activities such as the Defense Waste
Processing Facility (DWPF), Separations Area, and
fuel and target manufacturing areas took place.
Groundwater contamination at TNX resulted from
the use of unlined seepage basins to dispose of
wastewater, leakage from a network of process
sewers, and leachate from various activities in the
area.

The TNX Groundwater has been found to be
contaminated with chlorinated volatile organic
compounds (VOCs), primarily trichloroethylene
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(TCE), and to a lesser extent tetrachloroethylene
(PCE), and carbon tetrachloride. The VOC plume
underlies eight acres, and has a maximum
thickness of 20 feet. Groundwater characterization
activities indicate that contamination is limited to
the shallow water table aquifer, and the
contaminant plume is outcropping in the TNX
swamp, before it reaches the Savannah River.

An Interim Action Record of Decision (IROD) for
the TNX Groundwater Operable Unit (GWOU)
was authorized by EPA, SCDHEC, and DOE on
November 16, 1994. The objectives of the interim
action are: 1) reduce potential risk to human health
and the environment, 2) maintain risk at acceptable
levels to the onsite worker at the seepline, 3) mass
removal of VOC contamination in the groundwater
near the plume core, 4) plume stabilization by
inhibiting migration of elevated levels of VOCs
(500 ppb TCE) to the swamp and 5) prevent further
aquifer degradation.

The selected remedy for accomplishing the Interim
Remedial Action goals was designated the Hybrid
Groundwater Corrective Action (HGCA) system.
The system has two components: 1) traditional
pump and treat technology to treat and inhibit
further migration of the 500 ppb dissolved VOC
plume, and 2) an innovative in-situ technology,
airlift re-circulation well, located at the heart of the
plume to expedite remediation.

Pump and treat is proven technology for
groundwater remediation. The airlift re-circulation
well is an emerging technology that could
potentially reduce the contamination in the aquifer
reducing remediation operation time frames for the
pump and treat system. Based on testing performed
in late FY 1996, it was determined that the re-
circulation well was not effective in removing
contaminants at this location due to site specific
conditions. Furthermore, it was determined that the
pump and treat system would adequately meet the
remedial objectives of the Interim Record of
Decision. Consequently, it was decided to
discontinue further operation of the re-circulation
well at TNX.

Other technological approaches are being
considered and/or evaluated, in the event that the
Interim Remedial Action does not suffice for a
final remedy. These include: the Intrinsic
Remediation Investigation, the GeoSiphon Cell
Pilot Study, and the Soil Vapor Extraction
Investigation.
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The Intrinsic Remediation Investigation is a United
States Geological Survey (USGS) project to assess
natural attenuation as a remedial strategy for the
chlorinated volatile organic compound
contamination in the groundwater of the TNX
Area. The potential intrinsic remediation pathways
to be evaluated include bioremediation, sorption,
and phytoremediation.

A field trial of a GeoSiphon Cell is being pursued
in the TNX Area flood plain. The GeoSiphon Cell
is essentially a large diameter well containing
granular cast iron, which reduces the COVCs in the
groundwater to ethane, methane, and chloride ions.
The flow of groundwater through the treatment cell
will be passively induced by the natural hydraulic
head difference between the cell and the Savannah
River, where the treated groundwater will
ultimately be discharged.

Soil vapor analysis at TNX show that CVOCs are
present in the soil at concentrations up to 55 ppmv.
The residual CVOCs will continue to be a source
of groundwater contamination as long as they are
present in the subsurface. A pilot-study has been
proposed to evaluate the applicability of soil vapor
extraction at TNX utilizing existing infrastructure.
Removal of residual contaminants from the
unsaturated zone would significantly reduce the
operating time frame of the air stripping system.

Stop 4 - C-Area Burning Rubble Pit, CPT
Geo-Modeling and Air Sparging Remedia-
tion

The C Area Burning/Rubble Pit is west of C Area
at the Savannah River Site (SRS). It is a shallow,
unlined, earthen pit SRS excavated in 1951 to
receive used organic solvents, waste oils, paper,
plastics and rubber materials. The pit is 350 feet
long, 25 feet wide and 10 feet deep.

Although the practice was discontinued in 1973,
SRS periodically burned the pit debris. From 1973
on, the pit continued to receive construction and
debris and empty, non- returnable drums. When the
pit was full, workers backfilled it with soil and
sediments to ground level.

SRS took preliminary soil gas surveys in and
around the pit in 1985 and 1986. These show
chlorinated solvents in the soil. Further
investigations took place in 1989, when SRS took
soil samples and used ground-penetrating radar to
define the pit boundaries and locate buried objects.
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In addition to chlorinated solvents, metal
contaminants of concern include antimony, lead,
arsenic, vanadium, chromium, cadmium, nickel,
barium, copper, tin and zinc. Also of concern are
cyanide, xylene and phenolic constituents.

Preliminary groundwater monitoring conducted
from 1984 through 1990 shows groundwater
beneath the pit contains chlorinated solvents. The
history of solvent disposal at the CBRP and the
persistence of high VOC concentrations 25 years
after operations ceased suggests the presence of
VOC in non-aqueous phase liquid (NAPL) within
the vadose zone beneath the CBRP. A Soil Vapor
Extraction and Air-Sparging (SVE/AS)
remediation system are currently in operation for
cleaning up the solvents in the soil and
groundwater at this site.

Extensive CPTU data were acquired as part of the
overall subsurface characterization for the CBRP.
These data were calibrated to borings and core data
to create a three dimensional model of the
subsurface.

Stop 5 - A/M Area Horizontal Wells, Baro-
Balls, Vadose Zone Extraction, Modeling,
Groundwater Pump and Treat, DNAPL,
High Resolution Seismic Imaging for En-
vironmental Characterization, A/M Area
Groundwater Cleanup

(Soft drinks and snacks will be available at
this stop.)

In 1983, the SRS initiated one of the largest and
most successful remediation programs aimed at
cleaning up organic solvents from the soils and
groundwater. Located in the northern portion of the
SRS, the 350 acre A/M Area contained facilities
for reactor fuel and target assemblies, support
facilities,  laboratories, and  administration
buildings. At several stages in the fabrication
process, fuel assemblies were degreased using
industrial solvents, primarily trichloroethylene
(TCE) and tetrachloroethylene (PCE).

From the 1950s into the early 1980s, wastewater
from fuel and target manufacturing operations was
disposed in a settling basin. The basin, used from
1958 to 1985, was an §-million-gallon earthen
basin that received fluids from the M Area
manufacturing facilitiecs. Waste entered the M Area
Settling Basin through an underground process
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sewer line from a manufacturing facility
approximately 2,500 feet north of the basin. The
basin periodically overflowed to a natural seepage
area and shallow depression, known as Lost Lake,
a Carolina Bay, via a drainage ditch. This
combined areca is the M Area Hazardous Waste
Management Facility (HWMF).

The effluent contained heavy metals and
chlorinated solvents, primarily trichloroethylene
and tetrachloroethylene similar to the chemicals
used in the dry cleaning industry. Most of the
heavy metals were effectively captured by the soil.
About half of the solvents released evaporated.
Monitoring wells installed in 1981, however,
showed that the remainder had seeped into the
water table, contaminating the groundwater.

After discovering groundwater contamination
below the M Area Settling Basin in June 1981,
SRS  established an interim  groundwater
monitoring program. Multiple groundwater zone
monitoring wells were installed surrounding the
basin, the principal source of groundwater
contamination in the A/M Areas.

Groundwater cleanup was instituted voluntarily in
February 1983, using an experimental air-stripping
system. This pilot testing project included a single
groundwater pumping well and a prototype 70-
gallon-per-minute air stripper unit. Later, a full-
scale pump-and-treat system was constructed to
remediate contaminated groundwater in M Area.
The system, comprised of 11 groundwater recovery
wells and an air stripper column, treats
contaminated groundwater from the shallow
aquifer at a rate of approximately 550 gallons per
minute. This system has been operating almost
continuously since 1985, the year SRS submitted
the M Area Part B Permit corrective action plan to
the South Carolina Department of Health and
Environmental Control (SCDHEC). The plan, one
of the first designed at a DOE facility, was
approved in 1987 and requires operation and
monitoring for 30 years.

Today an extensive monitoring well network
consisting of more than 400 wells and extends
throughout the A/M Areas. Groundwater quality
and hazardous constituents defined by regulators
are analyzed regularly at the wells. These activities
have been conducted in compliance with the M
Area Resource Conservation and Recovery Act
Part B Permit.



Carolina Geological Society, 2000 Annual Field Trip Guidebook

The M Area air stripper has removed more than
350,000 pounds of solvent from over 2.3 billion
gallons of groundwater. Combined with the
contaminated groundwater treated by experimental
and prototype remediation units and the 5 soil
vapor extraction units, more than 500,000 pounds
of solvents have been removed from the
subsurface. These groundwater remediation
activities have been conducted in compliance with
approved wastewater and air quality control
permits.

Air  stripping systems work by pumping
contaminated groundwater to the top of an air
stripping column. As groundwater cascades
downward through the column, pumped air is
forced upward from the bottom of the column.
When the water mixes with air, solvents in the
groundwater move from a liquid phase into a vapor
phase, and volatile contaminants are stripped, and
treated prior to release to the atmosphere. When the
system first came into use, the inlet solvent
concentration of untreated groundwater was
approximately 40,000 parts per billion. The
concentration has now dropped to approximately
9,000 parts per billion. Solvent concentration after
the water has been treated in the air stripper is
almost always less than one part per billion. The
cleaned water is discharged through a permitted
outfall to a nearby stream.

A program was initiated in 1992 to remove
solvents from the vadose zone, the layer of
unsaturated  soils above the groundwater.
Remediation of the vadose zone will further reduce
the potential for more groundwater contamination.
Five remediation systems, that use vacuum
extraction to remove the solvents, have been
installed and are operating at known contamination
areas throughout the A/M area. Each unit is
equipped with an offgas treatment system. This
technique will reduce cost and time of remediation
while increasing remediation efficiency and public
and regulatory acceptability.

SRS researchers are continuing to develop new
strategies for treating solvent contamination. This
work includes  geological ~modeling and
geochemical studies. In addition, a process
utilizing horizontal wells, called in-situ air
stripping, has been developed at SRS to remove
contaminants in the groundwater and the vadose
zone. During pilot program operation of the in-situ
air stripping system, 16,000 pounds of solvents
were removed. This method is shown to be five
times as effective as traditional pump-and-treat
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technology. In-situ bioremediation also tested with
success. SRS has proposed using in-situ
bioremediation at the Non Radiological Waste
Disposal Facility.

Concentrated Contaminants, DNAPLSs

DNAPLs are contaminants in an oil-like state that
are derived from chlorinated solvents, creosote and
coal tar used in industries ranging from dry
cleaners to electronic instrument makers. DNAPLs
at SRS contain the contaminants
tetrachloroethylene and trichloroethylene, and are
difficult to remediate.

SRS is looking at innovative ways to address the
DNAPLs found under A/M Area. Although there is
yet no known technology to clean up DNAPLs,
scientists are researching several possible
alternatives. One technique would include injection
intoc the groundwater of solutions that would
destroy the DNAPLs underground allowing them
to breakdown into harmless components.

Vadose Zone Remediation Units

Contamination to the vadose zone occurs as
contaminants seep downward from sources like
wastewater basins, pipe-line breaks or surface
spills of chemicals. During the production and
processing years at SRS, chemical solvents used by
the industry were released to wastewater discharge
basins or to surface drainage facilities. This was a
typical and accepted practice by industry in the
past that is not allowed today without strict
regulatory controls.

The Vadose Zone Remediation Process

SRS has recently added five vadose zone units to
the environmental cleanup program in A/M Area.
These units remove solvent vapors at the rate of
about 200 pounds per day from the vadose zone.
Addition of vadose zone treatment increases the
cleanup rate at the A/M Area by 500 percent. Here
is how it works:

¢ Vacuum units, connected to either horizontal
or vertical wells placed into contaminated
sources like basins or spill areas, withdraw
contaminant vapors from the subsurface.

¢ The contaminated vapors pulled from the
subsurface flow to a thermal treatment unit,
mounted near the vapor extraction well, which
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destroys the contaminants via catalytic
oxidation.

Extraction of these contaminants from the vadose
zone prevents their downward movement into the
water table.

Cost Effectiveness

The soil vapor extraction technology is proven to
be cost effective, compared to other methods of
clean-up, including the removal of contaminated
soil. The total project cost for the vadose zone
remediation project is approximately $4 million,
compared to approximately $14 million for
alternative methods of soil cleanup.

CORE AND GIS WORKSHOPS

Biology and Geology Department, USC-
Aiken

(Parking is available in the lot behind, west, of
the science building. Please park in the white-
lined spaces. The workshops will be on the 2™
Sfloor of the Science Bldg., down the steps)

8:30 -10:00 ........ Core Workshop 1

8:30 - 10:00 ........ GIS Geology Database
Presentation 1

10:00 ..o, Refreshments

10:30 - Noon ....... Core Workshop 2

10:30 - Noon ....... GIS Geology Database
Presentation 2

Core Workshop

The core workshop will consist of a hands-
on viewing of representative sediments
from the SRS. A presentation with an open
discussion will be the format.

GIS Geology Database Presentation

The GIS presentation will demonstrate the
utilization of GIS and geological data to
aid in characterization and remediation.
Data  utilization,  availability,  and
accessibility will be discussed.
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Stop #5 - A/M Area Remediation
Projects and Demonstrations

Stop #4 - TNX Geosiphon
Remediation

WSRC-MS-2000-00606

Stop #3 - C Area
Soil Vapor Extraction
Remediation

Figure 1. SRS tour stop locations. Geology is from Prowell (1994).
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Sunday Workshops
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Savannah River Site Overview and General Site Information

Compiled from various sources, edited by Doug Wyatt

INTRODUCTION

The Savannah River Site (SRS) is a key
Department of Energy industrial complex
dedicated to the stewardship of the
environment, the enduring nuclear weapons
stockpile and nuclear materials. More
specifically, the SRS processes and stores
nuclear materials in support of the national
defense and U.S. nuclear non-proliferation
efforts. The site also develops and deploys
technologies to improve the environment and
treat nuclear and hazardous wastes left from
the Cold War.

The SRS complex covers 198,344 acres, or
310 square miles encompassing parts of
Aiken, Barmwell and Allendale counties in
South Carolina, bordering the Savannah River.

The site is owned by DOE and operated by an
integrated team led by Westinghouse
Savannah River Company (WSRC). Under
the contract that went into effect Oct. 1, 1996,
WSRC is responsible for the site's nuclear
facility = operations; Savannah  River
Technology Center; environment, safety,
health and quality assurance; and all of the
site's administrative functions. The team also
includes Bechtel Savannah River Inc. (parent
company: Bechtel National Inc.), which is
responsible for environmental restoration,
project management, engineering and
construction activities; BWXT Savannah
River Company (parent company: BWX
Technologies), which is responsible for
facility decontamination and
decommissioning; and British Nuclear Fuels,
Limited (BNFL) Savannah River Corporation
(parent company: BNFL Inc.), which is
responsible for the site's solid waste program.

SAVANNAH RIVER SITE FOCUS

The Savannah River Site is committed to our
people, missions and the future. SRS has a
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long track record of being the safest site in the
DOE complex and one of the safest major
industrial sites in the world.  Protecting
workers, the public, the environment, and
national security interests is our highest goal.
SRS will continue to maintain needed
facilities and infrastructure while training and
retaining a skilled and motivated workforce to
insure our technical capability and
performance.  The SRS team has made
commitments to its regulatory organizations,
to the two states of the Central Savannah
River Area, and to the community.
Recognizing the imperative of open
communication and trust, SRS will strive to
accomplish  regulatory  milestones  and
community-driven obligations among the
site’s various neighbors and stakeholders. We
also focus on cost effectiveness in contract and
project management and a cross-cutting
corporate perspective that will best serve SRS,
other Department of Energy sites and national
labs, and the U.S. Government.

SRS BUSINESS APPROACH

SRS is positioned for continued success by our
commitment to a business approach focused
on four cornerstones of success: technical and
safety excellence, a DOE mission-supportive
infrastructure, cost  effectiveness  and
community support.

While the changing world has caused a
downsizing of the site’s original defense
mission, the future of SRS lies in several
areas: reducing the nuclear danger,
transferring applied environmental technology
to government and non-government entities,
cleaning up the site and managing the waste
SRS has produced, and forming economic and
industrial alliances.
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HISTORY

During the early 1950s SRS began to produce
materials used in nuclear weapons, primarily
tritium and plutonium-239. Five reactors were
built to produce nuclear materials. Also built
were support facilities including two chemical
separations plants, a heavy water extraction
plant, a nuclear fuel and target fabrication
facility, a tritium extraction facility and waste
management facilities.

Irradiated materials were moved from the
reactors to one of the two chemical separations
plants. In these facilities, known as
“canyons,” the irradiated fuel and target
assemblies were chemically processed to
separate useful products from waste. After
refinement, nuclear materials were shipped to
other DOE sites for final application. SRS
produced about 36 metric tons of plutonium
from 1953 to 1988.

NEW MISSIONS

SRS is one of the primary DOE sites with
missions to address issues of national security
and non-proliferation, including legacy
material disposition.

SRS has been designated to continue as
DOE’s center for the supply of tritium to the
enduring nuclear weapons stockpile. DOE has
announced that its primary new source of
tritium will be an existing commercial reactor
in the Tennessee Valley Authority system.
Tritium extraction from targets and loading
into containers for shipment to the Defense
Department will continue to be a site mission.

SRS has been selected to “blend down” highly
enriched uranium from retired weapons
components and reactor fuel to low-enriched
uranium that can be converted to commercial
reactor fuel in a privatized venture.

Plutonium stabilization now being conducted
at SRS will be expanded to include materials
from dismantled weapons and surpluses from
other DOE sites. In early January 2000, the
Secretary of Energy announced that SRS was
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to be the location for the Department’s
plutonium pit disassembly and conversion,
mixed oxide fuel fabrication and plutonium
immobilization facilities.  These missions
establish SRS’s vital in  plutonium
management for DOE,

role

ON-GOING MISSIONS
Tritium

Tritium, with a half-life of 12.5 years, must be
replenished, and SRS is the nation's only
facility for recycling and reloading tritium
from nuclear weapons reservoirs returned
from service. Recycling tritium allows the
United States to stretch its tritium supplies.

All tritium unloading, mixing and loading is
performed in a facility that went into operation
in 1994. It replaces older facilities that
processed the nation's tritium for 35 years. A
new tritium extraction facility is to be built in
the next few years to extract tritium created in
the Tennessee Valley Authority’s light-water
reactors.

Spent Fuel

Spent nuclear fuel currently stored at SRS is
from the site’s production reactors, and from
domestic and foreign research reactor
programs. All of this fuel is stored in water-
filled concrete storage basins, which were
intended originally for interim storage while
spent fuel awaited processing in a chemical
separations facility.

Until 1988, it was routine for foreign
researchers to return U.S.-origin spent fuel to
this country. At the urging of the U.S.
Department of State and the International
Atomic Energy Agency, DOE renewed that
policy in 1996. The first shipment of foreign-
research-reactor, spent nuclear fuel under the
renewed policy arrived at SRS that September.

For three decades, the SRS Receiving Basin
for Offsite Fuels (RBOF) has provided safe
receipt and interim storage of this fuel.
Planning is under way to deinventory RBOF,
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transferring spent fuel to SRS’s L Area
Disassembly Basin, a much larger, water-
filled, reinforced-concrete facility. The basin
was modified and received its first shipment of
foreign spent fuel in January 1997. In
addition, studies are underway to find
alternative technologies, such as dry cask
storage, for the spent fuel.

Canyon Operations

SRS has its two primary separations facilities
— called canyons — located in F and H areas.
F Canyon and H Canyon — together with the
FB Line and HB Line, which are located atop
the canyons — are where nuclear materials
historically have been chemically recovered
and purified.

HB Line has produced plutonium-238 for
NASA. In 1995, SRS completed a five-year
campaign to supply plutonium-238 for
NASA's Cassini mission, an unmanned
expedition to the planet Saturn, which was
launched October 13, 1997.

Currently, both canyons continue to stabilize
and manage most of the remaining inventory
of plutonium-bearing materials at SRS. F
Canyon is scheduled to operate until about
2002 to stabilize SRS materials. In addition,
in July 1996, DOE determined that H Canyon,
scheduled to operate until 2006, should be
used to convert a large quantity of weapons-
usable HEU to low-enriched material. No
longer weapons-usable, the material will be
suitable as fuel in commercial power reactors.

Waste Management

Weapons material production  produced
unusable byproducts, such as radioactive
waste. About 34 million gallons of high-level
radioactive liquid waste are stored in tanks.
The Defense Waste Processing Facility
(DWPF) is processing the highly radioactive
waste, bonding radioactive elements in
borosilicate glass, a stable storage form.
DWPF began operations in March 1996.
Much of the volume in the tanks can be
separated as relatively low-level radioactive
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salt solution, which is mixed with cement, ash,
and furnace slag and poured into permanent
concrete monoliths for disposal at a facility
called Saltstone.

In addition to high-level waste, other
radioactive wastes at the site are: low-level
solid and liquid waste; and transuranic waste,
which contains alpha-emitting heavy isotopes
that have decay rates and concentrations
exceeding specified levels. Other wastes
include hazardous waste, which is any toxic,
corrosive, reactive or ignitable material that
could affect human health or the environment;
mixed waste, which contains both hazardous
and radioactive components; and sanitary
waste, which, like ordinary municipal waste, is
neither radioactive nor hazardous.

The site's solid, low-level radioactive waste
includes items such as protective clothing,
tools and equipment that have become
contaminated with small amounts of
radioactive material. In October 1994, SRS
opened engineered, concrete vaults for
permanent disposal of solid low-level waste.
The nation’s first state-of-the-art waste vaults,
they provide significantly better isolation from
the environment than previous in-ground
disposal methods.

Waste that contains transuranic (TRU)
nuclides (radioactive elements with an atomic
number greater than uranium 92) is stored
temporarily at SRS. The site is developing
characterization and treatment capabilities,
pending eventual shipment to the Waste
Isolation Pilot Plant in New Mexico.
Hazardous wastes and mixed wastes are being
stored on site in Resource Conservation and
Recovery Act-permitted facilities until the
appropriate treatment facilities are operational.

Environmental Restoration

In 1981, SRS began inventorying waste units.
There are now 515 inactive waste and
groundwater  units  included in  the
environmental restoration program. Waste
sites range in size from a few feet to tens of
acres and include basins, pits, piles, burial
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grounds, landfills, tanks and groundwater
contamination. Remediation of the waste sites
is regulated under the Resource Conservation
and Recovery Act and the Comprehensive
Environmental Response, Compensation, and
Liability Act.

The Resource Conservation and Recovery Act
(RCRA) establishes a system for tracking and
managing hazardous wastes from generation
to disposal. This act also requires corrective
action for releases of hazardous waste at active
or inactive waste units and treatment, storage,
or disposal facilities.

The Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA -
also known as Superfund) addresses the
protection and cleanup of the environment.
This act establishes a National Priorities List
of sites targeted for assessment and, if
necessary, restoration. SRS was placed on this
list December 21, 1989.

In addition, the DOE has entered the Federal
Facility Agreement (FFA) with the U.S.
Environmental Protection Agency (EPA)
Region IV and the South Carolina Department
of Health and Environmental Control
(SCDHEC). The FFA, effective August 16,
1993, specifies how SRS will address
contamination or potential contamination at
waste units to meet RCRA and CERCLA
requirements. This agreement is required
under CERCLA.

SRS works closely with state and federal
regulators to determine which waste units
require cleanup. If preliminary evaluations
show that a waste unit may be a candidate for
cleanup, it undergoes investigation and
characterization. The investigation phase
begins with looking at existing unit data, then
developing a work plan that prescribes how to
characterize the unit.

This investigation may find that a waste unit
does not pose a risk to human health or the
environment. If EPA and SCDHEC agree with
this finding, with acceptance by the public, no
further action is needed on that waste unit.

A-12

WSRC-MS-2000-00606

To date, 340 acres of land have been
remediated. Also, almost four billion gallons
of groundwater have been treated, with over
925,000 pounds of solvents removed. Even
though the site has had success, this cleanup
process is expected to take decades.

SRS seeks public participation in prioritizing
the Environmental Management program.
One way this is accomplished is through the
SRS Citizens Advisory Board (CAB), formed
in February 1994. This group of 25
individuals with diverse viewpoints provides
advice to DOE, the U.S. Environmental
Protection Agency and the South Carolina
Department of Health and Environmental
Control.

Research and Development

The Savannah River Technology Center — the

site’s applied research and development
laboratory — creates, tests and deploys
solutions to the site’s technological
challenges. SRTC researchers have made
significant advances in glass technology,
hydrogen technology, nonproliferation
technology, environmental characterization

and cleanup, sensors and probes, and other
fields.

The laboratory’s 750-person staff includes
several internationally recognized experts;
one-fourth of the research staff holds Ph.D’s.
SRTC’s unique facilities include
biotechnology laboratories, laboratories for the
safe study and handling of radioactive
materials, a field demonstration site for testing
and  evaluating environmental cleanup
technologies and laboratories ultra-
sensitive measurement and of
radioactive materials.

for
analysis

Today, while the laboratory continues to solve
the site’s technological challenges, half of its
work now comes from non-SRS customers,
including DOE-Headquarters, other DOE sites
and other federal agencies. The laboratory’s
largest work-for-others contract to date is a
$31  million, multi-year contract to
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demonstrate and evaluate the processes that
will be used at the Hanford Site to treat and
dispose of the waste in Hanford’s waste tanks.

Economic Development

Because of the increased emphasis on sharing
the site’s expertise with the nation that, for
more than four decades, has invested in its
work, SRTC now forms strategic partnerships
with private industry, academia and other
government agencies to apply the laboratory’s
unique expertise to challenges of mutual
interest. For example, SRTC, working with a
broad-based consortium, applied its extensive
hydrogen expertise to the development of a
hydrogen-fueled bus that became part of the
City of Augusta’s public transit fleet before
being shipped to another DOE site for further
development.

The laboratory also shares its expertise by
licensing private companies to manufacture
and/or market technologies created at SRTC, a
move that helps American businesses sharpen
their competitive edge and provides taxpayers
a second return on their investment.

Environment

Originally farmland, SRS now encompasses a
timber and forestry research center managed
by the U.S. Forest Service. The site also
houses the Savannah River Ecology
Laboratory, an environmental research center
operated for DOE by the University of
Georgia.
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In 1972, DOE's predecessor agency, the
Atomic Energy Commission, designated SRS
as the first National Environmental Research
Park. The site is home to the bald eagle and
the red-cockaded woodpecker, an endangered
species. Other endangered species, including
the shortnose sturgeon, peregrine falcon and
wood stork, visit the site from time to time.
Other wildlife commonly found on the site
includes alligators, whitetailed deer, wild
turkeys and otters.

Employment

Today, about 13,900 people are employed at
SRS, making it one of the largest employers in

South Carolina.  About 89 percent are
employees of WSRC and its major
subcontractors. DOE employees represent

about 3.6 percent of the SRS population. The
rest are other Westinghouse subcontractors and
DOE contractors; the site's security contractor,
Wackenhut Services Inc.; Savannah River
Ecology Laboratory; and U.S. Forest Service.

Economic Impact

The site's economic impact ripples across a
two-state area. Currently, the site's overall
budget is about $1.5 billion. Of that, more
than $900 million is payroll. In Fiscal Year
1999, which ended Sept. 30, 1999, the site
purchased about $215 million in goods and
services in South Carolina and Georgia
combined. Of that, about $110 million was
spent in the local area.
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Overview of the Savannah River Site Stratigraphy, Hydrostratigraphy and

Structure

Compiled from various sources, edited by D. E. Wyatt, R. K. Aadland and F. H. Syms

INTRODUCTION

This paper provides a brief overview of the
stratigraphy, hydrostratigraphy -and structure
associated with the Savannah River Site. The
information contained in this summary was
abstracted from a variety of authors and
sources, the majority of whom are cited in the
various papers in this field guide. Additional
(and many of the same) references are
included as a bibliography in this guidebook.

REGIONAL PHYSIOGRAPHY

The site region, defined as the area within a
320-km (200-mile) radius of the center of
SRS, includes parts of the Atlantic Coastal
Plain, Piedmont and Blue Ridge physiographic
provinces. SRS is located on the upper
Atlantic Coastal Plain, about 50 km (30 miles)
southeast of the Fall Line (Figure 1).

COASTAL PLAIN STRATIGRAPHY

The information in this section is based largely
on the work of Aadland et al., (1995) and his
references.

The sediments of the Atlantic Coastal Plain in
South Carolina are stratified sand, clay,
limestone, and gravel that dip gently seaward
and range in age from Late Cretaceous to
Recent. The sedimentary sequence thickens
from essentially zero at the Fall Line to more
than 1,219 meters (4,000 feet) at the coast.
Regional dip is to the southeast, although beds
dip and thicken locally in other directions
because of locally variable depositional
regimes and differential subsidence of
basement features such as the Cape Fear Arch
and the South Georgia Embayment. A cross-
section depicting these strata is presented in
Figure 2.
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The Coastal Plain sedimentary sequence near
the center of the region (i.e., SRS) consists of
about 213 meters (700 feet) of Late
Cretaceous quartz sand, pebbly sand, and
kaolinitic clay, overlain by about 18 meters
(60 feet) of Paleocene clayey and silty quartz
sand, glauconitic sand, and silt. The
Paleocene beds are in turn overlain by about
107 meters (350 feet) of Eocene quartz sand,
glauconitic quartz sand, clay, and limestone
grading into calcareous sand, silt, and clay.
The calcareous strata are common in the upper
part of the Eocene section in-downdip parts of
the study area. In places, especially at higher
elevations, the sequence is capped by deposits
of pebbly, clayey sand, conglomerate, and clay
of Miocene or Oligocene age. Lateral and
vertical facies changes are characteristic of
most of the Coastal Plain sequence, and the
lithologic descriptions below are therefore
generalized. A surface geologic map for SRS
is presented in the “Descriptions of Field
Stops” Figure 1 in this guide book. The
stratigraphic section (see Figure 2), which
delineates the coastal plain lithology (see
Figure 3) is divided into several formations
and groups based principally on age and
lithology. A reference geophysical log is
shown on Figure 4.

Geology of the Coastal Plain Sediments -
General

The following sections describe regional
stratigraphy and lithologies, with emphasis on
variations near the SRS. The data presented
are based upon direct observations of surface
outcrops; geologic core obtained during
drilling of bore holes; microfossil age dating;
and borehole geophysical logs. Several key
boring locations within the SRS boundaries
and in the adjacent regions (presented in
Figure 5) are referenced throughout the
following discussions.
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Rocks of Paleozoic and Triassic ages have
been leveled by erosion and are
unconformably overlain by unconsolidated to
poorly consolidated Coastal Plain.  This
erosional surface dips approximately 7 m/km
(37 ft/mile) toward the southeast.  The
Atlantic Coastal Plain sediments in South
Carolina are stratified sand, clay, limestone,
and gravel that dip gently seaward and range
in age from Late Cretaceous to Recent. Near
the coast, the wedge is approximately 1,219
meters (4,000 feet) thick.

Upper Cretaceous Sediments

Upper Cretaceous sediments overlie Paleozoic
crystalline rocks or lower Mesozoic
sedimentary rocks throughout most of the
study area. The Upper Cretaceous sequence
includes the basal Cape Fear Formation and
the overlying Lumbee Group, which is divided
into three formations. The sediments in this
region consist predominantly of poorly
consolidated, clay-rich, fine- to
medium-grained, micaceous sand, sandy clay,
and gravel, and is about 213 meters (700 feet)
thick near the center of the study area. Thin
clay layers are common. In parts of the
section, clay beds and lenses up to 21 meters
(70 feet) thick are present. Depositional
environments were fluvial to prodeltaic.

Cape Fear Formation

The Cape Fear Formation rests directly on a
thin veneer of saprolitic bedrock and is the
basal unit of the Coastal Plain stratigraphic
section at SRS. The saprolite ranges from less
than 3 meters (10 feet) to more than 12 meters
(40 feet) in thickness and defines the surface
of the crystalline basement rocks and
sedimentary rocks of the Newark Supergroup
(Middle to Upper Triassic age). The thickness
of the saprolite reflects the degree of
weathering of the basement prior to deposition
of the Cape Fear Formation. The Cape Fear is
encountered at about 61 meters (200 feet) msl
just south of well C-3 in the north and at about
366 meters (1,200 feet) msl at well C-10 in the
south. The Cape Fear does not crop out in the
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study area, and its northern limit is north of
the C-1 and P-16 wells and south of wells C-2
and C-3. The unit thickens to more than 70
meters (230 feet) at well C-10 and has a
maximum known thickness of about 213
meters (700 feet) in Georgia. The top of the
Cape Fear Formation dips approximately 5
m/km (30 ft/mile) to the southeast across the
study area.

The Cape Fear Formation consists of firm to
indurated, variably colored, poorly sorted,
silty, clayey sand and sandy silt and clay.
Bedding thickness of the sand, silt and clay
ranges from about 1.5 meters (5 feet) to 6
meters (20 feet), with the sand beds generally
thicker than the clay beds. The sand grains are
typically coarse-grained with common granule
and pebble. The sand is arkosic with rock
fragments common in the pebbly zones.

The Cape Fear Formation is more indurated
than other Cretaceous units because of the
abundance of cristobalite cement in the matrix.
The degree of induration decreases from north
to south across the area. In the northern part
of the area, the formation is represented on
geophysical logs as a zone of low resistivity.
In the southern part of the study area, the unit
is more sandy, and is noted on geophysical
logs by increased electrical resistivity (wells
ALL-324 and C-10). The transition from the
more indurated clayey sand in the north to the
poorly consolidated cleaner sand in the south
may be due to deeper fluvial incisement and
erosion of the Cape Fear section to the north.
This may bring the deeper, more
cristobalite-rich part of the section into
proximity with the overlying unconformity
that caps the formation. Clark et al. attribute
the differences between updip and downdip
lithologies to changes in source material
during deposition or to the southern limit of
the cristobalite cementation process.

The lithologic characteristics and the paucity
of marine fossils are indicative of a
high-energy environment close to a sediment
source area. Thus, these sediments may
represent  deposition in  fluvial-deltaic
environments on the upper parts of a delta
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plain, grading downdip to marginal marine.
The Cape Fear Formation was erosionally
truncated prior to deposition of the overlying
Middendorf Formation, resulting in a
disconformity between the two formations.

Lumbee Group

Three formations of the Late Cretaceous
Lumbee Group are present in the study area.
These are, from oldest to youngest, the
Middendorf, Black Creek, and Steel Creek
Formations.

The Lumbee Group consists of fluvial and
deltaic quartz sand, pebbly sand, and clay in
the study area. The sedimentary sequence is
more clayey and fine-grained downdip from
the study area, reflecting shallow to deep
marine shelf sedimentary environments.
Thickness ranges from about 122 meters (400
feet) at well C-3 in the north, to about 238
meters (780 feet) near well C-10 in the south.
At least part of the group crops out in the
northern part of the study area but it is difficult
to distinguish the individual formations.
Consequently, the Lumbee Group was mapped
as undifferentiated Upper Cretaceous by
Nystrom and Willoughby. The dip of the
upper surface of the Lumbee Group is to the
southeast at approximately 4 m/km (20
ft/mile) across the study area.

The Middendorf Formation (now in question)
unconformably overlies the Cape Fear
Formation with a distinct contact. The contact
is marked by an abrupt change from the
moderately indurated clay and clayey sand of
the underlying Cape Fear to the slightly
indurated sand and lesser clayey sand of the
Middendorf. The basal zone is often pebbly.
The contact is unconformable and is marked
by a sudden increase in electrical resistivity on
geophysical logs. Thickness of the formation
ranges from approximately 37 meters (120
feet) in well C-2 in the north, to 73 meters
(240 feet) in well C-10 in the south. It has a
maximum known thickness of about 158
meters (520 feet) in Georgia. The top of the
formation dips to the southeast at about 4.9
m/km (26 ft/mile) across the study area.
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Fossil data for the Middendorf are sparse and
the formation is not well dated in the study
area.

The sand of the Middendorf Formation is
medium to very coarse grained, typically
angular, slightly silty, tan, light gray, and
yellow in color. It is much cleaner and less
indurated than the underlying Cape Fear
sediments. Sorting is generally moderate to
poor. Pebble and granule zones are common
in updip parts of the study area, whereas clay
Jayers up to 3 meters (10 feet) thick are more
common downdip. Clay clasts are abundant in
places. Some parts of the unit are feldspathic
and micaceous, but not as micaceous as in the
overlying Black Creek Formation. Lignitic
zones are also common.

Over much of the study area, a zone of
interbedded sand and variegated clay up to 18
meters (60 feet) thick is present at or near the
top of the Middendorf Formation. The
interbedded sand is upward fining in places.
This lithology and the marine microfauna
found in core samples indicate that the unit
was deposited in lower delta plain and delta
front environments under some marine
influence. In the northern part of the study
area, the formation is variably colored,
composed of tan, red, and purple sand. Here,
the sediments have the characteristics of
fluvial and upper delta plain deposits.

The Black Creek Formation is penetrated at
virtually all well-cluster sites in the study area.
The wunit ranges in thickness from
approximately 46 meters (150 feet) at well C-2
in the north to 91 meters (300 feet) near the
center of the study area in well PBF-3 and to
113 meters (370 feet) at well C-10 in the
south. The unit dips approximately 4 m/km
(22 ft/mile) to the southeast.

The Black Creek is distinguished from the
overlying and underlying Cretaceous units by
its better sorted sand, fine-grained texture, and
relatively high clay content. It is generally
darker, more lignitic, and more micaceous,
especially in the updip part of the section, than
the other Cretaceous units. In much of the
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study area, the lower one-third of the
formation is mostly sand that is separated from
the upper two-thirds of the unit by clay beds.
These beds are 6 meters (20 feet) to 12 meters
(40 feet) thick in the northem part of the
region and more than 46 meters (150 feet) at
well C-10 in the south. In general, the top of
the Black Creek Formation is picked at the top
of a clay bed that ranges from 3 meters (10
feet) to 8 meters (25 feet) in thickness. The
clay bed is exceptionally thick but not laterally
extensive. For example, it is essentially absent
in wells P-21, CPC-1, P-26, and P-29. This
suggests lagoonal back barrier bay deposition
associated with nearby shorelines. Often the
thick clay beds flank the areas where shoaling
is suggested owing to uplift along the Pen
Branch and Steel Creek Faults, which was
contemporaneous with deposition. Overall,
the Black Creek consists of two thick,
fining-upward sequences, each capped by
thick clay beds. The lower sequence is
predominantly silty, micaceous sand in the
area of SRS, while the upper sequence is
mostly clay and silt.

Where the Black Creek Formation is present
north of SRS, it consists of clayey, micaceous,
poorly to moderately well sorted, fine to
medium-grained, subangular to subrounded
quartz sand beds and silty clay beds. Pebbly
beds are present throughout the unit. This
sandy lithology is indicative of fluvial to upper
delta-plain environments; the clay beds that
cap the upward-fining sandy sequences are
typical of lower delta plain depositional
environments. Near Millet, SC, the basal beds
of the Black Creek consist of sand and silty
clay and are similar to underlying Middendorf
sediments. Here, deposition occurred on a
lower delta plain. Fossils recovered from the
unit suggest marine influences during
deposition of the sediments, especially the
clay.

In the central and downdip part of the study
area (wells P-22, ALL-324, C-6, C-10), the
unit grades into gray-green clayey silt, micritic
clay, and fine- to medium-grained, upward
fining sand that is moderately well sorted,
micaceous, carbonaceous, and locally
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glauconitic. The sequence suggests deposition
in a delta front or shallow shelf environment,
as indicated by the lithology and an abundance
of marine macrofauna and microfauna. The
transition from fine-grained, prodelta or delta
front deposits in the southern part of the study
area to coarser-grained, more landward deltaic
deposits in the northern part of the area is
reflected in the general increase in electrical
resistivity noted on geophysical logs in the
wells in the north, especially in the upper part
of the Black Creek section.

The Peedee Formation was previously
considered by some investigators to be absent
in the study area; however, recent
paleontological evidence provides dates of
Peedee age from sediment samples in the
southern part of SRS. Because there is a
considerable difference in lithology between
the type Peedee and the sediments in the SRS
region, Peedee-equivalent sediments in the
vicinity of SRS were referred to as the "Steel
Creek Member” of the Peedee Formation (Ref.
115). Raising the Steel Creek Member to
formational status was recommended by
Aadland et al, and it is so used in this
document. The type well for the Steel Creek
Formation is P-21, located near Steel Creek.
The top of the Steel Creek is picked at the top
of a massive clay bed that ranges from 1 meter
(3 feet) to more than 9 meters (30 feet) in
thickness. The formation dips approximately
4 m/km (20 ft/mile) to the southeast.

The wunit ranges in thickness from
approximately 18 meters (60 feet) at well P-30
to 53 meters (175 feet) at well C-10 in the
south. It has a maximum known thickness of
116 meters (380 feet) in Georgia. The Steel
Creek section thins dramatically between the
ALL-324 and the P-22 wells due to truncation
by erosion at the Cretaceous-Tertiary
unconformity. The Steel Creck Formation
overlies the Black Creek Formation and is
distinguished from it by a higher percentage of
sand, which is represented on geophysical logs
by a generally higher electrical resistivity and
lower natural gamma radiation count.
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The formation consists of yellow, tan, and
gray, medium to coarse, moderately sorted
sand interbedded with variegated clay. The
lower part of the unit consists of medium- to
coarse-grained, poorly to well-sorted, quartz
sand, silty sand, and off-white to buff clay that
contains thin beds of micaceous and
carbonaceous clay. Pebbly zones are
common, as are layers with clay clasts.
Fining-upward sand is interbedded with the
clay and silty clay beds in some areas. It is
difficult to differentiate the Steel Creek from
the underlying Black Creek in the
northwestern part of the study area. The unit
appears to have been deposited in fluvial
environments in updip areas and upper to
lower delta plain environments in the south.
The massive clay that caps the unit suggests
lower delta plain to shallow shelf depositional
environments. The presence of certain
microfossils indicates some marine influence
in parts of the Steel Creek. A pebble-rich
zone at the base of the unit suggests a basal
unconformity.

Tertiary Sediments

Tertiary sediments range in age from Early
Paleocene to Miocene and were deposited in
fluvial to marine shelf environments. The
Tertiary sequence of sand, silt, and clay
generally grades into highly permeable
platform carbonates in the southern part of the
study area and these continue southward to the
coast. The Tertiary sequence is divided into
three groups, the Black Mingo Group,
Orangeburg Group, and Barnwell Group,
which are further subdivided into formations
and members. These groups are overlain by
the ubiquitous Upland unit.

The Tertiary sedimentary sequence deposited
in west-central South Carolina has been
punctuated by numerous sea level low stands
and/or affected by subsidence in the source
areas (which reduced or eliminated sediment
availability) resulting in a series of regional
unconformities.  Four  such  regionally
significant unconformities are defined in the
Tertiary stratigraphic section and include the
“Cretaceous-Tertiary”  unconformity,  the
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“Lang Syne/Sawdust Landing” unconformity,
the “Santee” unconformity and the “Upland”
unconformity. Based on these unconformities,
four sequence stratigraphic units
(unconformity bounded sedimentary units)
have been delineated. Work is currently
underway to place the units in the global
sequence stratigraphic framework.

Black Mingo Group

The Black Mingo Group consists of quartz
sand, silty clay, and clay that suggest upper
and lower delta plain environments of
deposition generally under marine influences.
In the southern part of the study area, massive
clay beds, often more than 50 feet (15 meters)
thick, predominate. Downdip from the study
area, thin red to brown sandy clay beds, gray
to black clay beds and laminated shale
dominate the Black Mingo Group and suggest
deposition in clastic shelf environments. At
the South Carolina coast, carbonate platform
facies-equivalents of the updip Black Mingo
clastic sediments first appear. The carbonate
units are all referred to as '"unnamed
limestones" by Colquhoun et al. These are
equivalent to the thick beds of anhydrite and
dolomite of the Paleocene Cedar Keys
Formation and the lower Eocene glauconitic
limestone and dolomite of the Oldsmar
Formation. Both carbonate wunits are
delineated and mapped in coastal Georgia and
northeastern Florida.

Basal Black Mingo sediments were deposited
on the regional “Cretaceous-Tertiary”
unconformity of Aadland that defines the base
of Sequence Stratigraphic unit I. There is no
apparent  structural  control  of  this
unconformity. Above the unconformity, the
clay and clayey sand beds of the Black Mingo
Group thin and often pinch out along the
traces of the Pen Branch and Crackerneck
Faults. This suggests that coarser-grained
materials were deposited preferentially along
the fault traces, perhaps due to shoaling of the
depositional surface. This, in turn, suggests
movement (reactivation) along the faults. This
reactivation would have occurred during Black
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Mingo deposition, that is, in Paleocene and
lower Eocene time.

The upper surface of the Black Mingo Group
dips to the southeast at 3 m/km (16 ft/mi.), and
the group thickens from 18 meters (60 feet) at
well C-2 in the north, to about 52 meters (170
feet) near well C-10 in the south. The group is
about 213 meters (700 feet) thick at the South
Carolina coast. Throughout the downdip part
of the South Carolina Coastal Plain, the Black
Mingo Group consists of the Rhems
Formation and the overlying Williamsburg
Formation.

The Rhems Formation contains four members,
each representing a depositional facies. They
are the Sawdust Landing Member, an upper
delta  plain  fluvial  deposit  which
unconformably overlies the Cretaceous Peedee
Formation; the Lang Syne Member, a lower
delta-plain deposit of estuarine and littoral
origin; the Perkins Bluff Member, a shallow
shelf deposit; and the Browns Ferry Member,
a deep-water shelf deposit. Additionally, an
unnamed unit represents the carbonate-shelf
facies.

In the updip part of the South Carolina Coastal
Plain, the Black Mingo Group consists of the
Sawdust Landing and Lang Syne Formations,

which are equivalent to the Ellenton
Formation of Siple; the Snapp Formation,
which is the updip equivalent of the

Williamsburg Formation of Colquhoun et al.;
and the Fourmile Formation, which is the
updip equivalent of the Fishburne Formation
of Gohn et al.

Lang Syne/Sawdust Landing Formations.
Siple proposed the name Ellenton Formation
for a subsurface lithologic unit in the SRS area
consisting of beds of dark, lignitic clay and
coarse sand, which are equivalent to the
Sawdust Landing and Lang Syne Members of
the Rhems Formation of Colquhoun et al.
Fallaw and Price suggested that the Sawdust
Landing Member and the overlying Lang Syne
Member of the Rhems Formation be raised to
formational status and replace the term
Ellenton in the study area
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In the absence of detailed paleontological
control, the Sawdust Landing Formation and
the overlying Lang Syne Formation could not
be systematically separated for mapping in
this region. Thus, they are treated as a single
unit; the Lang Syne/Sawdust Landing
undifferentiated, on all sections and maps.
This is consistent with the approach taken by
Fallaw and Price. The sediments of the unit
generally consist of two fining-upward
sand-to-clay sequences, which range from
about 12 meters (40 feet) in thickness at the
northwestern boundary of SRS to about 30
meters (100 feet), near the southeastern
boundary. The unit is mostly dark gray to
black, moderately to poorly sorted, fine to
coarse-grained, micaceous, lignitic, silty and
clayey quartz sand interbedded with dark gray
clay and clayey silt. Pebbly zones, muscovite,
feldspar, and iron sulfide are common.
Individual clay beds up to 6 meters (20 feet)
thick are present in the unit. Clay and silt beds
make up approximately one-third of the unit in
the study area.  The dark, fine-grained
sediments represent lower delta plain,
bay-dominated environments. Tan, light gray,
yellow, brown, purple, and orange sand,
pebbly sand, and clay represent upper delta
plain, channel-dominated environments.

In the southern part of the study area, dark,
poorly sorted, micaceous, lignitic sand and
silty sand containing a diverse assemblage of
pollen and microfauna of early and middle
Paleocene (Midwayan) age are present. This
is the Perkins Bluff Member of the Rhems
Formation, which was deposited in lower delta
plain or shallow marine shelf environments.

Toward the coast, the Rhems Formation
includes shallow to increasingly deeper water
clastic shelf facies sediments (Browns Ferry
Member) that ultimately pass into a shallow
carbonate platform facies at the South
Carolina coastline. Colquhoun et al., referred
to the carbonate platform facies equivalent as
“unnamed limestone." The carbonate platform
sequence is correlative with the anhydrite- and
gypsum-bearing dolomitized limestone and
finely crystalline dolomite of the lower part of
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the Cedar Keys Formation that is mapped in
coastal Georgia and northeastern Florida. The
carbonate sequence is about 76 meters (250
feet) thick at the South Carolina coastline.
The Cedar Keys Formation has a maximum
thickness of 130 meters (425 feet) in coastal
areas of Georgia. The carbonate platform
sediments of the Cedar Keys Formation are
generally impermeable, and the unit acts as the
underlying confining unit of the Floridan
Aquifer System in the coastal areas of South
Carolina and Georgia.

Snapp Formation (Williamsburg Formation).
Sediments in the study area that are time
equivalent to the Williamsburg Formation
differ from the type Williamsburg and have
been designated the "Snapp Member of the
Williamsburg Formation”. Fallaw and Price
have suggested that the "Snapp Member" of
the Williamsburg be raised to formational
status. The Snapp Formation is used in this
report. The unit is encountered in well P-22
in the southeastern part of SRS near Snapp
Station. The basal contact with the underlying
Lang Syne/Sawdust Landing undifferentiated
is probably unconformable. = The Snapp
Formation appears to pinch out in the
northwestern part of SRS and thickens to
about 15 meters (50 feet) near the southeastern
boundary of the site.

The Snapp Formation (Williamsburg
Formation) crops out in Calhoun County. The
sediments in the upper part of the unit consist
of low-density, fissile, dark-gray to black
siltstone and thin layers of black clay
interbedded with sand in the lower part. These
and similar sediments in Aiken and
Orangeburg Counties were probably deposited
in lagoonal or estuarine environments. Within
and near SRS, the Snapp sediments typically
are silty, medium- to coarse-grained quartz
sand interbedded with clay. Dark, micaceous,
lignitic sand also occurs, and all are suggestive
of lower delta plain environments. In Georgia,
the unit consists of thinly laminated, silty clay
locally containing layers of medium- to
dark-gray carbonaceous clay. This lithology is
indicative of marginal marine (lagoonal to
shallow shelf) depositional environments.
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Clayey parts of the unit are characterized on
geophysical logs as zones of low electrical
resistivity and a relatively high-gamma ray
response. In the southernmost part of the
study area, the Snapp consists of gray-green,
fine to medium, well-rounded, calcareous
quartz sand and interbedded micritic limestone
and limey clay that is highly fossiliferous and
glauconitic. This lithology  suggests
deposition in shallow shelf environments
somewhat removed from clastic sediment
sources

The upper surface of the Williamsburg
Formation 1is defined by the “Lang
Syne/Sawdust Landing” unconformity.

Fourmile Formation. Early Eocene ages,
derived from paleontological assemblages,
indicate that the sand immediately overlying
the Snapp Formation in the study area is
equivalent to the Fishburne. These sediments
were deposited on the “Lang Syne/Sawdust
Landing” unconformity and constitute the
basel unit of Sequence Stratigraphic Unit II.
The Fishburne is a calcareous unit that occurs
downdip near the coast. The sand was initially
designated the Fourmile Member of the
Fishburne Formation. Owing to the distinctive
difference in lithology between the type,
Fishburne Formation and the time-equivalent
sediments observed in the study area, Fallaw
and Price have recommended that the
Fourmile Member of the Fishburne be raised
to formational rank. The term Fourmile
Formation is used in this report.

The Fourmile Formation averages 9 meters
(30 feet) in thickness, is mostly tan,
yellow-orange, brown, and white, moderately
to well-sorted sand, with clay beds a few feet
thick near the middle and at the top of the unit.
The sand is very coarse to fine grained, with
pebbly zones common, especially near the
base. Glauconite, up to about 5%, is present
in places, as is weathered feldspar. In the
center and southeastern parts of SRS, the unit
can be distinguished from the underlying
Paleocene strata by its lighter color and lower
content of silt and clay. Glauconite and
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microfossil assemblages indicate that the
Fourmile is a shallow marine deposit.

Overlying the Fourmile Formation in the study
area is 9 meters (30 feet) or less of sand
similar to the Fourmile. This sand is better
sorted, contains fewer pebbly zones, less
muscovite and glauconite, and in many wells
is lighter in color. Microfossil assemblages
indicate that the sand is correlative with the
early middle Focene Congaree Formation. In
some wells a thin clay occurs at the top of the
Fourmile, separating the two units; however,
the difficulty in distinguishing the Fourmile
Formation from the overlying Congaree
Formation has led many workers at SRS to
include the entire 293 meters (960 feet)
section in the Congaree Formation.

Orangeburg Group

The Orangeburg Group consists of the lower
middle  Eocene  Congaree  Formation
(Tallahatta equivalent) and the upper middle
Eocene Warley Hill Formation and Santee
Limestone (Lisbon equivalent). Over most of
the study area, these post-Paleocene units are
more marine in character than the underlying
Cretaceous and Paleocene units; they consist
of alternating layers of sand, limestone, marl,
and clay.

The group crops out at lower elevations in
many places within and near SRS. The
sediments thicken from about 26 meters (85
feet) at well P-30 near the northwestern SRS
boundary to 61 meters (200 feet) at well C-10
in the south. Dip of the upper surface is 2
m/km (12 ft/mile) to the southeast. Downdip
at the coast, the Orangeburg Group is about 99
meters (325 feet) thick and is composed of
shallow carbonate platform deposits of the
Santee Limestone.

In the extreme northern part of the study area,
the entire middle Eocene Orangeburg Group is
mapped as the Huber Formation.  The
micaceous, poorly sorted sand, abundant
channel fill deposits and cross bedding, and
carbonaceous kaolin clay in the Huber is
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indicative of fluvial,
environments.

upper delta plain

In the central part of the study area the group
includes, in ascending order, the Congaree,
Warley Hill, and Tinker/Santee Formations.
The units consist of alternating layers of sand,
limestone, marl, and clay that are indicative of
deposition in shoreline to shallow shelf
environments. From the base upward, the
Orangeburg Group passes from clean
shoreline sand characteristic of the Congaree
Formation to shelf marl, clay, sand, and
limestone typical of the Warley Hill and
Santee Limestone. Near the center of the
study area, the Santee sediments consist of up
to 30 vol% carbonate. The sequence is
transgressive, with the middle Eocene Sea
reaching its most northerly position during
Tinker/Santee deposition.

Toward the south, near wells P-21, ALL-324,
and C-10, the carbonate content of all three
formations increases dramatically. The
shoreline sand of the Congaree undergoes a
facies change to interbedded glauconitic sand
and shale, grading to glauconitic argillaceous,
fossiliferous, sandy limestone. Downdip, the
fine-grained, glauconitic sand, and clay of the
Warley Hill become increasingly calcareous
and grades imperceptibly into carbonate-rich
facies comparable to both the overlying and
underlying units. Carbonate content in the
glauconitic marl, calcareous sand, and sandy
limestone of the Santee increases towards the
south. Carbonate sediments constitute the vast
majority of the Santee from well P-21
southward.

Congaree Formation. The early middle Eocene
Congaree Formation has been traced from the
Congaree valley in east central South Carolina
into the study area. It has been
paleontologically correlated with the early and
middle Eocene Tallahatta Formation in
neighboring southeastern Georgia by Fallaw et
al.

The Congaree is about 9 meters (30 feet) thick
near the center of the study area and consists
of yellow, orange, tan, gray, green, and
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greenish gray, well-sorted, fine to coarse
quartz sand, with granule and small pebble
zones common. Thin clay laminae occur
throughout the section. The quartz grains tend
to be better rounded than those in the rest of
the stratigraphic column are. The sand is
glauconitic in places suggesting deposition in
shoreline or shallow shelf environments. To
the south, near well ALL-324, the Congaree
Formation consists of interbedded glauconitic

sand and shale, grading to glauconitic,
argillaceous, fossiliferous sandy limestone
suggestive of shallow to deeper shelf

environments of deposition. Farther south,
beyond well C-10, the Congaree grades into
platform carbonate facies of the lower Santee
Limestone.

The equivalent of the Congaree northwest of
SRS has been mapped as the Huber
Formation. At these locations it becomes
more micaceous and poorly sorted, indicating
deposition in fluvial and upper delta plain
environments.  On geophysical logs, the
Congaree has a distinctive low gamma ray
count and high electrical resistivity.

Warley Hill Formation. Unconformably
overlying the Congaree Formation are 3
meters (10 feet) to 6 meters (20 feet) of
fine-grained, often glauconitic sand and green
clay beds that have been referred to
respectively as the Warley Hill and Caw Caw
Members of the Santee Limestone. The green
sand and clay beds are referred to informally
as the "green clay" in previous SRS reports.
Both the glauconitic sand and the clay at the
top of the Congaree are assigned to the Warley
Hill Formation. In the updip parts of the study
area, the Warley Hill apparently is missing or
very thin, and the overlying Tinker/Santee
Formation rests unconformably on the
Congaree Formation.

The Warley Hill sediments indicate shallow to
deeper clastic shelf environments of
deposition in the study area, representing
deeper water than the underlying Congaree
Formation. This suggests a continuation of a
transgressive pulse during upper middle
Eocene time. To the south, beyond well P-21,
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the green silty sand, and clay of the Warley
Hill undergo a facies change to the clayey
micritic limestone and limey clay typical of
the overlying Santee Limestone. The Warley
Hill blends imperceptibly into a thick clayey
micritic limestone that divides the Floridan
Aquifer System south of the study area. The
Warley Hill is correlative with the lower part
of the Avon Park Limestone in southern
Georgia and the lower part of the Lisbon
Formation in western Georgia.

In the study area, the thickness of the Warley
Hill Formation is generally less than 6 meters
(20 feet). In a part of Bamberg County, South
Carolina, the Congaree Formation is not
present, and the Warley Hill rests directly on
the Williamsburg Formation.

Tinker/Santee Formation.  The late middle
Eocene deposits overlying the Warley Hill
Formation consist of moderately sorted yellow
and tan sand, calcareous sand and clay,
limestone, and marl. Calcareous sediments
dominate downdip, are sporadic in the middle
of the study area, and are missing in the
northwest.  The limestone represents the
farthest advance to the northwest of the
transgressing  carbonate  platform  first
developed in early Paleocene time near the
South Carolina and Georgia coasts.

Fallaw et al., divided the Santee into three
members in the study area: the McBean, Blue
Bluff, and Tims Branch Members. The
McBean Member consists of tan to white,
calcilutite, calcarenite, shelly limestone, and
calcareous sand and clay. It dominates the
Santee in the central part of the study area and
represents the transitional lithologies between
clastics in the north and northwest (Tims
Branch Member), and fine-grained carbonates
in the south (Blue Bluff Member).

The carbonates and carbonate-rich clastics are
restricted essentially to three horizons in the
central part of, the Griffins Landing Member
of the Dry Branch Formation, the McBean
Member of the Tinker/Santee Formation and
the Utley Limestone member of the
Clinchfield Formation. The uppermost horizon
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includes the carbonates of the Griffins
Landing Member of the Dry Branch
Formation found below the “tan clay” interval
that occurs near the middle of the Dry Branch.
The isolated carbonate patches of the Griffins
Landing are the oyster banks that formed in
the back barrier marsh zone behind the barrier
island system. Underlying the Dry Branch,
directly below the regionally significant
Santee Unconformity, is the Utley Limestone
Member of the Clinch Field Formation.
Without the benefit of detailed petrographic
and paleontological analysis, the Utley
carbonates  cannot be  systematically
distinguished from the carbonates of the
underlying Tinker/Santee Formation. Thus the
carbonate-rich sediments between the Santee
Unconformity, and the Warley Hill Formation
are referred to as the Tinker/Santee (Utley)
sequence in this report.

The Blue Bluff Member consists of gray to
green, laminated micritic limestone. The unit
includes gray, fissile, calcareous clay and
clayey micritic limestone and very thinly
layered to laminated, clayey, calcareous, silty,
fine sand, with shells and hard, calcareous
nodules, lenses, and layers. Cores of Blue
Bluff sediments are glauconitic, up to 30% in
places. The Blue Bluff lithology suggests
deposition in offshore shelf environments.
Blue Bluff sediments tend to dominate the
formation in the southern part of the study
area and constitute the major part of the
“middle confining unit" that separates the
Upper and Lower Floridan aquifers south of
the study area.

Fallaw et al., described the Tims Branch
Member of the Santee as the siliciclastic part
of the wunit, consisting of fine- and
medium-grained, tan, orange, and yellow,
poorly to well sorted, and slightly to
moderately indurated sand.  The clastic
lithologies of the Tims Branch Member
dominate the Santee in the northern part of the
study area. Because the clastic lithologies
differ so markedly from the type Santee,
Fallaw and Price raised the Tims Branch
Member of the Santee to formational rank,
namely the Tinker Formation. Because the
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clastic and carbonate lithologies that constitute
the Tinker/Santee sequence in the upper and
middle parts of the study area are
hydrologically undifferentiated, the units are
not systematically separated, and they are
designated Tinker/Santee Formation on maps
and sections. The thickness of the
Tinker/Santee Formation is variable due in
part to displacement of the sediments, but
more commonly to dissolution of the
carbonate resulting in consolidation of the
interval and slumping of the overlying
sediments of the Tobacco Road and Dry
Branch Formations into the resulting lows.

The Tinker/Santee (Utley) interval is about 21
meters (70 feet) thick near the center of SRS,
and the sediments indicate deposition in
shallow marine environments. The top of the
unit is picked on geophysical logs where
Tinker/Santee (Utley) sediments with lower
electrical resistivity are overlain by the more
resistive sediments of the Dry Branch
Formation. In general, the gamma-ray count
is higher than in surrounding stratigraphic
units.

Often found within the Tinker/Santee (Utley)
sediments, particularly in the upper third of
the interval, are weak zones interspersed in
stronger carbonate-rich matrix materials. The
weak zones, which vary in apparent thickness
and lateral extent, were noted where rod drops
and/or lost circulation occurred during
drilling, low blow counts occurred during SPT
pushes, etc. The weak zones have variously
been termed as “soft zones”, the “critical
layer”, “underconsolidated zones”, “bad
ground”, and “void”. For this report, the
preferred term used to describe these zones
will be “soft zones.”

Barnwell Group

Upper Eocene sediments of the Barnwell
Group represent the Upper Coastal Plain of
western South Carolina and eastern Georgia.
Sediments of the Barnwell Group are
chronostratigraphically equivalent to the lower
Cooper Group (late Eocene) of Colquhoun et
al. The Cooper Group includes sediments of
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both late Eocene and early Oligocene age and
appears downdip in the Lower Coastal Plain of
eastern South Carolina.

Sediments of the Barnwell Group overlie the
Tinker/Santee Formation and consist mostly of
shallow marine quartz sand containing
sporadic clay layers. Huddleston and Hetrick
recently revised the upper Eocene stratigraphy
of the Georgia Coastal Plain, and their
approach has been extended into South
Carolina by Nystrom and Nystrom and
Willoughby.  These authors elevated the
Eocene “Barnwell Formation” to the
“Barnwell Group.” In Burke County, Georgia,
the group includes (from oldest to youngest)
the Clinchfield Formation, and Dry Branch
Formation, and the Tobacco Road Formation.
The group is about 21 meters (70 feet) thick
near the northwestern boundary of SRS and 52
meters (170 feet) near its southeastern
boundary. The regionally significant Santee
Unconformity that defines of boundary
between Sequence Stratigtraphic units II and
HI (Figure 1.4-18) separates the Clinchfield
Formation from the overlying Dry Branch
Formation. The Santee Unconformity is a
pronounced erosional surface observable
throughout the SRS region.

In the northern part of the study area, the
Barmwell Group consists of red or brown, fine
to coarse-grained, well-sorted, massive sandy
clay and clayey sand, calcareous sand and
clay, as well as scattered thin layers of
silicified fossiliferous limestone.  All are
suggestive of lower delta plain and/or shallow
shelf environments. Downdip, the Barnwell
undergoes a facies change to the phosphatic
clayey limestone that constitutes the lower
Cooper Group. The lower Cooper Group
limestone beds indicate deeper shelf
environments.

Clinchfield Formation. The basal late Eocene
Clinchfield Formation consists of light colored
quartz sand and glauconitic, biomoldic
limestone, calcareous sand, and clay. Sand
beds of the formation constitute the Riggins
Mill Member of the Clinchfield Formation and
are composed of medium to coarse, poorly to
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well sorted, loose and slightly indurated, tan,
clay, and green quartz. The sand is difficult to
identify unless it occurs between the overlying
carbonate layers of the Griffins Landing
Member and the underlying carbonate layers
of the Santee Limestone. The Clinchfield is
about 8 meters (25 feet) thick in the
southeastern part of SRS and pinches out or
becomes unrecognizable at the center of the
site.

The carbonate sequence of the Clinchfield
Formation is designated the Utley Limestone
Member. It is composed of sandy, glauconitic
limestone and calcareous sand, with an
indurated, biomoldic facies developed in
places. In cores, the sediments are tan and
white and slightly to well indurated. Without
the benefit of detailed petrographic and
paleontological analysis, the Utley carbonates
cannot be systematically distinguished from
the carbonates of the underlying Tinker/Santee
Formation. Thus the carbonate-rich sediments
between the Santee Unconformity, and the
Warley Hill Formation are referred to as the
Tinker/Santee (Utley) sequence in this report.

Dry Branch Formation. The late Eocene Dry
Branch Formation is divided into the Irwinton
Sand Member, the Twiggs Clay Member, and
the Griffins Landing Member. The unit is
about 18 meters (60 feet) thick near the center
of the study area. The top of the Dry Branch
is picked on geophysical logs where a low
gamma-ray count in the relatively clean Dry
Branch sand increases sharply in the more
argillaceous sediments of the overlying
Tobacco Road Sand.

The Dry Branch sediments overlying the
Tinker/Santee (Utley) interval in the central
portion of SRS were deposited in
shoreline/lagoonal/tidal marsh environments.
The shoreline retreated from its position in
northern SRS during Tinker/Santee (Utley)
time to the central part of SRS in Dry Branch
time. Progradation of the shoreline
environments to the south resulted in the sands
and muddy sands of the Dry Branch being
deposited over the shelf carbonates and
clastics of the Tinker/Santee (Utley) sequence.
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The Twiggs Clay Member does not seem to be
mappable in the study area. Lithologically
similar clay is present at various stratigraphic
levels in the Dry Branch Formation. The tan,
light-gray, and brown clay is as thick as 4
meters (12 feet) in SRS wells but is not
continuous over long distances. This has been
referred to in the past as the “tan clay” in SRS
reports. The Twiggs Clay Member, that
predominates west of the Ocmulgee River in
Georgia, is not observed as a separate unit in
the study area.

The Griffins Landing Member is composed
mostly of tan or green, slightly to well
indurated, quartzose calcareous micrite and
sparite, calcareous quartz sand and slightly
calcareous clay. Oyster beds are common in
the sparry carbonate facies. The unit seems to
be widespread in the southeastern part of SRS,
where it is about 15 meters (50 feet) thick, but
becomes sporadic in the center and pinches
out. Carbonate content is highly variable. In
places, the unit lies unconformably on the
Utley Limestone Member, which contains
much more indurated, moldic limestone. In
other areas, it lies on the noncalcareous quartz
sand of the Clinchfield. Updip, the underlying
Clinchfield is difficult to identify or is
missing, and the unit may lie unconformably
on the sand and clay facies of the
Tinker/Santee  Formation. The Griffins
Landing Member appears to have formed in
lagoonal/marsh environments.

The Irwinton Sand Member is composed of
tan, yellow and orange, moderately sorted
quartz sand, with interlaminated and
interbedded clay abundant in places. Pebbly
layers are present, as are clay clast-rich zones
(Twiggs Clay lithology). Clay beds, which are
not continuous over long distances, are tan,
light gray, and brown in color, and can be
several feet thick in places. These are the “tan
clay” beds of various SRS reports. Irwinton
Sand beds have the characteristics of shoreline
to shallow marine sediments. The Irwinton
Sand crops out in SRS. Thickness is variable,
but is about 12 meters (40 feet) near the
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northwestern site boundary and 21 meters (70
feet) near the southeastern boundary.

Tobacco Road Formation. The Late Eocene
Tobacco Road Formation consists of
moderately to poorly sorted, red, brown, tan,
purple, and orange, fine to coarse, clayey
quartz sand. Pebble layers are common, as are
clay laminae and beds. Ophiomorpha burrows
are abundant in parts of the formation.
Sediments have the characteristics of lower
Delta plain to shallow marine deposits. The
top of the Tobacco Road is characterized by
the change from a comparatively well-sorted
sand to the more poorly sorted sand, pebbly
sand, and clay of the “Upland unit.” Contact
between the units constitutes the “Upland”
unconformity.  The unconformity is very
irregular due to fluvial incision that
accompanied deposition of the overlying
"Upland unit" and later erosion. As stated
previously, the lower part of the Cooper
Group (upper Eocene) is the probable
downdip equivalent of the Tobacco Road
Formation.

“Upland _ Unit”/Hawthorn/Chandler _Bridge
Formations. Deposits of poorly sorted silty,
clayey sand, pebbly sand, and conglomerate of
the “Upland unit” cap many of the hills at
higher elevations over much of the study area.
Weathered feldspar is abundant in places. The
color is variable, and facies changes are
abrupt. Siple assigned these sediments to the
Hawthorn Formation. Nystrom et al.., who
mapped it as the "Upland unit", discuss
evidence for a Miocene age. The unit is up to
18 meters (60 feet) thick. The environment of
deposition appears to be fluvial, and the
thickness changes abruptly owing to
channeling of the underlying Tobacco Road
Formation during “Upland” deposition and
subsequent erosion of the “Upland” unit itself.
This erosion formed the “Upland”
unconformity. The unit is up to 18 meters (60
feet) thick.

Lithologic types comparable to the “Upland”
unit but assigned to the Hawthorn Formation
overlie the Barnwell Group and the Cooper
Group in the southern part of the study area.
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In this area, the Hawthorn Formation consists
of very poorly sorted, sandy clay, and clayey
sand, with lenses of gravel and thin beds of
sand very similar to the "Upland unit".
Farther downdip, the Hawthorn overlies the
equivalent of the Suwanee Limestone and acts
as the confining layer overlying the Floridan
Aquifer System. It consists of phosphatic,
sandy clay and phosphatic, clayey sand and
sandy, dolomitic limestone interbedded with
layers of hard, brittle clay resembling stratified
fuller's earth.

Colquhoun et al., suggest that the “Upland
unit”, Tobacco Road Formation, and Dry
Branch Formation are similar in granularity
and composition, indicating that they might be
similar genetically, that is that they are part of
the same transgressive/regressive depositional
cycle. The "Upland unit" represents the most
continental end member (lithofacies) and the
Dry Branch Formation represents the most
marine end member. Thus, the “Upland unit”
is the result of a major regressive pulse that
closed out deposition of the Barnwell
Group/Cooper Group depositional cycle.
Colquhoun et al., suggested that the "Upland
unit" is correlative with the Chandler Bridge
Formation downdip toward the coast. This
hypothesis is significant because it implies
that there was no major hiatus between the
"Upland unit" and the underlying Tobacco
Road and Dry Branch Formations. The
existence of a hiatus between the units has
been reported by numerous studies of the
South Carolina Coastal Plain.

Quaternary Surfaces and Deposits

SRS lies within the interfluve area between the
Savannah and the Salkahatchie Rivers. The
drainage systems within the site consist
entirely of streams that are tributary to the
Savannah River. A series of nested fluvial
terraces are preserved along the river and
major tributaries. Fluvial terraces are the
primary geomorphic surface that can be used
to evaluate Quaternary deformation within
SRS. However, there is limited data available
for the estimation of ages of river terraces in
both the Atlantic and Gulf Coastal Plains.
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Major stream terraces form by sequential
erosional and depositional events in response
to tectonism, isostasy, and climate variation.
Streams respond to uplift by cutting down into
the underlying substrate in order to achieve a
smooth longitudinal profile that grades to the
regional base level. Aggradation or deposition
occurs when down-cutting is reversed by a rise
in base level. The stream channel is elevated
and isolated from the underlying marine strata
by layers of newly deposited fluvial
sediments. Down-cutting may resume and the
aggraded surface is abandoned. The result is a
landform referred to as a fill terrace.

At the SRS there are two prominent terraces
above the modern floodplain (Qal). These
designations are based on morphology and
relative height above local base level. Local
base level is the present elevation of the
Savannah River channel. In addition, there are
other minor terraces: one lower and several
higher, older terrace remnants.

Carbonate and Soft Zones

Often found within the Tinker/Santee (Utley)
sediments, particularly in the upper third of
this section, are weak zones interspersed in
stronger carbonate-rich matrix materials.
These weak zones, which vary in apparent
thickness and lateral extent, were recorded
where rod drops and/or lost circulation
occurred during drilling, low blow counts
occurred during SPT pushes, etc. They have
variously been termed as “soft zones”, “the
critical layer”, “underconsolidated zones”,
“bad ground”, and “void”. The preferred term
used to describe these zones is “soft zones”.
Aadland et al. discuss these features in their
paper in this guide book.

Deeper Sediments

Beneath the Coastal Plain sedimentary
sequence and below a pre-Cretaceous
unconformity are two geologic terranes: (1)
the Dunbarton basin, a Triassic-Jurassic Rift
basin, filled with lithified terrigenous and
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lacustrine sediments with possible minor
amounts of mafic volcanic and intrusive rock;
and (2) a crystalline terrane of metamorphosed
sedimentary and igneous rock that may range
in age from Precambrian to late Paleozoic
(reference Figure 6). The Paleozoic rocks and
the Triassic sediments were leveled by
erosion, forming the base for Coastal Plain
sediment deposition.

The lithologies and structures in the crystalline
terrane are basically similar to that seen in the
eastern Piedmont province as exposed in other
parts of the southeastern United States. The
crystalline rocks form a volcanic — intrusive
sequence of calc-alkaline composition,
portions of which record both ductile and
brittle deformational events. These
relationships indicate that these rocks are the
metamorphosed and deformed remnants of an
ancient volcanic arc that are interpreted to be
Carolina Terrane equivalents.

Ten core borings into the basin penetrated
sedimentary rocks. Fanglomerate, sandstone,
siltstone, and mudstone are the dominant
lithologies. These rocks are similar to the
clastic facies in other Newark Supergroup
basins

HYDROSTRATIGRAPHY
INTRODUCTION

Two hydrogeologic provinces are recognized
in the subsurface beneath the SRS region
(reference Figures 6 and7). The uppermost
province, which consists of the wedge of
unconsolidated Coastal Plain sediments of
Late Cretaceous and Tertiary ages, is referred
to as the Southeastern Coastal Plain
hydrogeologic province. It is further
subdivided into aquifer or confining systems,
units, and zones. The underlying province,
referred to as the Piedmont hydrogeologic
province, includes Paleozoic metamorphic and
igneous basement rocks and Upper Triassic
lithified mudstone, sandstone, and
conglomerate in the Dunbarton basin.

The following hydrogeological characteristics
are of particular interest:
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The layered structure of the coastal
plain sediments effectively controls
migration of contaminants in the
subsurface, limiting vertical migration
to deeper aquifers.

Between the ground surface and the
primary drinking water aquifer(s) are
several low permeability zones which
restrict vertical migration from a given
point source.

The abundance of clay size material
and clay minerals in the aquifer and
aquitard zones affects groundwater
composition and vertical migration.
The concentration of some potential
contaminants, especially metals and
radionuclides, may be attenuated by
exchange and fixation of dissolved
constituents on clay surfaces.

The recharge area(s) for the deeper
drinking water aquifers used are updip
of SRS, near the fall line. Some
recharge areas are located at the
northern-most fringe of the site.

Recharge for the water-table aquifers,
namely the Upper Three Runs and
Gordon Aquifers, is primarily from
local precipitation.

Discharge of groundwater from the
Upper Three Runs and Gordon
aquifers is typically to the Ilocal
streams on the SRS.

Groundwater at the SRS is typically of
low ionic, low dissolved solids and
moderate pH (typically ranging from
4.4 to 6.0). Other constituents such as
dissolved oxygen and alkalinity are
more closely associated with recharge
and aquifer material. Dissolved
oxygen is typically higher in the updip
and near-surface recharge areas, and
alkalinity, pH and dissolved solids are
typically higher in those portions of
the aquifers regions containing
significant carbonate materials.
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. The presence of an upward vertical
gradient or “head reversal” between
the Upper Three Runs and Gordon
aquifers and the Crouch Branch
aquifer is significant in that it prevents
downward vertical migration of
contaminants into deeper aquifers
over much of central SRS.

Hydrogeology

The method for establishing a nomenclature
for the hydrogeologic units in the following
discussion is based on Aadland et al., and
generally follows the guidelines set forth by
the South Carolina Hydrostratigraphic
Subcommittee. Hydrogeologic units are shown
on Figure 2.

A hydrogeologic unit is defined by its
hydraulic properties (hydraulic conductivity,
hydraulic head relationships, porosity,
leakance coefficients, vertical flow velocity
and transmissivity) relative to those properties
measured in the overlying and underlying
units. The properties are measured at a type
well or type well cluster location. Aquifer and
confining units are mapped on the basis of the
hydrogeologic  continuity,  potentiometric
conditions, and leakance-coefficient estimates
for the units. These properties are largely
dependent on the thickness, areal distribution,
and continuity of the lithology of the particular
unit. However, a hydrogeologic unit may
traverse lithologic unit boundaries if there is
not a significant change in hydrogeologic
properties corresponding to the change in
lithology.

Upper Three Runs Aquifer Unit

The Upper Three Runs Aquifer Unit occurs
between the water-table and the Gordon
Confining Unit and includes all strata above
the Warley Hill Formation (in updip areas)
and the Blue Bluff Member of the Santee

Limestone. It includes the sandy and
sometimes calcareous sediments of the
Tinker/Santee  Formation and all the

heterogeneous sediments in the overlying
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Barnwell Group. The Upper Three Runs
aquifer is the updip clastic facies equivalent of
the Upper Floridan aquifer in the carbonate
phase of the Floridan Aquifer System.

The Upper Three Runs aquifer is defined by
the hydrogeologic properties of the sediments
penetrated in well P-27 located near Upper
Three Runs Creek in the center of SRS. Here,
the aquifer is 40 meters (132 feet) thick and
consists mainly of quartz sand and clayey sand
of the Tinker/Santee Formation; sand with
interbedded tan to gray clay of the Dry Branch
Formation; and sand, pebbly sand, and minor
clay beds of the Tobacco Road Formation.
Calcareous sand, clay, and limestone, although
not observed in the P-27 well, are present in
the Tinker/Santee Formation throughout the
General Separations Area near well P-27

Downdip, at the C-10 reference well, the
Upper Three Runs aquifer is 116 meters (380
feet) thick and consists of clayey sand and
sand of the upper Cooper Group; sandy, shelly
limestone, and calcareous sand of the lower
Cooper Group/Barnwell Group; and sandy,
shelly, limestone and micritic limestone of the
Santee Limestone.

Water-level data are sparse for the Upper
Three Runs aquifer unit except within SRS.
The hydraulic-head distribution of the aquifer
is controlled by the location and depth of
incisement of creeks that dissect the area. The
incisement of these streams and their
tributaries has divided the interstream areas of
the water-table aquifer into “"groundwater
islands." Each "groundwater island" behaves
as an independent hydrogeologic subset of the
water-table aquifer with unique recharge and
discharge areas. The stream acts as the
groundwater discharge boundary for the
interstream area. The head distribution pattern
in these groundwater islands tends to follow
topography and is characterized by higher
heads in the interstream area with gradually
declining heads toward the bounding streams.
Groundwater divides are present near the
center of the interstream areas. Water-table
elevations reach a maximum of 76 meters (250
feet) msl in the northwest corner of the study
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area and decline to approximately 30 meters
(100 feet) msl near the Savannah River.

Porosity and permeability of the Upper Three
Runs aquifer are variable across the study
area. In the northern and central regions, the
aquifer yields only small quantities of water,
owing to the presence of interstitial silt and
clay and poorly sorted sediments that combine
to significantly reduce permeability. Local
lenses of relatively clean, permeable sand
however, may, yield sufficient quantities for
domestic use. Such high-permeability zones
have been observed in the General
Separations Area near the center of the study
area and may locally influence the movement
of groundwater .

Porosity and permeability were determined for
Upper Three Runs aquifer sand samples
containing less than 25 percent mud, using the
Beard and Weyl method. Porosity averages
35.3 percent; the distribution is approximately
normal, but skewed slightly toward higher
values. Geometric mean permeability is 31.5
Darcies (23 m/day [76.7 ft/day]) with about 60
percent of the values between 16 and 64
Darcies (12 and 48 m/day [39 and 156
ft/day]).

Recharge to the Upper Three Runs aquifer
occurs at the water-table by infiltration
downward from the land surface. In the
“upper” aquifer zone, part of this groundwater
moves laterally toward the bounding streams
while part moves vertically downward. The
generally low vertical hydraulic conductivities
of the “upper” aquifer zone and the
intermittent occurrence of the “tan clay"
confining zone retard the downward flow of
water, producing vertical hydraulic-head
gradients in the "upper" aquifer zone and
across the "tan clay” confining zone.

Downward hydraulic-head differences in the
“upper” aquifer zone vary from 1.4 to 1.64
meters (4.5 to 5.4 feet), and differences across
the “tan clay” are as much as 6.5 meters (15.8
feet) in H Area. At other locations in the
General Separations Area, the head difference
across the “tan clay” confining zone is only
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0.3 to 1 meter (0.1 to 3.2 feet), essentially
what might be expected due simply to low
vertical flow in a clayey sand aquifer.
Therefore, the ability of the "tan clay”
confining zone to impede water flow varies
greatly over the General Separations Area.

Groundwater leaking downward across the
"tan clay” confining zone recharges the
"lower" aquifer zone of the Upper Three Runs
aquifer. Most of this water moves laterally
toward the bounding streams; the remainder
flows vertically downward across the Gordon
confining unit into the Gordon aquifer. All
groundwater moving toward Upper Three
Runs Creek leaks through the Gordon
confining unit or enters small streams.
Vertical hydraulic-head differences in the
"lower" aquifer zone range from 0.5 to 1 meter
(1.5 to 3.2 feet) in H Area and indicate some
vertical resistance to flow.

Gordon Confining Unit

Clayey sand and clay of the Warley Hill
Formation and clayey, micritic limestone of
the Blue Bluff Member of the Santee
Limestone constitute the Gordon confining
unit. The Gordon confining unit separates the
Gordon aquifer from the overlying Upper
Three Runs aquifer. The unit has been
informally termed the "green clay" in previous
SRS reports.

In the study area, the thickness of the Gordon
confining unit ranges from about 1.5 to 26
meters (5 to 85 feet). The unit thickens to the
southeast. From Upper Three Runs Creek to
the vicinity of L Lake and Par Pond, the
confining unit generally consists of one or
more thin clay beds, sandy mud beds, and
sandy clay beds intercalated with subordinate
layers and lenses of quartz sand, gravelly sand,
gravelly muddy sand, and calcareous mud.
Southward from L Lake and Par Pond,
however, the unit undergoes a stratigraphic
facies change to clayey micritic limestone and
limey clay typical of the Blue Bluff Member.
The fine-grained carbonates and
carbonate-rich muds constitute the farthest
updip extent of the "middle confining unit" of
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the  Floridan  Aquifer = System  (the
hydrostratigraphic equivalent of the Gordon
confining unit), which dominates in coastal
areas of South Carolina and Georgia.

North of the updip limit of the Gordon
confining unit, the fine-grained clastics of the
Warley Hill Formation are thin, intermittent,
and no longer effective in regionally
separating groundwater flow. Here, the Steed
Pond aquifer is defined. Although thin and
intermittent, the clay, sandy clay, and clayey
sand beds of the Warley Hill Formation can be
significant at the site-specific level and often
divide the Steed Pond aquifer into aquifer
zones.

Gordon Aquifer Unit

The Gordon aquifer consists of all the
saturated strata that occur between the Gordon
confining unit and the Crouch Branch
confining unit in both the Floridan - Midville
Aquifer System and the Meyers Branch
confining  system. The aquifer is
semiconfined, with a downward potential from
the overlying Upper Three Runs aquifer
observed in interfluvial areas, and an upward
potential observed along the tributaries of the
Savannah River where the Upper Three Runs
aquifer is incised. The thickness of the
Gordon aquifer ranges from 12 meters (38
feet) at well P-4A to 56 meters (185 feet) at
well C-6 and generally thickens to the east and
southeast. Thickness variations in the
confining lithologies near the Pen Branch
Fault suggest depositional effects owing to
movements on the fault in early Eocene time.
The Gordon aquifer is partially eroded near
the Savannah River and Upper Three Runs
Creek. The regional potentiometric map of
the Gordon aquifer indicates that major
deviations in the flow direction are present
where the aquifer is deeply incised by streams
that drain water from the aquifers.

The Gordon aquifer is characterized by the
hydraulic properties of the sediments
penetrated in reference well P-27 located near
the center of SRS. The unit is 23 meters (75.5
feet) thick in well P-27 and occurs from 38 to
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15 meters (125 to 48 feet) msl. The aquifer
consists of the sandy parts of the Snapp
Formation and the overlying Fourmile and
Congaree Formations. Clay beds and stringers
are present in the aquifer, but they are too thin
and discontinuous to be more than local
confining beds. The aquifer in wells P-21 and
P-22 includes a clay bed that separates the
Congaree and Fourmile Formations. The clay
bed appears sufficiently thick and continuous
to justify splitting the Gordon aquifer into
zones in the southeastern quadrant of SRS.

Downdip, the quartz sand of the Gordon
aquifer grades into quartz-rich, fossiliferous
lime grainstone, packstone, and wackestone,
which contain considerably more glauconite
than the updip equivalents. Porosity of the
limestone as measured in thin-section ranges
from 5 to 30 percent and is mostly moldic and
vuggy.

South of SRS, near well ALL-324, the Gordon
aquifer consists of interbedded glauconitic
sand and shale, grading to sandy limestone.
Farther south, beyond well C-10, the aquifer
grades into platform limestone of the Lower
Floridan aquifer of the carbonate phase of the
Floridan Aquifer System,

The Gordon aquifer is recharged directly by
precipitation in the outcrop area and in
interstream drainage divides in and near the
outcrop area. South of the outcrop area, the
Gordon is recharged by leakage from
overlying and underlying aquifers. Because
streams such as the Savannah River and Upper
Three Runs Creek cut through the aquifers of
the Floridan Aquifer System, they represent
no-flow boundaries. As such, water
availability or flow patterns on one side of the
boundary (stream) will not change appreciably
due to water on the other side. In the central
part of SRS, where the Gordon confining unit
is breached by faulting, recharge to the
Gordon aquifer is locally increased.

Most of the Gordon aquifer is under confined
conditions, except along the fringes of Upper
Three Runs Creek (i.e., near the updip limit of
the Gordon Confining Unit) and the Savannah
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River. The potentiometric-surface map of the
aquifer shows that the natural discharge areas
of the Gordon aquifer at SRS are the swamps
and marshes along Upper Three Runs Creek
and the Savannah River. These streams
dissect the Floridan Aquifer System, resulting
in unconfined conditions in the stream valleys
and probably in semiconfined (leaky)
conditions near the valley walls. Reduced
head near Upper Three Runs Creek induces
upward flow from the Crouch Branch aquifer
and develops the "head reversal" that is an
important aspect of the SRS hydrogeological
system.  The northeast-southwest oriented
hydraulic gradient across SRS is consistent
and averages 0.9 m/km (4.8 ft/mi). The
northeastward deflection of the contours along
the Upper Three Runs Creek indicates
incisement of the sediments that constitute the
aquifer by the creek.

Hydraulic characteristics of the Gordon are
less variable than those noted in the Upper
Three Runs aquifer. Hydraulic conductivity
decreases downdip near well C-10 owing to
poor sorting, finer grain size, and an increase
in clay content.

Steed Pond Aquifer Unit

North of Upper Three Runs Creek where the
Floridan - Midville Aquifer System is defined,
the permeable beds that correspond to the
Gordon and Upper Three Runs aquifers of the
Floridan Aquifer System are only locally
separated, owing to the thin and intermittent
character of the intervening clay beds of the
Gordon confining unit (Warley Hill
Formation) and to erosion by the local stream
systems that dissect the interval. Here, the
aquifers coalesce to form the Steed Pond
aquifer of the Floridan-Midville Aquifer
System.

The Steed Pond aquifer is defined by
hydrogeologic characteristics of sediments
penetrated in well MSB-42 located in
A/M Area in the northwest corner of SRS.
The aquifer is 29.6 meters (97 feet) thick.
Permeable beds consist mainly of subangular,
coarse- and medium-grained, slightly gravelly,
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submature quartz sand and clayey sand.
Locally, the Steed Pond aquifer can be divided
into zones. In A/M Area three zones are
delineated, the "Lost Lake" zone, and the
overlying "M Area" aquifer zones, separated
by clay and clayey sand beds of the "green
clay" confining zone.

In A/M Area, water enters the subsurface
through precipitation, and recharge into the
"M-Area" aquifer zone occurs at the
water-table by infiltration downward from the
land surface. A groundwater divide exists in
the A/M Area in which lateral groundwater
flow is to the southeast towards Tims Branch
and southwest towards Upper Three Runs
Creek and the Savannah River floodplain.
Groundwater also migrates downward and
leaks through the "green clay" confining zone
into the "Lost Lake" aquifer. The "green clay"
confining zone that underlies the "M-Area"
aquifer zone is correlative with the Gordon
confining unit south of Upper Three Runs
Creek.

Meyers Branch Confining System. The
Meyers Branch confining system separates the
Floridan Aquifer System from the underlying
Dublin and Dublin-Midville Aquifer Systems.
North of the updip limit of the confining
system, the Floridan and Dublin-Midville
Aquifer  Systems are in  hydraulic
communication and the aquifer systems
coalesce to form the Floridan-Midville
Aquifer System.

Sediments of the Meyers Branch confining
system correspond to clay and interbedded
sand of the uppermost Steel Creek Formation,
and to clay and laminated shale of the Sawdust
Landing/Lang Syne and Snapp Formations. In
the northwestern part of the study area, the
sediments that form the Meyers Branch
confining system are better sorted and less
silty, with thinner clay interbeds. This is the
updip limit of the Meyers Branch confining
system .
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Crouch Branch Confining Unit

In the SRS area, the Meyers Branch confining
system consists of a single hydrostratigraphic
unit, the Crouch Branch confining unit, which
includes several thick and relatively
continuous (over several kilometers) clay
beds. The Crouch Branch confining unit
extends north of the updip limit of the Meyers
Branch confining system where the clay thins
and is locally absent and faulting observed in
the region locally breaches the unit. Here, the
Crouch Branch confining unit separates the
Steed Pond aquifer unit from the underlying
Crouch Branch aquifer unit.  Downdip,
generally south of the study area, the Meyers
Branch confining system could be further
subdivided into aquifer and confining units if
this should prove useful for hydrogeologic
characterization.

As indicated earlier, a hydraulic-head
difference persists across the Crouch Branch
confining unit near SRS. Owing to deep
incisement by the Savannah River and Upper
Three Runs Creek into the sediments of the
overlying Gordon aquifer, an upward
hydraulic gradient (vertical-head reversal)
persists across the Crouch Branch confining
unit over a large area adjacent to the Savannah
River floodplain and the Upper Three Runs
Creek drainage system. This "head reversal"
is an important aspect of the groundwater flow
system near SRS and provides a natural means
of protection from contamination of the lower
aquifers.

The total thickness of the Crouch Branch
confining unit where it constitutes the Meyers
Branch confining system ranges from 17.4 to
56.1 meters (57 to 184 feet). Updip, the
thickness of the Crouch Branch confining unit
ranges from < 1 to 31.7 meters (3.3 to 104
feet). The confining unit dips approximately 5
m/km (16 ft/mi) to the southeast. The
confining unit is comprised of the “upper” and
“lower” confining zones, which are separated
by a “middle sand” zone.

In general, the Crouch Branch confining unit
contains two to seven clay to sandy clay beds
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separated by clayey sand and sand beds that
are relatively continuous over distances of
several kilometers. The clay beds in the
confining unit are anomalously thin and fewer
in number along a line that parallels the
southwest-northeast trend of the Pen Branch
and Steel Creek Faults and the northeast
southwest trending Crackerneck Fault. The
reduced clay content near the faults suggests
shoaling due to uplift along the faults during
deposition of the Paleocene Black Mingo
Group sediments.

In A/M Area, the Crouch Branch confining
unit can often be divided into three zones: an
“upper clay” confining zone is separated from
the underlying “lower clay” confining zone by
the “middle sand” aquifer zone. The "middle
sand" aquifer zone consists of very poorly
sorted sand and clayey silt of the Lang
Syne/Sawdust Landing Formations. The
"middle sand" aquifer zone has a flow
direction that is predominantly
south/southwest toward Upper Three Runs
Creek.

In places, especially in the northern part of
A/M Area, "upper clay" confining zone is very
thin or absent. Here, only the “lower clay”
confining zone is capable of acting as a
confining unit and the "middle sand" zone is
considered part of the Steed Pond aquifer.
Similarly, when the clay beds of the "lower
clay" confining zone are very thin or absent,
the "middle sand" aquifer zone is considered
part of the Crouch Branch aquifer unit. This is
the case in the far northeastern part of the
study area.

The "lower clay" confining zone has been
referred to as the lower Ellenton clay, the
Ellenton clay, the Peedee clay, and the
Ellenton/Peedee clay in previous SRS reports.
It consists of the massive clay bed that caps
the Steel Creek Formation. The zone is
variable in total thickness and, based on 31
wells that penetrate the unit, ranges from 1.5
to 19 meters (5 to 62 feet) and averages 7.3
meters (24 feet) thick.
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Dublin Aquifer System. The Dublin Aquifer
System is present in the southeastern half of
SRS and consists of one aquifer, the Crouch
Branch aquifer. It is underlain by the
Allendale confining system and overlain by
the Meyers Branch confining system. The
updip limit of the Dublin Aquifer System in
the study area corresponds to the updip limit
of the Allendale confining system. North of
this line, the Dublin-Midville Aquifer System
is defined.

The thickness of the Dublin Aquifer System
generally increases toward the south and
ranges from approximately 53 to 88 meters
(175 to 290 feet). The top of the unit dips 3.79
m/km (20 ft/mi) to the southeast. The unit
thins to the east toward the Salkehatchie River
and to the west toward Georgia. Near the
updip limit of the system, thicknesses are
variable and probably reflect the effects of
movement along the Pen Branch Fault during
deposition of the middle Black Creek clay.

The Dublin Aquifer System was defined and
named by Clarke et al, for sediments
penetrated by well 21-U4 drilled near the town
of Dublin in Laurens County, Georgia. The
upper part of the Dublin Aquifer System
consists of fine to coarse sand and limestone
of the lower Huber-Ellenton unit. Comparable
stratigraphic units serve as confining beds in
the SRS area and are considered part of the
overlying Meyers Branch confining system.
Clarke et al.., noted that to the east near the
Savannah River, clay in the upper part of the
lower Huber-Ellenton unit forms a confining
unit that separates an upper aquifer of
Paleocene age from a lower aquifer of Late
Cretaceous age. The upper aquifer of Clarke
et al., is the Gordon aquifer as defined in the
study, and their confining unit constitutes the
Meyers Branch confining system of the SRS
region. The lower part of the Dublin Aquifer
System consists of alternating layers of clayey
sand and clay of the Peedee-Providence unit.

Sediments typical of the Dublin Aquifer
System are penetrated in the reference well
P-22. The system consists of the well-sorted
sand and clayey sand of the Black Creek
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Formation and the moderately sorted sand and
interbedded sand and clay of the Steel Creek
Formation. The aquifer is overlain by the clay
beds that cap the Steel Creek Formation.
These clay beds constitute the base of the
Meyers Branch confining system.

The Dublin Aquifer System is 65 meters (213
ft) thick in well P-22; the top is at an elevation
of -68 meters (-223 feet) msl and the bottom at
-133 meters (-436 feet) msl. The Dublin
includes five clay beds in this well.

In the southern part of the study area and
farther south and east, the Dublin shows much
lower values for hydraulic conductivity and
transmissivity, probably due to the increase of
fine-grained sediments toward the coast.

Dublin - Midville Aquifer System. The
Dublin-Midville Aquifer System underlies the
central part of SRS. The system includes all
the sediments in the Cretaceous Lumbee
Group from the Middendorf Formation up to
the sand beds in the lower part of the Steel
Creek Formation. The system is overlain by
the Meyers Branch confining system and
underlain by the indurated clayey silty sand
and silty clay of the Appleton confining
system. The updip limit of the system is
established at the updip pinchout of the
overlying Meyers Branch confining system
(see Figure 1.4-22). The downdip limit of the
Dublin-Midville is where the Allendale
becomes an effective confining system (see
Figure 1.4-22). The Dublin-Midville and the
updip Floridan-Midville Aquifer Systems
were referred to as the Tuscaloosa aquifer by
Siple.

The thickness of the Dublin-Midville Aquifer
System ranges from approximately 76 to 168
meters (250 to 550 feet). The dip of the upper
surface of the system is about 3.8 m/km (20
ft/mi) to the southeast. Near the downdip limit
of the system, thicknesses are variable and
probably reflect the effects of movement along
the Pen Branch Fault. Shoaling along the fault
trace resulted in a relative increase in the
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thickness of the aquifers at the expense of the
intervening confining unit.

The Dublin-Midville Aquifer System includes
two aquifer units, the McQueen Branch
aquifer, and the Crouch Branch aquifer,
separated by the McQueen Branch confining
unit.  The two aquifers can be traced
northward, where they continue to be an
integral part of the Floridan-Midville Aquifer
System and southward where they constitute
the aquifer units of the Midville and Dublin
Aquifer Systems, respectively.

The Dublin-Midville Aquifer System is
defined at the type well P-27. Here, the
system is 153 meters (505 feet) thick and
occurs from -25 meters (-82 feet) msl to -179
meters (-587 feet) msl. It consists of medium-
to very coarse-grained, silty sand of the
Middendorf Formation and clayey, fine to
medium sand and silty clay beds of the Black
Creek Formation (Ref. 118). The system
includes a thick clay bed, occurring from -100
meters (-329 feet) msl to -117 meters (-384
feet) msl, which constitutes the McQueen
Branch confining unit.

A regional potentiometric surface map
prepared by Siple for his "Tuscaloosa aquifer,"

indicates that the Savannah River has
breached the Cretaceous sediments and is a
regional discharge area for the
Floridan-Midville ~ Aquifer = System, the

Dublin-Midville Aquifer System, and the
updip part of both the Dublin and Midville
Aquifer Systems. The Savannah River,
therefore, represents a no-flow boundary
preventing the groundwater in these aquifer
systems from flowing southward into Georgia.

Crouch Branch Aquifer Unit

The Crouch Branch aquifer constitutes the
Dublin Aquifer System in the southern part of
the study area. Farther south, the Dublin can
be subdivided into several aquifers and
confining units. In the central part of the
study area, the Crouch Branch aquifer is the
uppermost of the two aquifers that constitute
the Dublin-Midville Aquifer System. Farther
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north in the northwestern part of SRS and
north of the site, the Crouch Branch aquifer is
the middle aquifer of the three aquifers that
constitute the Floridan-Midville Aquifer
System.

The Crouch Branch aquifer is overlain by the
Crouch Branch confining unit and is underlain
by the McQueen Branch confining unit. It
persists throughout the northern part of the
study area, but near the updip limit of the
Coastal Plain sedimentary clastic wedge, the
Crouch Branch confining unit ceases to be
effective and the Crouch Branch aquifer
coalesces with the Steed Pond aquifer.

The Crouch Branch aquifer ranges in
thickness from about 30 to 107 meters (100 to
350 feet). Thickness of the unit is variable
near the updip limit of the Dublin Aquifer
System where sedimentation was affected by
movement along the Pen Branch Fault. The
reduced clay content in this vicinity suggests
shoaling due to uplift along the fault during
Late Cretaceous and Paleocene time, resulting
in the deposition of increased quantities of
shallow-water, coarse-grained clastics along
the crest of the fault trace. The sandy beds act
hydrogeologically as part of the Crouch
Branch aquifer, resulting in fewer and thinner,
less persistent clay beds in the overlying and
underlying confining units.

The Crouch Branch aquifer thins dramatically
in the eastern part of the study area at the same
general location where the underlying
McQueen Branch confining unit and the
overlying Crouch Branch confining unit
thicken at the expense of Crouch Branch sand.
Clay beds in the Crouch Branch aquifer
generally thicken in the same area and
constitute as much as 33 percent of the unit at
the well C-6.

Sediments of the Crouch Branch aquifer are
chiefly sand, muddy sand, and slightly
gravelly sand intercalated with thin,
discontinuous layers of sandy clay and sandy
mud. Hydraulic conductivity of the Crouch
Branch aquifer, determined from eleven
pumping tests by Siple and from analyses
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made by GeoTrans, ranges from 8.5 to 69
m/day (28 to 227 ft/day). Comparatively high
hydraulic  conductivity occurs in a
northeast-southwest trending region
connecting D Area, Central Shops, and R Area
and defines a "high permeability" zone in the
aquifer. Here, hydraulic conductivities range
from 36 to 69 m/day (117 to 227 ft/day). The
"high permeability" zone parallels the trace of
the Pen Branch Fault, and reflects changing
depositional environments in response to
movement alorig the fault as described above.
South of the trace of the Pen Branch Fault,
hydraulic conductivity for the aquifer reflects
the return to a deeper water shelf/deltaic
depositional regime.

Allendale Confining System. The Allendale
confining system is present in the southeastern
half of the study area and separates the
Midville Aquifer System from the overlying
Dublin Aquifer System. In the study area, the
Allendale confining system consists of a
single unit, the McQueen Branch confining
unit. The confining system is correlative with
the unnamed confining unit that separates the
Middendorf and Black Creek aquifers of
Aucott et al, and with the Black
Creek-Cusseta confining unit of Clark et al.
The system dips approximately 6.7 m/km (27
ft/mi) to the southeast and thickens uniformly
from about 15.2 meters (50 feet) at the updip
limit to about 61 meters near the eastern
boundary of the study area. The rate of
thickening is greater in the east than in the
west. The updip limit of this confining system
is established where pronounced thinning
occurs parallel to the Pen Branch Fault.

Sediments of the Allendale confining system
are fine grained and consist of clayey, silty
sand, clay, and silty clay and micritic clay
beds that constitute the middle third of the
Black Creek Formation. North of the updip
limit of the confining system, where the
McQueen Branch confining unit is part of the
Dublin-Midville Aquifer System, the section
consists of coarser-grained, clayey, silty sand
and clay beds.
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MeQueen Branch Confining Unit

The McQueen Branch confining unit is
defined by the hydrogeologic properties of the
sediments penetrated in well P-27. At its
type-well location, the McQueen Branch
confining unit is 17 meters (55 feet) thick, and
is present from -100 to -117 meters (-329 to —
384 feet) msl. Total clay thickness is 14
meters (45 feet) in three beds, which is 82% of
the total thickness of the unit, with a leakance

coefficient of 3.14 x 10° m/day (1.03x10°
ft/day). The confining unit in well P-27
consists of the interbedded, silty, often sandy
clay and sand beds that constitute the middle
third of the Black Creek Formation.

The clay beds tend to be anomalously thin
along a line that parallels the
southwest-northeast trend of the Pen Branch
Fault and the north-south trend of the Atta
Fault. The reduced clay content in these areas
suggests shoaling due to uplift along the faults
during Upper Black Creek-Steel Creek time.

Midville Aquifer System. The Midville
Aquifer System is present in the southern half
of the study area; it overlies the Appleton
confining system and is succeeded by the
Allendale confining system. In the study area,
the Midville Aquifer System consists of one
aquifer, the McQueen Branch aquifer unit.
South of well C-10 (see Figure 1.4-21), the
system may warrant further subdivision into
several aquifers and confining units.
Thickness of the unit ranges from 71 meters
(232 feet) at well P-21 to 103 meters (339
feet) at well C-10. Variation in the thickness
of the unit, as well as the updip limit of the
system, results from variation in the thickness
and persistence of clay beds in the overlying
Allendale confining system. Near the Pen
Branch Fault, contemporaneous movement on
the fault may have resulted in shoaling in the
depositional environment, which is manifested
in a thickening of the sands associated with
the Midville Aquifer System. The upper
surface of the aquifer system dips
approximately 4.73 m/km (25 ft/mi) to the
southeast across the study area.
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The Midville Aquifer System was defined and
named by Clarke et al. (Ref. 121) for the
hydrogeologic properties of the sediments
penetrated in well 28-X1, near the town of
Midville in Burke County, Georgia. Here, the
upper part of the aquifer system consists of
fine to medium sand of the lower part of the
Black Creek-Cusseta unit. The Midville is
comparable to the lower portion of the
Chattahoochee River aquifer of Miller and
Renken (Ref. 104) and correlative with the
Middendorf aquifer of Aucott and Sperian.

McQueen Branch Aquifer Unit

The McQueen Branch aquifer unit occurs
beneath the entire study area. It thickens from
the northwest to the southeast and ranges from
36 meters (118 feet) at well AIK-858 to 103
meters (339 feet) at well C-10 to the south.
Locally, thicknesses are greater along the trace
of the Pen Branch Fault because of the
absence and/or thinning of clay beds that
compose the overlying McQueen Branch
confining unit. The upper surface of the
McQueen Branch dips approximately 4.7
m/km (25 ft/mi) to the southeast.

The McQueen Branch aquifer unit is defined
for the hydrogeologic properties of sediments
penetrated by well P-27 near the center of the
study area. Here, it is 62 meters (203 feet)
thick and occurs from -117 to -180 meters
(-384 to —587 feet) msl. It contains 56 meters
(183 feet) of sand in four beds, (which is 90%
of the total thickness of the unit). The aquifer
consists of silty sand of the Middendorf
Formation and clayey sand and silty clay of
the lower one-third of the Black Creek
Formation. Typically, a clay bed or several
clay beds that cap the Middendorf Formation
are present in the aquifer. These clay beds
locally divide the aquifer into two aquifer
Zones.

Appleton Confining System

The Appleton confining system is the
lowermost  confining system of the
Southeastern Coastal Plain  hydrogeologic
province and separates the province from the
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underlying Piedmont hydrogeologic province.
It is equivalent to the Black Warrior River
aquifer of Miller and Renken and to the basal
unnamed confining unit of Aucott et al. (Ref.
122).  The confining system is essentially
saprolite of the Paleozoic and Mesozoic
basement rocks and indurated, silty and sandy
clay beds, silty clayey sand and sand beds of
the Cretaceous Cape Fear Formation.
Thickness of saprolite ranges from 2 to 14
meters (6 to 47 feet), reflecting the degree of
weathering on the basement unconformity
prior to deposition of the Cape Fear
terrigenous clastics. Thickness of saprolite
determined from the Deep Rock Borings study
(DRB wells) ranges from 9 to 30 meters (30 to
97 feet) and averages 12 meters (40 feet) in
wells DRB-1 to DRB-7. In the northern part
of the study area, the Cape Fear Formation
pinches out and the Appleton consists solely
of saprolite.

Some variability in thickness is noted along
the trace of the Pen Branch Fault. It dips at
about 5.9 m/km (31 ft/mi) to the southeast and
thickens from 4.6 meters (15 feet) in well C-2
near the north end of the study area to 22
meters (72.2 feet) in well C-10 in the south.
Sediments of the confining system do not crop
out in the study area. Thinning of the
Appleton confining system in well PBF-2 is
probably a result of truncation of the section
by the Pen Branch Fault.

The confining system consists of a single
confining unit throughout the study area.
Toward the coast, however, the Appleton
confining system thickens considerably and
includes several aquifers.  The aquifers
included in the confining system in the
downdip region are poorly defined because
few wells penetrate them. They are
potentially water producing but the depth and
generally poor quality of water in the aquifers
probably precludes their utilization in the
foreseeable future. The Appleton confining
system includes no aquifer units or zones in
the northern and central parts of the study
area.
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Fine- to coarse-grained sand beds, often very
silty and clayey, occur in the upper part of the
Cape Fear Formation in the southern part of
the study area. The sand appears to be in
communication with sand of the overlying
McQueen Branch Aquifer System and is
included with that unit.

Hydrogeology of the Piedmont Province

The basement complex, designated the
Piedmont hydrogeologic province in this
report, consists of Paleozoic crystalline rocks,
and consolidated to semiconsolidated Upper
Triassic sedimentary rocks of the Dunbarton
basin. All have low permeability. The
hydrogeology of the province was studied
intensively at SRS to assess the safety and
feasibility of storing radioactive waste in these
rocks. The upper surface of the province dips
approximately 11 m/km (36 ft/mi) to the
southeast.  Origins of the crystalline and
sedimentary basement rocks are different, but
their hydraulic properties are similar. The
rocks are massive, dense, and practically
impermeable except where fracture openings
are encountered. Water quality in these units
is also similar. Both contain water with high
alkalinity and high levels of calcium, sodium,
sulfate, and chloride.  The low aquifer
permeability and poor water quality in the
Paleozoic and Triassic rocks render them
undesirable for water supply in the study area.

TECTONIC STRUCTURES: FAULTING,
FOLDING, AND RIFT BASINS

Paleozoic Basement Beneath SRS

Information concerning structural features in
the basement beneath Savannah River Site is
mainly derived from analysis of structural
fabrics recorded in core samples from deep
borings and at larger scales from geophysical
techniques such as gravity and magnetic
surveys and seismic reflection profiles (see
Dennis, this field guide).

An integrated analysis of the structural fabric
in the basement core in addition to the
geophysical data concluded that at least two
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regional scale ductile faults are present in the
basement beneath Savannah River Site and
vicinity, the Upper Three Runs fault and the
Tinker Creek Fault. These faults are
expressed in the aeromagnetic data as
lineaments and are interpreted to be associated
with a thrust duplex that emplaces the rocks of
the PBF Formation (Tinker Creek Nappe) over
the DRB formation . The age of the faulting is
constrained by a radiometric age on biotite
that dates the movement at about 300 Ma,
which would indicate that these faults are part
of the Paleozoic Eastern Piedmont Fault
System.

In order to resolve faulting that deform
Coastal Plain sediments, the topography of the
basement surface was mapped utilizing the
data listed above along with more recently
acquired seismic reflection profiles. The map
of basement topography indicates that offsets
of the basement surface that range from
approximately 30 meters (100 ft) in magnitude
down to the resolution limits of the data are
present on the basement surface. However
most of these offsets are of relatively small
magnitude and have limited lateral extents..
The Crackerneck and Pen Branch Faults are
relatively well constrained with borings. The
other faults are projected from geophysical
data only and their parameters are less well
known. Of these faults the Pen Branch fault
has been extensively studied.

Post-Rift and Cenozoic Structures. These
structures include offshore sedimentary basins,
such as the Carolina trough and the Blake
Plateau basin; transverse arches and
embayments, such as the Cape Fear arch and
the Southeast Georgia Embayment; Coastal
Plain faulting; and paleoliquefaction features
that provide information on the recurrence of
the Charleston earthquake.

Folding and Faulting

The most definitive evidence of crustal
deformation in the Late Cretaceous through
Cenozoic is the reverse sense faulting found in
the Coastal Plain section of the eastern U.S.
Under the auspices of the Reactor Hazards
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Program of the late 1970s and early 1980s,
USGS conducted a field mapping effort to
identify and compile data on all young
tectonic faults in the Atlantic Coastal Plain.
Consequently, many large, previously
unrecognized Cretaceous and Cenozoic fault
zones were found (Prowell, 1983). Of 131
fault localities cited, 26 were within North and
South Carolina. The identification of
Cretaceous and younger faults in the eastern
United States is greatly affected by
distribution of geologic units of that age.
Many of the faults reported by Prowell are
located in proximity to the Coastal Plain onlap
over the crystalline basement. This may be
due to the ease of identifying basement
lithologies in fault contact with Coastal
sediments.

Prowell and Obermeier characterized the
faults as mostly northeast trending reverse slip
fault zones with up to 100 km (62 miles)
lateral extent and up to 76 meters (250 feet)
vertical displacement in the Cretaceous. The
faults dip 40° to 85°. Offsets were observed to
be progressively smaller in  younger
sediments. This may be due to an extended
movement history from Cretaceous through
Cenozoic .

Offset of Coastal Plain sediments at SRS
includes all four Tertiary unconformities.
Following deposition of the Snapp Formation
some evidence indicates  oblique-slip
movement on the existing faults. The offsets
involve the entire Cretaceous to Paleocene
sedimentary section. In A/M Area, this
faulting formed a serious of horsts and grabens
bounded by subparallel faults that truncate at
the fault intersections. The strike orientations
of the individual fault segments vary from N
11°E to N 42°E, averaging about N 30°E.
Apparent vertical offset varies from 4.5 to 18
meters (15 to 60 feet), but throws of 9 to 12
meters (30 to 40 feet) are most common.

This faulting was followed by erosion and
truncation of the Paleocene section at the Lang
Syne/Sawdust Landing unconformity.
Subsequent sediments were normal faulted
following deposition of the Santee Formation.
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Typically, the offset is truncated at the Santee
unconformity, and the overlying Tobacco
Road/Dry Branch formations are not offset.
Locally, however, offset of the overlying
section indicates renewed movement on new
or existing faults after deposition of Tobacco
Road/Dry Branch sediments.

In conjunction with these observations of
Coastal Plain  faults, modern stress
measurements provide an indication of the
likelihood of Holocene movement. Moos and
Zoback report a consistent
northeast-southwest direction of maximum
horizontal compressive stress (N 55-70°E) in
the southeast U.S. Their determination is
based on direct in situ stress measurements,
focal mechanisms of recent earthquakes (see
Stevenson this guide book), and young
geologic indicators. Shallow seismicity in the
area, within  crystalline terranes, is
predominantly reverse character. Moos and
Zoback conclude that the northeast directed
stress would not induce damaging reverse and
strike-slip faulting earthquakes on the Pen
Branch fault, a northeast striking Tertiary fault
in the area. These same conclusions may be
implied for the other northeast trending faults
mapped by Prowell.

In A/M Area at SRS, faulting appears to have
been episodic and to have varied in style
during the Tertiary. Oblique-slip faulting
dominated the Cretaceous/Paleocene events,
with a local north-south stress orientation.
Subsequently, left-lateral shear on the
pre-existing faulting and normal faulting
occurred, with a corresponding shift in the
direction of maximum compressional stress
oriented N 20°E to N 30°E.

Pen Branch Fault

The Pen Branch fault has been regarded as the
primary structural feature at SRS that has the
characteristics necessary to pose a potential
seismic risk. As stated below, studies have
indicated that, despite this potential, the fault
is not capable.
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The Pen Branch fault is an upward
propagation of the northern boundary fault of

the Triassic Dunbarton basin that was
reactivated in Cretaceous/Tertiary time. The
fault dips steeply to the southeast. In the

crystalline basement, slip was originally down
to the southeast, resulting in the formation of
the Dunbarton rift basin. However, movement
during Cretaceous into Tertiary time was
reverse movement, that is, up to the southeast.
There could also be a component of strike-slip
movement.

Joints

Joints are common on the SRS and vicinity.
Though their mechanism of formation is not
well understood, their age was determined to
be constrained by interpretation that cutans
often developed along pre-existing joints. The
joints, therefore, pre-dated the pedogenic
processes that formed the cutans. Highly
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variable orientations of cutans suggested that
the orientation of joints on the SRS was also
highly variable. A gradual and consistent
change in orientation of cutans over 30 to 60
meters (100 to 200 feet) at some outcrops
suggested the orientation of joints also locally
changed gradually and consistently. A lack of
consistent preferred orientations of joints
across the SRS did not favor a tectonic origin

for these features. Furthermore, no clear
relationship existed between the
joint-controlled  cutans and the local
topography. The joints, therefore, were

probably not related to slope mass wasting. A
local, gradual change in orientation over
several hundred feet, and the common
occurrence of closed depressions on the SRS,
are consistent with differential settling from
subsurface dissolution.
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GCB-5 210 -- 410
Figure 3. Foot by foot sediment samples from well GCB-5. White strip indicates missing data.
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Figure 3. continued. &0 6
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"GCB-5 810' -- 960’

Figure 3. continued.
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Figure 5. Location of type and reference wells for hydrostratigraphic units at SRS.
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Establishing a Hydrostratigraphic Framework using Palynology:
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An

Example from the Savannah River Site, South Carolina, U.S.A.

Robert S. Van Pelt, Bechtel Savannah River Inc., Savannah River Site, Aiken South Carolina
Donald W. Engelhardt (deceased), Earth Sciences Resources Institute, University of South Carolina, Columbia,

South Carolina

Raymond A. Christopher, Dept. of Geological Sciences, Clemson University, Clemson, South Carolina
Joyce Lucas-Clark, Clark Geological Services, 1023 Old Canyon Road, Fremont, California

INTRODUCTION

The primary mission of the Savannah River
Site (SRS) is to produce nuclear materials for
national defense. In the 1980°s concern about
environmental issues precipitated studies of
the hydrogeology of the SRS. Since 1990, the
mission  has  expanded to  include
environmental restoration following more than
40 years of waste-producing activities.
Numerous waste-sites at SRS are currently
undergoing environmental assessments and/or
remediation under state and federal
regulations.

An essential part of the environmental
assessments is the characterization of the
subsurface hydrogeology. Hydrogeological
characterization involves establishing the
hydrologic and geologic conditions (including
the hydrostratigraphy), and incorporating this
information into groundwater flow and
contaminant transport models. Results from
the hydrogeology and groundwater models are
then applied in the selection of remediation
strategies for a waste site. At the SRS,
palynology has played a critical role in
establishing the hydrogeologic framework,
including the identification and
characterization of hydrogeologic units and
their relationships.

Differentiating among the sedimentary units
that comprise the hydraulic system at SRS can
be difficult when based solely on lithology.
Most of the units consist of sediments of near
shore and deltaic origin, regardless of age,
such that similar depositional origins mask
lithostratigraphic distinctions. Many
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sedimentary units are lenticular, comprise
several depositional facies, and transgress
time. Palynology has been applied to the

various  sedimentary units for  age
determination and paleoenvironmental
interpretation.

Palynology also plays an important role in the
detection of  groundwater  preferential
pathways, such as facies changes and
structural elements (e.g., faults). Prediction of
such pathways is essential for developing
accurate models of ground water contaminant
flow and transport. The  subsurface
investigation at the SRS represents one of the
frontier applications of palynology to
hydrogeology and environmental restoration.

PREVIOUS
AT SRS

PALYNOLOGICAL WORK

As early as the middle of the 1970's, the need
for  accurate  interpretation  of  the
hydrostratigraphy beneath the SRS became
apparent to those concerned with potential
contamination problems (Cahil, 1982; Faye
and Prowell, 1982; Marine and Root, 1975).
Palynology has been used from the middle of
the 1960's to the present as a basis for revising
the formal stratigraphy (Siple 1967; Prowell et
al., 1985a, 1985b; Gohn and Campbell, 1992;
Nystrom et al., 1991; Fallaw and Price, 1992,
1995). For example, the Sawdust Landing
Formation (hydrostratigraphically equivalent
to the middle part of the Crouch Branch
Confining Unit in the northern part of the
SRS; see Text-Figure 2) was determined to be
Paleocene rather than Cretaceous in age by
dinoflagellate and pollen analysis (Lucas-
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Clark, 1992a). Subsequently, this confining
unit was separated into three distinct
unconformity-bound  units  based on
palynological age interpretations (Aadland et
al., 1992). In general, age interpretations
based on palynology allow for more accurate
correlation with other stratigraphic units in the
southeastern Coastal Plain, in what has come
to be considered the Floridan Aquifer System.
The revised lithostratigraphy and study of
groundwater transport led to a complete
formal hydrostratigrapic nomenclature for the
SRS and surrounding vicinity (Aadland, 1990;
Aadland and Bledsoe, 1992, Aadland et al.,
1992; 1995) (Text-Figure 2).

Studies in the middle of the 1980's focused on
Tertiary carbonate units which were
considered as conduits for contaminants, and
which were difficult to correlate due to their
discontinuous, lenticular, reef-like nature.
Although palynomorphs are usually sparse in
the carbonates themselves, they are abundant
in the interbedded and encapsulating clays and
mud. Determining the age and identifying
reliable palynological datums in these
otherwise unfossiliferous fine-grained detrital
units was determined to be more critical to the
correlation of the carbonates than were the
fossils in the carbonates themselves.

More recent emphasis on environmental
restoration has required compliance with state
and federal regulations, (e.g. Resource
Conservation and Recovery Act (RCRA)/
Comprehensive  Environmental —Response
Compensation and Liability Act (CERCLA)),
which require a complete subsurface
hydrogeologic/geologic characterization of
waste sites, such as landfills, settling basins,
storage tank areas, etc. (Van Pelt et. al., 1993;
Lucas-Clark and Van Pelt, 1993; Van Pelt and
Lucas-Clark, 1996). In nearly all cases,
palynology has been utilized to aid in

identifying  hydrostratigraphic units and
improving and confirming well log
correlation.

Certain hydrostratigraphic units, specifically
confining units, have characteristic
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dinoflagellate and pollen assemblages that can
provide age and paleoenvironment
interpretations. The interpretations allow for
accurate correlation as well as prediction of
pinch outs and leaks in the confining units.
Some confining units, such as the lower part
of the Crouch Branch Confining Unit, were
deposited under marine conditions and
represent a major transgressive sequence.
Others units, such as the late Paleocene upper
part of the Crouch Branch Confining Unit, are
characterized by dinoflagellates that are
abundant in deltaic and possibly brackish
water  environments. Overall, shelfal
dinoflagellate assemblages appear to dominate
confining units that are more reliable as
continuous barriers to hydrologic flow except
where breached by unconformities; shallow
water (e.g., estuarine, lagoonal) dinoflagellate
assemblages generally comprise confining
units that are not reliable barriers to vertical
groundwater flow. This relationship is
illustrated by the upper part of the Crouch
Branch Confining Unit, which grades into
coarser grained non-marine sediments on the
southeastern side of the Savannah River, and
is absent on the northwest side of the
Savannah River. This conclusion was
particularly significant to the Trans-River
Flow study conducted in the middle of the
1990’s by the United States Geological
Survey and the Georgia State Geological
Survey. The focus of the Trans-River Flow
study was to determine the possibility of
contaminated groundwater migrating from the
Savannah River Site under the Savannah
River and into the aquifers in Georgia (Clarke
et al,1994; Clarke et al., 1996; Leeth et al.,
1996; Falls et al., 1997a and b; Huddlestun
and Summerour, 1996; and Clarke and West,
1997).

SAVANNAH RIVER SITE HYDRO-
GEOLOGY AND PALYNOLOGICAL
STRATIGRAPHY

The hydrology beneath the SRS and
surrounding area is controlled by the pre-
Cretaceous Paleozoic metamorphic and
Triassic clastic rocks and overlying Coastal
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Plain sediments. Poor water quality and low
permeability prevent usage of ground water
from within the pre-Cretaceous units.
Overlying these units, however, the Coastal
Plain sediments comprise a multi-layer
hydrologic system in which retarding clay and
marl beds are inter-layered with sands and
limestone beds that transmit water more
readily (Aadland and Bledsoe, 1992). In
ascending stratigraphic order, the hydrologic
system is divided into four aquifers (McQueen
Branch, Crouch Branch, Gordon, and Upper
Three Runs Aquifers), each separated by
intervening confining units (Text-Figure 3).
The Gordon and Upper Three Runs Aquifers
coalesce in the northern part of the area to
form the Steed Pond Aquifer (Lewis and
Aadland, 1992).

The relation between the palynology and the
hydrogeology is presented below. Selected
palynomorphs  that are  wuseful in
hydrostratigraphic correlation are presented in
Text-Figures 4 through 8. The hydrogeology
is presented in ascending order.

Appleton Confining System

Separating the aquifers of the Coastal Plain
sequence from basement is the Appleton
Confining System, which consists of saprolite
overlying crystalline basement rock, and the
sedimentary unit referred to as the Cape Fear
Formation. The Cape Fear Formation is
mainly non-marine and dated by pollen and
spores as middle Turonian to Santonian (Late
Cretaceous) in age (Lucas-Clark, 1992a). The
Appleton  Confining System/Cape Fear
Formation is characterized by the presence of
a distinctive pollen type that has been referred
to as aff. Porocolpopollenites spp. by Doyle
and Robbins (1977) (Text-Figure 6A). In

addition, the wunit contains diverse and
abundant representatives of the genus
Complexiopollis, including C.  abditus

Tschudy 1973 (Text-Figure 6B), as well as
other described and undescribed forms. All
species of Complexiopollis that occur in the

unit are of the “newer” wvariety as
characterized by  Christopher  (1979).
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Representatives of the genus
Pseudoplicapollis (Text-Figure 6C) also occur
throughout the unit, but they are not so
abundant as are the Complexiopollis forms.
Other genera that are present in assemblages
from the Appleton Confining System/Cape
Fear Formation are Praecursipollis (Text-
Figure 6D), Osculapollis (Text-Figure 6E),
Trudopollis (Text-Figure 6F), Plicapollis
(Text-Figure 6G), Labrapollis (Text-Figure
6H), and numerous undescribed forms.

McQueen Branch Aquifer

The McQueen Branch Aquifer overlies the
Appleton Confining System and is the lower
of two Cretaceous aquifers at SRS. This
aquifer represents the principal source for
domestic use at SRS. Domestic wells in these
sands commonly yield more than 1000 gallons
per minute of high quality water.

The McQueen Branch Aquifer corresponds to
the sands that are referred to as the
Middendorf Formation as well as these in the
lower part of the Black Creek Formation at
SRS. The Middendorf Formation is
considered non-marine to shallow marine in
origin, and correlates with the lower (but not
basal) part of the Tar Heel Formation in North
Carolina. Dinoflagellates and pollen in the
shallow marine facies have yielded mainly
early Campanian (Late Cretaceous) ages. In
most marine samples from the Middendorf
Formation, dinoflagellates are sparse and
assemblages consist mainly of spiny cysts and
a few peridiniacean genera such as
Subtilisphaera Jain & Millepied, Spinidinium
Cookson & Eisenack, and Palaeocystodinium
Alberti.  Pollen assemblages from units
mapped as the Middendorf Formation at SRS
are distinctly different from those in the
underlying Appleton Confining System/Cape
Fear Formation, which reflects the
unconformity that separates these units.
Occurring in the Middendorf assemblages are
Plicapollis usitatus Tschudy 1975 (Text-
Figure 61), representatives of the genus
Proteacidites  (Text-Figure 6J), two
undescribed species with  monocolpate
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apertures and echinate surface ornamentation,
and a variety of undescribed taxa. In addition,
the lowest stratigraphic occurrence of
Holkopollenites chemardensis Fairchild in
Stover et al., 1966 (Text-Figure 6M, N) occurs
within this unit (Text-Figure 4). The pollen
data suggest an early Campanian age for the
unit.

The lower part of the Black Creek Formation
1s marine to non marine in origin, and contains
pollen assemblages similar to those in the
underlying Middendorf Formation.
Dinoflagellates in the shallow marine facies
have yielded mainly Campanian ages. In most
of the marine samples, dinoflagellates are

abundant, and assemblages consist of
abundant small peridiniacean species of
Subtilisphaera, Spinidinium,

Palaeohystrichophora Deflandre, and larger
peridiniacean species of Andalusiella (Riegel)
Riegel & Sarjeant, Xerascus Cookson &

Eisenack, Palaeocystodinium Alberti,
Cerodinium Vozzennikova, and
Trithyrodinium Drugg. Gonyaulacacean

dinoflagellates other than ceratioid types are
sparse (Lucas-Clark, 1992a). Age diagnostic
dinoflagellate species in the McQueen Branch
Aquifer/Black Creek Formation include
Andalusiella  spicata (May) Lentin and
Williams, Xenascus sarjeantii (Corradini)
Stover & Evitt, and Palaeohystrichophora
infusorioides Deflandre.

McQueen Branch Confining Unit

The McQueen Branch Confining Unit
separates the two Cretaceous (McQueen
Branch and Crouch Branch) aquifers. The
unit thins and pinches out in the vicinity of the
well cluster P 19 (Text-Figure 1) near the
center of the SRS (where the two Cretaceous
aquifers are in communication) but it persists
throughout the remainder of the site region.
The unit corresponds to the clays of the
middle part of the Black Creek Formation.

Dinoflagellates from this unit have yielded
mainly late Campanian ages. Characteristics
of the dinoflagellate assemblages vary. Some
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assemblages are dominated by spiny cysts;
others by Areoligera coronata (Wetzel)
Lejeune-Carpenter/senonensis;  others by
small peridiniacean cysts; and others by
Xenascus ceratioides (Deflandre) Lentin &
Williams/sarjeantii complex. Useful species
of dinoflagellates include Dinogymnium
euclaense Cookson & Eisenack, D. digitus
(Deflandre) Evitt et al., and
Palaeohystrichophora infusorioides var. A
and B of Aurisano (1989). Resedimentation of
early Cretaceous dinoflagellates is not
uncommon (Lucas-Clark, 1992a).

Pollen assemblages from the McQueen
Branch Confining Unit include a variety of
triporate forms that can be assigned to the
genera Momipites (Text-Figure 7Q, Z),
Caryapollenites  (Text-Figure 7R), and
Betulaceoipollenites (Text-Figure 7S) In
addition, representatives of the genus
Holkopollenites (Text-Figure 7V) are diverse
and, at times, common elements in these
assemblages. A late Campanian age is
suggested by the pollen data (Text-Figure 4).

Crouch Branch Aquifer

The Crouch Branch Aquifer represents the
upper of the two Cretaceous aquifers at SRS.
It consists of the sand layers at the uppermost
part of the Black Creek Formation and the
majority of the overlying Steel Creek
Formation. Dinoflagellates from the fine-
grained marine portions of this aquifer suggest
ages of late Campanian and Maastrichtian.
Unfortunately, the clean sands and highly
altered kaolinitic clays comprising the upper
part of this aquifer often do not contain well-
preserved fossil material. However, generic
level identification of dinoflagellates such as
Dinogymnium  spp. and  species of
Rugubivesiculites (Text-Figure 7BB) pollen
are useful in distinguishing Cretaceous from
overlying Tertiary units (Lucas-Clark and Van
Pelt, 1993). Diagnostic dinoflagellate species
include: Dinogymnium acuminatum Evitt et al,
Palaeocystodinium benjaminii Drugg, and
Cerodinium  striatum (Drugg) Lentin &
Williams.



Carolina Geological Society, 2000 Annual Field Trip Guidebook

Pollen data from the Crouch Branch Aquifer
suggest the presence of an unconformity
within the unit; this unconformity corresponds
to the contact between the Black Creek and
Steel Creek Formations, and represents the
uppermost part of the Campanian and most of
the lower Maastrichtian.  Osculapollis
aequalis Tschudy 1975 (Text-Figure 7W) is
restricted to the units below the unconformity,
as are several morphotypes of the genus
Holkopollenites (Text-Figure 70,V).
Restricted to the units above the unconformity
are Libopollis jarzenii (Text-Figure 7X) and a
thin-walled species of Baculostephanocolpites
(MPH-1 of Wolfe, 1976) (Text-Figure 7Y). In
the SRS and surrounding vicinity, the Steel
Creek Formation is primarily non-marine to
marginal marine, whereas the underlying
Black Creek Formation is near shore to open
marine in origin.

Crouch Branch Confining Unit

The confining system that overlies the Crouch
Branch Aquifer represents the principal
confining unit for the SRS and vicinity. This
confining unit prevents migration of
contaminated water from the Steed Pond and
Gordon Aquifers of Tertiary age into the
underlying  Cretaceous Crouch  Branch
Aquifer. However, in some areas within the
SRS, the confining unit is discontinuous
resulting in local communication of the
Tertiary and Cretaceous aquifers. It is thus
critical to identify the confining unit where it
is present, and important to understand its
relation to other units.

The Crouch Branch Confining Unit
corresponds to lower and upper Paleocene and
lower Eocene lithologic units, which
correspond to the Lang Syne, Sawdust
Landing, the Snapp, and the Fourmile Branch
Formations. The base of the Crouch Branch
Confining Unit/Sawdust Landing Formation is
characterized by the first appearance datum

(FAD) of several Danian (Paleocene)
dinoflagellate species: Carpatella cornuta
Grigorovich (Text-Figure 8A),
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Damassadinium californicum (Drugg)
Fensome et al. (Text-Figure 8R) Spiniferites
septatus (Cookson & Eisenack) McLean,
Senegalinium  ?dilwynense  (Cookson &
Eisenack) Stover & Evitt (Text-Figure 8B),
and Spinidinium pulchrum (Bensen) Lentin &
Williams.

The upper part of the Crouch Branch
Confining Unit (equivalent to the upper part
of the Lang Syne, Snapp and Fourmile Branch
Formations) is characterized by dinoflagellate
assemblages that are dominated by one or at
most, a few species. These assemblages may
comprise small peridiniacean species along
with  Areoligera Lejeune-Carpenter  spp.
and/or  Cordosphaeridium Eisenack spp.
Apectodinium homomorphum (Deflandre &
Cookson) Lentin & Williams (Text-Figure
8H), 4. quinquelatum (Williams & Downie)
Lentin & Williams, and Focladopyxis
peniculata Morgenroth make their first
stratigraphic appearance in the upper part of
the confining unit (Edwards, 1990; Lucas-
Clark, 1992b).

There are several pollen species that have
their bases or first appearances ( FAD) in the
Crouch Branch Confining Unit/ Sawdust
Landing Formation (Text-Figure 5A,B).
These include Choanopollenites conspicuus
(Groot & Groot 1962) Tschudy 1973,
Choanopollenites discipulus Tschudy 1973
(Text-Figure7G), Favitricolporites
baculoferus ( Pflug in Thompson and Pflug
1953) Srivastrava 1972 (Text-Figure 7E),
Nudopollis terminalis ( Pflug & Thompson in
Thompson & Pflug, 1953) Pflug 1953 (Text-
Figure 7D), Nudopollis thiergarti ( Thompson
& Pflug 1953) Pflug 1953 (Text-Figure 7I),
Momipites dilatus Fairchild in Stover et al.
(1966), Pseudoplicapollis limitata
Frederiksen 1978,  Tricolpites  asper
Frederiksen 1978, and Trudopollis plenus
Tschudy 1975 (Text-Figure 7J). All of these
taxa have tops or last appearances (LADs)
higher in the stratigraphic section but the

assemblage is characteristic of early
Paleocene age. The range top of
Pseudoplicapollis  serenus Tschudy 1975
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(Text-Figure 70,P) that is within the Sawdust
Landing Formation is considered by
Frederiksen (1991) to mark the top of the
Danian or early Paleocene.

In the upper part of the Crouch Branch
Confining Unit which includes the upper Lang
Syne and Snapp Formations, there are several
pollen and spore species that have their last
appearances. These include taxa which had
their first appearances in the lower part of the

Crouch Branch Confining Unit:
Choanopollenites conspicuus,
Favitricolporites  baculoferus (Text-Figure

TE), Interpollis paleocenicus (Elsik 1968)
Frederiksen 1980, Lusatisporis indistincta

Frederiksen 1979  (Text-Figure = 7H),
Momipites  dilatus  (Text-Figure  6Z),
Nudopollis  thiergartii  (Text-Figure 7I),

Pseudoplicapollis limitata (Text-Figure 7b),
Tricolpites asper (Text-Figure 7K), and
Trudopollis  plenus  (Text-Figure  7J).
Holkopollenites chemardensis Fairchild in
Stover et al. (1966) Text-Figure 6M,N), which
first appears in the Upper Cretaceous has a top
in this interval. Corsinipollenites? verrucatus
Frederiksen 1988 has a first and last
appearance within the Snapp Formation.
Frederiksen (1998) reports this species from
the lower Eocene. Taxa such as
Subtriporopollenites  nanus (Pflug &
Thompson in Thompson and Pflug 1953)
Frederiksen 1980  (Text-Figure  7F),
Pseudolaesopollis ventosus (Potonie’ 1931)
Frederiksen 1979, and Milfordia hungarica (
Kedves 1965) Krutzsch & Vanhoorne 1977
(Text-Figure 7R) have their first appearances
or bases within the Snapp Formation or
equivalents in the southeastern United States (
Frederiksen 1980a and b, 1988 and 1998).

Gordon/Steed Pond Aquifer and Gordon
Confining Unit

The middle to upper Eocene aquifer (Steed
Pond/Gordon) and confining unit (Gordon)
that overlies the Crouch Branch Confining
Unit is a complex set of strata consisting, in
part, of carbonates (limestone) that are
lenticular and discontinuous, as well as
alternating clay and sand layers that act as
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confining units. Understanding the potential
complexity of groundwater flow requires
considerable accuracy in the identification and
correlation of the lithologic units.

Lithologic units that correspond to the Steed
Pond and equivalent aquifers include the
Congaree Formation, Warley Hill Formation,
Santee Formation, Clinchfield Formation,
Irwinton Sand and Griffins Landing Members
of the Dry Branch Formation, and the
Tobacco Road Formation. Sediments
comprising the Tobacco Road Formation are
consistently barren of  organic-walled
microfossils. The other lithologic units have
yielded dinoflagellate and pollen assemblages,
usually from the clay- and silt-rich intervals.

Dinoflagellates useful in correlating the
complex of middle to upper Eocene units
include: Pentadinium favatum Edwards, P.
goniferum  Edwards  (Text-Figure  8I),
Glaphrocysta Stover & Evitt spp. (Text-
Figure 8F), Wertzelliella articulata Eisenack
group (Text-Figure 8E), Membranophoridium
aspinatum Gerlach, M. bilobatum Michoux
and Charlesdowniea variabilis (Bujak) Lentin
& Vozzhennikova (Text-Figure 8§Q).

Throughout most of the SRS, confining
conditions (Gordon Confining Unit) exist to
separate the Steed Pond Aquifer into two
distinct aquifer zones, the Upper Three Runs
and underlying Gordon Aquifer zones. The
Gordon Confining Unit consists of sandy
clays to clayey sands which represent parts of
the Warley Hill and Tinker Formations, and
the Blue Bluff Unit. Dinoflagellates first
appearing within this confining unit include
Pentadinium laticinctum Gerlach (Text-Figure

&N), Cordosphaeridium cantharellus
(Brosius)  Gocht, and Charlesdowniea
variabilis (Text-Figure 8Q)  Pentadinium

goniferum (Text-Figure 81) last appears within
the upper part of this confining unit.

There are not as many extinctions or tops for
pollen taxa in the middle and late Eocene
Gordon Confining Unit as in the Crouch
Branch Confining Unit. The most distinctive
species are Bombacacidites aff. B. reticulatus



Carolina Geological Society, 2000 Annual Field Trip Guidebook

Krutzsch 1961, Subtriporopollenites nanus
(Text-Figure 7F), Malvacipollis tschudyi
(Frederiksen 1973) Frederiksen 1980 (Text-
Figure 7W), Brosipollis striata Frederiksen
1988 (Text-Figure M), Milfordia hungarica
(Text-Figure 7R), Lanagiopollis hadrodictya
Frederiksen 1988, Plicatopollis triradiata
(Nichols 1973) Frederiksen and Christopher
1978  (Text-Figure 7T), Ulmipollenites
krempii (Anderson 1960) Frederiksen 1979
and Retibrevitricolpites simplex Frederiksen
1988 (Text-Figure 7X). Dicolpopollis spp.
and Proxapertites spp. are reported by
Tschudy (1973a and b) and Frederiksen
(1988) to have their last appearances in the
middle and late Eocene.

In addition to the tops observed in the Gordon
Confining Unit several species have first
occurrences within this unit.
Retibrevitricolpites simplex (Text-Figure 7X)
first appears in the Congaree Formation.
Other species that have bases in the Congaree
and Warley Hill and Santee formations are
Juglans  nigripites  Wodehouse 1933,
Ulmipollenites  undulosus ~ Wolff 1934,
Lymingtonia cf. L. rhetor Erdtman 1960
(Text-Figure 7Q) in Frederiksen (1988),
Symplocos?  jacksoniana Traverse 1955,
Gothanipollis cockfieldensis Engelhardt 1964,
and Boehlensipollis hohlii Krutzsch 1962
(Text-Figure 7A). Graminidites spp. is
reported by Tschudy (1973) and Frederiksen
(1988) to have a first appearance in the late
Eocene.

Many of the first appearance datums or bases
( FAD) and last appearance datums (LADs) or
tops are shown in Text-Figures 5A and B.
These figures summarize the results of
observations of palynomorph taxa in the cores
from the Savannah River Site and published
data. The principal publications on pollen and
spores that were utilized in the study include:
Elsik, 1974, Elsik and Dilcher, 1974,
Frederiksen, 1978, 1979,1980a, 1980b, 1988,
1991,1998, in press, Frederiksen and
Christopher, 1978, and Tschudy 1973a, 1975.
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CONCLUSIONS

Dinoflagellate and pollen biostratigraphy has
been applied successfully as a geologic tool
for helping establish the subsurface
hydrogeologic framework beneath the SRS.
Because of the rapid vertical and lateral

changes in updip coastal plain setting,
dinoflagellate, and pollen and spore
biostratigraphy, and to some extent
dinoflagellate paleoenvironmental

interpretations, have been critical in the
correlation of aquifers and confining units and
in the identification of facies changes and
structural elements (e.g., Pen Branch Fault,
Aadland et al., 1995). Recognition of these
features is important as they serve as
preferential pathways for groundwater
movement and contaminant transport.
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Figure 5B. Selected Tertiary palynomorph (last appearance) datums. The relationshp of
formational boundaries to stage boundaries is modified following Berggren et al., 1996:
IRM=Irwinton Sand Member; CF=Clinchfield Formation; RMM=Riggins Mill Member;

BBU=Blue Bluff Unit; UM=Utley Member; GLM=Griffins landing Member;
ODB=Orangeburg District Beds.
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Figure 6. Selected Cretaceous polien used in hydrostratigraphic correlation. All figures are 800 x, except BB, which is 400 x
(reduced 25% for reproduction): (a) Porocolpopollenites sp.(sensu Doyle, 1969); (b) Complexiopollis abditus Tschudy 1973; (c)
Pseudoplicapollis longion- nulata Christopher 1979; (d) Praecursipollis plebus Tschudy 1975; () Osculapollis Sp.; (f) Trudopollis
sp.; () Plicapoliis sp.; (h) Labrapollis sp.; (i) Plicapollis usitatus Tschudy 1975; (j) Proteacidites sp.; (k) Echimonocolpites sp. 45
(C1-45); (1) Echimenocolpites sp. 46 (C1-46); (m,n) Holkopollenites chemardensis Fairchild in Stover, Elsik and Fairchild 1966; (o)
Holkopol- lenites sp. A (=CP3d-1 of Wolfe, 1976); (p) Santalacites minor Christopher 1979; (q) Momipites sp.; (r) Caryapollenites
sp.; () Betulaceoipollenites sp. (=NO-3 of Wolfe, 1976); (t) ?Holkopol- lenites sp. (CP3E-1 of Wolfe, 1976); (u) Pseudoplicapollis
endocuspis Tschudy 1975; (v) Holkopol- lenites sp. B (=CP3D-2 of Wolfe, 1976); () Osculapollis aequalis Tschudy 1975; (x)
Libopollis jarzenii Farabee, Daghlian, Canright and Oftedabi 1984; (y) Baculostephanocolpites sp. B (= MPH-2 of Wolfe, 1976); (z)
Mornipites dilatus group (=NP-2 of Wolfe, 1976); (aa) Plicatopollis cretacea Frederiksen and Christopher 1979; (bb)
Rugubivesiculites sp.
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Figure 7. Selected Tertiary pollen used in hydrostratigraphic corrlation. All figures are 625 x, except fotr (p), which is 1500 x
(reduced 25% for reproduction: (a) Boehlensipollis holii Krutzsch 1962; (b) Pseudoplicapollis limitata Froderiksen 1978; (e
Thomsonipollis magnificus (Pflug in Thomson and Pflug) Krutzsch 1960; (d) Nudopollis terminals (Thomson and Pflug in Thomson
and Pflug, 1953); () Favitticolpozites baculoferous (Thomson and Pflug) Pflug 1953; (f) Sub- tziporopollenites nanus (Thomson and
Pflug in Thomson and Pflug, 1953); (g) Choanopollenites discipulus Tschudy 1973; (h) Lusatispozis indistincta Froderikson 1979; (i)
Nudopollis thiergartii (Thomson and Pflug) Pflug 1953; (§) Trudepollis plenus Tschudy 1975; (k) Tilcolpites asper Froderiksen 1978;
(1) Piolencipollis endocuspoides Froderikson 1979; (m) Bz-osipollis striata Froderiksen 1988; (n) Tricolpites crossus Froderiksen
1979, (o) Pseudoplicapollis serenus Tschudy 1975; (p) Pseudoplicapollis serenus Tschudy 1975 1500 x; (q) Lymingtonia cf. L. rhetor
Erdtman 1960 in Froderiksen 1988; (r) Milfordia hungarica (Kedves, 1965) Krutzsch and Vanhoome 1977; (s
Intratziporopollenites stavensis Froderiksen 1980; (1) Plicatopollis tdradiate (Nichols 1973) Frederiksen and Christopher 1978; (u)
Bombacacidites reticulatus Krutzsch 1961; (v) Quadmpol- lenites vagus Stover in Stover et al., 1966; (w) Malvacipollis tschud@di
(Frederikson 1973) Frederiksen 1980; (x) RetibzvWitricolpites simplex Froderikson 1988,
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Figure 8. Selected Tertiary dinoflagellates used in hydrostratigraphic correlation. All figures are 500 x. (reduced 25% for
reproduction): (a) Carpatelia cornuta Grigorovich 1969; (b) Senegalinium ?dil"nense (Cookson and Eisenack) Stover and Evitt
1978; (c) Senegaliniurn bicavaturn Jain and Millepied 1973; (d) Adnatosphaeridium multispinosum Willianis and Downie 1966; (e)
Wet- zelialia articulate Eisenack 1938; (f) Glaphyrocysta ?vicina (Eaton) Stover and Evitt 1978; (g) Dracodinium sp.; (h)
Apectodinium homomorphum (Deflandre and Cookson) Harland 1979; (i) Pentadinium goniferum Edwards 1982; (i) Samlandia
chiamydophora Eisenack 1954; (k) Palaeotetradinium minusculum (Alberti) Stover and Evitt 1978; (1) Hafniasphaera septata
(Cook- son and Eisenack) Hansen 1977; (m) Werzelielia cf. W. aiticulata Eisenack 1938; (n) Pentadinium laticinctum Gerlach 1961;
(c)) Wetzelielia sp.; (p) Lentinia sp.; (g) Chariesdowniea variabilus (Bujak) Lentin and Vozzhennikova 1989; (r) Damassadinium
californicurn (Drugg) Fensome et al., 1993.
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Methodology and Interpretation of the Piezoconme Penetrometer Test
Sounding for Estimating Soil Character and Stratigraphy at the Savannah
River Site

Frank H. Syms, Bechtel Savannah River, Inc.
Douglas E. Wyatt, Westinghouse Savannah River Company
Greg P. Flach, Westinghouse Savannah River Company

PREFACE

Experience with the Piezocone Penetration Test (CPT) technology, and site-specific correlations
developed at the Savannah River Site (SRS), have resulted in a methodology that makes the CPT a
viable tool for geologic mapping. This methodology has evolved through the collective interest and
contributions of numerous investigators. This paper will review the test equipment as well as present
ongoing research for interpretation of upper Coastal Plain sediments at the SRS using the CPT.

WSRC, 1995, Wyatt, et al, 1997). Several
investigations at the SRS beginning in the
early 1990’s, used closely spaced CPT
soundings and soil borings for local

INTRODUCTION

The piezocone penetration test (CPT) has
become a common tool for subsurface
characterization at the Savannah River Site

(SRS) due to the cost and quality benefits of
the technology. In the last 8 years, over 800
CPT soundings have been pushed for various
geotechnical, environmental and geologic
investigations (Figure 1). Many of these
soundings reach depths greater than 60 meters
providing a vast amount of data for the middle
and upper Eocene (and younger) sediments.
Use of the CPT for geologic mapping has
evolved from gained experience, proven
reliability and correlation capabilities of the
technique. Because the CPT was originally
developed for engineering applications, the
technology was not broadly exposed to
geologists until its use became more common
on environmental projects in the late 1980°s.
The increased use and popularity of the CPT
can be attributed to several qualities including:
e Standard equipment and test procedure
e Depth control on the scale of centimeters
e Multiple measurement parameters
e Highly repeatable, nearly continuous,
electronic data
e Depth of penetration
o Cost effectiveness
Direct correlation of CPT measurements to
stratigraphic units within the upper 60 meters
at the SRS has been demonstrated on
numerous investigations (Ref WSRC, 1994,

stratigraphic correlation. From this data, it
became evident that CPT measurements can
be used not only for determining local

=

{:
Q-

4 8 Kilometers

N

+

Figure 1. Distribution of CPT soundings
around the SRS.

subsurface layering, but also to describe other
geologic characteristics of the sediments such
as vertical sedimentation sequences and facies
distribution. This paper discusses the standard
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CPT equipment in use at the SRS as well as
proposed methods of geologic interpretation.

TEST METHOD AND EQUIPMENT

The first generation CPT’s were developed in
the 1930°s for investigating the bearing
strength of fairly shallow, loose, sensitive soils
native to Holland. These early mechanical
tools eventually evolved into the electro-
mechanical devices in use today. The test
equipment and procedures in use at the SRS
are controlled by American Standard Test
Method (ASTM) D5778, Standard Test
Method for Performing Electronic Friction
Cone and Piezocone Penetration Testing of
Soils.

The CPT discussed here is a quasi-static,
electro-mechanical probe that measures three
separate parameters with depth (see Figure 2).
These include tip resistance (q.), sleeve
resistance (f;) and pore pressure (u). A fourth
parameter, friction ratio (Ry) is computed by
dividing the sleeve friction by the tip
resistance  and  multiplying by  100.
Measurements are acquired at roughly 1
second intervals. At a penetration rate of
about 2cm per second, a vertical resolution of
about 2cm is achieved. Forces are sensed by
load cells and a pressure transducer. Data are
transmitted from the probe assembly via a
cable running through the push rods to the
data acquisition system at the surface. The
analog data are digitized and recorded by
computer in the penetrometer truck. The
typical CPT test rig used at the SRS consists
of a hydraulic load frame mounted on a heavy
truck with the weight of the truck providing
the necessary reaction mass (see Figure 3).

INTERPRETATION OF CPT DATA

Interpretation of CPT data is similar to
methods used for down-hole geophysical logs
i.e., measurements can be related to some
characteristic of the sediment. For the SRS,
the relative amount of fine grained soils (fines
content) is the most useful for engineering and
hydrogeologic ~ mapping. The  vertical
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resolution of CPT provides well defined
boundaries where changes in lithology may be
inferred. Discrete sedimentation sequences
such as fining or coarsening sequences may
also be defined.

Porous Filler
{Piezo Element)

Type 2 Shoulder Cone

Figure 2.
probe.

Type 2 Shoulder Cone CPT

Basic CPT Response Characteristics

Each sensor on the CPT probe provides a
separate measurement of the soil properties as
the probe is being advanced. In general, tip
resistances are relatively higher in sands and
decrease as the fines content increases. The
tip resistance is considered to be one of the
most reliable CPT parameters. Inversely,
sleeve resistances are relatively lower in sands
and increase as the fines content increases.
Sleeve resistances are acquired over larger
surface areas behind the tip and are considered
to be less reliable and of lower resolution.
Pore pressures are lower in sands and higher
in finer grained soils due the higher
transmissivity of sands. The pore pressure
element measures an induced pressure as the
probe is advanced and is referred to as a
dynamic pore pressure. Therefore, in finer
grained sediment, the induced pressures will
tend to be higher and dissipate slower than a
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more porous (sandy) sediment. These
relationships have shown that as a general
rule, friction ratio increases as fines content
and plasticity increase (Lunne, et al, 1997).
As shown in Figure 4, fines content results
from sieve analysis plotted against friction
ratio values support this general trend,
however there is significant scatter in the data.
These CPT characteristics are general but
provide a fundamental basis for data
interpretation although numerous exceptions
can be demonstrated for SRS soils.

Several published CPT soil classification
charts have been developed based on
theoretical relationships as well as empirical
data. However, many factors influence CPT
measurements  resulting in  inconsistent
performance of these charts for SRS soils. An
understanding of the influences that can affect
the measurements is required for proper
interpretation.

Factors Affecting CPT Measurements

Several factors can affect CPT measurements
and should be considered before interpreting
data.

the Several of these

Figure 3. Typical CPT rig used at the SRS.

factors have been mitigated at SRS by
standardizing the type of CPT probe used,
calibration requirements, and data acquisition
and processing parameters. However, other
affects from geologic conditions such as layer
transition, aging, cementation, weathering,
consolidation and in-situ state of stress, may
result in variations in the CPT measurements
that if not corrected for, will result in
misleading
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Figure 4. Friction ratio versus measured

percent fines.

interpretations. Experience and familiarity
with the CPT, as well as understanding the
subsurface conditions of the site, is paramount
to assessing data quality. One selected
reference which discusses these affects as well
as methods of interpretation is Lunne, et al,
(1997).

Applicability of Soil Classification Charts

The most common classification chart
parameters use the relationship of tip
resistance (q,) and friction ratio (R¢) to predict
a soil type. The most recent charts use these
parameters normalized for stress effects (Q;
and F)) as well as normalized pore pressure

(By)-

An evaluation of 11 published CPT soil
classification charts using high quality CPT
soundings paired with adjacent soil borings
demonstrated inconsistent predictions of soil
type for SRS sediments. Figures 5 and 6 show
the distribution of sieve test results correlated
to adjacent non-normalized and normalized
CPT measurements, respectively. Indicated on
these charts, however, is the tendency of quite
different fines contents to co-populate areas on
the charts.  This demonstrates that the
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relationship of these CPT parameters for
predicting a soil type is not unique. This is
likely due to various subsurface conditions as
discussed previously. The degree of this issue
varies for all classification charts but is most
prominent for soils that have moderate to
significant ratios of fines to sand-sized
constituents.

Soil type alone does not provide adequate
resolution of sediment gradation to be useful
for interpreting sedimentation sequences and
sequence boundaries. Therefore, a method to
predict gradation (sand versus fines content)
directly from CPT measurements has been
developed from site-specific correlations at the
SRS.

1000

(#0100 % finas

(@ 11-20 % fines
EA 21-30 % fines

#3140 % finas

(WA 0 % Tinas

Tlp Resistance {qt)

Friction Ratio (Rf)

Figure 5. Fines content distribution plotted
against correlating non-normalized CPT
measurements.

RESULTS

Proposed Method for Estimating Gradation
Changes from the CPT

To interpret sedimentation sequences from
CPT measurements requires a method to relate
the CPT measurements to changes in
gradation. Closely spaced (nominal 10 feet)
CPT soundings combined with soil borings
have been used to develop a site-specific
relationship between fines content (defined as
the combined percent by weight of silt and
clay passing a No. 200 mesh sieve) and CPT
measurements (Q, and F,). This allows
resolution vertical gradation trends for SRS
sediments.
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Figure 6. Fines content distribution plott-
ed against correlating normalized CPT
measurements.

The basis for this approach follows a
methodology suggested by Robertson and Fear
(1995). Two baseline equations, presented
below, for estimating a Classification Index
(Ic) and ultimately fines content (FC)
(Jefferies and Davies, 1993 and Robertson and
Fear, 1995, respectively) were modified using
data acquired from the CPT and soil boring
pairs.

[e=[(3.47-logQt) *+ (logFr+1.22)"?
From Ic:
FC%=1.751c’-3

Where: Q=(qr-0.0)/C 1o
F=[f(9-0.0)]X100%
G, - Total overburden stress

a’,, - Effective stress

Significant improvement was achieved by
developing stratigraphic specific relationships.

Currently, three modified equations are
proposed for each layer and are discussed
below. However, these equations are
currently being re-evaluated based on

additional data and analytical techniques.

O
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Stratigraphic Interpretation and Prediction
of Gradation Trends

The high vertical resolution, repeatability and
multi-parameter measurements of the CPT
make it an ideal stratigraphic mapping tool for
unconsolidated sediments. One of the primary
uses and advantages of the CPT is defining
subsurface layering of the investigation site
(Schmertmann, 1978 and Robertson and
Campanella, 1988). Figure 7 shows a cross-
section developed from CPT soundings. The
high vertical resolution of the CPT is obvious
but more importantly the continuity of
measurements (repeatability) between
penetrations is what makes the technique
useful for subsurface mapping.

Figure 8 represents a CPT sounding and
adjacent soil boring. Also shown on this
figure is a fines content profile produced from
the stratigraphic Ic and FC equations.
Measured fines content values determined
from sieve test results from the adjacent soil
boring are plotted for comparison.

SRS Stratigraphy
Altamaha

As shown on Figure 8, the upper portion of the
profile represents the Altamaha Formation.
This unit consists of massive clayey sands
with varying amounts of fine and coarse-
grained sediments, but typically contains a
moderate to high amount of fines (greater than
30 percent).

The CPT response can be described as
moderate to high tip (50-300 tsf) and sleeve
(2-5 tsf) resistances and a resulting high
friction ratio (3 percent or greater). High pore
pressures are noted as well even though the
groundwater table is much deeper. These CPT
responses are typical for overconsolidated
soils, a known condition of the Altamaha (Ref
WSRC, 1995). The overconsolidated state
tends to yield higher sleeve friction values
than would be expected for corresponding
high tip resistances. This can also account for
the high pore pressures as well.
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The proposed equations for the Altamaha are
as follows:

Ica=[(3-logQt) %+ (logFr+1.5)"]>*
FCA=(1.75(Ic)*%)-6

Tobacco Road/Dry Branch

As shown on Figure 8, the middle portion of
the profile corresponds to the Tobacco Road
and Dry Branch. These units consist of
normally to  slightly  overconsolidated
clayey/silty sands with most of the clay bound
as matrix material. Fines content of the
Tobacco Road typically range from low to
moderate (5-25 percent). The Dry Branch
fines content is generally less than the
overlying Tobacco Road Formation yet the
occurrence of clayey beds are more massive
and can form confining units locally.

This unit can be distinguished from the
overlying Altamaha by the reduced sleeve
resistance and pore pressure measurements.
CPT measurements can be described as
moderate tip resistances (100-300 tsf) where
increasing resistance with depth can be noted.
Sleeve resistance is generally low to moderate
(1-2 tsf). Friction ratios are uniform and
relatively low except where higher values
result from decreases in tip resistances. Pore
pressure response is generally moderate (at, or
slightly above, hydrostatic pressure) with
higher measurements noted in zones with
higher friction ratios.

The proposed equations for the Tobacco
Road/Dry Branch are as follows:

Ierp=[(2-logQt) *+ (logFr+1.7)"1**
FCrp=(1.75(Ic)**)

Santee/Tinker

The lower portion of the profile consists of the
Santee/Tinker as shown on Figure 8. This
portion of the section represents one of the
most lithologically complex units in the
shallow subsurface of the SRS.  These
sediments were deposited under near shore
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marine environments resulting in varying
amounts of carbonate bearing sediments.
Cementation and/or dissolution have occurred
irregularly throughout this unit. The Santee
can be described as silty to clayey fine sands.

CPT measurements can be described as low to
high tip resistances (20-300 tsf) and moderate
to high sleeve resistances (2- 4 tsf). Friction
ratios are moderate to high (2-4 percent) in
low tip resistance intervals and low (1-1.5
percent) in high tip resistance intervals. Pore
pressure measurements are generally erratic
but are high in the high friction ratio intervals
and around or slightly below hydrostatic in the
high tip resistance intervals.

Proposed equations for the Santee/Tinker are
as follows:

Ies=[(1.5-logQt) >+ (logFr+1.7)*]%°
FCs=(1.75(Ic)*%)-1

Recommended Approach to Estimating
Fines Content

1. Care must be taken to assure the CPT
measurements are consistent for a given
site. This requires a subjective review of
the data to assess the reported q,, f;, Rrand
u measurements.

2. The CPT data must consist of piezocone
measurements with proper input for the
groundwater table. The data must be
normalized as specified in the I, equations.

3. Specific stratigraphic layers (Altamaha,
Tobacco Road, Dry Branch, Santee) must
be defined where CPT measurements
show similar characteristics (refer to the
discussion of shallow stratigraphy and
CPT  measurements). Different
relationships  should be expected in
different parts of the SRS.

4. The application of the proposed Ic
equations are for guidance and must be
adjusted based on site specific sieve data.

C-6

WSRC-MS-2000-00606

5. For a given site, the continuity of
stratigraphic CPT layers must be assessed
and used as guidance to determine
reasonable sample intervals and locations
to verify the Ic equations.

SUMMARY AND APPLICATION

The CPT provides many advantages for
subsurface mapping. However, interpreta-tion
of the data requires an initial understanding of
the subsurface conditions and testing
parameters. Correlation with adjacent soil
borings has provided a means to estimate
gradational trends directly from CPT data.
This is a significant advancement for
engineering and hydrogeologic applica-tion.

The ability to better predict the amount of
fines can be used to quantitatively describe
subsurface units. In the case of hydrogeologic
mapping, units can be mapped definitively as
more fine grained (less transmissive) or more
sandy (more transmissive). For engineering
application, more compressible (fine grained)
units can be distinguished from more less
compressible (sandy) units. Also, the ability
to estimate a fines content allows a Unified
Soil Classification System (USCS) soil type
be assigned.

ADVANCEMENTS AND FUTURE
TRENDS

One recent advancement in CPT technology
used at the SRS is the CPT sampler. In soft
intervals where traditional drilling techniques
have generally failed in recovery of such soft
materials, the CPT sampler has proved
repeatedly to have a nearly perfect recovery
rate. Another advancement being tested for
application is down-push video.  Several
soundings on site have been pushed using
cameras with various focal lengths providing
magnified images with on-screen scales.
Down-push geophysical logs (resistivity and
natural gamma) coupled with the standard
CPT measurements are becoming standard test
suites. Environmental probes are numerous
and include water and gas samplers as well as
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in-situ characterization/detection systems. Use
of the CPT will continue to grow not only for
environmental and engineering
characterization and will become an additional
tool for geologic mapping in unconsolidated
sediments.
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Figure 7. Cross-section constructed from CPT soundings. Note the continuity and repeatability
of measurements. The plotted parameters include CPT tip resistances to the right of the axis
with sleeve resistances plotted inversely to the left. Also, fines content values determined from
sieve tests from adjacent borings are plotted along the tip resistances. The stratigraphic column
on the right denotes the Altamaha (AL), Tobacco Road (TR), Dry Branch (DB) including the
Tan Clay Interval (TCI) and Santee (ST).
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Figure 8. CPT sounding profile with adjacent boring data. Note the sharp breaks at
stratigraphic boundaries. Fines content values determined from sieve tests are plotted as red
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Contaminant Transport and Hydrologic Properties of Fault-Propagation
Folds in Poorly Consolidated Coastal Plain Sediments

R. J. Cumbest and D. E. Wyatt, Westinghouse Savannah River Co., Aiken, SC 29808

INTRODUCTION

The Atlantic margin Coastal Plain at regional
scales is commonly characterized as a thin,
seaward thickening wedge of poorly
consolidated sediments that overly rigid
crystalline, and indurated sedimentary rocks.
Primary structure in the Coastal Plain
sedimentary cover is characterized by a gentle
(a few degrees) seaward dip. In many cases
and certainly at regional scales this is an
accurate and useful approximation. However,
it has previously been recognized that locally
the sediments of the Coastal Plain record
secondary  structure due to tectonic
deformations that are primarily shallow
expressions of high angle faulting in the
underlying rigid basement rocks (Howell and
Zupan, 1974; Prowell and O’Connor, 1978,
Prowell, 1983, York and Oliver, 1976; Cramer
and Arden, 1978; Bramleit and others, 1982,
Mixon and Newell, 1982; Prowell, 1988,
Domoracki, 1995). Because of the way the
basement deformation is partitioned in the
poorly consolidated Coastal Plain sedimentary
sequence, recognition of this deformation in
the near surface is difficult and in some cases
may be so subtle as to require high resolution
techniques that image most of the cover
sequence and possibly the basement surface
itself. This is because the high angle faulting
in the rigid basement rocks is propagated as a
discrete offset only in the lower parts of the
sedimentary package. Above this the
structural deformation is accommodated by
fault-propagation folding, which by the time it
reaches the surface may result in dip
anomalies of only a few degrees. These
relatively minor deformations in the shallow
section would be extremely difficult to
recognize in near surface  geologic
characterizations such as those commonly
performed in most environmentally related
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studies. However, these relatively small
deformations may have significant effects on
both hydrologic behavior and contaminant
migration properties of Coastal Plain
sediments. In consequence, recognition and
careful characterization of these near surface
expressions of Coastal Plain faulting may be
extremely useful in designing effective and
efficient remediation efforts in settings where
these types of structures are present.

Fault Propagation Folding in Loosely
Consolidated Cover above High Angle
Basement Reverse Faults

Fault-propagation folding has been analyzed

and discussed by Mitra, 1993, Narr and

Suppe, 1994, and McConnell, 1994.

McConnell, 1994, described several general

characteristics (Fig. 1) of fault-propagation

folds based on extensive field observations:

(1) Fold axial surfaces intersect faults at or
near the basement cover contact and
diverge up-section.

(2) Fold hinges are typically narrow and
angular but may become more open up-
section.

(3) Heterogeneous thickness changes result
in thickening in syncline hinge zones
and thinning of forelimbs adjacent to
anticline axial planes.

(4) TFoot wall synclines are typically
preserved so that faults cut steep fold
forelimbs or are located near anticline
axial planes.

McConnell (1994) also developed a kinematic
model for the geometry and evolution of these
structures that gives quantitative relationships
for the major geometric elements. In
particular, McConnell (1994) gives the
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following relationships, which are important
to this discussion:

Ye=tan™'[1/(2cot o - cot V,)] (1),
relates the exterior angle of the foot wall
syncline axial surface (¥;) to the exterior angle
of the hanging wall anticline axial surface (y,)
and the dip of the fault (o).

B =tan'[H/(u cot Y, - u cot y, - H cot )] (2),

gives the angle of inclination of any un-
faulted bed as a function of the structural
relief on the basement surface (H), the
distance above the basement surface (u), and
the exterior angles of the axial surfaces and
the fault.

TW/T, = sin Y,/sin ¥, €)]

T¢T, = sin ¥y/sin ¥, @
relate the relative thickness changes of faulted
units in the hanging wall (T, T,) and foot wall
(T¢/T,) to the interior and exterior inter-limb
axial angles (Y,), (Ya), (V), and (ys’). These
equations can be powerful tools for predicting
specific  geometric elements of fault-
propagation folds based on their inter-limb
angles or other easily measured parameters. In
addition, McConnell (1994) gives the
following relationship between the length to
displacement ratio for the fault, defined as
relative stretch (g;), and the inter-limb angles:

€, = (sin Y, sin Y,)/(sin Y, sin Yy)

().

Small values of relative stretch indicate that
the fault tip has migrated a relatively small
distance up-section relative to the total
amount of basement offset and that most of
the total strain is being accommodated by
folding ahead of the fault tip. This type of
behavior would be expected from loosely or
unconsolidated material. In contrast, large
values of relative stretch would indicate
significantly larger fault tip migration relative
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to total offset and would be indicative of
stronger  materials that could not
accommodate significant strain by folding
before failure by faulting.

Examination of the above equation (5) shows
that values of relative stretch are minimized,
as the divergence of the axial surfaces is
maximized, that is as (y,) and (y,) are made
smaller as (y,) and (yy) are forced to 90
degrees. This in effect forces open the angle
between the hanging wall anticline and foot
wall syncline axial surfaces and allows
deformation to be spread over larger
horizontal distances with consequent smaller
strain gradients and minimization of energy.
However, this effect is mitigated by the
thickening of the fold limbs. Note from
equation (4) that minimizing (y;) causes severe
thickening in the foot wall syncline. This
means that the angle of divergence of the axial
surfaces will be a competition between
minimization of the relative stretch and
resistance to thickness changes of the fold
limbs. In effect the angle between the hanging
wall anticline and foot wall syncline axial
surfaces are indicative of the material
strength. Stronger materials will resist
thickness changes of the fold limbs and show
little axial surface divergence. In contrast,
weak materials, such as loosely or
unconsolidated  sediments, will allow
thickness changes easily and will seek to
minimize energy by exhibiting relatively open
axial surfaces.

Note that equation (1) may be rearranged to
give:

o = tan'[2/(cot Y+ cot Y,)] (6)
which relates the dip of the basement fault to
the exterior angles of the axial surfaces. For
the special case of a vertical basement fault
(y=90 degrees) the exterior angles of the axial
surfaces are constrained to be complementary
angles resulting in a symmetrical structure.
This indicates that for relatively steep
basement faults (y,) may become greater than
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90 degrees particularly in weak materials such
as unconsolidated sediments.

Seismic reflection imaging of Coastal Plain
sediments located above steeply dipping
reverse basement faults (Fig.2) often show
characteristics that closely approximate those
discussed above (see Fig. 1). Distinct offset is
typically observed at the basement surface but
dies out up section. Above the fault tip
deformations in the shallower parts of the
section are accommodated, at least at larger
scales, by fault propagation folding. This
folding can be characterized as a monocline
with steeply dipping limbs directly above the
fault tip that progressively show less dip up
section. The axial surfaces of the hanging wall
anticline and foot wall syncline diverge
upward and are relatively open resulting in
deformation occurring over a large horizontal
area. In addition the exterior angles observed
for the hanging wall axial surfaces of these
structures are typically near vertical or greater
than 90 degrees with very open folding. These
characteristics are all indicative of fault-
propagation folding in unconsolidated to
loosely consolidated sediments.

Potential Hydrologic and Contaminant
Transport Properties of Fault-Propagation
Folds

The addition of regional dip to the relatively
simple geometry exhibited by a typical fault-
propagation fold (Fig. 4) has potentially
significant consequences for the hydrologic
and contaminant transport properties exhibited
by the local stratigraphy. These consequences
are critically dependant on the way that the
faulting and folding is accommodated at small
scales. Below the fault tip in the lower part of

the section where significant offset of
stratigraphic units may occur potential
hydrogeologic effects include, damming

resulting from juxtaposition of impermeable
confining layers against more permeable units
(Fig. 4) or connection of previously isolated
aquifers by moving one opposite the other.
The potential for both of these situations is
enhanced by the heterogeneous strains
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experienced by the hydrogeologic units in the
forelimbs of the foot wall syncline and
hanging wall anticline as expressed in
equations (3) and (4).

In the shallower section, above the fault tip
potential hydrogeologic effects are more
complicated and dependent on the failure
properties of the confining units (i.e. clays). If
the confining lithologies respond to the
folding in a completely plastic mode then it is
feasible that the confining units will retain
their competency and no connection will
occur between the aquifers. However, if the
confining units exhibit some component of
brittle failure and develop open fractures to a
significant degree then it is likely that their
confining properties will be compromised.

The interaction between the elevation changes
in confining units resulting from fault-
propagation folding and potentiometric
surfaces may also result in subtle localized
hydrologic  effects. Areas where the
potentiometric surface is below a particular
confining unit will exhibit “downward head”
relative to the confining unit. However, in the
vicinity of the foot wall syncline, where the
confining unit is lower in elevation due to
folding, the confining unit will drop below the
potentiometric surface and locally an “upward
head” condition will be observed. In the
shallow parts of the stratigraphic section
where inter-limb fold angles of only a few
degrees are present this local “head reversal”
condition could be very enigmatic if the fault-
propagation folding were not recognized.

The localized dip anomalies resulting from
fault-propagation folding may also have
profound effects on the migration behavior of
dense non-aqueous phase liquids (DNAPL,
Fig. 5) since the migration of these materials
is to a significant degree gravity controlled. If
the DNAPL source is up regional dip these
materials will have a tendency to migrate
down dip and pool in the trough formed by the
foot wall syncline. Again, however, the
subsequent migration behavior will depend in
large part on the failure mode exhibited by the
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material comprising the confining units. If the
folding is accommodated completely by
plastic deformation the confining units
probably will fully retain their confining
properties and the DNAPL will remain above
the confining unit. In this case as long as the
DNAPL does not fill the synclinal trough and
spill over the lip formed by the hanging wall
anticline it will remain localized or at least
channeled down the trough. However, if the
folding of the confining units results in open
transmissive fractures, particularly in the
hinge zone of the synclinal trough then it is
likely that the DNAPL will migrate through
the confining unit below and into the lower
aquifers. In this scenario since the strains
experienced by the confining units in the
lower parts of the section due to the fault-
propagation folding are larger it is likely that
the DNAPL will migrate down section
through the hinge zones of the foot wall
syncline to the first competent unit. , probably
the basement. Note however that at this point
the dam formed by the high angle reverse
offset will effectively stop any continued
down dip movement.

More complicated scenarios may be
envisioned when the hydrologic effects and
migration properties of fault-propagation
structures are combined. It may be entirely
feasible in hanging wall synclines in which
open fracturing has compromised confining
units to have DNAPL contaminants migrating
down section while at the same time
groundwater migrates up-section due to the
localized “head reversal” effect. This could
lead to a plume of dissolved component
significantly down hydrologic gradient from
the structure in spite of the fact that the free
phase is effectively localized by the fault-
propagation fold structure.

DISCUSSION AND CONCLUSIONS

Deformation of poorly to unconsolidated
Coastal Plain sediments resulting from non-
- vertical high angle reverse faulting in rigid
basement rocks typically is expressed as fault-
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propagation folding in the shallower part of
the stratigraphic section. The local dip
anomalies associated with this type of
structure and the behavior of confining units
may have significant effects on local
hydrologic  behavior and contaminant
transport properties depending upon the
details on the failure mode that accommodates
the folding in the confining lithologies. In the
deeper section below the fault tip where
significant  offsets are recorded by
geohydrologic units, damming may occur
where less permeable units are juxtaposed
against more permeable units. Or connection
between aquifers may occur due to the offset.
These phenomena will be amplified due to the
thickening and thinning of geohydrologic
units in the forelimb of the structure.

In the shallower section above the fault tip
where deformation of the section is
accommodated by fault-propagation folding
more subtle effects may be observed. If the
folding is accompanied by open fracturing of
the confining units then connection between
aquifers may occur. However, even if the
confining units fail completely in a plastic
mode and retain their integrity localized “head
reversals” may occur due to the interaction of
local dip anomalies and potentiometric
surfaces.

Localized dip anomalies will also affect the
migration of contaminants such as DNAPL,
which move primarily down gravitational
gradients. For a scenario in which confining
units retain their integrity DNAPL will
migrate down regional dip and pool in the
trough formed by the footwall syncline. In
scenarios in which the confining units are
compromised by open fracturing DNAPL will
likely migrate down section along the axial
surface of the footwall syncline to the lowest
uncompromised confining unit which in the
most extreme case will be the rigid basement.
However at this location migration will be
arrested by the dam formed by the up-thrown
side of the high angle reverse fault. In both
cases migration pathways and pooling areas
may be predicted based on the locations of the



Carolina Geological Society, 2000 Annual Field Trip Guidebook

axial surfaces of the fault-propagation fold.
Since these pooling areas will be areas of
DNAPL concentration knowledge of this
behavior in detail may lead to extraction
points that result in highly effective and
efficient remediation system design. Also,
since groundwater could migrate up-section
while at the same time DNAPL is flowing
down section plumes of dissolved component
may be present at large distances from the free
phase in spite of the fact that the free phase is
localized by the structure.

It should be noted that for typical basement
offsets recorded for the Atlantic Coastal Plain
(i.e. < 100ft.) shallow section dip anomalies
will be very subtle (on the order of a few
degrees) and difficult to recognize especially
by conventional borehole techniques. For
instance shallow boreholes that sample only
the upper part of the fault-propagation fold
will show the enigmatic effect that the closer
the boreholes are together the less apparent
offset that they record. The shallow section is
also very difficult to image with high
resolution geophysical techniques such as
reflection  seismic  profiling. However
reflection profiling in most cases can image
the intermediate and deeper parts of the
section in addition to the basement surface
offset to indicate the presence of fault
propagation folding. If the geometry of the
structure can be determined in the deeper
section the geometries of shallow stratigraphic
units may be effectively calculated using
previously determined kinematic models for
these structures. This interpretation technique
may be used to explain unusual “head
reversals” or used to design -efficient
contaminant remediation systems.
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Figure 1. Geometric elements of fault-propagation fold kinematic model (after McConnell,
1994). (a & B dip of fault surface; (Y, + ¥,-): anticline inter-limb angles; (Y; + Y,): syncline inter-
limb angles; (U): dip of unfaulted bed; (H): structural relief on basement surface; (u):
clevation above basement surface; (T,): thickness of undeformed beds; (Ty): thickness of
faulted bed in syncline forelimb; (T,) thickness of faulted bed in anticline forelimb.
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Figure 2. Seismic reflection profiles across the Crackerneck fault (a) in the Coastal Plain of
South Carolina (Domoracki, 1995). Events corresponding to basement surface and other
geologic units in cover sequence annotated in addition to the axial surfaces of the foot wall
syncline and hanging wall anticline.
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Figure 3. Fault-propagation fold with regional dip. Potential hydrogeologic effects illustrated.

A local condition of “upward head” may occur relative to the confining unit above the cross
hatched area.
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