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DISCLAIMER
This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
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the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
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Government or any agency thereof.
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SECTION 1.
INTRODUCTORY INFORMATION

1.0 Introduction

This report presents results from Geotechnical, Geological, and Seismological (GG&'S) Evaluations for
the Bellefonte Site, North Alabama. The GG&S evaluation was conducted to assess the suitability
of the Tennessee Valley Authority (TVA) Bellefonte Nuclear Plant (BLNP) site for siting of a
new nuclear power generating facility. The information presented in this GG&S evaluation may
also be used by TVA at a later date to support preparation of a combined (construction and
operating) license (COL) application (COLA) to the U.S. Nuclear Regulatory Commission
(USNRC). This work was carried out by CH2M HILL in accordance with TVA Agreement
Number 42134.

1.1 Purpose and Scope

The primary purpose of this report was to determine whether geotechnical, geological, and
seismological conditions at the proposed Bellefonte Site are suitable for the future development
of a nuclear power generating facility. A site is considered to be “suitable” if it meets the
following criteria:

e There are no geologic hazards that could affect the successful construction and operation of
the facility. These geologic hazards could include potentially unstable slopes, active faults,
or underground cavities.

e The safe shutdown earthquake (SSE) has been established in accordance with current
USNRC regulatory requirements and is found to be within acceptable design limits.

e Relevant geotechnical site characteristics, such as static and dynamic soil properties,
liquefaction potential, bearing capacity, and shear wave velocity, have been established and
are found to be within limits that will result in safe facilities performance during non-
seismic and seismic loading.

The following scope of activities was implemented to gather and evaluate GG&S information
for the Bellefonte Site:

e Geologic, geotechnical, and seismic literature available in engineering and environmental
reports for the Bellefonte Site and in scientific publications for the general region were
reviewed. This available information includes the Final Safety Analysis Report (FSAR) that
was prepared for the nearly completed facilities at the site.

¢ Field explorations consisting of soil drilling, rock coring, sampling of soil and rock, cone
penetrometer test (CPT) soundings, surface seismic refraction geophysical surveys, a
microgravity survey, and shear wave velocity measurements using CPT and in-hole
geophysical logging methods were carried out.
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e Laboratory tests were conducted to evaluate physical properties of representative soil and
rock samples from the site;

e New information related to rock site ground motion models (e.g., the recurrence of New
Madrid and Charleston earthquakes) was evaluated and a probabilistic seismic hazard
analysis (PSHA) sensitivity analyses was performed. Based on this analysis, it was
concluded that the PSHA required updating. Controlling earthquakes were identified in
terms of magnitude and source to site distance. Appropriate spectral shapes for the
controlling earthquakes and for rock site conditions were developed.

e Seismic studies were conducted to determine the SSE Ground Motion for the site, the
potential for surface tectonic and non-tectonic deformations, and other design conditions.

¢ Engineering assessments of typical foundation design conditions such as bearing capacity,
settlement characteristics, and lateral earth pressures were performed.

1.2 Regulatory Guidance

The primary licensing and siting processes for nuclear power plants are specified in 10 Code of
Federal Regulations (CFR) 50, “Domestic Licensing of Production and Utilization Facilities,” and
10 CFR 52, “Early site permits; standard design certifications; and combined licenses for nuclear
power plants.”

Within this broad regulatory framework, two regulatory guides have been specifically
developed for use in the planning of subsurface investigations for the design and licensing of
nuclear power plants:

o Site Investigations for Foundations of Nuclear Power Plants, Regulatory Guide (RG)-1.132
(USNRC, 2004b).

e Laboratory Investigations of Soils for Engineering Analysis and Design of Nuclear Power Plants,
RG-1.138 (USNRC, 2004a).

The geotechnical investigations for the Bellefonte Site were planned and performed in general
accordance with the previous guides as applicable to evaluate site suitability.

Seismic investigations at the Bellefonte Site were based on the requirements of 10 CFR 100.23,
“Geologic and Seismic Siting Criteria,” which cites Appendix S of 10 CFR 50, “Earthquake
Engineering Criteria for Nuclear Power Plants,” and identifies the principal seismic issues that
must be addressed by the site studies. In accordance with these criteria, the GG&S collected
seismic information for the Bellefonte Site and then assessed (1) the SSE for the site; (2) the
potential for surface tectonic deformation; and (3) the effects of vibratory ground motion on the
stability of the site.

1.3 Background

The USNRC’s evaluation of the suitability of a proposed site considers the site’s geological,
seismological, and engineering characteristics. Before a COL can be issued by the USNRC,

research and investigation into a number of geologic and seismic site factors that influence
facility design—vibratory ground motion, tectonic surface deformation, and earthquake
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recurrence rates, for example —must demonstrate that the construction and operation of a
nuclear power plant at the proposed site will not pose undue risk to the health and safety of the
public. The following subsection provides background information relevant to assessing the
suitability of the Bellefonte Site and obtaining data needed for a COLA.

1.3.1  Existing Facilities and TVA Plans

The GG&S was performed in an area south of TVA’s existing facilities at Bellefonte. The site is
located near the cities of Hollywood and Scottsboro in northeast Alabama (Figure 1-1) in
Jackson County on the right bank of Guntersville Reservoir at river mile 391.5.

In the early 1970s, projections of increasing demands on the TVA’s power system led to the
USNRC’s 1974 issuance of a construction permit for a nuclear power plant at the Bellefonte Site.
TVA began construction of two units, and by 1988, was nearing completion of the first and
more than halfway complete on the second. At that time, TVA reassessed whether the operation
of the facility as a nuclear power facility was indeed a viable approach to meeting future
demands. By December 1994, TVA concluded that comprehensive evaluations of TVA’s power
needs were needed before construction could resume. A year later, TVA published their Energy
Vision 2020--Integrated Resource Plan and Environmental Impact Statement (USNRC, 1995). This
analysis considered multiple alternatives for the site’s path forward and evaluated each
alternative’s potential for providing flexible and competitive energy choices for the future. The
document presented two key conclusions and recommendations: (1) continue to defer the
completion of the site as a nuclear-powered facility unless partners could be found to share in
the investment, or (2) convert the unfinished facilities to a fossil-fueled power plant that could
produce the additional 6,250 megawatts of energy resources projected to be needed by 2005.

To explore possible conversion options, TVA prepared an Environmental Impact Statement
(EIS) to evaluate the costs, technical challenges, and environmental impacts of different
conversion approaches (FEIS, 1997). The option of a natural gas combined cycle (NGCC) plant
was preferred, and in 1997, TVA proposed to complete the unfinished facility as an NGCC
plant.

However, when the U.S. Department of Energy’s (DOE’s) Nuclear Power 2010 program was
presented in 2003, the availability of possible new funding suggested a different solution for the
site. The DOE Nuclear Power 2010 program wished to have a COLA prepared for at least one
new nuclear power plant that could begin commercial operation early in the next decade. The
GG&S evaluation is being performed in partnership with DOE in an effort to realize the 2010
goal of preparing a COLA.

The area evaluated at the Bellefonte Site is located southwest of the existing cooling towers in
the lay-down area for the original construction (Figure 1-2). The area is approximately 1,800 feet
by 2,000 feet in size and is relatively flat. The geology typically consists of 10 to 20 feet of
residuum over rock. The GG&S evaluation was performed within this location to build on the
existing environmental and geological database of information that has been collected over the
years.

Three potential generating facility designs were identified during the GG&S evaluation as:
(1) the Advanced Boiling Water Reactor (ABWR), (2) the General Electric Economic Simplified
Boiling Water Reactor (ESBWR), and (3) the Westinghouse AP1000 reactor. Each of these
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reactors would require different foundation depths. The approximate foundation depths below
ground surface (bgs) for safety-related structures for the ABWR, ESBWR, and AP1000 facility
designs are approximately 84, 69, and 39.5 feet, respectively. It is anticipated that these facilities
will be constructed on mat foundations placed on either engineered fill or directly on bedrock,
as were the structures for the adjacent structures.

The range in potential foundation depth among the three facility designs, and the suitability of
the Bellefonte Site to support this range of foundation depths, is considered in detail in this
report.

1.3.2 Available Information

The approach taken during the GG&S involved building on the extensive database of
information that had been developed for the site during previous environmental and
engineering studies. This information was provided in the following documents:

e FEIS published in 1974 for the completion of Bellefonte (TVA, 1974)

¢ Bellefonte Nuclear Plant Final Safety Analysis Report (BLNP FSAR) (TVA, 1986)

e FEIS prepared in 1997 for the Bellefonte Conversion Project (TVA, 1997)

e Various construction documents from the original Bellefonte construction provided by TVA
e Energy Vision 2020 (TVA, 1995)

The FSAR served as the key starting point for all studies during the GG&S. Information in the
FSAR included regional and local geological conditions, results of geotechnical drilling and
sampling, seismic studies, and engineering analyses. This information was reviewed and
updated where appropriate during the GG&S evaluation. The existing information also was
used to directly compare information obtained from this evaluation of the Bellefonte Site to
previous conditions elsewhere at the Bellefonte Site where applicable, such as for field and
laboratory tests.

The FSAR included a detailed discussion of seismic sources; however, much of these data had
been collected in the mid-1970s to early 1980s and have been superseded as the understanding
of local seismic sources and regional seismic conditions has improved. The starting points for
updating seismic conditions for the site were work completed by the Electric Power Research
Institute (EPRI) for the Seismicity Owners Group (SOG) in the 1980s (EPRI-SOG, 1988; EPRI,
1989) documenting the seismic hazard at the Bellefonte Site, as well as other central and eastern
U.S. (CEUS) nuclear facilities. Procedures given in the EPRI Report are referenced in USNRC
RG-1.165 as providing an acceptable method of defining the SSE for a site —although the
USNRC regulatory guide requires that the EPRI results be updated where significant changes in
the understanding or results of seismic hazard analyses are found to occur.

The archives for the Bellefonte Site also served as a key resource for existing information. The
archives included aerial photographs before the site was developed, construction records
prepared during development of the existing Bellefonte facilities, groundwater records for the
area, and performance observations made by site personnel. This archival information helped in
establishing information about the project area.
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1.4  Geotechnical, Geological, and Seismological Program Description

To ensure that the GG&S evaluations provided the highest quality data and most defensible
information on the local and regional GG&S characteristics of the site, and therefore fully
satisfied the regulations and requirements of the COLA process, the TVA GG&S evaluation was
composed of four key tasks:

Task 1—Geotechnical Evaluation

Task 2—Geological Mapping and Characterization of Seismic Sources
Task 3—PSHA and Sensitivity Analysis

Task 4 —Peer Group Review

Brief descriptions of these tasks, and the activities associated with each, appear as follows.
Task 1— Geotechnical Evaluation

Task 1 focused on evaluating the suitability of geotechnical properties of soil and rock at the
GG&S for future development of a nuclear generating facility. An extensive amount of
preexisting geotechnical data are available for the Bellefonte Site (adjacent and northeast of the
Bellefonte Site), as reported in the BLNP FSAR. These data were considered to form part of the
database of information for the Bellefonte Site. New field and laboratory investigations were
performed to collect additional data on the Bellefonte Site to develop a database sufficient to
make a conclusion on site suitability for a future generating facility.

Task 1 included the following activities:
e Obtain and review existing information (i.e., the FSAR and other information).
e Prepare the field and laboratory workplans.

e Perform subsurface investigations and support work including boreholes (soil and rock),
soil and rock sample collection, downhole geophysics, seismic refraction geophysics, a
microgravity survey, cone penetrometer testing, and piezometer installation.

¢ Conduct laboratory testing program (soil and rock samples).

e Interpret field and laboratory information.

¢ Conduct engineering evaluations.

e Document results of work in this report.

Task 2— Geologic Mapping and Characterization of Seismic Sources

The focus of the Task 2 work was on developing an up-to-date, site-specific earth science
database that supplemented information used to support previous seismic source
characterization models. This work included evaluating new and previous data to identify both
seismogenic sources and capable tectonic sources and to determine their potential for
generating earthquakes and causing surface deformation. Task 2 also involved assessing
whether the new data and their interpretation were consistent with information used as the
basis for source interpretations.
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Task 2 included the following activities:

Obtain and review existing site information regarding geology and seismology.
Compile and review new data.

Update seismicity catalog and describe significant earthquakes.

Identify tectonic features, seismic sources, and pre-field investigations.
Perform ground and aerial field reconnaissance.

Review and evaluate existing Seismic Source Characterization (SSC) models.

e Document results of work in this report.

Task 3—PSHA and Sensitivity Analysis

Task 3 consisted of evaluating new information related to rock site ground motion models,
performing the necessary PSHA sensitivity analyses, updating the PSHA for the site, and
identifying the controlling earthquakes —all of which serve to provide the studies required by
regulations.

Task 3 included the following activities:

e Perform sensitivity analysis using updated ground motion models.

e Perform sensitivity analysis using updated sources.

e Conduct PSHA analysis for the site.

e Identify controlling earthquakes and develop site-specific rock motions.
e Develop SSE spectra.

e Document results of work in this report.

Task 4—Independent Peer Group Review

An Independent Peer Group (IPG) performed reviews of work after completion of Tasks 1, 2,
and 3. This approach ensured that experts in multiple disciplines —regional and local geology,
regulations, geotechnical engineering, as well as procedures for conducting PSHA, site response
analyses, and seismic source characterization —were participating in the oversight of data
collection, confirming the suitability and quality of the data, and reviewing the conclusions or
recommendations formed on the basis of the information.

1.5 Report Organization

The GG&S information in this report is organized to reflect the structure suggested by NUREG-
0800, “Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power
Plants” (USNRC, 1987), in addition to meeting the requirements of RG 1.70, Standard Format and
Content of Safety Analysis Reports for Nuclear Power Plants (USNRC, 1978). The report is presented
such that the introductory section can be omitted and the Section 2.5 material easily inserted
into Section 2.5 of a Safety Analysis Report (SAR) document if the BNLP site moves forward to
a COLA.

Section 1, Introductory Information, includes the three previous sections summarizing the
purpose and scope, regulatory guidance, and background information for the GG&S evaluation.
In addition to outlining the report organization, the end of Chapter 1 includes references for the
chapter.
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Section 2.5, Geology, Seismology, and Geotechnical Engineering, includes seven main
subsections. The format of these subsections was selected for consistency with the contents of a
SAR, as described in RG 1.70. The contents of the subsections were also prepared in general
accordance with RG 1.70, to the extent possible without available detailed design information
for the future facility. If a nuclear generating facility design is selected in the future, the contents
of these sections can be incorporated into a SAR (with additional amendment to support
detailed design) for submittal as part of the COLA:

e Section 2.5.1, Basic Geologic and Seismic Information, contains fundamental information on the
geology of both the site and the surrounding region.

e Section 2.5.2, Vibratory Ground Motion, addresses seismicity, associated geologic structures,
and correlations between earthquakes and seismic sources, presenting pertinent discussions
regarding seismic wave transmission, Operating Basis Earthquake (OBE), and the
development of SSE ground motions.

e Section 2.5.3, Surface Faulting, discusses a range of investigative findings, exploring such
topics as surface deformation, tectonic sources and structures, zones of quaternary
deformation in the region, and potential surface tectonic deformation.

e Section 2.5.4, Stability of Surface Materials and Foundations, presents descriptions of the
geological features and subsurface materials for the site, discusses explorations and surveys,
and evaluates numerous site conditions that influence design, including but not limited to
such topics as excavation and backfill, response of soil and rock to dynamic loading,
liquefaction potential, earthquake design basis, design criteria techniques to improve
subsurface conditions, and construction considerations.

e Section 2.5.5, Stability of Slopes, provides a qualitative discussion of slope stability issues
associated with facility construction.

e Section 2.5.6, Embankments and Dams, identifies the potential hazards from failures of dams
and embankments located near or upstream of the site.

e Section 2.5.7, Section 2 References, lists full information for all sources cited within the
Section 2.5 text.

1.6 Section 1 References
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SECTION 2.5
GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

2.5 Geology, Seismology, and Geotechnical Engineering

2.5.1 Basic Geologic and Seismic Information

This section describes information on the geological and seismological setting of the TVA
Bellefonte Site and region. Regulatory Guide 1.165 (USNRC, 1997) describes the regions around
a proposed site for a nuclear facility and the level of investigation needed to confirm the
suitability of the site. The guidance outlines four levels of investigation that generally increase
in detail with proximity to the site. These include the region within a radius of 200 miles; the
site vicinity within a radius of 25 miles, the site area within a radius of 5 miles, and the site
within 0.6 mile.

The information described in this section is organized in accordance with these guidelines and
emphasizes new information that would suggest significant differences from the information
used to develop the EPRI-SOG source model (EPRI-SOG, 1988), which forms the starting point
for the assessment of seismic hazard at sites in the CEUS (see discussion in Section 2.5.2). The
EPRI-SOG study involved an extensive evaluation of the scientific knowledge concerning
earthquake hazards in the CEUS by multi-discipline teams of experts in geology, seismology,
geophysics, and earthquake ground motions. Regulatory Guide 1.165 specifies that the
adequacy of the EPRI-SOG hazard results must be evaluated in light of more recent data and
evolving knowledge pertaining to seismic hazard evaluation in the CEUS.

Section 2.5.1.1 describes the regional geologic and tectonic setting, focusing primarily on the
region within a 200-mile radius. The EPRI-SOG seismic hazard analysis for the TVA Bellefonte
Site identified significant seismic sources at distances greater than 200 miles, particularly the
New Madrid and Charleston seismic zones that were the source of large, geologically recent
earthquakes. Recent information regarding the location, magnitude, and recurrence of these
more distant, but significant seismic sources also is described. Section 2.5.1.2 describes the
geology and structural setting of the site vicinity (25-mile radius) and site area (5-mile radius).
This section also addresses site (0.6-mile radius) geologic conditions and potential geologic
hazards (e.g., karst).

Several sources of information were used to develop the information summarized in this
chapter. Bellefonte Site-specific reports and documents including the BLNP FSAR issued in June
1986 (TVA, 1986), a Final Environmental Impact Statement (FEIS) prepared in 1997 for the
Bellefonte Conversion Project (TVA, 1997), and various construction documents were reviewed
as part of the initial compilation effort. Extensive new data sets that have been compiled and
interpreted for numerous site-specific and regional studies throughout the CEUS in the time
since completion of the EPRI-SOG study in the late 1980s also were reviewed. These studies
have used a variety of techniques to characterize the location, extent, and activity of tectonic
features; the location, magnitude, and rates of seismic activity; and the general characteristics of
the continental crust throughout the CEUS. The information summarized in this chapter
incorporates the information and findings of these studies as well as recent reports, maps, and
articles published by state and federal agencies and in professional/academic journals.
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Additional unpublished data and information were obtained through communications with
individual researchers at university and state agencies.

25.1.1 Regional Geology

This section describes the physiography, geologic history, and tectonic setting of the TVA
Bellefonte Site within a 200-mile radius region of the site. In addition, relevant new information
on potential seismic sources of significant more distant, large magnitude earthquakes in the
New Madrid, Missouri, and Charleston, South Carolina, areas also is discussed.

25111 Regional Physiography and Topography

The TVA Bellefonte Site is located in the Browns Valley-Sequatchie valley segment of the
Cumberland Plateau section of the Appalachian Plateaus Province of the Appalachian
Highlands Division (Fenneman, 1938). The area within a 200-mile radius includes parts of five
other physiographic provinces. These are: the Valley and Ridge Province, Blue Ridge Province,
and Piedmont Province within the Appalachian Highlands to the east; the Interior Low Plateaus
Province to the northwest: and the Coastal Plain Province to the southwest, south, and east
(Figure 2.5.1-1). The following descriptions of the major physiographic provinces within the
region is taken in part from the BLNP FSAR (TVA, 1986), which relied extensively on
descriptions provided by Fenneman (1938) and Thornbury (1965). A more detailed discussion
of the Browns Valley-Sequatchie valley segment and physiography in the site vicinity and site
area is provided in Section 2.5.1.2.1.

25.1.1.1.1  Appalachian Plateaus Physiographic Province

The Appalachian Plateaus Physiographic Province extends from northwestern New York to
northwestern Alabama. From its maximum width of more than 200 miles, it begins to narrow in
eastern Kentucky until it is barely 30 miles wide in Tennessee. The width in Alabama is

50 miles. This province is essentially a broad syncline in rocks of Late Paleozoic age, bounded
on all sides by escarpments that reflect the regional synclinal structure. The rock formations are
nearly horizontal, a typical plateau structure, but the formations are so elevated and dissected
that the landforms are in large part mountainous (Hunt, 1967).

The Appalachian Plateaus Physiographic Province is divided into seven sections, three of which
are within the 200-mile-radius region boundary. Portions of the Kanawha, or unglaciated
Allegheny Plateau, and the Cumberland Mountain sections are present in Kentucky and
northern Tennessee. The Cumberland Plateau section, which includes the Bellefonte Site, is the
southwestern most of the seven sections comprising the Appalachian Plateaus Province. In
Tennessee and Alabama, the Cumberland Plateau section is generally underlain by the resistant
Pottsville Formation of Pennsylvanian age, which consists of alternating beds of sandstone,
siltstone, and shale with coal seams. In the vicinity of the Bellefonte Site, the plateau is
approximately 1,400 feet mean sea level (msl). Elevations increase to the north, and approach
2,000 feet msl near the Tennessee-Alabama border, and exceed 3,000 feet msl central and
northern Tennessee, and 4,000 feet msl in Virginia.

The Cumberland Plateau section is bounded on the west by the Highland Rim section of the
Interior Low Plateaus Physiographic Province. An escarpment that descends from 1,500 to
1,000 feet elevation separates the two. This escarpment is approximately 1,000 feet high in
Tennessee but gradually diminishes in height in Alabama south of Huntsville. The Cumberland
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Plateau section is bounded on the southwest by the Gulf Coastal Plain. Hills in the plateau may
be capped by remnants of Coastal Plain sediment. On the east, the Cumberland Plateau section
is bounded by the Valley and Ridge Physiographic Province. The eastern boundary of the
Cumberland Plateau section is the Cumberland escarpment (described as follows), which marks
the change from the broad open folds in the Cumberland Plateau to the close folding with
marked faulting in the Valley and Ridge to the east. The straightness of the eastern Cumberland
escarpment is in strong contrast with the dissected character of the scarp on the west side of the
Plateau.

25.1.1.1.2  Valley and Ridge Physiographic Province

The Valley and Ridge Physiographic Province to the east of the Appalachian Plateaus
Physiographic Province extends for 1,200 miles, from eastern New York to central Alabama. It
ranges from 14 to 80 miles in width, and is 40 to 50 miles wide in Alabama and northwestern
Georgia. The boundary between the Appalachian Plateaus and the Valley and Ridge is an
abrupt topographic rise known as the Allegheny front in Pennsylvania and the Cumberland
escarpment in Tennessee and Virginia. This escarpment is breached by the Pine Mountain
thrust fault and the Sequatchie Valley fault and anticline, which are the westernmost of the
Valley and Ridge thrust faults. Anticlinal valleys, anticlinal ridges, synclinal valleys, synclinal
ridges, homoclinal valleys, and homoclinal ridges are six possible topographic expressions of
the geologic structure commonly encountered in the Valley and Ridge Province (Thornbury,
1965). Folds are strongly compressed and the amount of faulting increases southward. This
province is underlain by Paleozoic sedimentary formations totaling from 30,000 to 40,000 feet in
thickness. Drainage in this province mainly shows a northeast-southwest flow. The
physiographic boundary between the Valley and Ridge and the Blue Ridge coincides
approximately with the northwestern limit of Precambrian basement rocks and late
Precambrian rift-fill sedimentary and volcanic rocks in the hanging walls of Alleghanian thrust
faults. In Alabama, ridges are generally approximately 1,000 feet msl in elevation and
sometimes reach 1,500 feet msl; elevations in the northern part of the province sometimes
exceed 4,000 feet msl.

25.1.1.1.3  Blue Ridge Physiographic Province

The Blue Ridge Physiographic Province is bounded on the east by the Piedmont Physiographic
Province and on the west by the Valley and Ridge Physiographic Province. The Blue Ridge
Physiographic Province is a deeply dissected mountainous area of numerous steep mountain
ridges, intermontane basins, and trench valleys that intersect at all angles and give the area its
rugged mountain character. The Blue Ridge contains the highest elevations and the most
rugged topography in the Appalachian Mountain system of eastern North America. The North
Carolina portion of the Blue Ridge, a part of which lies within the region, is about 200 miles
long and ranges from 15 to 55 miles wide (Physiographic Provinces in North Carolina

http:/ / gw.ehnr.state.nc.us/blue.htm). Within North Carolina, 43 peaks exceed 6,000 feet in
elevation and 82 peaks are between 5,000 and 6,000 feet.

The Blue Ridge is composed of complexly folded and faulted igneous (granitic) and
metamorphic rocks. These rocks date to the Precambrian and Paleozoic and represent parts of
the basement rock of the North American continent. Thomas (1991) describes the Blue Ridge as
an elongate external basement massif along which late Precambrian syn-rift sedimentary and
volcanic rocks, as well as older basement rocks, have been translated and deformed by younger
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Appalachian compressional structures, especially large-scale Alleghanian (late Paleozoic) thrust
faults (Thomas, 1991).

25.1.1.1.4  Piedmont Physiographic Province

The Piedmont Province lies between the Coastal Plain and the Blue Ridge Mountains. The
Piedmont is characterized by gently rolling, well-rounded hills and long, low ridges. Along the
border between the Piedmont and the Coastal Plain, elevations range from 500 to 800 feet above
sea level. To the west, elevations gradually rise to about 1,700 feet above sea level at the foot of
the Blue Ridge. Most of the rocks in the Piedmont Province are gneiss and schist, with some
marble and quartzite, and were derived by metamorphism of older sedimentary and volcanic
rocks. Granite also is present. Some less intensively metamorphosed rocks, including
considerable slate, occur along the eastern part of the province from southern Virginia to
Georgia.

251115 Interior Low Plateaus Physiographic Province

Northwest of the Appalachian Plateaus is the Interior Low Plateaus Province, which is about
300 by 300 miles in size and covers most of central Tennessee and central Kentucky. Along its
border with the Appalachian Plateaus Province (in Kentucky and Tennessee) is a west-facing
escarpment that is underlain by sandstones of early Pennsylvanian age. Toward the center of
this province are two large shallow basins called the Nashville Basin and the Lexington Plain.
These two basins were formed by breaching and erosion of the Nashville and Jessamine Domes,
respectively, along the Cincinnati Arch. From the Cincinnati Arch, the rocks dip gently toward
the Appalachian Plateaus on the east and the Illinois Basin on the west (Thornbury, 1965). This
province is underlain predominantly by Ordovician and Mississippian limestones on which a
moderate karst topography is developed.

25.1.1.1.6  Coastal Plain Physiographic Province

South and southwest of the Appalachian Plateaus Physiographic Province is the East Gulf
Coastal Plain Physiographic Province, which may be described largely in terms of its
underlying rocks (Cretaceous and Eocene series). The inner boundary of the Coastal Plain
Physiographic Province with the Appalachian Plateaus Physiographic Province is commonly
called the Fall Line, but few rapids are produced where the central Alabama Coastal Plain rocks
abut against Paleozoic sedimentary rocks (Thornbury, 1965). Geologically, it is the contact
between the Cretaceous and younger sediments of the Coastal Plain and the older, crystalline
rocks of the Piedmont. The Fall Line Hills is the belt of the East Gulf Coastal Plain that borders
the Appalachian Plateaus Physiographic Province. Maximum elevations range from
approximately 760 feet in the western part to approximately 250 feet along the southeastern
boundary of the Fall Line Hills.

25.1.1.2 Regional Geologic History

The Bellefonte Site is located within the southern Appalachian orogen. Information from
stratigraphic assemblages, the known timing of the major faults, and times of the plutonic
intrusion and metamorphism have been used to reconstruct the plate tectonic history of the
central and southern Appalachians. Details of these data sets and interpretations of the geologic
history of the region are presented in a series of papers that describe the Appalachian-Ouachita
orogen in the U.S. (Hatcher et al., 1989b). Additional discussions of the tectonic framework and
structural evolution of the Appalachian orogen in Alabama are outlined by Thomas
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(1982). These papers and other recent publications as noted in the following text provide the
basis for the following summary of the regional geologic framework.

The Appalachian orogen was built on the late Precambrian-early Paleozoic continental margin
of North America. The Proterozoic Grenvillian crystalline rocks form the basement upon which
many of the late Precambrian and younger stratigraphic packages that were ultimately involved
in the Appalachian orogenies were deposited (Hatcher, 1987). Laurentian (Proterozoic North
America) basement rocks underwent a granulite or at least an amphibolite metamorphism
about 1.0 to 1.1 Ga (Rankin et al., 1989) during the Grenville orogeny.

Hatcher (1987; 1989b) describes the history of the orogen as a type example of one or more
cycles of opening and closing of ocean basins. The process began following a period of crustal
extension and rifting during the late Proterozoic that caused the separation of the North
America and African plates and created the Iapetus (proto-Atlantic) Ocean. During rifting, the
newly formed continental margin began to subside and an eastward thickening wedge of clastic
sediments accumulated on the passive margin. Stratigraphic and sedimentologic analyses
indicate that the Appalachian region subsequently experienced several compressional events:
the Avalonian, Penobscotian, Taconic, Acadian, and Alleghanian orogenies (Figures 2.5.1-2 and
2.5.1-3). The processes of accretion of suspect and exotic terranes, together with terrane collision
and ultimately continent-continent collision, resulted in construction of the Appalachian
orogen. The major deformational events in the region are summarized as follows and are
illustrated schematically in Figure 2.5.1-3. Additional details regarding the sequence of
depositional and deformational events in northern Alabama are presented in Figure 2.5.1-4 and
are summarized in Section 2.5.1.2.2.

The rifted margin of North America that formed as the Iapetos and Theic-Rheic Oceans opened
in the late Precambrian resulting in an irregular rift-transform margin in which basins of
various depths developed (Figure 2.5.1-4). Iapetan rifting along the Blue Ridge dates from the
interval 730 to 680 Ma (Rankin et al., 1989). Ultimately this rifting led to the formation of oceanic
crust and the opening of the lapetus (proto-Atlantic) Ocean. The western rifted margin of
Iapeus has been identified along the western side of the Appalachian orogen (Wheeler, 1995).
The block-faulted basins to the west influenced the later configurations of thrusts that
transported these deposits onto the North American craton. Deposition of the passive margin
sequence followed breakup.

The Avalonian orogeny was a compressional episode in the late Proterozoic that produced
calcalkaline plutonic rocks and a volcanic suite commonly described as an island arc. Late
Proterozoic rifting during the Avalonian orogeny occurred between 650 and 570 Ma and was
accompanied by deposition of non-marine to shallow marine sediments and volcanic deposits
in grabens west of the Blue Ridge axis; while thick sequences of Precambrian turbidites and
volcanics were deposited in listric fault-bounded basins on attenuated crust to the east (Rankin
et al., 1989). The Avalonian rocks in the southern Appalachians are found in the eastern part of
the Piedmont Province and in the pre-Mesozoic basement beneath the Coastal Plain (Rankin et
al., 1989).

The early Cambrian-early Ordovician Penobscot orogeny represents the initial collision event in
the Paleozoic that marks the beginning of the convergent phase in the closing of the lapetus
Ocean. Crustal convergence and accretion of micro-continents and intra-oceanic island-arc
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terrane that had developed in the proto-Atlantic ocean as a result of east-directed oceanic
subduction and initial closing of the ocean basin occurred during this deformational episode.

The Taconic orogeny was a complex deformation episode that began earlier in the southern
Appalachians than in the central and northern Appalachians (Rankin et al., 1989). This early to
middle Orodovician orogeny represents a major compressive episode caused by one stage of
the closing of the Iapetus Ocean (Rankin et al., 1989). The age of the Taconic event is estimated
to be 450 to 480 Ma in the southern Appalachians (Hatcher, 1989b). Uplift at a converging
margin is indicated by the development of a prograding clastic wedge derived from orogenic
uplift in Tennessee reentrant southwestward onto Alabama promontory (Figure 2.5.1-4).
Hatcher (1987) notes that a regional unconformity that developed on top of the Middle
Ordovician carbonate bank may be the external vestige of the Taconic/Penobscot orogeny to the
east, where thrust sheets loaded the continental margin and caused subsidence, forming a
foredeep basin about 450 Ma in the southern Appalachians. Granitic plutons were formed
during this deformational episode, probably above an eastward-dipping subduction zone,
represented in remnant form by the Hayesville thrust sheet (Hatcher, 1987).

Later Acadian convergence and suturing of the Avalon (Carolina) terrane to North America in
the Devonian Period to early Carboniferous Period produced another suite of granitic and mafic
plutons and a large fault, the Central Piedmont suture, that welded the Carolina terrane to the
ancient North American margin (Hatcher, 1987). This event resulted in a metamorphic event
that spread across the Inner Piedmont and into the eastern Blue Ridge.

The Alleghanian orogeny occurred during the late Carboniferous Period and extended into the
Permian Period. This orogeny is the most pervasive event to affect the central and southern
Appalachians. This mountain building episode marks the collision of North America with
Africa and represents the final convergent phase in the closing of the proto-Atlantic ocean.
Alleghanian deformation and uplift of the southern and central Appalachians produced a large
molasses deposit from Alabama to Pennsylvania, and folds and faults of the Valley and Ridge,
and finally deformation of the molasses deposits of the Valley and Ridge and Cumberland-
Allegheny Plateau (Hatcher, 1989b). During this orogeny, the southern and central
Appalachians were transported toward the North American craton as a huge composite
crystalline thrust sheet— the Blue Ridge-Piedmont thrust sheet — that drove the foreland
deformation in front of it (Hatcher et al., 1989b). This collision resulted in a detachment of the
ductile-brittle transition zone of the crust, propagating a thrust from the collision zone, which is
probably under the Coastal Plain (Hatcher, 1987). The thrust sheet ramped into the rift-drift
facies and platform sedimentary rocks along the leading edge and faults then propagated
westward into the platform and early to late Paleozoic foreland sedimentary rocks (Hatcher et
al., 1989c). The master detachment in the frontal fold-thrust belt in the southern Appalachians is
the Lower Cambrian Rome Formation. Toward the west, faults propagated into higher
detachments in the Ordovician, Mississippian, and Pennsylvanian rocks in parts of the southern
Appalachians (Hatcher et al., 1989c). The final phase of the Alleghanian deformation resulted in
the development of dextral shear zones in the eastern Piedmont (Horton et al., 1991).

Crustal extension during early Mesozoic (late Triassic) time marked the opening of the Gulf of
Mexico and Atlantic oceans. The early Mesozoic extensional episode gave rise to the Cenozoic
Mid-Atlantic spreading center and development of the present passive trailing divergent
continental margin along the Atlantic seaboard. This extensional period resulted in normal
faulting and reactivation of structures and associated igneous activity within the Eastern
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continental margin south and east of the Bellefonte Site, but did not significantly affect the site
(Miller, 1974).

Mesozoic and Cenozoic downwarping of the Gulf Coastal Plain has been imposed upon the
Paleozoic structures of the Appalachian-Ouachita orogen (Thomas, 1989a). Post-Early Jurassic
deposition along the present Atlantic Coast records transgression until late Cretaceous and
possibly Paleocene time, followed by regression (complicated by smaller cycles of
transgression) until the present (Hatcher, 1989b). Tertiary regression is probably related to a
change in the fundamental stress configuration in the crust along the continental margin, from
dominant extension during the Mesozoic to compression related to ridge-push during the
Tertiary to Recent (Hatcher, 1989a). Within the study region, extensive areas of Cretaceous
sediments were deposited in the Coastal Plain of Alabama, Tennessee, and Kentucky.

After the late Paleozoic, much of the eastern interior of the North American continent was
above sea level, never to be inundated to the present time. There began a long episode of
erosion, lasting into Cretaceous time in the Coastal Plains Province and up to the present
throughout physiographic provinces of the Appalachian Highlands and Interior Plains
Divisions (Figure 2.5.1-1). The present mountains result from Tertiary uplift and continued
differential erosion of dissected Mesozoic and Tertiary surfaces as the crust readjusted
isostatically to erosional unloading (Hatcher, 1989a).

25.1.1.3 Regional Stratigraphy

Geologic formations within the 200-mile-radius region are sedimentary rocks of Tertiary to
Precambrian age and igneous and metamorphic rocks of Paleozoic to Precambrian age. A map
showing the generalized stratigraphy within the 200-mile-radius region is shown in

Figure 2.5.1-5. A description of the general stratigraphy within the physiographic provinces in
the region is provided as follows.

25.1.1.3.1  Appalachian Plateaus Physiographic Province

The Appalachian Plateaus Physiographic Province is underlain by Paleozoic sedimentary rocks
(predominantly Mississippian and Pennsylvanian in age) that are nearly horizontal or gently
folded. Rocks within this province generally are little deformed and have not been
metamorphosed. Older rocks generally are exposed only in the crests of eroded anticlinal folds
in the Cumberland Plateau section (e.g., the Sequatchie Valley and Big Wills Valley anticlines).

The following summary of the bedrock stratigraphy within this province is primarily from the
BLNP FSAR (TVA, 1986). A more detailed description of the stratigraphy in the site vicinity is
provided in Section 2.5.1.2.3. A stratigraphic column in the Appalachian thrust belt in Alabama
(including the Cumberland Plateaus and Valley and Ridge Provinces) is shown in

Figure 2.5.1-6.

Sedimentary rocks from Permian to Cambrian in age are found within the Appalachian
Plateaus Province. In Alabama, the Knox Group, the Chickamauga Formation, the Red
Mountain Formation, the Bangor Limestone, and the Pottsville Formation comprise the majority
of the bedrock in this province.

The Knox Group, which is 2,500 to 3,000 feet thick, consists mostly of dolomite with some
limestone and is late Cambrian to early Ordovician in age (TVA, 1986).
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The Chickamauga Limestone of Middle Ordovician age is mainly alternating layers of
limestone, siltstone, and shale, and is approximately 1,400 feet thick.

The Red Mountain Formation of Silurian age is a shallow-marine clastic sequence that is
composed of resistant sandstone, shale, and limestone. The formation is 200 or more feet thick
in northeastern Alabama. Overlying the Red Mountain Formation is a sequence of
discontinuous variable shallow-marine facies and internal unconformities that includes the
Devonian Frog Mountain Sandstone and Chattannooga Shale, and another resistant unit, the
Missisippian Fort Payne Chert (Thomas, 1982).

The Bangor Limestone of Mississippian age in most of the region consists of thick-bedded, dark-
bluish gray, crystalline and oolitic limestone. It ranges in thickness from about 100 to 700 feet
(TVA, 1986).

The Pottsville Formation of Pennsylvanian age consists of alternating beds of sandstone,
siltstone, and shale with coal seams. In Tennessee and Alabama, the entire width of the
Cumberland Plateau is underlain by resistant Pottsville strata. In Alabama, the Pottsville
Formation reaches a thickness of about 1,200 feet (TVA, 1986).

Surficial deposits in the Appalachians including the Cumberland Plateau section generally are
only a few meters thick, patchy, and difficult to date (Mills et al., 2005). Mills and Kaye (2001)
report occurrences of gravel on severely eroded remnants of high terraces that likely are of
Quaternary age, but the age of these deposits is not well constrained. Inundation of many of the
larger rivers by a system of large reservoirs (e.g., the Guntersville Reservoir in the site vicinity)
has obscured lower fluvial deposits and terrace surfaces. Many of the channels of the present
drainages are eroded into bedrock. The Quaternary cover chiefly is composed of residual soils
and soils modified from or derived from locally derived parent material accumulated as
alluvium and hillslope colluvium.

As noted in the BLNP FSAR (TVA, 1986), the present course of the Tennessee River, the major
drainage within the study region, includes a number of deflections that suggest adjustments by
stream capture. Mills and Kaye (2001) review previous hypotheses and present information on
gravel locations that may provide constraints on possible former courses of the Tennessee River
in the study region. The major course changes described in both the BLNP FSAR (TVA, 1986)
and Mills and Kaye (2001) include: (1) west of Chattanooga, Tennessee, where the river leaves
the Valley and Ridge Province and cuts through Walden Ridge; (2) near Guntersville, Alabama,
where it leaves the southwestward-trending Sequatchie anticlinal valley and assumes a
northwesterly course; and (3) near the juncture of the Alabama, Mississippi, and Tennessee
borders, where it turns north to cross Tennessee and join the Ohio River. Mills and Kaye (2001)
cite studies that relate the northward diversion of the lower reaches of the river to crustal tilting
caused by isostatic adjustment due to sea level change or crustal loading due to glaciation that
could be as young as 1.13 Ma and other studies that suggest a minimum age of 5 to 6 Ma for the
capture. They conclude, however, that there is not sufficient information on the distribution of
Plio-Pleistocene deposits to decipher the detailed drainage history of the Tennessee River.

25.1.1.3.2  Valley and Ridge Physiographic Province

The Valley and Ridge Province is underlain primarily by Paleozoic sedimentary rocks that have
been intensely folded and thrust faulted. The total thickness of Paleozoic sedimentary
formations, which range in age from Cambrian to Permian, ranges from 30,000 to 40,000 feet.
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The Paleozoic section includes four major divisions: a basal, transgressive Cambrian clastic unit;
a thick, extensive Cambrian-Ordovician carbonate-shelf facies; a thin, laterally variable shelf
sequence of Ordovician to Lower Mississippian carbonate rocks, chert, and thin clastic units;
and Upper Mississippian-Pennsylvanian synorogenic clastic-wedge rocks and Mississippian
carbonate facies (Thomas, 1989a) (Figure 2.5.1-6).

The Quaternary record in the Valley and Ridge, like the rest of the Appalachians is thin,
discontinuous, and difficult to date (Mills, 2005b). Quaternary deposits include alluvial stream
and fan deposits, and hillslope colluvium (Mills, 2005b). Higher, older stream terraces are
recognized and have been dated in this physiographic province to the north of the study region
(e.g., the New River terraces in Virginia [Granger et al., 1997]). Chapman (1977) and Whisner et
al. (2003) provide descriptions of stream terrace deposits at varying locations within the Valley
and Ridge Province. Along some rivers, the areal extent of old, highly weathered alluvium far
exceeds the younger alluvium, suggesting that floodplains and low terraces were formerly more
extensive than at present (Mills, 2005b).

In northern Alabama, extensive alluvial terrace deposits are mapped in the Coosa River Valley
in the Gadsden to Weiss Reservoir area (Etowah and Cherokee Counties) (Osborne et al., 1988)
(Figure 2.5.1-7). The alluvial and terrace deposits are preserved within a broad valley underlain
by the Cambrian Conasauga Formation. Structural cross-sections and maps indicate that the
Cambrian unit beneath the valley is a near horizontal thrust sheet, referred to as the Rome
thrust (Thomas and Bayona, 2002) (see discussion in Section 2.5.1.1.4.2a). The meandering river
morphology is prominent where the widest part of the Rome thrust sheet is preserved.
Downstream of the confluence of Big Canoe Creek and the Coosa River (about 10 miles
southwest of Gadsden), the valley narrows and the Coosa River takes a sharp bend to the south
and cuts across the regional structural grain. Quaternary deposits are not shown on the State
Geologic Map of Alabama (Osborne et al., 1988) downstream of this confluence. On the State
Geologic Map of Alabama (Osborne et al., 1988), the deposits are differentiated into alluvial and
low terrace (Qalt) and high terrace (Qt) map units. The Qalt deposits are described as consisting
of varicolored fine to coarse quartz sand containing clay lenses and gravel in places. Gravel is
composed of quartz and chert pebbles and assorted metamorphic and igneous rock fragments
in streams near the Piedmont. In areas of the Valley and Ridge Province, gravel is composed of
angular to subrounded chert, quartz, and quartzite pebbles. The Qt deposits are described as
varicolored lenticular beds of poorly sorted sand, ferruginous sand, silt, clay, and gravelly sand.
Sand consists primarily of very fine to very coarse, poorly sorted quartz grains. The gravel is
composed of quartz, quartzite, and chert pebbles.

Based on observations made during field reconnaissance investigations for this study, both the
Qt and Qalt units appear to include multiple terrace surfaces. The highest surfaces as mapped
between Gadsden and the Weiss Reservoir range from elevations of about 600 feet to 670 feet
msl (based on contours shown on 1:100,000 and 1:250,000 scale maps). The most prominent
surfaces appear to be at about 600 feet elevation, approximately 100 feet above the present river
level. Exposures of the high terrace gravels observed in and near Gadsden showed strong soil
development with significant clay accumulation, strong mottling, and localized iron
cementation. The age of these deposits is not known. Based on the regional denudation rate
(100 feet (30 meters)/my) (Mills, 2005b) and the strong soil development, it is likely that the
older terraces are on the order of hundreds of thousands to a million years old.
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At one location in Gadsden (Field Stop KH9, Figure 2.5.1-7) subvertical features characterized
by subvertical bands of alternating red and light brownish gray color were observed in the
lower, more clay-rich, strongly mottled part of the soil. The features appeared to flare upward
and become less distinct in the upper part of the mottled horizon and could not be traced into
the upper 2 feet of the soil. The contact between the mottled unit and gravelly sand does not
show any apparent vertical displacement across the features. These features resemble non-
tectonic soil weathering features (cutans) seen elsewhere in the Coastal Plain region of the
southeastern U.S. (Abbott et al., 1999).

25.1.1.3.3  Blue Ridge Physiographic Province

The Blue Ridge Physiographic Province consists of an allochthonous belt involving Precambrian
(1.0 to 1.1 Ga) basement and younger rocks (Taylor, 1989). The Blue Ridge is separated by a
major fault system (Hayesville-Fries fault) into a western and an eastern block (Taylor, 1989).
The western block consists mainly of Grenville basement non-conformably overlain by Ocoee
Series rocks, a cover sequence of Upper Proterozoic to Lower Cambrian sedimentary and rift-
related rocks (Hatcher et al., 1989c). The Ocoee basin was restricted to Tennessee. The Ocoee is
conformably succeeded by the Chilhowee Group, a sequence of clean sandstones and shales
that are more widespread than the Ocoee. These rocks overlap the basement along much of its
extent and it is concluded to have been deposited in a post-rift environment (Hatcher, 1989c).
The eastern block consists of coveval metamorphosed turbidite sequences intercalated with
mafic and ultramafic igneous rocks that are the same as those of the Inner Piedmont (Hatcher,
1978). Two small Grenville basement inliers — on the Tallulah Falls and Toxaway domes —also
are present in the eastern Blue Ridge in the Carolinas and northeastern Georgia (Hatcher et al.,
1989c¢).

The Talladega belt in Alabama, which lies within the western block, was initially defined as a
suspect terrane by Williams and Hatcher (1982, 1983). It has since been shown to represent a
more eastern (offshore) facies assemblage of the late Proterozoic to Devonian platform sequence
that may have been deposited as fill in a strike-slip rhomb-graben basin near the North
American shelf edge, and is, therefore, not an exotic terrane (Hatcher, 1989c). The same rock
assemblage may be present in the Murphy syncline farther northeast in southwest North
Carolina.

The late Precambrian and Paleozoic metasedimentary and metavolcanic rocks become more
intensely metamorphosed from west to east across the Blue Ridge Province, which separates
platform rocks of the Valley and Ridge Province to the west from metavolcanic and
metasedimentary rocks and intrusives of the Piedmont Province.

Surficial deposits in the unglaciated Blue Ridge Physiographic Province include alluvial stream
terrace deposits, alluvial and debris-flow deposits, and hillslope colluvium (Mills, 2005).
Relative-age mapping of alluvial fans in the Blue Ridge and adjacent Piedmont produces a map
pattern of older and younger fan surfaces that has been used to infer the sequence of fan
development (Mills, 2005). This mapping also shows that the relative abundance of young,
intermediate, and old fan surfaces greatly vary from one area, suggesting episodic
development. Comparison of data on fan surface heights and weathering rind thickness in two
areas of the region suggest that downcutting and abandonment may take place at different
rates. However, this preliminary conclusion is based on the assumption that the rate of
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weathering rind thickening on amphibolite is the same in the studied areas. Further numerical
dating is needed to confirm this preliminary hypothesis.

25.1.1.3.4  Piedmont Physiographic Province

In the Piedmont Province to the east, beyond the Blue Ridge Province, the underlying rocks are
mainly metamorphic (schists, gneisses, quartzites, and slates) and plutonic (granites,
granodiroites, gabbros, peridotites, and dunites). The Piedmont Province can be subdivided
into a number of different zones based on differences in metamorphic grade and dominant
lithology (Inner Piedmont, Charlotte belt, Carolina slate belt) (Taylor, 1989). The Inner
Piedmont is bounded by the Brevard zone to the west and the Central Piedmont suture to the
east. Rocks of the Inner Piedmont consist of late Precambrian to early Paleozoic highly
deformed sedimentary and mafic volcanic sequences regionally metamorphosed from upper
greenschist to upper amphibolite facies. Small areas of Grenvillian rocks are exposed in
windows through the thrust sheet (e.g., Pine Mountain) (Williams and Hatcher, 1983). The
Charlotte and Carolina slate belts, to the east, are grouped as part of the late Precambrian-early
Paleozoic Avalon terrane by Williams and Hatcher (1982). Both belts contain a thick sequence of
volcanic rocks and associated sedimentary rocks metamorphosed to greenschist grade in the
slate belt and upper amphibolite grade in the Charlotte belt (Taylor, 1989). The Kiokee belt is a
belt of medium- to high-grade metamorphic and associated plutonic rocks between the Carolina
slate belt on the northwest and the Belair belt on the southeast (Hatcher et al., 1989c¢).

251.1.35 Interior Low Plateaus Province

In the Interior Low Plateaus Province to the west of the Appalachians Plateaus Province, the
strata are relatively flat-lying and consist of sandstones, shales, and smaller amounts of
limestones and dolomites, ranging in age from Ordovician to Cretaceous. The rock strata dip
gently off the Jessamine and Nashville Domes, which developed along the axis of the Cincinnati
Arch.

25.1.1.36 Coastal Plain Province

To the southwest lies the Coastal Plain Province, in which Cretaceous and Eocene formations
predominate. The Post-Paleozoic strata of the Atlantic and Gulf Coastal Plains are post-orogenic
with respect to the Appalachian-Ouachita orogen and belong to two different tectonic regimes
(Thomas et al., 1989). The older Mesozoic rocks constitute fill of extensional fault-bounded
basins and include sedimentary and volcanic components. These rocks of Triassic and early
Jurassic age that are associated with rift-stage evolution of the present Atlantic and Gulf margin
generally lie outside the 200-mile-radius region. Younger Mesozoic and Cenozoic strata that
overstep the graben-boundary faults are regionally continuous and represent shallow-marine
onlap of the post-rift passive margin (Thomas et al., 1989). The latter deposits are present within
the study region (Figure 2.5.1-5).

25114 Regional Tectonic Setting

The seismotectonic framework — the basic understanding of existing tectonic features and their
relationship to the contemporary stress regime and seismicity — provides the basic
underpinnings for assessments of seismic sources. In the EPRI-SOG study completed in 1988,
seismic source models were developed based on the tectonic setting, the identification and
characterization of “feature-specific” source zones, and the occurrence, rates, and distribution of
historical seismicity. The EPRI models reflected the general state of knowledge of the geoscience
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community in the mid- to late-1980s. The original seismic sources identified in the EPRI-SOG
study are discussed in detail in the EPRI-SOG (1988) report and are summarized in
Section 2.5.2.2.1.

A second study conducted by Lawrence Livermore National Laboratory (LLNL) (Savy et al.,
2002), which was a trial implementation project (TIP) of general guidance given in Senior
Seismic Hazard Analysis Committee (SSHAC; 1997) for conducting a Level IV PSHA, provided
updated information for some of the seismic sources significant to the Bellefonte Site. A brief
summary of the TIP study is provided in Section 2.5.2.2.2.

Subsequent to the EPRI-SOG and TIP studies, additional geological, seismological, and
geophysical research has been completed at and in the vicinity of the Bellefonte Site. This
section presents a summary of the current state of knowledge on the regional tectonic setting
and highlights the more recent information that is relevant to the identification of seismic
sources for the Bellefonte Site. The following sections describe the region in terms of the
contemporary stress environment (2.5.1.1.4.1), the primary tectonic features and seismic sources
(2.5.1.1.4.2), and significant seismic sources at distances greater than 200 miles (2.5.1.1.4.3).
Historical seismicity is described in Section 2.5.1.3.1.

251141 Contemporary Tectonic Stress

The Bellefonte Site lies within a compressive midplate stress province characterized by a
relatively uniform compressive stress field with a maximum horizontal shear (SHmax) direction
oriented northeast to east-northeast (NE to ENE) based on earthquake focal mechanisms, in situ
stress measurements, borehole breakout data, and recent geologic features (Zoback and Zoback,
1989; 1991). Zoback and Zoback (1989) note that although localized stresses may be important in
places, the overall uniformity in the midplate stress pattern suggests a far-field source and that
the orientation range coincides with both absolute plate motion and ridge push directions for
North America. Richardson and Reding (1991) also concluded, based on modeling of various
tectonic processes using an elastic finite element analysis that distributed ridge forces are
capable of accounting for the dominant ENE trend for maximum compression throughout
much of the North American plate east of the Rocky Mountains.

In contrast to the stress domain map published by Zoback and Zoback (1980), which was a
primary reference used by the EPRI-SOG teams, the 1989 compilation shows general ENE
compression to extend all the way to the Atlantic continental margin. Zoback and Zoback (1989)
concluded that a distinct Atlantic Coastal Plain stress province (characterized by northwest
compression as inferred from the orientations of post-Cretaceous reverse faults in the Coastal
Plain region and focal mechanisms in the northeastern U.S.) is not supported or justified by the
available data.

Based on analysis of well-constrained focal mechanisms of North American midplate
earthquakes, Zoback (1992) concluded that earthquakes in the CEUS occur primarily on strike-
slip faults dipping between 43° and 80°, with most in the 60° to 75° range. This analysis
demonstrated that the CEUS earthquakes occur primarily in response to a strike-slip stress
regime.
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25.1.14.2 Regional Structures (Within 200-Mile Radius)

A tectonic map showing structures within a 200-mile radius of the Bellefonte Site known at the
time of the BNP licensing studies (TVA, 1986) and the EPRI-SOG study is shown in

Figure 2.5.1-9. The concepts of suspect (allochthons) and exotic terranes, which were recognized
at that time, have been more widely employed to decipher the accretionary history and tectonic
evolution of the Appalachian orogen (see discussion in Section 2.5.1.1.2) and to define
lithotectonic units (Williams and Hatcher, 1983; Hatcher, 1987; Hatcher et al., 1989b and 1989c).
More recent tectonic maps and structural cross-sections at a regional scale for the Appalachian-
Ouachita orogen and southern Appalachians are shown in Figures 2.5.1-10, 2.5.1-11, and
2.5.1-12, respectively. A map showing the major geologic and tectonic features and terrane
boundaries of the southern Appalachians is shown in Figure 2.5.1-13.

Hatcher (1989a) defines lithotectonic subdivisions within the region. The westernmost
lithotectonic province of the Appalachians as defined by Hatcher (1989a) is the Appalachian
foreland, which includes the Cumberland-Allegheny Plateau and Valley and Ridge
physiographic provinces. It is made up of two subdivisions: the Appalachian basin and a gently
eastward-thickening miogeoclinal wedge of platform sedimentary rocks and syn-orogenic
clastic wedges. The Appalachian basin may have formed as thrusts loaded the crust farther east,
producing the basin and also the Cincinnati arch. Eastward, the Appalachian foreland fold-
thrust belt in the region consists of a belt of Alleghanian imbricate thrusts and folds. East of the
fold-thrust belt is the metamorphic core of the Appalachian orogen. Precambrian basement
rocks, transported in external basement massifs, are present, along with continental margin or
slope and rise sedimentary rocks in the western Blue Ridge. Farther east is the internal core of
the Appalachians that includes the eastern Blue Ridge and Inner Piedmont physiographic
provinces. Williams and Hatcher (1982, 1983) refer to this belt as the Piedmont terrane. In more
recent publications, it is shown as the Inner Piedmont belt (Figure 2.5.1-11). Metamorphic rocks
of the northwestern part of the Inner Piedmont exhibit no Alleghanian deformation —except in
the Brevard and Brookneal fault zones — but were translated northwestward on the Blue Ridge-
Piedmont sole thrust and various splays (such as the Brevard fault) (Hatcher, 1987) (Figures
2.5.1-3 and 2.5.1-12). Metamorphism and plutonism accompanied Alleghanian faulting and
penetrative deformation in the eastern Piedmont. The Carolina terrane (previously referred to
as the Avalon terrane by Williams and Hatcher, 1983) includes the Charlotte and Carolina slate
belts that are considered to be exotic or suspect terranes. These belts are interpreted to be island-
arcs of that were accreted to ancestral North America during the Acadian orogeny (Figure 2.5.1-
3), but experienced regional metamorphism and presumably ductile deformation during the
Taconic orogeny (Drake et al., 1989). The boundary structure between the Piedmont and
Carolina terrane is referred to as the Central Piedmont suture (Hatcher, 1987). Along the eastern
edge of the Piedmont in the Carolinas and Georgia is the Alleghanian Kiokee-Raleigh belt
anticlinorium composed of middle to upper amphibolite-facies metamorphic rocks that
contrasts with the older higher-grade rocks toward the west (Hatcher 1989a) (Figure 2.5.1-11).

During collision of North America with Africa during the Alleghanian orogeny, the southern
and central Appalachians were transported toward the North America craton as a huge
composite crystalline thrust sheet — the Blue Ridge-Piedmont thrust sheet—that drove the
foreland deformation in front of it (Hatcher et al., 1989c). Evidence for the extent of the
Alleghanian detachment beneath the Blue Ridge and Piedmont is derived from both
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geophysical and structural data. The acquisition and interpretation of the Consortium for
Continental Reflection Profiling (COCORP) seismic reflection profiles across the southern
Appalachians in the late 1970s to early 1980s (Cook et al., 1979; 1983) and subsequent
interpretation of industry seismic data provided significant subsurface information to support a
model for the development of the Appalachian thrust belt above a master décollement or
detachment (Hatcher et al., 1989b and papers therein) (Figure 2.5.1-12).

In central Alabama, the Paleozoic orogen plunges southwestward beneath postorogenic
Mesozoic-Cenozoic strata of the Gulf Coast Plain (Figure 2.5.1-10). Data from oil wells drilled
through the Coastal Plain sediment indicate that the orogenic belt curves westward through
Mississippi and continues northwestward to the exposed Paleozoic structures in the Ouachita
Mountains in Arkansas (Thomas, 1982). The geometry and basin fill of the Black Warrior basin
in the southwest part of the region (Figures 2.5.1-6 and 2.5.1-10) indicates a foreland basin
related to the Ouachita fold-thrust belt rather than the Appalachian fold-thrust belt (Thomas,
1989a).

Comparison of Figure 2.5.1-9 to Figures 2.5.1-10 and 2.5.1-11 shows that the overall tectonic
framework of the Appalachian region known at the time of the EPRI-SOG study has not
changed with respect to the location of major mapped structural features. Additional
information and analysis of subsurface data (e.g., industry seismic reflection profiles, deep
wells) and seismicity data, however, provide an improved understanding of structures within
the Bellefonte Site (200-mile-radius), particularly with regard to the foreland Appalachian fold-
thrust belt and possible relationships to subdetachment basement faults. The following sections:
Section (a) Appalachian Thrust Belt and Section (b) Subdetachment Basement Faults describe
these structures. More distant structures within the 200-mile-radius region are described in
Section (c); Section (d) presents a description of the characteristics of seismicity zones that may
be associated with subdetachment faults within the Appalachian thrust belt region.

(a.) Appalachian Foreland Thrust Belt

The Bellefonte Site lies near the cratonward limit of the Appalachian detachment that underlies
the Appalachian foreland thrust belt (Figures 2.5.1-11 and 2.5.1-12). The Appalachian Plateau
(Cumberland Plateau Section), Valley and Ridge, and frontal part of the Blue Ridge
physiographic provinces encompass the Appalachian foreland thrust belt (also referred to as the
Alleghanian foreland thrust belt, the Appalachian fold-thrust belt, or Appalachian fold-and-
thrust belt) and foreland basins (Hatcher et al., 1989c). The southern Appalachian foreland
thrust belt consists of a stack of mostly thin-skinned thrusts in an unconfined wedge
configuration located above the Proterozoic basement and an eastern confined segment below
the base of the Blue Ridge-Piedmont composite crystalline thrust (BRP) sheet that served as a
rigid indenter that drove the foreland deformation (Hatcher et al., 1998).

In Alabama and Georgia, this thrust belt consists of late Paleozoic (Alleghanian), large-scale,
northeast-striking, northwest-vergent thrust faults and associated folds bounded by
undeformed strata in the Black Warrior foreland basin on the northwest and by the Talladega
slate belt and Appalachian Piedmont on the southeast (Figure 2.5.1-14). The structural geometry
and evolution of the thrust belt in Alabama and northeast Georgia is described by Thomas
(2001), Thomas and Bayona (2002), and Bayona et al. (2003). Using outcrop data from published
geologic maps, detailed local mapping in key areas, and interpretation of seismic reflection
profiles (contributed by sources in the petroleum industry), deep well data, and paleomagnetic
data, they developed a series of strike-perpendicular balanced cross-sections and strike-parallel
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cross-sections (Figure 2.5.1-15). Representative strike-perpendicular cross-sections across the
thrust belt in northern Alabama are shown in Figure 2.5.1-16. For cross-section development,
the Paleozoic strata are divided into four units: Unit 1, a basal weak unit (Lower and Middle
Cambrian strata dominated by fine-grained clastic rocks, mostly Rome and Conasauga
Formations); Unit 2, a regionally dominant stiff layer (Knox Group); Unit 3, a heterogeneous
carbonate-siliciclastic Middle Ordovician-Lower Mississippian succession (this unit includes the
Greensport-Sequatchie Formations); and Unit 4, Upper Mississippian-Pennsylvanian
synorogenic foreland deposits. The regional detachment (décollement) is within the basal weak
layer above Precambrian crystalline basement.

As illustrated in these cross-sections, the northwestern (frontal) part of the thrust belt is
dominated by broad, flat-bottomed synclines and large-scale, northeast-trending asymmetric
anticlines. The top of basement beneath the leading imbricate faults is shallow and flat, but it
abruptly drops southeastward across basement faults into the Birmingham graben. The depth
of the regional detachment as well as the amplitude of thrust ramps, increases abruptly
southeast of the Big Canoe Valley fault and Peavine anticline, which are positioned over the
down-to-the-southeast boundary fault system of the Birmingham graben. The two major
structures closest to the Bellefonte Site, the Sequatchie Valley thrust and the Big Wills Valley
thrust, are shallow imbricate faults with relatively small displacement compared to the
structures to the southeast. The fold-and-thrust belt is bordered to the southeast by the large-
scale, low-angle Talladega Front fault at the northwest boundary of Piedmont metamorphic
rocks.

Surficial traces of the generally persistent strike-parallel structures in the overlying thrust sheet
southeast of the frontal fault-related folds are interrupted by four distinct northwest-trending
transverse zones (TZ), which are referred to from north to south as the Rising Fawn TZ, the
Anniston TZ, the Harpersville TZ, and the Bessemer TZ (Thomas, 1982) (Figure 2.5.1-14).
Thomas (1991), Thomas and Bayona (2002), and Bayona et al. (2003) describe the changes in
deformation styles along-strike across the TZs. These include along-strike termination of
structures, abrupt curve or offset in strike, abrupt change in plunge angle or direction, abrupt
along-strike change in dip, abrupt along-strike changes in stratigraphic level of a thrust fault,
and abrupt along-strike change in structural style. Thomas (1982) notes that the cross-strike
structural discontinuities that define the TZs are not lines, but rather are narrow bands
(generally less than 12.5 miles wide) that encompass observations across several different
northeast-trending Appalachian structures. Bayona et al. (2003) conclude that the along-strike
changes in the thrust belt geometry are closely related to basement structural relief beneath the
thrust belt. For example, tectonic thickening of graben-fill strata controls deformation southwest
of the Anniston TZ (Gladsden mushwad in Sections D and E, Figure 2.5.1-16), whereas ramp
and flat geometry is prevalent northeast of this TZ (Sections A, B, and C, Figure 2.5.1-15).
Shallow, imbricate faults dominate the thrust belt in Georgia, where the top of basement dips
gently to the southeast (Bayona et al., 2003).

The culmination of the Alleghanian orogeny occurred in the late Paleozoic. There is no new
information to suggest that the thrust faults within the Appalachian foreland thrust belt are
capable tectonic structures as defined by Regulatory Guide 1.165 (Appendix A) (USNRC, 1997).
Seismicity in the region occurs primarily within basement rocks below the regional detachment
and first motion analyses indicate predominantly strike-slip focal mechanisms (see discussion
in Section (d). Evidence for post-Cenozoic faulting or geomorphic evidence for Quaternary
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deformation in the region is not reported in the published literature (Crone and Wheeler, 2000;
Powell in Manspeizer et al., 1989).

(b.) Subdetachment Basement Faults

It was recognized at the time of the EPRI-SOG study that potential seismic sources may be
present below the Appalachian detachment or décollement (Figure 2.5.1-12). Subsequent studies
have focused on better defining the location and geometry of basement structures. Of
significance in the southern Appalachian region are known or inferred large normal faults that
originally formed along the passive margin of the late Proterozoic to early Paleozoic Iapetus
Ocean. Compressional reactivation of favorably oriented Iapetan faults has been suggested as
the causal mechanism for several seismically active regions in the southern Appalachians
including Giles County, Virginia, and eastern Tennessee (Bollinger and Wheeler, 1988; Wheeler,
1995) (see discussion in Section (d)). Bollinger and Wheeler (1988) suggest that the steep
eastward rise in the unfiltered Bouguer anomaly field is the eastern limit for the Iapetan normal
faults and that most of the faults occur in the relatively intact continental crust of North
America west of the gravity rise. This gravity rise, referred to as the Appalachian (Piedmont)
gravity gradient, is interpreted to mark the transition from thick continental to less thick, and
possibly more mafic (transitional), crust to the east (Kean and Long, 1981; Hatcher and Zietz,
1980; Hutchinson et al., 1983).

Based on published interpretations of deep seismic reflection profiles across parts of the
Appalachians and the Coastal Plain, Wheeler (1994) infers the southeastern boundary of
preserved lapetan faults to coincide with a narrow zone of intense thinning (ZIT) of Grenville
crust that extends along the Appalachians coincident with the Appalachian gravity gradient.
Wheeler (1996) notes that reflection profiles within the ZIT and farther southeast show
structures that disrupted or destroyed the Grenville crust and any lapetan faults within it
during Paleozoic compressional and Mesozoic extensional deformation. Bollinger and Wheeler
(1988) note that Iapetan normal faults likely decrease in size, abundance, and slip gradually and
irregularly northwestward into the North American craton over a distance of perhaps 100 to
200 kilometers. The northwest boundary to Iapetan normal faults is based on the
northwesternmost locations of known lapetan faults, both seismic and currently aseismic
(Wheeler, 1995). This boundary coincides approximately with the northwestward transition
from a more seismically active continental rim to a generally less active cratonic interior
(Figure 2.5.1-17).

Hatcher and Lemiszki (1998) and Hatcher et al. (1998) present a regional structure contour map
on the basement surface beneath the Valley and Ridge and Blue Ridge and Piedmont of
Alabama, Georgia, Tennessee, the Carolinas, and southwest Virginia (Figure 2.5.1-18). The
basement surface is inferred from industry, academic, and U.S./state geological survey seismic
reflection and surface geologic data, along with crustal seismic lines in the more internal parts
of the orogen. The basement surface in this reconstruction dips gently southeast in the
Tennessee embayment from Virginia to Georgia and contains several previously unrecognized
rift-related large and small displacement Neoproterozoic-earliest Cambrian normal faults
(Hatcher et al., 1988).

In Alabama and Georgia, more recent interpretation and analysis of industry data has provided
a more detailed picture of the top of basement surface and sub-detachment basement faults
(Thomas and Bayona, 2002; Bayona et al., 2003). The general depth to basement and the major
basement structures that are interpreted from these data are shown in Figure 2.5.1-19. They note
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that (1) along- and across-strike changes in thrust belt geometry are closely related to basement
structural relief beneath the thrust belt; and (2) along-strike changes of the structural
configuration of the top of basement are concentrated at northwest-striking basement faults,
which offset northeast-striking basement faults (Bayona et al., 2003). The northwest-striking
basement fault separates domains of contrasting structural profiles of basement fault systems,
differing elevation of top of basement, and differing thicknesses of the regional décollement-
host weak layer in the lower part of the sedimentary succession above basement rocks (Thomas
and Bayona, 2002).

(c.) Other Major Structures Within the Site Region (200-Mile Radius)

The major mapped faults and tectonic structures within the region (200-mile radius) represent
deformation that occurred most recently in the Paleozoic. Except for minor faults reported in
Miocene deposits in Tennessee (Whisner et al., 2003, see discussion in Section 2.5.1.1.2(d)
Eastern Tennessee Seismic Zone), there is no reported evidence to indicate that any of these
tectonic structures displace or deform late Cenozoic deposits or exhibit evidence for Quaternary
deformation. Powell (in Manspeizer et al., 1989) describes evidence for Cretaceous faulting and
Cenozoic tectonism in the Appalachians of the eastern U.S. Cretaceous and younger faults are
recognized within the Coastal Plain, Piedmont, Blue Ridge, and Valley and Ridge
physiographic provinces, but none lie within the 200-mile-radius region of the Bellefonte Site
(Powell in Manspeizer et al., 1989). The Paleozoic structures in the region, therefore, are not
considered to be capable tectonic sources, as defined in Regulatory Guide 1.165, Appendix A. A
description of the principal structures in each of the physiographic provinces, excepting the
structures in the Cumberland Plateaus, Valley, and Ridge Provinces that are described in detail
in Section 2.5.1.1.2a, is provided as follows.

1. Appalachian Plateaus Physiographic Province

The Plateaus of the southern Appalachians consists of a few large structures. The largest of
these are the Pine Mountain thrust sheet and Sequatchie anticline-Cumberland Plateau
overthrust (Figure 2.5.1-6). Important other smaller Plateau structures are the Lookout Valley
(Peavine), Murphree Valley, and Wills Valley anticlines (Figure 2.5.1-12). These structures,
which lie within the northwestern (frontal) part of the Appalachian fold-thrust belt (see
discussion in Section 2.5.1.1.2(a)), are explained in terms of a connected system of ramps and
flats (Wilson and Stearns, 1958). Faults and folds are connected, in that steps in basal
detachments give rise to ramp anticlines. In the Plateaus, these large-scale, northeast-trending
asymmetric anticlines are separated by broad, flat-bottomed synclines (Wiltschko in Hatcher et
al., 1989¢; Bayona et al., 2003). The Sequatchie Valley and Big Wills Valley anticlines and
associated faults, which lie within the site vicinity (25-mile radius), are described in more detail
in Section 2.5.1.2.4.

Three broad areas of the southern Appalachian Plateau are virtually undeformed. As described
by Wiltschko in Hatcher et al. (1989) these are: (1) the broad region southeast of the Sequatchie
Valley anticline but northwest of the Lookout Valley, Wills Valley, and Murphrees Valley
anticlines that is macroscoptically undeformed at the surface except for joints, although it is
underlain by the basal detachment in the Rome Formation; (2) the area between the Pine
Mountain thrust sheet and the Sequatchie anticline, which also is likely allochthonous, but is
essentially undeformed except for jointing; and (3) the region northeast of the Pine Mountain
thrust sheet, which exhibits minimal folding and no faulting.
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2. Blue Ridge Physiographic Province

The Blue Ridge Province is allochtonous; estimates of translation of the southern Appalachian
Blue Ridge range from 156 miles to 175 miles (Cook et al., 1979; and Harris and Bayer, 1979,
respectively), placing the external massif onto platform or platform margin sediments. The Blue
Ridge is differentiated from the Valley and Ridge on the basis of the appearance of Cambrian
and Precambrian rocks in the thrust sheets, metamorphism southeast of the frontal thrust zone,
and increased complexity of deformation (Wiltschko and Geiser in Hatcher et al., 1989c¢). Blue
Ridge rocks are mostly metamorphosed with grade increasing toward the southeast, and have
been affected by more than one orogeny. The Blue Ridge may be divided into three subregions
on the basis of the nature of exposed lithologies and bounding faults (Hatcher, 1978): (1) a
western subregion of imbricate thrusts involving unmetamorphosed to low-grade rocks and
some basement, transitional in structural style and degree of deformation to the Valley and
Ridge Province on the west; (2) a central subregion containing most of the basement rocks, as
well as metamorphic rocks of higher grade to the west; and (3) an eastern subregion bounded
on the west by the Hayesville and Fries faults and involving medium- to high-grade
metasedimentary and metavolcanic rocks (Wiltschko in Hatcher et al., 1989c).

In the southern Appalachians, the boundary between the Valley and Ridge and the Blue Ridge
is a single fault or zone of faults. Westward-directed thrust faults of large displacement
characterize the southern part of the Blue Ridge. There is considerable internal folding (e.g.,
Murphy syncline, Toxaway, Ela, and Bryson City domes) in addition to the thrusting. Much of
the metamorphism, folding, and some of the faulting (Greenbrier, Allatoona-Hayesville faults,
Shope, and others) clearly predate the Alleghanian orogeny (Hatcher et al., 1989c). Several of
the structures formed during earlier orogenies have been reactivated to various degrees during
the Alleghanian orogeny. The Alleghanian BRP thrust sheet is bounded on the west by the Blue
Ridge fault system, which comprises the Talladega (Alabama), Cartersville (Georgia), Great
Smoky (northern Georgia-southern Tennessee), and Holston Mountain (northeastern
Tennessee), and Blue Ridge (Virginia) faults (Hatcher in Hatcher et al., 1989c).

The time of last motion of the Alleghenian faults of the Blue Ridge is younger than
Mississippian, the youngest rock cut by any frontal Blue Ridge fault. Most of the internal
deformation within the Blue Ridge attributed to the Alleghanian orogeny is brittle in nature; the
thermal peak occurred earlier during the Taconic (Ordovician) orogeny (Wiltschko in Hatcher
et al., 1989b).

3. Piedmont Physiographic Province
Major structures within the Piedmont Physiographic Province include the Brevard fault, the
Central Piedmont suture, and the Towaliga, Ocmulgee, and Modoc faults (Figure 2.5.1-11).

The Brevard fault defines the western boundary of the Piedmont Physiographic Province. The
Brevard fault, a complex fault zone having a possible earlier history of dip-slip motion and an
Alleghanian history of both dip- and strike-slip motion, is a major Alleghanian structure within
the BRP thrust sheet (Hatcher in Hatcher et al., 1989c). A summary of earlier studies and models
for the origin and structure of the Brevard fault zone is provided by Hatcher in Hatcher et al.
(1989c).

The boundary structure between the Piedmont and Carolina terrane, which is recognized in
potential field data as well as surface geology, is referred to as the Central Piedmont suture
(Hatcher, 1987). It is interpreted to have formed when the Carolina volcanic arc terrane
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was joined to North America during either the Taconic or Acadian orogenies, and was tightly
folded during either the same or a later event, then suitably oriented segments were reactivated
by dextral slip (i.e., the Towaliga, the Ocmulgee, and the Goat Rock fault zones) during the
Alleghanian orogeny (Hatcher, 1989b; Hatcher in Hatcher et al., 1989Db).

Along the eastern edge of the Piedmont in the Carolinas and Georgia is the Alleghanian Kiokee-
Raleigh belt anticlinorium composed of middle to upper amphibolite-facies metamorphic rocks
that contrasts with the older higher-grade rocks toward the west (Hatcher 1989a). This belt is
interpreted to be a micro-continent that was accreted to ancestral North America during the
Taconic orogeny. The western boundary of the Kiokee belt is the Modoc zone, an east-
northeast-trending plastic shear zone. The southeast-dipping, east-northeast-trending August
fault borders the southeast flank of the Kiokee belt. Alleghanian dextral strike-slip has been
documented on the Modoc and the Augusta faults in the eastern Piedmont (Hatcher, 1989c¢).

4. Interior Low Plateaus Physiographic Province

Faults within the Interior Low Plateaus Physiographic Province within the northwestern part of
the 200-mile-radius study region are part of the Rough Creek graben. Faults associated with the
Rough Creek graben show strong evidence for initiation during Cambrian Iapetan phase rifting
and reactivation during the mid-late Paleozoic Appalachian-Ouachita orogeny (Kolata and
Nelson, 1991; Potter et al., 1995) (Figure 2.5.1-4). Mesozoic activity on the Rough Creek graben
faults also is suggested by post-Permian displacements and regional correlation of extensional
deformation associated with post-Permian to pre-Cretaceous rifting of the Pangea continental
landmass (Kolata and Nelson, 1991). However, a lack of Mesozoic sediments in the Rough
Creek graben and restriction of evidence for post-Permian deformation to the western portion
of the Rough Creek graben, and a complex but moderately well-defined structural boundary
limiting Mesozoic deformation to the west in the Fluorspar area are cited by Wheeler (1997) as a
paucity of evidence for Mesozoic reactivation of the Rough Creek graben.

5. Coastal Plain Physiographic Province

Late Paleozoic orogenic structures exposed in the Appalachian Mountains of Alabama and the
Ouachita Mountains of Arkansas extend beneath a cover of post-orogenic Mesozoic-Cenozoic
strata in the Gulf Coastal Plain (Figure 2.5.1-10). In the eastern part of the region, post-Paleozoic
erosion surface dips eastward beneath an eastward-thickening prism of post-orogenic Mesozoic
and Cenozoic strata, and the strike of the post-Paleozoic surface approximately parallels the
Appalachian strike (Thomas et al., 1989). To the south, the overlap limit as well as the strike of
the post-Paleozoic surface, curves west and northwest and crosses the Appalachian strike at a
large angle. The post-Paleozoic surface dips generally toward the Gulf of Mexico beneath a
thickening prism of Mesozoic and Cenozoic strata. In the Mississippian embayment of the Gulf
Coastal Plain, Mesozoic-Cenozoic stata extend entirely across the Paleozoic Appalachian-
Ouachita orogenic belt and cover Paleozoic rocks in the Black Warrior basin (Figure 2.5.1-5).

The Paleozoic Black Warrior basin is defined by a homocline dipping away from the craton and
extending beneath the cratonward-directed frontal structures of the Appalachian-Ouachita fold-
thrust belt (Thomas, 1989a). The Black Warrior basin is bordered on the cratonward (north) side
by the Nashville dome. A northwest-trending system of normal faults displaces the homocline
down-to-southwest (Thomas, 1989a). On the southeast, the fault system intersects the front of
the Appalachian fold-thrust belt at approximately 90°, and lateral ramps in some thrusts
apparently are related genetically to the intersecting faults. The youngest rocks preserved in the
Black Warrior basin (early Middle Pennsylvanian) are displaced by the faults.
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(d.) Seismicity Zones

Higher rates of low- to moderate-magnitude earthquakes that are recognized in two regions of
the Valley and Ridge Province of the southern Appalachians are referred to as the Giles County,
Virginia, and the East Tennessee seismic zones (ETSZ). These two seismic zones, the Giles
County, Virginia, and ETSZ were identified by several of the EPRI-SOG evaluation teams as
distinct seismic source zones. Detailed studies of seismicity and potential field data that have
been conducted since completion of the EPRI-SOG study provide new information regarding
the characterization of these zones.

1. Giles County, Virginia, Seismic Zone (GCVSZ)

Earthquake foci at Giles County in southwestern Virginia define a tabular zone that strikes
N44°E and dips steeply to the southeast within Precambrian basement beneath Appalachian
thrust sheets (Bollinger and Wheeler, 1983, 1988). This zone, referred to as the Giles County,
Virginia, seismic zone (GCVSZ), is about 25 miles long, 6 miles wide, and from 3 to 16 miles
deep (Bollinger and Wheeler, 1983; Bollinger et al., 1991). The zone is oriented at an angle of
about 20° counter-clockwise to the east-northeasterly trend of the overlying, detached southern
Appalachian structures (Valley and Ridge Province) and subparallel to the northeasterly trend
of the central Appalachian structures in the northern part of the state (Bollinger et al., 1991). The
largest known shock in the state, the 1897 Giles County earthquake (MMI = VIII, mb = 5.7),
occurred within this zone near the Virginia-West Virginia border (Bollinger and Hopper, 1971).
This event has been reassessed as an mb = 5 in the National Center for Earthquake Engineering
Research (NCEER)-91 (Seeber and Armbruster, 1991) and the U.S. Geological Survey (USGS)
(Mueller et al., 1997) earthquake catalogs. However, this magnitude is not consistent with the
general felt effects of the earthquake (J. Munsey, TVA, personal communication, January 2004).
EPRI (Johnston et al., 1994) concluded that the moment magnitude was M 5.9; this estimate was
selected as the magnitude for the final catalog for the TVA dam safety seismic hazard
assessment study (Geomatrix, 2004) and this study.

The seismic energy released by the GCVSZ appears to be released by predominantly strike-slip
faulting that lies below the Appalachian detachment. Focal mechanisms of recent earthquakes
exhibit mainly strike-slip motions on steeply dipping (>70°) planes that are right-lateral on the
northerly striking nodal planes or left-lateral on the easterly striking nodal planes. The P-axes
(maximum compressive stress axes) estimates are uniformly of a northeasterly (NNE to ENE)
trend with subhorizontal inclination and are similar to the orientation of P-axes estimates
elsewhere in the region. Based on an evaluation of the late Proterozoic and Phanerozoic
structural history of the surrounding region, Bollinger and Wheeler (1988) concluded that only
Iapetan rifting could have produced a fault with an orientation and depth like those of the
tabular zone of foci. From seismic reflection profile data, Gresko (1985) interpreted a series of
down-on-the-east, subdetachment faults, consistent with this hypothesis. Bollinger et al. (1991)
also state that it is likely that the release of seismic energy within the GCVSZ is the result of
reactivation of one or more faults formed initially by extensional stresses during Precambrian
time.

No capable tectonic sources have been identified within the GCVSZ, but evidence for possible
differential uplift of Quaternary terraces near Pearlsburg (Mills, 1986) and a zone of small late
Pliocene to early Quaternary age faults have been identified in southwestern Virginia in the
area of the GCVSZ, near Pembroke (Law et al., 1993, 1994, 1997; Crone and Wheeler, 2000).
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These high-angle faults (the Pembroke faults) and a broad antiformal fold exposed in
apparently young unconsolidated fluvial deposits have raised questions regarding the
possibility of geologically recent tectonic faulting that may be related to seismic activity in this
region (Bollinger et al., 1992; Law et al., 1993; Robinson et al., 1993). The deformation is of latest
Pliocene or Quaternary age based on the age of the deformed sediments that have been dated
using cosmogenic Al and 1°Be analysis (Law et al., 1997). Law et al. (1994) present three models
to explain the formation of the fold and fault structures at this site: landsliding, solution
collapse, and basement faulting of tectonic origin. Although some researchers have noted that
the correlation between surface faults and sub-detachment seismogenic structures may be
tenuous or completely lacking (Chapman and Krimgold, 1994), Law et al. (1994, 1997) have
concluded that a tectonic origin cannot be precluded based on the available data and
interpretations. Crone and Wheeler (2000) rate the faults as Class B! because it has not yet been
determined whether the faults are tectonic or the result of solution collapse.

More recent geophysical and subsurface investigations of these structures (Robinson et al., 2000;
Williams et al., 2000; Law et al., 2000) provide additional constraints on the origin of the fold
and faults. Robinson et al. (2000) show that voids occur in the terrace sediments that may result
from cavity collapse in the underlying limestone, and that no features occur in the limestone
basement that correspond to the fold and graben structure in the terrace deposits. Williams et
al. (2000) map a linear depression in the limestone bedrock surface that corresponds to the
graben in the terrace deposits, and they note that the fold and graben structure has a linear
nature that is not consistent with formation due to a subcircular sinkhole. Law et al. (2000) show
that the nature of fine structure in some of the terrace deposits is consistent with sedimentation
in a depression formed by limestone solution, followed by inversion to form the anticlinal
structure. These observations appear to indicate that some or all of the observed deformation is
non-tectonic (probably related to solution collapse) in origin. Surficial mapping by Anderson
and Spotilla (2001) of fractures in bedrock outcrops shows that the orientation of many small
fractures is not consistent with topography or with karst-related subsidence. They note that one
set of northeast-trending fractures cross-cuts the regional structural trend, is oriented consistent
with the trend of the underlying seismic zone, and may be a surface manifestation of rupture in
the seismic zone. However, this field evidence does not provide any direct evidence for
Quaternary displacement on these fractures (Dr. J. Spotilla, personal communication,
November, 2003). Therefore, definitive evidence for a capable tectonic source and for the
recurrence of large earthquakes similar or larger than the 1897 Giles County earthquake is
lacking.

2. Eastern Tennessee Seismic Zone (ETSZ)

The Eastern Tennessee seismic zone (ETSZ) is a well defined, northeasterly trending, 187-mile-
long by less than 60-mile-wide belt of seismicity within the Valley and Ridge and Blue Ridge
physiographic provinces of eastern Tennessee and parts of North Carolina, Georgia, and
Alabama (Johnston et al., 1985; Bollinger et al., 1991; Powell et al., 1994; Chapman et al., 2002).
This area, which lies within the 200-mile-radius region, is one of the most active seismic regions.

1 Crone and Wheeler (2000) define Class A features as those where geologic evidence demonstrates the existence of
a Quaternary fault of tectonic origin; Class B features as those where the fault may not extend deeply enough to be a
potential source of significant earthquakes, or the currently available geologic evidence is not definitive to assign the
feature to Class C or to Class A; and Class C features are those where geologic evidence is insufficient to
demonstrate the existence of tectonic fault, or Quaternary slip, or deformation associated with the feature.
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The largest recorded earthquakes in this zone are the 1973 MS 4.6 Maryville, Tennessee,
earthquake (Stover and Coffman, 1993) (mb 4.6, Bollinger et al., 1991) and the recent April 2003
M 4.6 Fort Payne earthquake that occurred in northeast Alabama near the Georgia border (see
discussion in Section 2.5.2.1). Focal depths of most earthquakes range from 3 to 14 miles,
beneath detached Alleghanian thrust sheets (Vlahovic et al., 1998; Chapman et al., 2002). Focal
mechanisms indicate strike-slip faulting on steeply dipping planes and a uniform regional stress
field with horizontal maximum compression trending N70°E (Chapman et al., 2002). Most
mechanisms involve either right-lateral motion on north-south planes or left-lateral slip on east-
west planes (Chapman et al., 1997). Chapman et al. (2002) also note that a smaller population
shows right-lateral motion on northeasterly trending planes, parallel to the overall trend of the
seismicity. They note that the seismicity is not uniformly distributed; rather epicenters form
northeasterly trending en-echelon segments.

The earthquakes are associated with major potential field anomalies (King and Zietz, 1978;
Johnston et al., 1985; Bollinger et al., 1991; Powell et al., 1994; Kaufmann and Long, 1996;
Vlahovic et al., 1998; Chapman et al., 2002) (Figure 2.5.1-20). The western margin of the ETSZ is
associated with a prominent gradient in the total intensity magnetic field, the New York-
Alabama (NY-AL) geophysical lineament (Chapman et al., 2002). Alternative structural models
have been postulated to explain the association of seismicity with these anomalies. Powell et al.
(1994) proposed that the ETSZ is an evolving seismic zone in which slip on north- and east-
striking surfaces is slowly coalescing into a northeast-trending zone. They suggested that the
ETSZ represents seismic activity that results from the regional stress field and is coalescing near
the juncture between a relatively weak, seismogenic block (referred to as the Ocoee block by
Johnston et al., 1985) and the relatively strong crust to the northwest that may be strengthened
by the presence of mafic rocks associated with an inferred Keweenawan-age (1,100 million years
old) rift (Keller et al., 1982). They note that the densest seismicity and the largest of the
instrumentally located epicenters in the ETSZ generally lie close to and east of the NY-AL
aeromagnetic lineament between latitudes 34.3°N and 36.5°N and west of the Clingman
aeromagnetic lineament. They postulated that deformation within the ETSZ may evolve
eventually into a thoroughgoing, strike-slip fault running along or near the entire northwest
boundary of the Ocoee block in eastern Tennessee. Strike-slip motion would be consistent with
both the sharp, apparently near-vertical nature of the boundary, as inferred from the
aeromagnetic signature, and the orientation of the boundary in the contemporary stress field.

Based on detailed analyses of the pattern and focal mechanisms of earthquakes in the ETSZ,
Chapman (1996) and Chapman et al. (1997) present a more refined picture of the nature of
faulting in the region. Using a revised velocity structure model (Vlahovic et al., 1996), focal
mechanisms and hypocentral locations were updated. Statistical analysis of trends in the
earthquake focal mechanisms suggests that earthquakes occur primarily by left-lateral strike-
slip on east-west-trending faults and to a lesser degree by right-lateral slip on north- and
northeast-trending faults. The hypocenters suggest possible east-west-trending fault sources are
up to 30 to 60 miles long and lie east of and adjacent to the NY-AL lineament. The analyses are
consistent with a tectonic model in which seismogenic faulting is localized along a sharp
contrast in crustal strength (competency) represented by the NY-AL lineament (Figures 2.5.1-20
and 2.5.1-21).

The faults inferred from the alignments of seismicity within the ETSZ as shown by Chapman et
al. (1997) were used to localize seismicity as one alternative seismic source model in the LLNL
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TIP study (Savy et al., 2002; see discussion of this study in Section 2.5.2.2.2). Based on more
recent discussions with Dr. Chapman, who participated in the TVA Dam Safety Seismic Hazard
Assessment (Geomatrix, 2004), it was concluded that the available data do not adequately
constrain the locations of specific faults within the ETSZ and fault-specific sources were
therefore not included in this study.

An alternative model to explain the localization of seismicity in the eastern Tennessee region is
given by Long and Kaufmann (1994). Based on an analysis of the velocity structure of the
region, they conclude that the seismically active areas are not apparently constrained by the
crustal blocks as defined by the NY-AL lineament, but rather their locations are determined by
low-velocity regions at mid-crustal depths. They suggest that the data support the conjecture
that intraplate earthquakes occur in crust that may be weakened by the presence of
anomalously high fluid pressures. Their data suggest that only a portion of the NY-AL
lineament is consistent with the contact between two crustal blocks having different properties.

Chapman et al. (2002) conclude that the linear segments, and the locations of their terminations,
may reflect the basement fault structure that is being reactivated in the modern stress field.
They state that physical processes for reactivation of basement faults could involve a weak
lower crust and/or increased fluid pressures with the upper to middle crust. There may be a
marginal correlation between the seismicity and major drainage pattern and general
topography of the region, suggesting a possible hydrological element linkage.

Detailed geologic studies focused on locating paleoseismic evidence of large magnitude
prehistoric events have only been conducted in limited areas. Whisner et al. (2003) investigated
a 300-square-kilometer (117-square-mile) area within the most active part of the ETSZ and
found no concrete evidence of large prehistoric earthquakes. They noted, however, two other
sites that would warrant further study. At the Gray fossil site in northeastern Tennessee,
fractures and joints with little offset exist throughout Miocene clay units that are not
inconsistent with the late Tertiary to Holocene stress field. Also, in the same region, apparent
dewatering features, in particular a clay- and gravel-filled fracture in Miocene clay, are
observed. Deformation is postulated to be related to either strong ground motion, or more
likely, sinkhole collapse. At a site in Tellico Plains, Tennessee, disturbed and folded sediments
in an older landslide or terrace deposit beneath younger Tellico River alluvium were recently
discovered. Deformation at this site may be the result of soft-sediment deformation and
liquefaction related to a prehistoric earthquake, or alternatively, it could be the result of
dewatering and folding at the toe of a prehistoric landslide. Based on the extent of weathering
in cobbles, Whisner et al. (2003) suggest that the older alluvium may be late Pleistocene or early
Holocene in age.

25.1.1.43  Significant Seismic Sources At Distances Greater than 200 miles

The EPRI-SOG evaluation indicated that the seismic sources in the New Madrid, Missouri, and
to a lesser degree, Charleston, South Carolina, regions were significant contributors to the
hazard at the Bellefonte Site. The following summarizes new information regarding the
characterization of these seismic sources.

(a.) Seismic Sources in the New Madrid Region

The New Madrid region is the source of the 1811-1812 New Madrid earthquakes, which include
the three largest earthquakes to have occurred in historical time in the CEUS. Extensive
geologic, geophysical, and seismologic studies have been conducted to characterize the location
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and extent of the likely causative faults of each of these earthquakes and to assess the maximum
magnitude and recurrence of earthquakes in this region. Table 2.5.1-1 provides a summary of
recent publications pertinent to the identification and characterization of seismic sources in this
region.

Kenner and Segall (2000) present a time-dependent model for the generation of repeated
intraplate earthquakes that incorporates a weak lower crustal zone within an elastic lithosphere.
Relaxation of this weak zone after tectonic perturbations transfers stress to the overlying crust,
generating a sequence of earthquakes that continues until the zone relaxes fully. Model
predictions mostly are consistent with earthquake magnitude, coseismic slip, recurrence
intervals, cumulative offset, and surface deformation rates in the New Madrid seismic zone
(NMSZ). In particular, the computed interseismic strain rates may be undetectable with
available geodetic data, implying that low observed rates of strain accumulation cannot rule out
future large-magnitude earthquakes. Modeling studies by Grollimund and Zoback (2001) show
that the removal of the Laurentide ice sheet approximately 20 ka changed the stress field in the
vicinity of New Madrid, causing seismic strain rates to increase by about three orders of
magnitude. Their modeling predicts that the high rate of seismic energy release observed
during late Holocene time is likely to continue for the next few thousand years.

Recent analysis of geodetic measurements from a permanent GPS array in mid-America that
was installed in the mid- to late 1990s provides evidence for rapid strain rates in the NMSZ
(Smalley et al., 2005). Rates of strain are of the order of 107 per year, comparable in magnitude
to those across active plate boundaries, and are consistent with known active faults in the
region. Relative convergence across the Reelfoot fault (RF) is ~2.7 + 1.6 mm/year. Relative fault-
parallel, right-lateral motion of ~1 mm/year is measured across the southern right lateral strike-
slip fault zone, which is highlighted by a prominent northeast-trending and vertical zone of
microseismicity and right-lateral focal mechanisms. Surface velocities at distances beyond a few
fault dimensions (far-field) from active faults do not differ significantly from zero. It is not
certain whether the driving force behind the current surface velocities is related to post-1811-
1812 postseismic processes or to the accumulation of a locally sourced strain. The data indicate,
however, that aseismic slip is almost certainly required across faults (or shear zones) within the
upper few kilometers of the surface.

1. Central Fault System

Van Arsdale and Johnston (1999) summarize the major structures within the Mississippi
embayment that show evidence for Quaternary activity. The principal seismic activity within
the upper Mississippi embayment is interior to the Reelfoot rift along the NMSZ. The NMSZ
consists of three principal trends of seismicity; two northeast-trending arms with a connecting
northwest-trending arm. This seismicity pattern has been interpreted as a northeast-trending,
right-lateral strike-slip fault system with a compressional left-stepover zone (Russ, 1982;
Schweig and Ellis, 1994). The southern arm is coincident with the subcrop Blytheville arch (BA);
the central arm is coincident with the subcrop Pascola arch and surface Lake Country uplift;
and the northern arm trends at a low angle to the western margin of the Reelfoot rift

(Figures 2.5.1-22 and 2.5.1-23). Johnston and Schweig (1996) identify the following fault
segments within the central fault system of the NMSZ: BA; Blytheville fault zone (BFZ);
Bootheel lineament (BL); New Madrid west (NW); New Madrid North (NN); RF; Reelfoot south
(RS) (Figure 2.5.1-24). They outline three rupture scenarios associating each of the three 1811-
1812 earthquakes with fault segments (individually or in various combinations) using historical
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accounts and geologic evidence (Figure 2.5.1-24). Their interpretation is consistent with the
spatial distribution and source characteristics of contemporary NMSZ seismicity
(Figure 2.5.1 25).

The December 16, 1811, earthquake (referred to by different authors as either the D1 or

NM1 earthquake), is believed to have occurred on the southern arm of seismicity (possibly the
Cottonwood Grove-Ridgley fault system) associated with the BA, a major crustal
transpressional fault structure identified from seismic-reflection data. Mueller et al. (2004) and
Bakun and Hopper (2004a) both infer a location for this event on the northern end of the BA
(just south of the intersection of the BL and the BFZ (also referred to as the Cottonwood Grove
fault)). Two alternative geometries for the main fault rupture are outlined by Johnston and
Schweig (1996): BA/BL (preferred) or BA/BFZ (Figure 2.5.1-24).

The causative fault for the January 23, 1812, earthquake (referred to by different authors as
either the J1 or NM2 earthquake) is generally inferred to be the northern seismicity arm of the
NMSZ (segment NN) (Figure 2.5.1-24). Toro and Silva (2001) following Van Arsdale and
Johnston (1999) refer to this fault as the East Prairie fault. Baldwin et al. (2002) suggest that the
North Farrenburg lineament may be associated with the NN and may represent the surface
expression of coseismic rupture from the January 23, 1812, earthquake. Johnston and Schweig
(1996) also consider an alternative scenario (5#3, Figure 2.5.1-24) in which the source for the
January 23, 1812, event is fault NW (the west-trending zone of seismicity that lies along trend of
the RF) (Figure 2.5.1-24). In this alternative model, both the NN and RFs ruptured in the
February 7, 1812, event.

A possible northward continuation of the NN fault is suggested by a second-order seismicity
pattern that is emerging slowly from the regional seismic network data. Braile et al. (1997) have
identified two parallel trends of concentrated seismicity ~60 miles long that extend north-
northeast from the central NMSZ to within 9 miles of the Illinois/Kentucky border (Wheeler,
1997; Woolery and Street, 2002).

Mueller et al. (2004) and Hough et al. (2005) infer that the NM2 mainshock may have been a
remotely triggered earthquake with a location some 200 to 250 kilometers (120 to 150 miles)
north of the New Madrid earthquake in the Wabash Valley of southern Illinois and Indiana.
Bakun and Hopper (2004a) discount more northerly locations based on the absence of
1811-1812 liquefaction features that would indicate a source in that region. They follow
Johnston and Schweig (1996) in assigning the NM2 event to the NN.

The February 7, 1812, earthquake occurred on the RF, which connects the two other fault zones
through the stepover region (Johnston and Schweig, 1996). The Reelfoot scarp is the surface
expression of a west-dipping reverse fault that lies within the left-stepping restraining bend
between two dextral strike-slip arms of the NMSZ (Russ, 1982; Sexton and Jones, 1986; Kelson et
al., 1992, 1996; Schweig and Ellis, 1994). The fault and associated fold are defined by
microearthquakes (Pujol et al., 1997); seismic-reflection profiles (Sexton and Jones, 1986; Odum
et al.,, 1998; Van Arsdale et al., 1999); surface topography; shallow trench excavations (Russ,
1982; Kelson et al., 1992, 1996; Mueller et al., 1999); and borehole data (Milhills and Van Arsdale,
1999; Champion et al., 2001). Using the constraints on fault geometry derived from
interpretation of microearthquakes and seismic-reflection profiles and the amounts of surface
deformation based on geomorphic and trenching investigations, the slip rate for the RF is
estimated (Mueller et al., 1999; Van Arsdale, 2000; Champion et al., 2001) (see Table 2.5.1-1).
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Mueller and Pujol (2001) use these constraints on geometry, slip rate, and displacement during
historical and prehistoric events to estimate the rate of late Holocene moment release and the
magnitudes of earthquakes for the two most recent strain cycles.

Maximum magnitudes in the New Madrid region are based largely on the analysis of intensity
data from the 1811-1812 earthquake sequence (Johnston, 1996b; Johnston and Schweig, 1996;
Hough et al., 2000; Mueller et al., 2004; Bakun and Hopper, 2004a) and to a lesser degree on
magnitude assessments inferred from paleoliquefaction features (Tuttle et al., 2001, 2002)

(Table 2.5.1-2). Cramer (2001) calculates the range of characteristic magnitudes for fault
segments that capture the range of uncertainty in the dimensions of the segment rupture (length
and width of the seismogenic crust) and choice of magnitude/area relationship (Table 2.5.1-3).
Mueller and Pujol (2001) provide an additional assessment of past earthquake magnitudes
through detailed mapping of the geometry and area of the RF, combined with estimates of fault
slip rate, recurrence, and displacement in individual events to estimate the rate of late Holocene
moment release.

Constraints on the recurrence of large-magnitude earthquakes in the NMSZ come from
paleoliquefaction studies (Saucier, 1991; Tuttle, 1993, 1999, 2001a; Tuttle and Schweig, 2001;
Craven, 1995; Li et al., 1998; Tuttle and Schweig, 1996, 2000; Tuttle et al., 1998, 1999, 2000, 2002;
and Tuttle and Wolf, 2003) and from evaluation of fault-related deformation along the Reelfoot
scarp (Kelson et al., 1992, 1996). The age constraints for these events are summarized in

Table 2.5.1-4. Findings from these studies indicate that major earthquakes occurred in the New
Madrid region in AD 1450 * 150 year and AD 900 * 100 year (Figures 2.5.1-26 and 2. 5.1-27)
(Tuttle and Schweig, 2001; Tuttle et al., 2002). Saucier (1991) presents evidence for a significant
earthquake in the northern part of the New Madrid region in about AD 490 + 50 year. Tuttle
and Schweig (2001) document evidence for two major earthquakes in the same area, about

AD 300 £ 200 year and BC 1370 £ 970 year. Given uncertainties in dating liquefaction events,
Tuttle et al. (2002) note that the time between any pair of the past three New Madrid events may
have been as short as 200 years or as long as 800, with an average of 500 years (Figure 2.5.1-28).
Tuttle (2001a) notes that similarities in the size and spatial distributions of historical (1811-1812)
and paleoliquefaction features indicate the NMSZ was the likely source of the two
paleoearthquakes that are recognized regionally. Tuttle et al. (2002) document evidence that
prehistoric sand blows, like those formed during the 1811-1812 earthquakes, probably are
compound structures resulting from multiple earthquakes closely clustered in time (earthquake
sequences).

2. Reelfoot Rift Marginal Faults

Other faults located at or near the southeast and northwest margins of the Reelfoot rift are
thought to be rift-bounding normal faults that have been reactivated as oblique thrusts or
transpressional strike-slip faults in the current stress regime. Faults located on the northwest
margin of the Reelfoot rift, including the faults in the Benton Hills and English Hills are not
significant sources for the Bellefonte Site. Faults on the southeast margin, which are closer to the
Bellefonte Site, are discussed as follows.

Several recent studies have concluded that the southeastern Reelfoot rift margin is a fault zone
characterized by recurrent movement in the Quaternary, with the most recent event occurring
within the Holocene. The Crittenden County fault zone (CCFZ), located 25 kilometers
northwest of Memphis, Tennessee, was initially identified as a potential source of damaging
earthquakes (Crone, 1992; Williams et al., 1995) (Figure 2.5.1-23). The CCFZ is a down-to-the-
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east reverse fault (Luzietti et al., 1992). High-resolution seismic reflection and refraction data
show that the 32-kilometer-long CCFZ in northeastern Arkansas has deformed and faulted beds
of Pleistocene (and possibly Holocene) age and that recurrent movement may have occurred on
the fault zone in the Quaternary (Williams et al., 1995). Mihills and Van Arsdale (1999) also
suggest that Holocene uplift may be associated with the CCFZ. The CCFZ roughly coincides
with the southeastern margin of the northeast-trending Reelfoot rift (Figure 2.5.2-23). Based on
this coincidence, Crone (1992) suggests that pre-existing normal faults within the rift may have
been re-activated as reverse faults during the late Miocene and Tertiary.

Chiu et al. (1997) reported a distinct seismicity lineation appears to be associated with the
southeastern Reelfoot rift margin approximately 25 kilometers to the northeast of the CCFZ.
They noted that focal mechanisms suggest that minor faulting on this margin is characterized
by right-lateral, strike-slip with high-angle thrust faulting. The faulting is generally consistent
with an east-west oriented, maximal, horizontal, compressional stress, similar to the regional
stress regime. Based on analysis of intensity data, Hough and Martin (2002) conclude that a
large aftershock of the December 11, 1811, New Madrid earthquake (M 6.1 £ 0.2), occurred
within the southwestern one-third to one-half of this band of seismicity. Cox et al. (2001a)
suggest that a fault system along the southeastern margin of the Reelfoot rift (referred to as the
Big Creek fault zone by Cox et al., 2001b; Figure 2.5.1-29) is currently accommodating right-
lateral strain along the boundary of the hanging wall of the Reelfoot thrust. They note that little
if any strain is accumulating on the principal (southern) arm of the central New Madrid fault
system and that earthquakes defining this fault are primarily aftershocks of an event that
occurred on that arm during the 1811-1812 sequence. The southeastern rift margin coincides
with a 150-kilometer-long linear topographic scarp from near Memphis to the Tennessee-
Kentucky line, and S-wave reflection profiles, auger data, and a trench excavation reveal late
Wisconsin-Holocene surface faulting and late Holocene liquefaction associated with this fault-
line scarp. Based on variation in sense of throw along-strike and flower-structure geometry
observed in seismic profiles, they conclude that this fault is a strike-slip fault. Cox et al. (2001a)
suggest that lateral slip on the southeastern rift margin is greatest southwest of the restraining
bend (adjacent to the Reelfoot thrust hanging wall). In this area, 25 meters of reverse separation
underlies the bluff along the southern part of the margin. On the northern segment, the rift
margin is characterized by a less prominent scarp (9 meters high) and a lack of seismicity.
Evidence for latest Pleistocene to Holocene activity is noted for the CCFZ at the southern end of
the fault zone (Williams et al., 1995) and along the Big Creek fault zone (BCFZ) at the Meeman-
Shelby and Proctor Gap sites (Cox et al., 2001a and 2002; Figure 2.5.1-29). Cox et al. (2001a)
present evidence for a faulting event between approximately 18 ka and 9.68 ka. Cox et al. (2002)
present evidence for 8 to 15 meters of offset of a late Wisconsin paleo-channel (~20 ka) at a site
near Porter Gap (Figure 2.5.1-29), suggesting an average slip rate of between 0.85 mm/year and
0.37 mm/year. They also present evidence for an earthquake circa 2500 to 2000 years before
present (ybp) on the southeastern Reelfoot rift margin that ruptured > 80 kilometers from
Shelby County (15 to 25 kilometers north of Memphis metropolitan area) to Porter Gap. The
recurrence data indicate two events occurring in the past 18 to 20 ka.

(b.) Seismic Source in the Charleston, South Carolina, Region

The 1886 Charleston, South Carolina, earthquake was the largest earthquake occurring in
historical time in the eastern U.S., and is considered to have a moment magnitude in the range
of 6.8 to 7.5 (Bakun and Hopper, 2004a; Johnston, 1996b; Martin and Clough, 1994; Nuttli et al.,
1979). Based on the felt intensity reports defining the meizoseismal area (area of maximum
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damage) and the occurrence of continuing seismic activity (the Middleton Place Summerville
seismic zone), the epicentral region of the 1886 earthquake is considered to be centered
northwest of Charleston. Recent published and unpublished studies for information on the
potential location and extent of the Charleston source and the maximum characteristic
earthquake expected to occur on it are described as follows.

Several types of data provide constraints on the location and extent of the source fault(s) for
Charleston-type earthquakes in the Atlantic Coastal Plain. Bollinger (1977) reviewed the
original interpretation of the meizoseismal area by Dutton (1889) and concluded that the
meizoseismal area of the 1886 Charleston earthquake forms an elliptical zone roughly 20 miles
wide (northwest-southeast) by 30 miles long (northeast-southwest). This zone is centered
northwest of Charleston near Middleton Place, and extends from Charleston to Jedburg, South
Carolina. This region is characterized by ongoing seismicity in the so-called Middleton Place-
Summerville seismic zone (MPSSZ) (Figure 2.5.1-30). Possible causative source faults for the
Charleston earthquake within the meizoseismal region include the Woodstock and Ashley
River faults, and Woodstock lineament (Talwani, 1982; Marple and Talwani, 1992; Marple et al.,
1994). Talwani (2000) indicates that the northeast-trending Woodstock fault is cut and offset
approximately 5 to 7 kilometers near Summerville by the northwest-trending Ashley River fault
(Figure 2.5.1-30). Talwani also suggests that the 1886 earthquake was associated with right-
lateral strike-slip movement along the offset segments of the Woodstock fault and uplift along
the Ashley River fault.

Marple and Talwani (2000) and Talwani (1999) describe a potential causative source for the
earthquake that extends beyond the 1886 epicentral region. One possible extended source is the
southern segment of the zone of river anomalies (ZRA) (ZRA-S in South Carolina) of the East
Coast fault system (ECFS; Figure 2.5.1-31); Marple and Talwani, 2000). The ECFS is a
600-kilometer-long north-northeast-trending inferred fault system that is based on a series of
anomalous changes in fluvial geomorphology (ZRA), coincident with linear aeromagnetic
anomalies and buried and surficial faults (Marple and Talwani, 2000). The ECFS is divided into
three segments, with the strongest geomorphic evidence for tectonic activity associated with the
southernmost segment, ZRA-S (Figure 2.5.1-32).

Other features in the vicinity of the meizoseismal region of the 1886 earthquake that are
considered potential sources of large-magnitude earthquakes include strike-slip faults that
bound Mesozoic rift basins and inferred /mapped faults bounding regions of tectonic warping.
Behrendt and Yuan (1986, 1987) and Tarr et al. (1981) note the association of the MPSSZ (and the
meizoseismal region of the Charleston earthquake) with a buried Mesozoic basin in South
Carolina. No specific evidence for reactivation of basin-boundary faults has been identified,
except where those faults are coincident with the ZRA-S. Weems and Lewis (2002) evaluate
tectonic warping in the Charleston area from stratigraphic data and suggest that two northwest-
trending faults (the Adams Run and Charleston faults) accommodate tectonic movement in a
hinge zone (Figure 2.5.1-30). These authors indicate that slip on these inferred boundary faults
and on the Ashley River and Woodstock faults may have caused the 1886 Charleston
earthquake.

The spatial distribution of seismically induced liquefaction features along the Atlantic seaboard
has been used to assess the location and timing of pre-1886 earthquakes (Obermeier et al., 1985,
1990; Amick et al., 1990; Amick and Gelinas, 1991; Rajendran and Talwani, 1993; Talwani and

Cox, 1985; Talwani et al., 1999) (Figures 2.5.1-32 and 2.5.1-33). These studies suggest that during
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the past 2,000 to ~6,000 years, large earthquakes (mb = 5.8 + 0.4) have been restricted to South
Carolina (Figure 2.5.1-33).

Talwani et al. (1999) and Talwani and Schaefer (2001) established a more precise chronology for
paleoliquefaction events observed in the coastal plain sediments of South Carolina. Eight
paleoliquefaction events have been identified during the past 5,800 years (Table 2.5.1-5). Six of
these events appear to have resulted from earthquakes occurring on the same source as the
Charleston earthquake. These six events (including the two most recent prehistoric events)
appear to have been of similar magnitude to the 1886 earthquake, based on the similarities in
the spatial distribution of generated liquefaction features (Amick et al., 1990; Talwani et al.,
1999; Talwani and Schaefer, 2001) (Figure 2.5.1-34).

Maximum magnitudes in the Charleston region are based largely on the analysis of intensity
data from the 1886 earthquake sequence and to a lesser degree on magnitude assessments
inferred from paleoliquefaction features. Johnston (1996b) suggested a preferred value of

M 7.3 £ 0.26 for the 1886 earthquake. Earlier magnitude estimates (Bollinger, 1977; Nuttli et al.,
1979) gave an my, ranging from 6.6 to 6.9. In a recent approach, Bakun and Hopper (2004a)
developed a method to directly invert intensity observations. They obtained an estimate of

M 6.9 (6.4 to 7.2 at the 95t percent confidence level) for the 1886 earthquake.

An alternative approach for estimating the magnitude of the 1886 earthquake relies on back-
calculation of ground motions from the liquefaction evidence (Martin and Clough, 1994; Hu et
al., 2002a, b). Martin and Clough (1994) conclude that the liquefaction evidence from the

1886 earthquake is consistent with an earthquake no larger than M 7.5, and possibly as small as
M 7.0. Hu et al. (2002b) estimate magnitudes in the range of M 6.8 to 7.8 for paleoearthquakes
attributed to the Charleston source. Leon et al. (August 2005) reevaluated the prehistoric
earthquake magnitudes and peak ground acceleration (pga) (g) from the spatial distribution of
paleoliquefaction features and in situ geotechnical data corrected for aging effects and
estimated that the magnitude estimates for prehistoric events should be lowered about

0.9 magnitude units. They estimate that the prehistoric earthquakes that occurred during the
past 6,000 years in the South Carolina Coastal Plain had moment magnitudes between
approximately 5 and 7 and peak ground accelerations between about 0.15 and 0.30g when aging
factors are considered (Table 2.5.1-6).

2512 Site Geology

The following sections present a summary of geologic conditions of the Bellefonte Site and site
area. They provide information concerning the physiography, geologic history, stratigraphy,
engineering geology, and groundwater conditions relative to the Bellefonte Site. The
information presented is based on a review of previous BLNP reports and documents, review of
geologic literature, communications with TVA personnel who are familiar with previous BLNP
studies and other researchers, and the results of geotechnical and geologic field investigations
conducted at and in the vicinity of the Bellefonte Site.

25121 Site Physiography and Topography

The Bellefonte Site is located in the Browns Valley-Sequatchie Valley segment of the
Cumberland Plateau section of the Appalachian Plateaus Physiographic Province
(Figure 2.5.1-1). The regional physiography has been discussed in Section 2.5.1.1.1.
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The Bellefonte Site lies on the southeast side of the valley that separates Sand Mountain from
the Cumberland Plateau (Figure 2.5.1-35). It is known as Browns Valley in Alabama. To the
northeast in Tennessee it is known as the Sequatchie Valley. The Browns Valley-Sequatchie
Valley extends northeast-southwest for approximately 140 miles, from Crab Orchard,
Tennessee, to the vicinity of Blount Springs, Alabama. This valley was formed from erosion of
the Sequatchie anticline. Where erosion breached the arch of thick sandstone and exposed the
dolomite and limestone, an axial valley was developed. The valley is regionally bounded on the
southeast by the prominent flank of Sand Mountain, which rises to about 1,400 feet above msl.
The highly dissected and irregular edge of the Cumberland Plateau, which rises to similar
elevations, forms the northwestern flank of the valley. The present valley floor is in all respects
like those of the folded Valley and Ridge Province to the east. As a result of the easier
weathering of the weaker rocks below the sandstone cover, the valley walls, which are bounded
by escarpments, remain steep. The straightness of the valley merely reflects the straightness of
the structural contours. Base-leveling of the upturned hard rocks on the flanks was never
completed and these remain as low monoclinal ridges that are interrupted at intervals by gaps
cut down to general level.

The site is on the right bank of Guntersville Reservoir at river mile 391.5 in Jackson County,
Alabama. At the site, the valley is approximately 8 kilometers (5 miles) wide, and the Tennessee
River flows southwestward, forming the upper reaches of the Guntersville Reservoir

(Figures 2.5.1-35 and 2.5.1-36). The river had entrenched its course to about 570 feet msl before
impoundment of the reservoir. The Bellefonte Site occupies the gently rolling terrain of the river
valley (around 610 feet msl). Directly southeast of the plant, a low ridge is developed in the
more resistant beds of the southeastward-dipping Red Mountain Formation (Figure 2.5.1-36).
The ridge separates the site from the Tennessee River by a distance of about 3,000 feet and
stands at an elevation of about 800 feet msl. Gaps in the ridge are due to erosional development
along normal dip joint systems, and no cross faulting is evident (BLNP FSAR, 1986).

Northwest of the site, the land slopes gently downward to a linear depression known as the
Town Creek embayment. Quite typical of the area, the Town Creek embayment as well as the
Dry Creek embayment to the southwest and the Mud Creek embayment to the northeast, show
erosional development along the more soluble belts of the Lower Chickamauga and Upper
Knox. The Knox Group underlies the Chickamauga and outcrops to the northwest near the
reservation boundary.

Similar to the existing BLNP Site, the Bellefonte Site is underlain by limestone of the
Chickamauga Formation of Middle Ordovician age. At the site, the Chickamauga is primarily
overlain by a relatively thin (0 to 40 feet) regolith of residual silts and clays derived from in-
place weathering of the underlying rock. As shown in Figure 2.5.1-37, overburden has been
disturbed by plant construction activities. In many undisturbed areas, there is no sharp
interface between residuum and sound rock (Julian, 1993). Drilling and excavation experience at
the site and in adjacent areas shows that the residual soil transition through weathered rock to
hard, unweathered bedrock can be gradual in the natural shallow subsurface profile in some
places, or consist of soil in direct contact with hard bedrock in other places. Most of the
Bellefonte Site lies in areas disturbed by construction activities of the BLNP. Those areas are
covered with placed fill, gravel roadways and parking areas, and concrete building foundation
pads. The Bellefonte Site is relatively flat to very gently sloping toward local drainages. Relief
across the Bellefonte Site is generally less than about 10 feet. Surface drainage within the
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Bellefonte footprint is toward the Town Creek embayment to the northwest via shallow ditches
that transect the site. A shallow divide just east of the Bellefonte footprint separates this
northwest drainage from an easterly flowing stream that flows toward the Tennessee River
through a water gap in the ridge.

25122 Site Area Geologic History

The geologic history presented herein is an overview of the geologic history of the site area and
vicinity. The overall tectonic framework of the region is outlined in Sections 2.5.1.1.2 and
2.5.1.1.4. Generally, current understandings and thoughts on the geologic history of the area
around the Bellefonte Site have not changed significantly since the BLNP FSAR (1986) report
was prepared. Changes in geologic thought and interpretation of past events deal more with the
inferred details of the mechanics of the thrust faulting and folding of the bedrock units, and not
with the ages of deformation or mapped positions of the bedrock units and structural features
(see discussion in Section 2.5.1.1.4(a)). Changes in interpretation that have occurred in the
interim include the differentiation of the Ordovician limestones at the site into as many as three
or four separate formations by some workers, and the general recognition of the Chattanooga
Shale as being of Devonian rather than Mississippian age. There is no compelling reason to
follow this differentiation, however, and the Ordovician system nomenclature used in the
original BLNP FSAR (TVA, 1986) will be retained. Those limestones underlying the Bellefonte
Site footprint will be referred to as the Chickamauga Limestone. The Chattanooga Shale
assignment to the Devonian system will be followed. The stratigraphic column in the
Appalachian thrust-belt region of Alabama is presented in Figure 2.5.1-6.

The earliest history of the area is recorded in the basement complex of metamorphosed rock
that lies more than 1.5 miles below land surface. Those rocks have been dated by K-Ar dating
techniques and are reported as being from 750 to 1,000 million years old (Neathery and
Copeland, 1983, as reported by Raymond, et. al., 1988). There is a gap in the geologic record
between when the basement rocks were formed and when the near-surface sedimentary rocks
exposed in the area were deposited or placed on them. The oldest rocks visible at the surface or
projected into the area from regional studies are of early Cambrian age. These rocks are about
500 million years old.

The geologic history of this area for the past half billion years can be generally broken into two
primary episodes: the early history when marine and near-shore deposits of limestones, shales,
and sandstones of Paleozoic age were deposited on top of the basement complex rocks, and the
more recent history when the site generally was well above sea level and subjected to mostly
erosional geologic conditions during the Mesozoic and Cenozoic Eras. There is a gap in the
geologic record in north Alabama between the youngest Paleozoic rocks in the area, the
Pottsville Formation of Pennsylvanian age, and the present. Elsewhere in Alabama, deposits
assignable to the time represented by the later part of this gap are present. There are no deposits
in Alabama or eastern Tennessee of Permian through early Cretaceous age other than a few
intrusive igneous rocks assignable to Triassic age in east Alabama. The time represented by this
gap in the record in northeast Alabama adjacent to the Bellefonte Site covers many millions of
years and includes the period when the Paleozoic rocks at the site were thrust upward and
westward to their present positions. The period of time since the last period of thrust faulting
and mountain building in the early Mesozoic has been primarily one of erosion of the current
land surfaces in north Alabama. Most deposits that might have been formed there during that
time have been subsequently removed by erosion.
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Episodes of uplift and erosion also periodically occurred during the Paleozoic Era, but the
geologic record in this area for that time is mainly represented by marine rocks deposited in
marine or near-shore marine environments. The periods of uplift and erosion are represented
by erosional surfaces or unconformities in the stratigraphic record. The most significant of these
unconformities roughly coincide with the breaks between the various geologic formations
mapped in the area, although minor unconformities also occur within some of the rock units.

During early Paleozoic time, the part of North Alabama in which the Bellefonte Site lies was
often covered by a shallow inland sea. The oldest rocks on top of the basement complex are
shales and marine carbonate rocks such as limestones and dolomites that were deposited here
in the Cambrian and Ordovician Periods. Unconformities developed between rocks of
Cambrian and early Ordovician age (Knox Group) and Middle Ordovician age (Chickamauga
Limestone equivalent beds) suggest intervals of uplift and sub aerial erosion occurred. Volcanic
activity in the Ordovician released ash and these formed thin beds of bentonite clay within the
Chickamauga limestone. These clays are laterally continuous and widespread throughout north
Alabama, Georgia, and Tennessee in rocks of this age. Toward the later part of the Ordovician
Period and into the Silurian, continental uplift and mountain building was associated with the
uplift and erosion of the Nashville Dome and adjacent land masses, which in turn resulted in
clay and sand being washed into and deposited within the area. These events are represented in
the stratigraphic record by shales and sandstones. Unconformities between the rocks of
differing age deposited during this time indicate periods of additional uplift and erosion
accompanied by relative, local sea level rise and fall. Iron-rich sediments deposited here during
the Silurian Period (i.e., the Red Mountain Formation) indicate local environmental conditions
changed significantly enough to allow primary deposition of iron-rich deposits in near-shore
marine conditions. Following the time when the Silurian system rocks were deposited here,
significant uplift occurred and a regional unconformity developed before the deposition of the
Devonian rocks. Sandstones and shales (i.e., the Frog Mountain Sandstone and Chattanooga
Shale) deposited at this time indicate further inundation and adjacent landmass erosion. In
places the deposition apparently continued relatively unabated into the Mississippian Period
and less erosion of adjacent land occurred, as evidenced by thick deposits of Mississippian age
limestones. Some apparently primary chert deposition in the middle Mississippian Period (Fort
Payne Chert) indicates that environmental conditions were again altering and relatively unique,
at least for some period of time. Cleaner limestones, containing less clastic material, overlying
the Fort Payne indicate that the marine environments typical of shallow seas like those of the
Cambrian and Ordovician Periods returned to the area. Shales and sandstones deposited
elsewhere in north Alabama in the late Mississippian Period (i.e., the Floyd and Parkwood
shales and Hartselle and Pride Mountain sandstones) indicate the relative sea level was
beginning to drop and that significant erosion of nearby land masses was occurring. Beginning
at the end of the Mississippian Period and extending throughout the Pennsylvanian Period, the
entire area of northeast Alabama and eastern Tennessee occupied the shore line area at the edge
of the sea. Deposits represented here include sandstones typical of beach deposition altering
with stream deposits, near-shore muds and clays, and occasional coal beds. Apparently, the rise
and fall of relative sea level in the area occurred in a cyclic pattern with altering periods of
submergence and subsequent uplift and vegetation. This resulted in the layering of sandstones,
shales, and coal beds typical of the Pottsville Formation.

Following the Pennsylvanian Period, there is no record of significant deposition of geologic
units occurring in northeast Alabama through the present time. At that time, the Alleghanian
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orogeny was causing the thrusting and faulting observed today in the northeast to southwest
trending valley and ridge system common to this part of the country. Associated mountain
building caused the Appalachians to rise again. As the mountains rose, erosion began and that
resulted in the beginning of Gulf and Atlantic Coastal Plain clastic deposition. This deposition
began in the Mesozoic Era and generally continued through to today, although the general
deposition was interrupted by periods of uplift and erosion and some gaps occur in the coastal
plain record.

No geologic depositional evidence of the time between the Pennsylvanian through the
Quaternary is preserved near the Bellefonte Site. The primary geologic processes during this
time in the Bellefonte area were erosional in nature. In the major river channels, erosion cut
down to bedrock in most places and scoured the unconsolidated alluvial deposits away, leaving
little geologic record for the last 135 to 150 million years of the earth’s history. Away from the
streams, thick residual soils developed in place over the carbonate units as a result of chemical
weathering. Colluvial deposits developed to cover most hill slopes as the uppermost rock layers
(generally sandstones that are resistant to weathering in this climate) slowly broke down or
were undercut by erosion of softer underlying beds, and migrated down the slopes. As local
base levels controlling the groundwater system dropped, karst processes began to dissolve
deeper channels in some of the soluble bedrock units and caves, and sinkholes formed in some
places. A few of these karst features were sites for very localized deposition, like the Gray Fossil
Site in eastern Tennessee (Whisner et al., 2003). The Gray Fossil Site preserved a late Miocene or
Pliocene vertebrate fauna indicative of a forested ecosystem. More commonly, the karst features
that developed on some bedrock units continued to enlarge and were significant factors in the
erosional process. Over the Knox Group deposits northwest of the site footprint, large shallow
closed depressions in the land surface, or sinkholes, show where significant karst development
has occurred. On other units, like the Chickamauga Limestone, no closed depressions are
present, indicating that much less karst development occurred in that stratum. Differences in
lithology and bedrock susceptibility to groundwater movement and dissolution account for the
different rates of karst feature development on the different rock units.

25123 Site Area Stratigraphy

The general stratigraphy of the bedrock units present in the Sequatchie Valley has been
understood for many years. While changes in the rock formation names or differences in
correlations between rocks there and in adjacent parts of Alabama, Tennessee, and Georgia may
have changed slightly, the basic understanding of the relative ages and relationships between
the individual rock units has changed little since the first detailed State Geologic Map of
Alabama was produced in 1894 by E. A. Smith. The description of the area stratigraphy as
understood and generally accepted today is little changed from the description in the BLNP
FSAR (TVA, 1986) for the original BLNP site permitting. The only differences are current
practice at the state level of breaking the Chickamauga Formation into several other formations,
is discussed as follows. This discussion follows the Alabama Geological Survey’s correlations
and lithologic descriptions as contained in the Geologic Map of Alabama: Northeast Sheet
(Osborne et al., 1988) and Alabama Stratigraphy (Raymond et al., 1988).

The stratigraphic units present in the Bellefonte Site area include bedrock formations ranging in
age from Cambrian to Pennsylvanian, and unconsolidated sands and gravels of alluvial origin
of Quaternary age. No record of deposition from the Permian through the Tertiary Periods is
known in this immediate area. The stratigraphic column includes those sedimentary rocks that
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crop out in the area or are likely expected to crop out nearby and are projected under the site.
Several thousands of feet of bedrock are present at and underlying the site. In outcrop, the
bedrock units underlying the area form generally parallel outcrop belts that strike northeast to
southwest in the Sequatchie Valley. The alluvial deposits overlie bedrock along the larger
streams in the area and are generally thin and of limited areal extent.

Cambrian to Ordovician — Undifferentiated Knox Group rocks are the oldest sedimentary rocks
exposed at the site. The Knox Group here consists of dolomitic, siliceous, cherty limestones,
which are extensively weathered and covered in the area with thick cherty, red clay residuum
that developed in place. In the vicinity of the Bellefonte Site, the Knox Group rocks consist of
the Copper Ridge Dolomite and Chepultepec Dolomite formations, which together are more
than 2,000 feet thick. As a result of the extreme weathering of the dolomites here, the formations
cannot be distinguished in outcrop. Rocks assignable to the Knox Group crop out northwest of
the Bellefonte Site along the axis of the Sequatchie anticlinal fold. Little bedrock assignable to
the Knox Group is visible in outcrop. Exposures consist mostly of deeply weathered
residuum — consisting of reddish-brown clay with chert fragments and cobbles as much as tens
of feet thick. Sinkhole features — closed depressions with internal drainage, occur commonly
throughout the Knox Group outcrop belt—one relatively recent/apparently active small
sinkhole or collapse feature was observed southwest of the site on adjacent land owner’s
property during an aerial reconnaissance of the area. All other sinkholes noted from
topographic maps of the area appear to be relatively inactive insofar as collapse is concerned —
but they are directing surface water into the ground and subterranean groundwater flow is
being induced in those areas.

The Knox Group is unconformably overlain by the Chickamauga Limestone of Ordovician age.
Historically, all Ordovician Limestones occurring between the Knox Group dolomites and the
Silurian age Red Mountain Formation were assigned to the Chickamauga Limestone formation.
However, in recent years the Chickamauga has been raised in classification and is sometimes
referred to as a Super Group. These rocks in northeast Alabama are now divided into the
Nashville Group, Stones River Group, and Sequatchie Formation. Total thickness of the
Chickamauga limestones at the Bellefonte Site is more than 1,400 feet. At the site and within the
new plant footprint lie the Nashville Group on the northwest and the Stones River Group to the
southeast, as mapped by the Alabama Geological Survey (Osborne et al., 1988). The limestones
immediately southeast of the site’s footprint on the northwest-facing slopes of the hill, have
been mapped as the Sequatchie Formation. Ordovician Limestones assignable to the
Chickamauga also crop out northwest of the Knox Group dolomites and cherty residuum on
the far side of the Sequatchie anticline. Because the detailed mapping of the BLNP property by
TVA for the BLNP FSAR (TVA, 1986) called all the limestones lying between the Knox Group
and the Red Mountain Formation, Chickamauga Limestone, that nomenclature is followed here.
Also, because the differentiation of these units is subtle and based in large part on fossil
assemblages and age rather than significant differences in lithology, the original TVA usage will
be retained. Typically, the Chickamauga Limestones are thin- to thick-bedded limestones,
argillaceous in part, with occasional thin beds of bentonite or bentonitic shale. The uppermost
part of the Chickamauga (likely assignable to the Sequatchie Formation) is composed of
calcareous mudstones and shales interbedded with thin, fossiliferous limestones that may be
sandy and/ or fossiliferous.
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The Silurian Red Mountain Formation unconformably overlies the Chickamauga Formation
rocks at the site. The Red Mountain Formation consists of dark, reddish-brown siltstone,
sandstone, and shale beds, with hematite (i.e., iron ore) beds from 5 to 30 feet thick. The entire
formation is as much as 200 feet thick in northeast Alabama. In the Bellefonte Site area, the Red
Mountain crops out on the small hills just southeast of the new plant footprint and about

2 miles northwest of the site on the east side of Backbone Ridge.

The Devonian Chattanooga Shale has been mapped through the site area by the Alabama
Geological Survey (Osborne et al., 1988), and detailed mapping by TVA geologists for the FSAR
(1986) reported a small amount on the facility property, but none was observed onsite during
field reconnaissance for this effort. The unit consists of dark-colored organic shales and has
occasional sandstone beds near its base. Chattanooga Shale was observed in outcrops near the
site elsewhere in Jackson County and its presence here is inferred and likely. In outcrop, the
thin, dark gray to black shale comprising the unit is often weathered and covered by colluvium
from overlying ridge-forming rock units. The Chattanooga is thin, generally less than about

40 feet (and sometimes less than 2 feet) thick, and on weathering is hard to tell from shales in
the lower part of the overlying Fort Payne Chert. Similarly, the sandstones that occur near the
base of the Chattanooga are similar to the sandstones in the upper part of the Red Mountain
Formation. The outcrop belt of the projected Chattanooga Shale lies southeast of the site
footprint in the series of hills along and parallel to the river, and it also occurs on Backbone
Ridge northwest of the site, where several outcrops were observed.

The Mississippian Fort Payne Chert consists of several hundred feet of light gray, finely
crystalline siliceous limestone and chert that occurs in irregular bed and nodules. In outcrop,
the relative amount of chert observed increases with weathering, the freshest outcrops
appearing like limestone and the most weathered areas consisting of reddish-brown chert and
clay reminiscent of the Knox Group residuum. The more clay-like Fort Payne deposits can be
differentiated from the Knox Group residuum by the tabular-shaped cobbles and often bedded
nature of much of the Fort Payne Chert. Also, the Fort Payne Chert is very fossiliferous with
fossil echinoid molds being common. The Knox Group cherts are relatively non-fossiliferous
and do not contain echinoids. In the Bellefonte Site area, the Fort Payne Chert crops out to the
southeast on the east-facing side of the hills adjacent to the river and on Backbone Ridge about
2 miles northwest of the site, on the far side of the Sequatchie anticline.

The Mississippian Tuscumbia Limestone overlies the Fort Payne Chert. The Tuscumbia
Limestone crops out on some of the small islands in the Tennessee River southeast of the site,
most of its outcrop belt having been inundated when the river was dammed. The Tuscumbia
Limestone is more than 100 feet thick in this part of the state. The unit consists of thick-bedded
micritic to oolitic limestones and, except for being much less siliceous, is similar in appearance
to the Fort Payne Chert. In fresh outcrops, the two units are hard to distinguish. In weathered
outcrops, the clayey residuum that develops on both in this climate is relatively chert-free over
the Tuscumbia Limestone.

The Tuscumbia Limestone is overlain by the Mississippian Monteagle Limestone, consisting of
thick-bedded oolitic, argillaceous, bioclastic, micritic, and/or dolomitic limestones and shale.
The Monteagle Limestone crops out east of the Tennessee River and west of Backbone Ridge in
the project area. It is from 200 to 300 feet thick.
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The Mississippian Bangor Limestone overlies the Tuscumbia Limestone. The Bangor Limestone
is composed of as much as 700 feet of medium-bedded bioclastic and oolitic limestones with
interbeds of shale and mudstone. The Bangor Limestone crops out east of the Tennessee River
and west of Backbone Ridge in the project area.

The Mississippian Pennington Formation overlies the Bangor Limestone and consists of more
than 150 feet of clay shale with interbeds of mudstone, limestone, dolostones, sandstones, and
coal. Near the site area, it is found east of the Tennessee River on hill slopes above the Bangor
outcrop and west of Backbone Ridge on the slopes of the small hills there.

The Pennsylvanian Pottsville Formation consists of more than 9,000 feet of alternating beds of
sandstone, shale, siltstone, conglomerate, and coal. The base of the Pottsville Formation is
typically a massive, conglomeratic, orthoquartzitic sandstone that is a prominent ridge forming
bed. The basal Pottsville sandstone is found at the top of the mountain ridge east of the
Tennessee River and capping the flat topped hills west of Backbone Ridge northwest of the site.

Quaternary alluvium and colluvium occur along the major streams across north Alabama.
These deposits are typically thin and of limited areal extent and generally have so small an
outcrop area that they are not mapped. These deposits may be difficult to differentiate from soil
and generally consist of 1 or 2 feet of silty, clayey, sandy unconsolidated material derived from
the underlying rocks and residuum. The only substantial deposits of Quaternary deposits in
north Alabama not inundated by the dams on the Tennessee River occur more than 40 miles
southeast of the site in the upper Coosa River watershed. A review of historical aerial
photographs of the area near the Bellefonte Site indicated that, prior to the construction of
Guntersville Dam, there were few, if any, Quaternary deposits along the Tennessee River near
the site. The stream channel was apparently too steep and incised here to allow for significant
alluvial deposits to form.

The soils in Jackson County in the site area generally are grouped according to their
topographic position (USDA SCS, 1954) as: (1) soils of limestone valley uplands; (2) soils of
sandstone plateaus; (3) soils of colluvial slopes; (4) soils of stream terraces; and (5) soils of first
bottoms2. The areas classified as uplands and plateaus lie above the stream bottoms and consist
of materials derived directly from the weathering and decay of the underlying rocks. Strictly
residual soils are not common in the limestone valley uplands, as most soils are modified by or
derived from parent material accumulated as alluvium or colluvium. Stream terraces are
underlain by fluvial deposits that form benches adjacent to stream bottoms, but are not subject
to flooding. Many of the higher terraces are severely eroded and mantled chiefly by residuum.

The soils underlying the site and within the adjoining Town Creek valley and embayment
region are formed on stream terraces (Etowah, Capshaw, Tupelo, and Cumberland series) or
limestone valley uplands (Talbott, Colbert, Fullerton, Tellico, and Armuchee series)

(Figure 2.5.1-38). The highest terrace remnants (mapped as Cumberland series) occur at an
elevation ranging from 630 to 640 feet msl, approximately 40 feet above the present level of the
Guntersville Reservoir in the Town Creek embayment and 60 to 70 feet above the pre-
impoundment base level of the Tennessee River. Based on an average regional denudation rate
of 100 feet (30 meters)/my (Mills, 2005), this suggests the highest surfaces were developed on
the order of 400 thousand years (kyr) to 600 kyr ago. Descriptions of soils mapped on these

2 First bottoms are bottom lands along drainages that are underlain by fluvial deposits and are subject to overflow.
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surfaces and observations in the excavations for the Bellefonte Site, indicate that the original
deposits and soils have been eroded and these surfaces are mantled by a relatively thin veneer
of alluvium or residual soil formed from weathering of the in-place bedrock. Younger terraces
have formed along incised drainages cut into the older surfaces. The parent material for these
terrace soils is alluvial in origin and consists of material derived mainly from weathered
limestone and, to some extent, weathered sandstone and shale. Pebbles and sand are present to
some extent.

25124 Site Area Structural Geology

The Bellefonte Site lies within the northwestern (frontal) part of the Appalachian fold-thrust belt
as described in Section 2.5.1.1.4.2(a). Two bedrock faults, the Sequatchie Valley and Big Wills
Valley faults, are mapped within the site vicinity (within a 25-mile radius), and one of these, the
Sequatchie Valley fault, lies within the site area (within a 5-mile radius) (Figure 2.5.1-35).
Neither of these faults is considered to be a capable tectonic source, as defined in Regulatory
Guide 1.165, Appendix A (USNRC, 1997) (see discussion in Section 2.5.3.6).

The structural geology of the site and site area as described in this section is based on a review
of existing site licensing documents (TVA, 1986) and more recent published information for the
primary structural feature within the site area, the Sequatchie Valley thrust fault and associated
anticline. A general site reconnaissance was performed to verify general structural
interpretations of the area presented in the literature describing this part of Alabama and
observations made on that trip also are included herein.

The geologic mapping and cross-section for the site area presented in the BNP FSAR (1986) is
shown in Figure 2.5.1-36. This map incorporated geologic observations made as part of the
original site characterization activities for the BLNP licensing studies as well as TVA file maps
of the Bellefonte area available at that time (TVA, 1986). This map is consistent with the most
recent geologic map of the state (Osborne et al., 1988) except for some modifications to the
subdivisions and nomenclature of some geologic units as noted in Section 2.5.1.2.3.

The Bellefonte Site is located on the gently dipping, i.e., about 15° to 25° dip, southeast limb of
the Sequatchie anticline, shown in Figure 2.5.1-36. This asymmetrical anticline has a gently
dipping southeast limb and a steeply dipping northwest limb. The axis of the Sequatchie Valley
anticline lies approximately 1.4 miles northwest of the site. As documented in the BLNP FSAR
(TVA, 1986), there is no intense folding or major faulting within the foundation bedrock of the
adjacent existing Bellefonte units. The strata strike N39°-40°E and dip 17° to the southeast at the
Bellefonte Site. The dip decreases to 14° southeast at the ERCW intake pumping station and to
10° to 12° at locations adjacent to the Tennessee River.

The Sequatchie anticline is broken on the west by the Sequatchie Valley thrust fault, which at its
closest point is 2.1 miles northwest of the site (Figure 2.5.1-36). The fault dips to the southeast
and is projected to be about 5,000 feet below the surface of the site (TVA, 1986). Additional data
on the regional characteristics of the Sequatchie Valley thrust fault are presented in

Section 2.5.3. In the site area, the fault juxtaposes the Chickamauga Formation of Middle
Ordovician age and the Fort Payne Chert of Mississippian age (TVA, 1986). No exposures of the
main Sequatchie thrust fault in the BLNP site area were described in the BLNP FSAR (TVA,
1986), and none were observed during the field reconnaissance studies for the GG&S
evaluation. Backbone Ridge, which is formed by the near-vertical resistant beds of Silurian and
Mississippian age, marks the northwest limb of the Sequatchie Valley anticline in the site area.

BO1052410001.D0C 2.5.1-37



GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

At one location along Backbone Ridge, approximately 3.2 miles northwest of the site, steeply
west-dipping beds and numerous small faults that appear to be minor splays or backthrusts off
the primary thrust fault are visible in a large landfill excavation (Field Stop KH2,

Figure 2.5.1-36). These faults, which have apparent displacements of only a few feet, are all in
the hanging wall less than 0.1 mile from the mapped trace of the Sequatchie Valley thrust fault.

No evidence of faulting or shearing in the Chickamauga Limestone was observed in excavations
for the Reactor, Auxiliary, and Control Building areas of the Bellefonte Site (TVA, 1986). Minor
displacement that was observed in the northwest corner of Unit 1 QA Records Storage Vault
was investigated by core drilling and recorded by surface mapping (TVA, 1977). The joints
showed 3 inches of vertical offset with a strike of N89°E and an average dip of 64 degrees. Three
vertical coreholes and two inclined coreholes were drilled into the feature. The fault is described
as 1/16- to 1/2-inch-thick, sinuous in shape, and calcite filled. It terminates at a vertical joint.
TVA concluded that the feature is not a significant fault, but is a joint that received minor
displacement as part of the process that resulted in the entire joint set (TVA, 1977).

Three prominent joint sets have been mapped in the site area. One nearly parallels the strike
north 30° to 50° east and dips steeply 70° to 80° to the northwest, another set strikes N80°E with
dips ranging from 70° to the northwest to near vertical, and the other set strikes N50° to 80°W
and is near vertical (TVA, 1986). Joints and fractures are present in the bedrock underlying the
Bellefonte Site as observed in core samples. Joints and fractures in the site area likely formed as
a result of the thrusting and mountain building forces that created the Sequatchie Valley
anticline in late Paleozoic time. Most joints in the Appalachian Plateau rocks formed as a result
of the primary compression forces with shortening in the NW-SE direction (Wiltschko in
Hatcher et al., 1989b). Joints have two major trends in the southern Appalachian Plateau, one
across and one parallel to the strike of major structures; two minor sets trend north-south and
east-west (Wiltschko in Hatcher et al., 1989c). The joint trends observed at the site are consistent
with these trends.

Joints and fractures represent planes of weakness within the bedrock mass and form zones of
higher porosity and permeability along which groundwater can more readily move.
Occasionally, groundwater moving along the bedrock joints and fractures can create
solutionally enlarged voids and channels. Evidence of deep weathering and dissolution in the
Chickamauga formation was observed in surface geophysical and borehole data only in the
eastern part of the site along a strike-oriented zone. No large voids or deep weathering profiles
were observed outside this zone (see Section 2.5.4.4). One solutionally enlarged void of 1 foot or
more in size was observed in outcrops at the site (Field Stop KH5, Figures 2.5.1-37 and 2.5.1-38).
A small number of enlarged joints or voids were indicated on logs of borings advanced in the
BLNP and Bellefonte Sites or on the descriptive logs of the excavations of the Bellefonte Site
foundation areas. Those voids were generally all less than 1 foot in maximum dimension and
their occurrence decreased with depth below the top of bedrock. There appeared to be no clear
correlation between enlarged joint or void presence and stratigraphic unit or location within the
site, although they were observed less frequently as boring depth increased. These features are
described in more detail in the geotechnical engineering section of this document (Section 2.5.4).

A few prominent photo lineaments were identified on aerial photographs of the site (see
discussion in Section 2.5.3.1). These lineaments appear to be related to bedrock structures and
jointing and most, but not all, trend parallel or perpendicular to bedding at the site (see
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discussion in Section 2.5.3.1). Field investigations consisting of surface geophysical surveys and
drilling and coring along and adjacent to these lineaments indicated the following;:

Some of the lineaments coincide with zones of increased depth of weathering of the bedrock
surface.

Some lineaments do not coincide with zones of thick soil or deeper top of rock.

The lineaments may represent surface expressions of deeper seated geologic structures, but
no direct physical evidence for this has been observed.

The lineaments may indicate the presence and location of areas where increased
groundwater flow is concentrated in the near-surface bedrock.

Some lineaments may be related to subtle lithologic differences in the southeasterly dipping
Chickamauga bedrock

Some southeast-northwest lineaments align with drainage features and erosional gaps
through the ridge that borders the site to the east. These appear to be part of a regional
topographic fabric probably related to jointing caused by large-scale deformation.

There is no geomorphic evidence to suggest differential uplift across any of the lineaments
that intersect the site.

There is no geomorphic evidence to indicate that any of the lineaments identified are
associated with a capable tectonic source as defined by Regulatory Guide 1.165, Appendix A
(USNRC, 1987).

25.1.25 Site Area Geologic Hazard Evaluation

As part of the evaluation of geologic features, the potential for geologic hazards at the
Bellefonte Site was reviewed. The review of geologic hazards was performed through a search
of published maps and reports, by visual reconnaissance of the area, and based on discussions
with TVA about geologic conditions and types of current and past industries in the area.

Based on review of the site geology, it is concluded that:

Earthquake activity with its resulting ground motion effects is judged to be the primary
geologic hazard to the Bellefonte Site. The potential for tectonic surface deformation is
judged to be negligible. A detailed discussion of vibratory ground motion and potential for
surface faulting at the Bellefonte Site is provided in Sections 2.5.2 and 2.5.3, respectively.

The closest water reservoir, the impounded Town Creek embayment of the Tennessee River,
is 1,100 feet away and located 15 to 35 feet below and, therefore, is not judged to be a hazard
from flooding. The property on which the facility will be constructed is generally above the
flood elevation of the impounded Tennessee River and no other significant streams are
present in the area. The site footprint is generally at about elevation 610 to 630 msl and the
normal pool elevation of the Tennessee River adjacent the site is at about 595 feet msl. The
computed maximum flood elevation from any cause is 624.8 feet msl (BLNP FSAR,

Section 2.4.2.2). While slight artesian conditions were identified from groundwater data at
some locations, there are no groundwater springs within the project limits.
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e Slopes in the vicinity of the project are generally flat except on the eastern boundary where
very gentle slopes exist (Figures 2.5.1-36 and 2.5.1-37). Existing slopes in and proximal to the
recommended development area exhibit no evidence of landslides, nor would landslides be
expected, given the slope angles.

e No groundwater withdrawal, petroleum production, or subsurface mining operations that
could lead to subsidence are located near the site. There is no evidence of past subsurface
mining activities at or near the Bellefonte Site. Coal mining in the region is primarily
focused on the Pottsville Formation and occurs well to the northwest of the site (Raymond
et al., 1988). Quarry operations that remove limestone from several locations along the
Sequatchie Valley do not affect the Bellefonte Site. The closest quarry is approximately 3
miles from the site.

The only other potential geologic hazard that was identified was the potential dissolution of the
limestone rock. The potential for this geologic hazard is described in detail in Sections 2.5.4.1
and 2.5.4.4. As stated in Section 2.5.4.1.2, the hazard from karst formation is considered to be
low for the recommended development area, based on the results of the field explorations, the
groundwater flow regime, and the nature of the limestone at the site.

These conclusions indicate that no geologic conditions were found at the site that result in a
hazard that could affect construction or operation of the proposed facility.

The updated earthquake catalog includes a number of newly identified earthquakes for the time
period covered by the EPRI-SOG catalog as well as earthquakes that have occurred after
completion of the EPRI-SOG evaluation. Most of these newly identified earthquakes within

200 miles of the Bellefonte Site are for time periods identified in the EPRI-SOG evaluation as
periods of incomplete catalog reporting (PP < 1.0). Comparisons of the earthquake counts for
these time periods suggest that inclusion of the newly identified earthquakes in the estimation
of catalog completeness would likely yield values of PP near unity for the period post-1860
within completeness regions 3 and 4 for the two lowest magnitude intervals : 3.3 2 my* > 3.9 and
3.9 2 myp* > 4.5. This effect is illustrated by constructing so call “Stepp” plots (Stepp, 1972) that
show the variation of earthquake rate with time for specific magnitude intervals. The
computation of rate starts at the end of the catalog and moves backward in time. At any point in
time, the earthquake rate is defined as the number of earthquakes in the catalog from that point
forward to the end of the catalog divided by the length of time from that point to the end of the
catalog.

Figure 2.5.2-16 shows “Stepp” plots for the portions of EPRI-SOG completeness regions 3 and 4
that lie within 200 miles of the Bellefonte Site. The plot on the left shows the time variation of
earthquake occurrence rates based on the EPRI-SOG catalog, and the plot on the right shows the
occurrence rates based on the updated catalog. The observed rate of magnitude my 3.3 to

3.9 earthquakes begins to steadily decrease approximately 15 years before the end of the EPRI-
SOG catalog and the rate for my, 3.9 to 4.5 earthquakes begins to decrease approximately

75 years before the end of the EPRI-SOG catalog. In contrast, the occurrence rates remain
relatively constant back to approximately 1860 for these two magnitude intervals using the
updated catalog. The time variation of the rate for earthquakes larger than my 4.5 shows
somewhat erratic behavior due to the limited number of events.
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The effect of the updated earthquake catalog on earthquake occurrence rates was assessed by
computing earthquake recurrence parameters for the portions of EPRI-SOG completeness
regions 3 and 4 that lie within 200 miles of the site. The truncated exponential recurrence model
was fit to the seismicity data using maximum likelihood. Earthquake recurrence parameters
were computed using the EPRI-SOG catalog and equivalent periods of completeness and using
the updated catalog and the updated equivalent periods of completeness. It was assumed that
the probability of detection for all magnitudes is unity for the time period of March 1985 to
March 2005. The resulting earthquake recurrence rates are compared in Figure 2.5.2-17. For
completeness region 3, essentially the same earthquake recurrence parameters are obtained
using the EPRI-SOG and updated catalog and equivalent periods of completeness. For
completeness region 4, use of the updated earthquake catalog and equivalent periods of
completeness result in lower earthquake occurrence rates.

On the basis of the comparisons shown in Figures 2.5.2-14 and 2.5.2-17, it is concluded that the
earthquake occurrence rate parameters developed in the EPRI-SOG evaluation adequately
represent the seismicity rates within 200 miles of the Bellefonte Site based on more recent
information.

The earthquake recurrence rate for the New Madrid and Charleston regions was also evaluated
using results of paleoliquefaction studies. The results of studies of paleoliqufaction in the NMSZ
(summarized in Section 2.5.1.1.4.3) have indicated that large earthquakes are more frequent
than suggested by extrapolating the observed seismicity rates for small-to-moderate
earthquakes up to large magnitudes (my > 7). Figure 2.5.2-18 compares the seismicity rates
estimated from the updated earthquake catalog to the rate for large magnitude events estimated
from paleoliquefaction data. The error bars attached to the updated catalog rates represent

90 percent confidence intervals estimated by relative likelihood from the observed earthquake
counts within the Bechtel team source zone 30 (Figure 2.5.2-4), a typical EPRI-SOG New Madrid
source. The hatched box represents the 90 percent confidence interval for the paleoliquefaction
rate based on three earthquake sequences post 300 AD (e.g., Tuttle et al., 2005) and the solid
circle indicates the rate used by Frankel et al. (2002) in the USGS National Hazard Mapping
project (500-year repeat time). The recurrence relationships shown in the figure indicate the
mean and 15th to 85th percentile recurrence rates for New Madrid sources computed from the
EPRI-SOG seismic source models. As shown in the figure, the EPRI-SOG recurrence rates are
very consistent with the seismicity rates estimated from the updated earthquake catalog but
underestimate the rate based on paleoliquefaction data by approximately an order of
magnitude. Based on a similar comparison, Exelon (2003) concluded that the EPRI-SOG
recurrence rates for large earthquakes in the NMSZ should be revised for PSHA calculations.

As discussed in Section 2.5.1.1.4.3, paleoliquefaction studies also have been conducted in the
region of the 1886 Charleston, South Carolina, earthquake. The results of these studies have led
to estimated repeat times for large earthquakes in the Charleston region of approximately

550 years (Frankel et al., 2002; Dominion, 2003; Geomatrix, 2004). This repeat time represents
higher occurrence rates than obtained from the EPRI-SOG seismic hazard model (Dominion,
2003).
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TABLE 2.5.1-1. Summary of New Information for New Madrid Seismic Zone

Author(s) (Year) Title Significance
GEOLOGIC STRUCTURES INTERPRETED FROM GRAVITY, MAGNETIC, AND SEISMIC-PROFILE DATA
McKeown et al. “Diapiric origin of the Blytheville and Pascola Earthquakes in the NMSZ correlate spatially with the BA and part of the Pascola
(1990) arches in the Reelfoot rift, east-central U.S.: arch, which are interpreted to be the same structure. Both arches were formed by
Relation to New Madrid seismicity” diapirism. The rocks in the arch are more highly deformed, and therefore weaker,
than adjacent rocks. Seismicity is hypothesized to be localized in these weaker
rocks.
Nelson and Zhang “A COCORRP deep reflection profile across the Deep reflection profile line reveals features of the late Precambrian (?)/early
(1991) buried Reelfoot rift, south-central United States” Paleozoic Reelfoot rift. The BA, an axial antiformal feature, as well as lesser
structures indicative of multiple episodes of fault reactivation are evident on
profile.
Hildenbrand and “Geophysical setting of the Reelfoot rift and Provides discussion of several potential-field features inferred from magnetic and
Hendricks (1995) relations between rift structures and the NMSZ” gravity data that may focus earthquake activity in the northern Mississippi

embayment and surrounding region. Summarizes complex tectonic and
magmatic history of the rift.

Braile et al. (1997) “New Madrid seismicity, gravity anomalies, and Epicentral patterns, correlative geophysical data, and historical seismic energy
interpreted ancient rift structures” release indicate the significance of New Madrid area seismicity, both within the
Reelfoot segment of the rift structures and in areas outside of this segment,
particularly to the north. Deep structure of the crust, including thickness variations
in the upper crust and the presence of a high-density lower crustal layer, is a
controlling factor in New Madrid seismicity.

Hildenbrand et al. “Geologic structures related to New Madrid Defines boundaries of regional structures and igneous complexes in the region
(2001) earthquakes near Memphis, Tennessee, based on  north of Memphis, Tennessee, and south of latitude 36° that may localize
gravity and magnetic interpretations” seismicity.

NORTHERN TERMINUS OF REELFOOT RIFT

Pratt et al. (1989) “Major Proterozoic basement features of the Interpretation of deep seismic reflection data from southern lllinois and southern
eastern Midcontinent of North America revealed by Indiana indicates an absence of a thick section of rift-related sedimentary rocks.
recent COCORP profiling”

Heigold and Kolata “Proterozoic crustal boundary in the southern part Conclude that structures associated with the NMSZ may be distinct from

(1993) of the lllinois basin” structures to the northeast (in the Wabash Valley zone), as evidenced by the
east-southeast-trending geophysical anomaly that separates two areas of
distinctly different crust.
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Hildenbrand and
Hendricks (1995)

Bear et al. (1997)

Hildenbrand and
Ravat (1997)

Kolata and
Hildenbrand (1997)

Wheeler (1997)

“Geophysical setting of the Reelfoot rift and
relations between rift structures and the NMSZ”

“Seismic interpretation of the deep structure of the
Wabash Valley fault system”

“Geophysical setting of the Wabash Valley fault
system”

“Structural underpinnings and neotectonics of the
southern lllinois basin: An overview”

“Boundary separating the seismically active
Reelfoot rift from the sparsely seismic Rough
Creek graben”

Inspection of regional magnetic and gravity anomaly maps suggests that the
northwest margin does not continue northeastward into southern Indiana. A
preferred geometry is that both the northwest and southeast margins bend to the
east and merge with the Rough Creek graben.

Interpretation of recently compiled seismic reflection data suggests that
structures associated with the Wabash Valley fault system may not be directly
linked to northeast-trending structures in the New Madrid area.

The authors note that a graben may exist within the southern Indiana arm (Braile
et al., 1982), but it is limited in geographic extent and is not structurally
continuous with the Reelfoot rift-Rough Creek graben.

Concludes from high-resolution aeromagnetic data and the lack of regional
potential-field features extending south from the Wabash Valley that the Wabash
Valley fault system apparently is not structurally connected to the faults related to
the NMSZ.

Summarizes geologic and geophysical information suggesting that the cause of
earthquakes in the NMSZ is unrelated to that in the region north of the Reelfoot
rift system.

Concludes that the structural boundary between the relatively high hazard of the
Reelfoot rift and low hazard of the Rough Creek graben is marked by bends and
ends of large faults, a Cambrian transfer zone, and the geographic extent of
alkaline igneous rocks.

Sexton and Jones
(1986)

Harrison and Schultz
(1994)

SEISMOGENIC FAULTS

“Evidence for recurrent faulting in the NMSZ from
mini-sosie high-resolution reflection data”

“Strike-slip faulting at Thebes Gap, Missouri and
lllinois: Implications for New Madrid tectonism”

Interpretation and integration of three seismic reflection data sets provides
evidence for recurrent movement along the RF, the major reverse fault
associated with the Reelfoot scarp. Estimated displacements vary from 200 feet
(60 ms) for late Paleozoic rocks to 50 feet (20 ms) for late Eocene sedimentary
units. A graben structure is interpreted to be caused by tensional stresses
resulting from uplift and folding of the sediments. The location of the graben
coincides with normal faults in Holocene sediments observed in trenches. These
features are interpreted to be related and caused by reactivation of the RF.

Documents evidence for Quaternary faulting in trenches in the Benton Hills of
southeast Missouri.
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Johnston and “The Enigma of the New Madrid earthquakes of Associated each of three 1811-1812 earthquakes with a specific fault by using
Schweig (1996) 1811-1812” historical accounts and geologic evidence:

Event D1—BA/CDF or BL

Event J1—East Prairie fault

Event F1I—RF
Schweig and Van “Neotectonics of the upper Mississippi Summarizes geologic and geophysical evidence of neotectonic activity, including
Arsdale (1996) embayment” faulting in Benton Hills and Thebes Gap, paleoliquefaction in Western Lowlands,

subsurface faulting beneath and tilting of Crowley’s Ridge, subsurface faulting
along the CCFZ, and numerous indicators of historical and prehistoric large
earthquakes in NMSZ.

Pujol et al. (1997) “Refinement of thrust faulting models for the Seismicity cross-sections define the downdip geometry of the Reelfoot thrust.
central NMSZ”

Palmer et al. (1997) “Seismic evidence of Quaternary faulting in the Seismic profiles show the English Hill area to be tectonic in origin. Individual
Benton Hills area, southeast Missouri” faults have near-vertical displacements with maximum offsets on the order of

50 feet. Faults are interpreted as flower structures with north northeast-striking,
vertically dipping, right-lateral oblique-slip faults. These data suggest previously
mapped faults at English Hill are deep-seated and tectonic in origin.

Chiu et al. (1997) “Seismicity of the southeastern margin of Reelfoot ~ Coincidence of seismicity along the southeastern flank of the Reelfoot rift suggest
rift, Central United States” that this rift flank is seismically active but at a lower level than the main intra-rift
NMSZ. The style of faulting as inferred from the seismicity is complex, with the
dominant pattern being right-lateral strike-slip with reverse movement. It is
concluded that there are sufficient data to show that the southeastern margin of
the Reelfoot rift does contain seismically active faults and that it has the potential
of producing a major (M ~7) earthquake.

Odum et al. (1998) “Near-surface structural model for deformation Integrates geomorphic data and documentation of differential surficial
associated with the February 7, 1812, New Madrid, deformation (supplemented by historical accounts) with interpretation of seismic
Missouri, earthquake” reflection data to develop a tectonic model of the near-surface structures in the

New Madrid area. Model consists of two primary components: a north-northwest-
trending thrust fault (RF), and a series of northeast-trending, strike-slip tear faults.

The authors estimate an overall length of at least 30 kilometers (18 miles) and a
dip of ~31° for the RF.
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Crone (1998)

Harrison et al. (1999)

Stephenson et al.,
1999

Mihills and Van
Arsdale (1999)

Mueller et al. (1999)

Van Arsdale et al.
(1999)

“Defining the southwestern end of the BA,
northeastern Arkansas: Delimiting a seismic
source zone in the New Madrid region”

“An example of neotectonism in a continental
interior—Thebes Gap, midcontinent, United
States”

“Deformation and Quaternary faulting in southeast
Missouri across the Commerce geophysical
lineament (CGL)”

“Late Wisconsin to Holocene deformation in the

NMSZ”

“Fault slip rates in the modern NMSZ”

“Southeastern extension of the RF”

Interprets viboseis seismic-reflection profiles to document the southwesterly
extent of the BA and the length (134 kilometers [80 miles]) of a fault zone that
coincides with the arch.

Documents evidence for four episodes of Quaternary faulting: one in late- to post-
Sangamonon, pre- to early Roxana time (~60 to 50 ka), one in syn- or post
Roxana, pre-Peoria time (~35-25 ka), and two in Holocene time (middle to late
Holocene, and possibly during the 1811-1812 earthquake sequence). The overall
style of neotectonic deformation is interpreted as right-lateral strike-slip faulting.

High-resolution seismic-reflection data at three sites along the CGL reveal post-
Cretaceous faulting extending into the Quaternary. At Qulin site, ~20 meters of
apparent Quaternary vertical displacement is observed. At Idalia Hill, a series of
reverse and possibly right-lateral strike-slip faults with Quaternary displacement
are imaged. At Benton Hills, a complicated series of anticlinal and synclinal fault-
bounded blocks occur directly north of the CGL.

Interprets a structure contour map of the unconformity between the Eocene strata
and overlying Quaternary Mississippi River alluvium as representing the Late
Wisconsin to present strain field of the NMSZ. Areas of Holocene uplift include
the Lake County uplift, BA, and Crittenden fault. Areas of Holocene subsidence
include Reelfoot Lake, historical Lake Obion, the Sunklands of northeast
Arkansas, and possibly areas east and west of the Crittenden County fault.

Based on structural and geomorphic analysis of late Holocene sediments
deformed by fault-related folding above the blind Reelfoot thrust fault, a slip rate
of 6.1 + 0.7 mm/year is estimated for the past 2,300 + 100 years. Using an
alternative method based on the structural relief across the scarp and the
estimated dip of the underlying blind thrust, a slip rate of 4.8 + 0.2 mm/year is
calculated. Geometric relations suggest that the right-lateral slip rate on the
NMSZ is 1.8 to 2.0 mm/year.

The onset of shortening across the Lake County uplift is estimated to be between
9.3 ka and 16.4 ka, with a preference for the younger age.

This evaluation of microseismicity, seismic-reflection profile data, and
geomorphic anomalies indicates that prehistoric and 1811-1812 coseismic uplift
in the hanging wall of the RF has produced subtle surface warping that extends
from Reelfoot Lake to Dyersburg, a total distance of 70 kilometers (42 miles).
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Van Arsdale (2000) “Displacement history and slip rate on the RF of Develops a displacement history and slip rates for the RF in the NMSZ from a
the NMSZ” seismic-reflection profile and trench data.

Average slip rate estimates—seismic profile:
0.0009 mm/year (past 80 Ma)

0.0007 mm/year (late Cretaceous)

0.002 mm/year (Paleocene Midway Group)

0.001 mm/year (Paleocene-Eocene Wilcox Form.)
0.0003 mm/year (post-Wilcox/pre-Holocene)

1.8 mm/year (Holocene)

Average slip rate estimates—trench data

4.4 mm/year (past 2,400 years based on 10 meters of topographic relief and a
fault dip of 73°)

6.2 mm/year (maximum; estimated 5.4 meters cumulative displacement for two
events between AD 900 and AD 1812).

Champion et al. “Geometry, numerical models, and revised slip rate  Analysis of trench excavations, shallow borings, a digital elevation model of
(2001) for the RF and trishear fault-propagation fold, topography, and bathymetry shows that Reelfoot monocline is a forelimb on a
NMSz” fault-propagation fold that has accommodated relatively little shortening. RF is a

reactivated Paleozoic structure. A late Holocene fault slip rate of 3.9 + 0.1
mm/year is based on 9 meters of structural relief, the 2,290 + 60 years BP age of
folded sediment, and a 75° dip for the fault. The fault tip is 1,016 meters beneath
the surface. The thrust is flatter at deeper levels (5 to 14 kilometers) based on the
location of earthquake hypocenters (~40°SW for northern segment, ~35°W for
central segment, ~45°SW for southern segment).
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Mueller and Pujol
(2001)

Cox et al. (2001a)

Cox et al. (2002)

“Three-dimensional geometry of the Reelfoot blind
thrust: Implications for moment release and
earthquake magnitude in the NMSZ”

“Neotectonics of the southeastern Reelfoot rift
zone margin, central United States, and
implications for regional strain accommodation”

“Paleoseismology of the southeastern margin of
the Reelfoot rift in the vicinity of Memphis,
Tennessee”

Based on seismicity data and structural analysis, the Reelfoot blind thrust is a
complex fault that changes in geometry along-strike. The thrust is bound to the
north by an east-trending strike-slip fault. The south end is defined by seismicity;
it is not truncated by a known transverse fault. The north part of the thrust
steepens to 75° to 80° at shallow depths (within the upper 4 kilometers), forming
a listric shape. The center of the central part of this thrust segment strikes north-
south; the north and south segments strike between N10°W and N22°W,
respectively. This segment dips between 31° and 35°W. The southeast fault
segment is oriented N28°W and dips 48° to 51°SW. Available data suggest that
the thrust flattens to <35° between about 2- and 4-kilometer depth (possibly at
the Precambrian basement-Paleozoic cover contact at about 3-kilometer depth).
(Magnitude estimates are discussed as follows in this table.)

Suggests that the 90-mile- (150-kilometer)-long southeastern Reelfoot rift margin
fault system may be accommodating significant northeastward transport as a
right-lateral fault that is capable of producing earthquakes of M > 7. Results of
paleoseismological investigations show:

Union City site (north of intersection with RF)—no Holocene movement.

Porter Gap site (south of intersection with RF) = 3 meters vertical displacement of
~Peoria loess (~20 ka). ~9.68 ka deposits post-date main events; minor
liquefaction post ~4.3 ka.

Confirms that the southeastern Reelfoot rift margin is a fault zone with multiple
high-angle faults and associated folding based on shallow seismic profiles and
paleoseismological investigations. Documents evidence for 8 to 15 meters of
right-lateral offset of a late Wisconsin paleo-channel (~20 ka) at a site near Porter
Gap, suggesting an average slip rate of between 0.85 mm/year and 0.37
mm/year.

Evidence for an earthquake circa 2500 to 2000 BP on the southeastern Reelfoot
rift margin that ruptured = 80 kilometers from Shelby County (15 to 25 kilometers
north of Memphis metropolitan area) to Porter Gap (just south of the intersection
with the RF).
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Baldwin et al. (2002) “Preliminary paleoseismic and geophysical
investigation of the North Farrenburg lineament:
Primary tectonic deformation associated with the
NN?”

Harrison and Schultz ~ “Tectonic framework of the southwestern margin of
(2002) the lllinois basin and its influence on neotectonism
and seismicity”

Odum et al. (2002) “Near-surface faulting and deformation overlying
the CGL in southern lllinois”

Van Arsdale et “Investigation of faulting beneath the city of
al.(2002) Memphis and Shelby County, Tennessee”

McBride et al. (2003)  “Variable post-Paleozoic deformation detected by
seismic reflection profiling across the northwestern
“prong” of NMSZ”

Presents geomorphic, geologic, seismic-reflection, trench, and microtextural data
that strongly suggest that the North Farrenburg lineament, as well as the South
Farrenburg lineament, may be the surface expression of an underlying tectonic
fault that ruptured in the January 23, 1812, earthquake. Northeast-trending
contemporary microseismicity beneath Sikeston Ridge and previously inferred
NN locations aligns partly with the lineaments.

Describes neotectonism along the CGL:

Seismic reflection and microgravity data demonstrates post-Devonian
displacement associated with the CGL in the Tamms area of southern lllinois.
Several faults are imaged to the Paleozoic/Quaternary interface, and at one site,
deformed Quaternary strata may have been faulted 5 to 10 meters.

Two north northeast-trending faults marked by 20 meter steps, referred to as the
Memphis and Ellendale faults, are identified from structure contour maps on Plio-
Pleistocene to Eocene datums. Quaternary activity on both faults is indicated
from analysis of the structure contour maps and topographic, drainage, and
paleodrainage analyses. An anticlinal fold in floodplain sands is observed along
the Ellendale fault. Radiocarbon dates indicate the folding occurred between 390
AD and 450 AD and liquefaction observed in the crest of the anticline occurred
post 450 AD. Modeling of the fold, which appears to be tectonic, is consistent
with 5 meters of right lateral offset.

High-resolution shallow seismic reflection profiles in the vicinity of the Olmstead
fault (which is close to and parallel with the straight segment of the Ohio River)
on trend with the westernmost of two groups of northeast-aligned prongs of
epicenters) show Tertiary reactivations of complex Cretaceous deformations
(including normal graben faults). A possible fault-propagation fold associated with
one of these faults, appears to affect Holocene sediments near the ground
surface.
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Parrish and Van
Arsdale (2004)

“Faulting along the southeastern margin of the
Reelfoot rift in northwestern Tennessee revealed in
deep seismic-reflection profiles”

Deep seismic-reflection profiles in northwest Tennessee reveal structure of the
southeastern margin of the Reelfoot rift. Rift margin consists of at least two major
down-to-the-west late Precambrian to Cambrian normal faults. Dominantly
reverse faulting, folding, and positive flower structures in the shallow section
indicate Eocene and younger transpression. Numerous faults displace the
youngest reflectors and therefore the age of most recent faulting is not known.
The southeastern rift margin is subject to right-lateral movement and
transpression within current stress field.

Atkinson and Hanks
(1995)

Johnston (1996b)

Johnston and
Schweig (1996)

Hough et al. (2000)

MAGNITUDE ESTIMATES

“A high-frequency magnitude scale”

“Seismic moment assessment of earthquakes in
stable continental regions—IIl. New Madrid 1811-
1812, Charleston 1886, and Lisbon 1755”

“The enigma of the New Madrid earthquakes of
1811-1812”

“On the Modified Mercalli intensities and
magnitudes of the 1811-1812 New Madrid, central
United States, earthquakes”

Based on a high-frequency magnitude scale (m), the magnitude of the 1812 New
Madrid event is estimated to be M 7.7 + 0.3.

Estimates magnitudes for the 1811-1812 earthquake sequence based on
intensity data. Estimated magnitudes for the three largest events are:

D1 (December 16, 1811): M 8.1 + 0.3
J1 (January 23, 1812): M 7.8 £ 0.3
F1 (February 7, 1812): M 8.0 £ 0.3

This review paper focuses on the 1811-1812 earthquakes, their geophysical
setting, fault rupture scenarios, and magnitude estimates based on intensity data.
Using historical accounts and geologic evidence, the three main 1811-1812
earthquakes are associated with specific structures.

Re-interprets intensity data, obtaining maximum magnitude estimates from 7.0 to
7.5 for the main three events in the 1811-1812 earthquake sequence:

December 16, 1811: M 7.2-7.3
January 23, 1812: M 7.0
February 7, 1812: M 7.4-7.5 (thrust event)
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Tuttle (2001a)

Mueller and Pujol
(2001)

Tuttle et al. (2002)

Hough and Martin
(2002)

“The use of liquefaction features in
paleoseismology: Lessons learned in the NMSZ,
central United States”

“Three-dimensional geometry of the Reelfoot blind
thrust: implications for moment release and
earthquake magnitude in the NMSZ”

“The earthquake potential of the NMSZ”

“Magnitude estimates of two large aftershocks of
the 16 December 1811 New Madrid earthquake”

Uses two approaches:

Magnitude-bound—estimates minimum magnitude for AD 1450 and AD 900
events of M 6.7 and M 6.9, respectively, based on Ambraseys’ (1988)
relationship between M and epicentral distance to surface manifestations of
liquefaction.

Energy stress—estimates M 7.5 to 8.3 from in situ geotechnical properties similar
to M >7.6 from Ambraseys’ relation for the largest 1811-1812 earthquakes.

The area of the blind thrust (1,301 square kilometers), coupled with estimates of
displacement in the February 7, 1812, event, is used to estimate values of MO
from 6.8 by 1,026 to 1.4 by 1,027 dyne-centimeters, with preferred values
between 6.8 by 1,026 and 8.7 by 1,026 dyne-centimeters. Computed MW for this
event ranges from MW 7.2 to 7.4, with preferred values between MW 7.2 and 7.3.
The moment magnitude for the AD 1450 event is computed as MW 7.3.

The size, internal stratigraphy, and spatial distributions of prehistoric sand blows
indicate that the AD 900 and AD 1450 earthquakes had source zones and
magnitudes similar to those of the three largest shocks in the 1811-1812
sequence.

Estimated locations and magnitudes for two large aftershocks:
NM1-A- M ~7, thrust mechanism on a southeastern limb of the RF.

NM1-B- M 6.1 + 0.2, location of event not well constrained, but probably beyond
the southern end of the NMSZ, near Memphis, Tennessee (within the
southwestern one-third to one-half of the band of seismicity identified by Chiu et
al. (1997).
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Bakun and Hopper
(2004a)

Mueller et al. (2004)

Hough et al. (2005)

“Magnitudes and locations of the 1811-12 New
Madrid, Missouri, and the 1886 Charleston, South
Carolina, earthquakes”

“Analyzing the 1811-1812 New Madrid
earthquakes with recent instrumentally recorded
aftershocks”

“Wagon Loads of Sand Blows in White County,
lllinois”

Estimated M for the three largest events in the 1811-1812 New Madrid sequence.
(Ml is intensity magnitude based on inverting observations of intensity).

MI 7.6 (M 6.8 to 7.9 at the 95% confidence level) for the December 16, 1811,
event (NM1) that occurred in the NMSZ on the Bootheel lineament or on the
Blytheville seismic zone.

MI 7.5 (M 6.8 to 7.8 at the 95% confidence level) for the January 23, 1812, event
(NM2) for a location on the New Madrid north zone of the NMSZ.

MI 7.8 (M 7.0 to 8.1 at the 95% confidence level) for the February 7, 1812, event
(NM3) that occurred on the Reelfoot blind thrust of the NMSZ.

Instrumentally recorded aftershock locations and models of elastic strain change
are used to develop a kinematically consistent rupture scenario for three of the
four largest earthquakes of the 1811-1812 earthquake sequence. Three of the
events (NM1, NM1-A, and NM3) likely occurred on two contiguous faults (the
strike-slip Cottonwood Grove fault and the Reelfoot thrust fault). The third
mainshock (NM2), which occurred on January 23,1812, is inferred to be a more
distant triggered event that may have occurred as much as 200 kilometers to the
north in the Wabash Valley of southern lllinois-southern Indiana. The magnitudes
assigned to each of these events are NM 1 (M 7.3), NM1-A (M 7.0), NM 2 (M
6.8), and NM3 (M 7.5).

Based on anecdotal accounts of possible liquefaction that occurred at several
sites in southern lllinois during the 1811-1812 New Madrid sequence, they
conclude that (1) either large NMSZ events triggered substantial liquefaction at
distances greater than hitherto realized, or (2) at least one large ‘New Madrid’
event occurred significantly north of the NMSZ. Neither can be ruled out, but the
following lines of evidence suggest that the January 23, 1812, mainshock
occurred in White Country, lllinois, near the location of the my, 5.5 1968 southern
lllinois earthquake and recent microearthquake activity. Descriptions report
substantial liquefaction (sand blows) as well as a 2-mile-long east-west trending
“crack” along which 2 feet of south-side down displacement occurred. A modest
offset in the Paleozoic strata is observed in seismic-reflection survey data at this
location. Additional field investigations are needed to further document the extent
and size of paleoliquefaction features and demonstrate the presence or absence
of a east-west fault.
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RECURRENCE

Tuttle (2001a) “The use of liquefaction features in Major earthquakes occurred in the New Madrid region in:
paleoseismology: Lessons learned in the NMSZ,
central United States” AD 1450 £ 150 years
AD 900 + 100 years

Consistent with other paleoliquefaction studies in the region and with studies of
fault-related deformation along Reelfoot scarp (Kelson et al., 1996).

Evidence for earlier events, but age estimates and areas affected are poorly
constrained.

Based on similarities in size and spatial distribution of paleoliquefaction features
from these events and close spatial correlation to historical features, NMSZ was
the probable source of two earlier events.

Cramer (2001) “A seismic hazard uncertainty analysis for the A 498-year mean recurrence interval is obtained based on a Monte Carlo
NMSz” sampling of 1,000 recurrence intervals and using the Tuttle and Schweig (2000)
uncertainties as a range of permissible dates (+ two standard deviations). From
these results, the 68% confidence limits range from 267 to 725 years; the 95%
confidence limits range from 162 to 1,196 years (one and two standard deviation
ranges, respectively).

Tuttle et al. (2002) “The earthquake potential of the NMSZ” Recurrence—Based on studies of hundreds of earthquake-induced
paleoliquefaction features at more than 250 sites, the fault system responsible for
New Madrid seismicity generated very large earthquakes temporally clustered in
AD 900 +£100 and AD 1450 +150, years as well as 1811-1812. Given
uncertainties in dating liquefaction features, the time between the past three
events may be as short as 200 years or as long as 800 years, with an average of
500 years. Evidence suggests that prehistoric sand blows probably are
compound structures, resulting from multiple earthquakes closely clustered in
time, or earthquake sequences.
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Newman et al. (1999)

Kenner and Segall
(2000)

Grollimund and
Zoback (2001)

GEODETIC AND MODELING STUDIES

“Slow deformation and lower seismic hazard at the
NMSZz’

“A mechanical model for intraplate earthquakes:
Application to the NMSZ”

“Did deglaciation trigger intraplate seismicity in the
NMSzZ?”

Recent geodetic measurements indicate that the rate of strain accumulation is
less than the current detection threshold. Global positioning system (GPS) data
show no significant differences in velocities on either side of the southern arm of
the NMSZ. Near-field and intermediate-field (primarily hard-rock sites) yield
measurements of 0.6 + 3.2 and —0.9 £ 2.2 mm/year, respectively. They are
consistent with both 0 and 2 mm/year at 2-sigma.

GPS data for the upper Mississippi embayment show that the interior of the
Reelfoot rift is moving northeast relative to the North American plate. Modeling
stable North America as a single rigid plate fits the site velocities, with a mean
residual of 1.0 mm/year.

The authors conclude that the present GPS data imply that 1811-1812-size
earthquakes are either much smaller or far less frequent than previously
assumed (i.e., smaller than M 8 [5 to 10 meter slip/event], or longer than a
recurrence interval of 400 to 600 years).

Postulates a time-dependent model for the generation of repeated intraplate
earthquakes in which seismic activity is driven by localized transfer of stress from
a relaxing lower crustal weak body. Given transient perturbation to the stress
field, the seismicity is also transient, but can have a significantly longer duration.
This model suggests that interseismic strain rates computed between damaging
slip events would not be geodetically detectable.

Modeling of the removal of the Laurentide ice sheet ca. 20 ka changed the stress
field in the vicinity of New Madrid and caused seismic strain to increase by about
three orders of magnitude. The high rate of seismic energy release observed
during late Holocene is likely to remain essentially unchanged for the next few
thousand years.
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TABLE 2.5.1-1. Summary of New Information for New Madrid Seismic Zone

Author(s) (Year) Title

Significance

Smalley et al. (2005) “Space geodetic evidence for rapid strain rates in
the NMSZ of central USA”

Recent analysis of geodetic measurements from a permanent GPS array in mid-
America that was installed in the mid- to late 1990s provides evidence for rapid
strain rates in the NMSZ (Smalley et al., 2005). Rates of strain are of the order of
107 per year, comparable in magnitude to those across active plate boundaries,
and are consistent with known active faults in the region. Relative convergence
across the RF is ~2.7 £ 1.6 mml/year. Relative fault-parallel, right-lateral motion of
~1 mm/year is measured across the southern right lateral strike-slip fault zone,
which is highlighted by a prominent northeast-trending and vertical zone of
microseismicity and right-lateral focal mechanisms. Surface velocities at
distances beyond a few fault dimensions (far-field) from active faults do not differ
significantly from zero. It is not certain whether the driving force behind the
current surface velocities is related to post-1811-1812 postseismic processes or
to the accumulation of a locally sourced strain. The data indicate, however, that
aseismic slip is almost certainly required across faults (or shear zones) within the
upper few kilometers of the surface.

SEISMIC SOURCE CHARACTERIZATION MODELS

Cramer (2001) “A seismic hazard uncertainty analysis for the
NMSZ”

Frankel et al. (2002) “Documentation for the 2002 update of the national
seismic hazard maps”

Develops a logic tree of possible alternative parameters to characterize
earthquake sources in the NMSZ. Source model alternatives include “fictional”
faults from Frankel et al. (1996), actual faults (Bootheel lineament, eastern rift
boundary, northeast arm, southwest arm, RF, west arm, and western rift
boundary).

Identifies three alternative fault sources: a fault trace matching recent
microearthquake activity, and two adjacent sources situated near borders of the
Reelfoot rift. The center fault is given twice the weight of the other two. Mean
recurrence interval = 500 years:

M 7.3: (0.15 wt)
M 7.5: (0.20 wt)
M 7.7: (0.50 wt)
M 7.9: (0.15 wt)

25.1-54
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TABLE 2.5.1-1. Summary of New Information for New Madrid Seismic Zone

Author(s) (Year)

Title

Significance

Toro and Silva (2001)

“Scenario earthquakes for Saint Louis, MO, and
Memphis, TN, and seismic hazard maps for the
Central United States region including the effect of
site conditions.”

Develops alternative geometries for NMSZ. Uses fault sources identified by
Johnston and Schweig (1996), augmented by alternative fault source model to
the north (East Prairie extension), to represent more diffuse patterns of
seismicity. Assumes that a large seismic-moment release in the region involves
events on all three NMSZ faults occurring within a short interval. Occurrences of
large earthquakes in the NMSZ are not independent in time. Uses mean
recurrence intervals of 500 to 1,000 years.
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TABLE 2.5.1-2. Magnitude Comparisons for New Madrid 1811-1812 Earthquake Sequence

Study NM1 NM2 NM3
Johnston (1996b) M8.1+0.3 M78+0.3 M8.0+0.3
Hough et al. (2000) M72t07.3 M ~7.0° M74t075
(located on the NN)
Mueller and Pujol (2001) - - M72tc7.4
(preferred M 7.2 to 7.3)
Bakun and Hopper (2004a) M, 7.6 M, 7.5 M, 7.8
(M7.2t07.9) (M7.1to 7.8) (M7.4to8.1)
(preferred model 3) (preferred model 3) (preferred model 3)
M 7.2 M 7.2 M, 7.4
(M6.8t07.9) (M 6.8 to 7.8) (M7.0to 8.1)
(model 1) (model 1) (model 1)
Mueller et al. (2004) M7.3 M6.8 M75
(located within the Wabash
Valley of southern lllinois/
southern Indiana)
Johnston (written M7.8-7.9 M75-76 M7.7-78
communication, August 31,
2004)
a. The estimated location and magnitude of this earthquake are revised in Mueller et al. (2004).
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TABLE 2.5.1-3. Characteristic Magnitudes from Rupture Areas for Fault Segments in the NMSZ

Segment Length W=10 W= 14 W= W=19 W=28 W=32
Wells and Coppersmith (1994) magnitude-area relation (median): M = 4.07 + 0.98 log(Area)

Southwest arm 117 7.1 7.2 7.3 7.4 7.5 7.6
Reelfoot fault 60 7.0 7.1 7.2 7.3 74 7.5
Bootheel lineament 70 6.9 7.0 7.0 7.1 7.3 74
Northeast arm 59 6.8 6.9 7.0 7.1 7.2 7.3
West arm 33 6.5 - 6.7 6.7 6.8 7.0 7.0
East Rift Boundary 99 7.0 7.1 7.2 7.3 7.4 7.5
West Rift Boundary 137 7.1 7.3 7.3 74 7.6 7.6
Bootheel + southern SW arm 133 7.1 7.3 7.3 74 7.6 7.6
Remaining (northern) SW arm 54 6.7 6.9 6.9 7.0 7.2 7.2
Bootheel + NE arm 129 7.1 7.3 7.3 74 7.6 7.6
Somerville and Saikia (2000) magnitude-area relation (median): M = 4.35 + log(Area)

Southwest arm 117 7.4 7.6 7.6 7.7 7.9 7.9
Reelfoot fault 60 7.3 7.5 7.5 7.6 7.8 7.8
Bootheel Lineament 70 7.2 7.3 7.4 7.5 7.6 7.7
Northeast arm 59 7.1 7.3 7.3 74 7.6 7.6
West arm 33 6.9 7.0 7.0 7.1 7.3 74
East Rift Boundary 99 7.3 7.5 7.5 7.6 7.8 7.9
West Rift Boundary 137 7.5 7.6 77 7.8 7.9 8.0
Bootheel + southern SW arm 133 7.5 7.6 7.6 7.8 7.9 8.0
remaining (northem) SW arm 54 7.1 72 7.3 74 7.5 7.6
Bootheel + NE arm 129 7.5 7.6 7.6 7.7 7.9 8.0

a. Rupture lengths and widths (W) in kilometers. Length uncertainty not included; weighting on magnitudes used in the uncertainty analysis are evenly distributed
among widths and magnitude-area relations.

Source: Cramer (2001)
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
Amanda Beta-133004 (T1-C2)  Charcoal Preliquefaction (event 2) 100 % 40 AD 1680 to 1780 NA Event in trench T2, followed by event in Two events: Tuttle et al.
AD 1800 to 1940 trench T1, occurred during or soon after 1811-1812 (2000)
AD 1950 to 1955 AD 1000 to 1400 (Middle Mississippian) g
Beta-133006 (T2- Charcoal Preliquefaction (event 2) 240 + 50 AD 1520 to 1590 NA an
C14) (top of lower sand Postliquefaction (event 1) AD 1620 to 1690 eventY
blow) AD 1740 to 1810 1450 + 150 year
AD 1930 to 1950
Beta-133005 (T2- Charcoal Preliquefaction (event 1) 920 £ 40 AD 1020 to 1210 NA
C13) (19 centimeters below
sand blow)
Artifacts on surface Reworked NA NA Presence of Mississippian archeological
and within plow zone site
Artifacts, including Preliquefaction NA NA AD 800 to 1400
diagnostic ceramics (event 1) (Early and Middle Mississippian)
Beta-171216 (FSN27)  Nutshell Preliquefaction (event 1) 470 £ 40 AD 1410 to 1470 NA Close maximum age Confirms Tuttle and Wolf
Ceramics Preliquefaction (event 1) NA NA AD 800 to 1400 (Early and Middle °°”e'a1t'°“ of (2003)
Mississippian: from 4 to 15 centimeters event Y.to
below sand blow; depth of artifacts ?ngt+ 1 50
suggests ~300 years passed between last = year
occupation and event 1)
Archway Beta-166245 (C1) Charcoal Postliquefaction 200 £ 40 AD 1640 to 1690 NA Event X Tuttle and Wolf
AD 1730 to 1810 900 + 100 year (2003)
AD 1920 to 1950
Beta-166246 (C5) Charcoal Anomalous result unless 920 + 40 AD 1020 to 1210 NA
root grew into horizon from
above
Beta-171219 (FSN6) Hickory nutshell Preliquefaction 1310 £40 AD 660 to 780 NA Sand blow formed < 200 year after this time
collected 0-10
centimeters below
sand blow
Ceramics Preliquefaction NA NA AD 400 to 800, Middle to Late Woodland Sand blow directly above cultural horizon
Brooke Beta-102497 Soil Preliquefaction 1960 + 40 40 BC to AD 130 NA Unweathered sand blow, 15 to 20 AD 1811-1812 Tuttle (1999)
) ) centimeters thick; A horizon developed
Beta-102498 Charco_al collected Preliquefaction 370 £ 50 AD 144 to 1650 AD 14Q to 16.370. post-occupation and preliquefaction
45 centimeters below Late Mississippian
sand blow; artifacts
from B horizon more
than 15 centimeters
below sand blow
Bugg Beta-108883 Charcoal Postliquefaction 130 £ 40 AD 167 to 1950 AD 80 to 1000 AD 800 to 1000; sand blow deposited Event X Tuttle (1999)
Early Mississippian directly on cultural horizon; thickness of 900 £ 100 year
plow zone plus remnant A horizon below
NA Ceramics Preliquefaction NA NA AD 40 to 1000

Late Woodland-Early Mississippian

(50 centimeters) suggest sand blow formed

~1,000 years ago
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
Burkett Beta-142708 Charcoal Preliquefaction (event 4) 110 £ 40 AD 167 to 1780 NA Event 4 1811-1812 or Tuttle (2001b)
(TR6-C100) AD 180 to 1955 1895 Charleston
Tuttle (M.
TR-6 Artifacts—Burkett Preliquefaction (event 3) NA NA ~400 BC to AD 330 Event 3 probably occurred at end of Burkett Event W Tuttle and
phase ) ) phase (AD 300 + 200 year) AD 300 + 200 Associates,
Early-Middle Woodland (radiocarbon year electronic
dating of horizon by Prentice Thomas) communication
May be same to Kathryn
event as older Hanson,
Towosaghy S1 February 27,
event 2003).
TU-56 Artifacts— Postliquefaction (event 3) NA NA Woodland-Mississippian Event 3 probably occurred toward end of Event W
Mississippian and Burkett phase (AD 300 + 200 year) AD 300 + 200
Burkett phase year
artifacts?
May be same
event as older
Towosaghy S1
event
TU-56 Artifacts—Burkett Preliquefaction (event 3) and NA NA ~400 BC to AD 330 TU56-events 1 and 2 occurred after Event U?
phase postliquefaction (events 1 ) ] deposition of O’'Bryan Ridge-phase artifacts 2350 BC
and 2) Early-Middle Woodland (radiocarbon and before deposition of Burkett-phase + 200 year
dating of horizon by Prentice Thomas) artifacts
Perhaps same as
event 1 at Eaker 2
TU-56 Artifacts—O’Bryan Preliquefaction (events 1 NA NA Late Archaic (3000 to 400 BC) TR5—events 1 and 2 occurred during Late  TR-5: event U?
Ridge phase and 2) Archaic shortly after BC 2580; event 3 2350 BC
occurred during or soon after Burkett phase + 200 year
Beta-142448 (TR5- Charcoal Postliquefaction (event 3) 70 £ 40 AD 1680 to 1740 NA
C9) BL7—event 1 occurred after 2340 to 2190 Perhaps same as
AD 1810 to 1930 BC; event 2 occurred after 2570 to 2990 BC event 1 at Eaker 2
AD 1950 to 1955 BL7—event U?
TR5 Artifacts—Burkett Preliquefaction NA NA ~400 BC to AD 330 included two
- . earthquakes large
phase (event 3) Early-Middle Woodland (radiocarbon enough to induce
dating of horizon by Prentice Thomas) liquefaction:
Beta-142447 (TR5- Charcoal and Preliquefaction 3980 + 40 BC 2580 to 2430: Late Archaic (3000 to 400 BC) 2350 BC
C5) artifacts—O’Bryan (events 1 and 2) close maximum (event 1) * 200 year
Ridge phase Perhaps same as
Beta-142445 (BW1-  Charcoal from midden  Reworked by natives; 4090 + 40 BC 2870 to 2800 NA event 1 at Eaker 2
C2) adjacent to mound probably preliquefaction BC 2760 to 2560
(events 1 and 2) BC 2540 to 2490
Beta-153985 (BW1- Charcoal from midden  Reworked by aboriginals; 4090 + 40 BC 2870 to 2800 NA
C4) adjacent to mound probably preliquefaction BC 2760 to 2560
(events 1 and 2) BC 2540 to 2490
Beta-153985 (BW1- Charcoal from contact  Postliquefaction (event 1); 3940 + 50 BC 2570 to 2290; NA
C3) between clay of preliquefaction (event 2) Contemporaneous
mound and soll
horizon below
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
Beta-142706 (BW1- Charcoal from soil Preliquefaction 3970 + 40 BC 2580 to 2400 NA
C6) horizon below sand (events 1 and 2) BC 2380 to 2360
blows of events 1 and
2 and within graben
structure
Beta-142446 (BW2- Charcoal from soil Preliquefaction 3820 + 30 BC 2340 to 2190 NA
C7) horizon below lower (events 1 and 2) BC 2170 to 2150;
sand blow Close maximum
Beta-142707 (BW2- Charcoal from clay Probably reworked by 4300 + 40 BC 3010 to 2980 NA
C8) used to construct base aboriginals; preliquefaction BC 2940 to 2880
of mound (event 1)
Cagle Lake  Beta-160377 (F101) Wood from aboriginal Postliquefaction 240 + 60 AD 1500 to 1690 Site occupied by aboriginals following AD 1420 to 1690—prehistoric compound Event Y Tuttle and Wolf
post mold in top of AD 1730 to 1810 formation of sand blow sand blow; exclude minimum constraining 1450 + 150 year (2003)
sand blow AD 1920 to 1950; dates post-AD 1700
Close minimum
Beta-166251 (C106) Charcoal from Postliquefaction 170 £ 40 AD 1650 to 1890 AD Site occupied by aboriginals following
aboriginal post mold in 1910 to 1950 formation of sand blow
top of sand blow
Beta-171217 Hickory nutshell Preliquefaction 440 40 AD 1420 to 1500; NA
(FSN116) collected 0 to 5 Close maximum
centimeters below
sand blow
Beta-166250 (C104) Charcoal collected 5 Preliquefaction 580 £ 40 AD 1300 to 1420 NA
to 15 centimeters
below sand blow
Beta-166249 (C100) Charcoal Preliquefaction 460 + 40 AD 1410 to 1480 NA
collected 47
centimeters below
sand blow
Preliquefaction NA NA ~AD 1400 to 1500
Late Mississippian; occupied at time of
sand blow
Central Beta-108869 Charcoal Postliquefaction 70 £ 40 AD 1690 to 1740 NA AD 800 to 1000 Event X Tuttle (1999)
Ditch 1 AD 1810 to 1930 Radiocarbon dating—sand blow formed 900 + 100 year
from AD 790 to 1240; Early Mississippian
Beta-81308 Soil (30 centimeters Postliquefaction 940 £ 60 AD 1000 to 1240 AD 400 to 1000 and Late Woodland artifacts in horizon
thick, with few small Late Woodland immediately below—sand blow formed from
artifacts possibly AD 800 to 1000; A horizon developed in
reworked) sand blow suggests it formed > 600 years
Beta-81309 Soil; Preliquefaction 1120 + 60 AD 790 to 1020 AD 400 to 1000 ago
artifacts Late Woodland-Early Mississippian
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
C1-Cooter Beta-74678 Organic material Postliquefaction 110 £ 60 AD 1660 to 1950 NA AD 1410-1811; Probably Craven (1995)
Event pre-dates 1811 based on soil correlates with
development above sand blow, weathering  eventY
characteristics of sand blow, and 1450 + 150 year
liquefaction of sand blow by subsequent
event, probably 1811-1812
Beta-74099 Thatch from aboriginal  Preliquefaction 440 = 50 AD 1410 to 1520 NA AD 1400 to 1650; sand blow deposited
dwelling AD 1570 to 1630 directly on occupation horizon; dating of
thatch and artifacts provides close
Artifacts—Parkin Preliquefaction NA NA AD 1400 to 1670 maximum
Punctate Late Mississippian
Current Beta-110225 Charcoal Postliquefaction 570 + 60 AD 1300 to 1450 NA AD 1310 to 1450 Event Y Tuttle (1999)
River 2 1450 + 150 year
Beta-110223 Cypress knees Preliquefaction 510 £ 60 AD 1310 to 1360 NA
AD 1390 to 1480
Beta-110224 Charcoal Preliquefaction 640 £ 90 AD 1240 to 1440 NA
Current Beta-110227 Root Postliquefaction Modern NA 2 to 4 earthquakes, 3490 BC to AD 1670; Tuttle (1999)
River 8 ) weathering characteristics of upper 30 to
Beta'1 10226 Plant matenal Preliquefaction 4560 + 50 3490 to 3470 BC NA 50 Centimeters of dikes Suggest that they
(2 to 4 subsequent events) 3380 to 3090 BC are prehistoric
Dillahunty Beta-166247 (C4) Charcoal Postliquefaction 70+70 Modern NA AD 910 to 1490 EventY Tuttle and Wolf
. . Compound sand blow (3 major units); (1450 = 150 year)  (2003)
Beta-166248 (CS) Charcoal from base of POStquuefaCtlon 470 £ 50 AD 1400 to 1490, NA events Closely Spaced in hme, prehistoric
soil developed in close minimum based on soil development; C5 provides
sand-blow crater close minimum, whereas FSN4 and
Beta-171218 (FSN4)  Maize kernel fragment  Preliquefaction 980 £ 70 AD 910 to 920 NA artifacts only provide maximum
from 0 to 10 AD 960 to 1210
centimeters below
sand blow
Ceramics 10 to 20 Preliquefaction NA NA Middle Woodland ~(200 BC to AD 400);
centimeters below soil development suggests at least 200
sand blow years between occupation and deposition
of sand blow
Dodd Beta-102503 Charcoal Postliquefaction 110 £ 50 AD 1670 to 1950 1400 to 1670 AD 1290 to 1460 from dating; EventY Tuttle (1999)
Late Mississippian—during this period AD 1400 to 1670 from archeology; (1450 + 150 year)
AD 1400 to 1460 combining the two Tuttle et al.
(1999b)
Beta-119103 Charcoal; artifacts Postliquefaction 120 £ 50 AD 167 to 1950 1400 to 1670
Late Mississippian Tuttle and
Schweig
Beta-142449 Charred corn kernel Postliquefaction 490 + 40 AD 1410 to 1460; (2000)
from aboriginal wall close minimum
trench dug into sand
blow
Beta-119102 Charcoal Preliquefaction 630 £ 40 AD 1290 to 1410; 1000 to 1670
close maximum Middle-Late Mississippian
Beta-102502 Charcoal Preliquefaction 770 £40 AD 1220 to 1300 1000 to 1670
Middle-Late Mississippian
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Early Mississippian

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
Eaker 1 Beta-91511 Charcoal Postliquefaction 50 + 50 AD 1690 to 1740 NA Either AD 1180 to 1630 or AD 1410 to EventY Tuttle (1999)
(vertical root) AD 1810 to 1930 1650; soil development (including lamellae) (1450 + 150 year)
above sand blow suggests it is prehistoric;
Beta-75325 Plant material If preliquefaction, close 450 + 60 AD 1410 to 1530 NA ﬁgﬁ’ﬁ‘fﬁgf;t event, probably
(lateral root) maximum; if AD 1560 to 1630
postliquefaction, close
minimum
Beta-81313 Soil; ceramics Preliquefaction 740 £ 70 AD 1180 to 1400 400 to 1000
Middle-Late Woodland
Eaker 2 NA Ceramics Postliquefaction (event IV) NA NA 800 to 1000 AD 470 to 1310—event IV; Event X Tuttle (1999)
Late Woodland-Early Mississippian site occupied before and after event (900 £ 100 year)
Beta-86810 Charcoal Postliquefaction (event V) 460 = 60 AD 1400 to 1520 NA
AD 157 to 1630
Beta-86811 Charcoal Postliquefaction (event IV) 510 £ 60 AD 1310 to 1360 NA
AD 1390 to 1480
Beta-77450 Charcoal Postliquefaction (event IV) 660 + 60 AD 1270 to 1420 NA
Beta-86190 Soil Postliquefaction (event 1V) 770 £ 60 AD 1180 to 1310 NA
Beta-86816 Soil and ceramics Preliquefaction (event IV) 1420 + 80 AD 470 to 480 AD 400 to 1000
AD 520 to 780 Late Woodland
Beta-86816 Soil and ceramics Postliquefaction (event III) 1420 + 80 AD 470 to 480 AD 400 to 1000 800 BC to AD 780 Event W ? Tuttle (1999)
AD 520 to 780 Late Woodland Event 11l AD 300 + 200
ear
Beta-86814 Soil Preliquefaction (event Ill) 2410+ 90 800 to 360 BC NA y
290 to 230 BC
Beta-86814 Soll Postliquefaction (event II) 2410+ 90 800 to 360 BC NA 1430 to 800 BC Event V? Tuttle (1999)
290 to 230 BC Event Il
Beta-81311 Soil Preliquefaction (event Il) 2970 + 100 1430 to 910 BC NA
Beta-86815 Soil Preliquefaction (event Il) 3020 + 80 1430 to 910 BC NA
Beta-86812 Soil Preliquefaction (event Il) 3200 + 100 1690 to 1250 BC NA
Beta-86812 Soil Postliquefaction (event I) 3200 + 100 1690 to 1250 BC NA 3340 to 1250 BC Event U ? Tuttle (1999)
) ) . Event | May correlate with
Beta-86813 Soil Preliquefaction (event I) 4180 + 190 3340 to 2210 BC NA events 1 and 2 at
Burkett site
Eaker 3 Beta-69618 Charcoal and artifacts ~ Postliquefaction 300 + 60 AD 1460 to 1680 AD 1000 to 1400 AD 800 to 1400 Event X Tuttle (1999)
AD 1770 to 1800 Middle Mississippian (Evidence for two events probably during 900 + 100 year
AD 1940 to 1960 same earthquake sequence)
NA Ceramics Preliquefaction NA NA 800 to 1000
Late Woodland-Early Mississippian
Haynes G-19080 Charcoal Postliquefaction 455 + 110 AD 1300 to 1660 AD 1000 to 1400 AD 800 to 1400 Event X Tuttle (1999)
Middle Mississippian 900 + 100 year
Tuttle et al.
NA Ceramics Preliquefaction NA NA AD 800 to 1000 (2000)
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Hillhouse Beta-102500 Charcoal and Postliquefaction 1150 £ 50 AD 780 to 1000 AD 400 to 1000 AD 790 to 1000 Event X Tuttle (1999)
ceramics Late Woodland 900 + 100 year
Beta-102499 Charcoal Preliquefaction 1140 + 50 AD 790 to 1010 NA
Beta-102501 Soil Preliquefaction 4880 £ 60 3780 to 3620 BC AD 400 to 1000
3580 to 3530 BC Late Woodland
Hueys Beta-91642 Charcoal (hearth) and  Postliquefaction 280 + 60 AD 1470 to 1680 AD 800 to 1000 AD 880 to 1000 Event X Tuttle (1999)
ceramics AD 1750 to 1810 Late Woodland-Early Mississippian 900 + 100 year
AD 1940 to 1950
Beta-108939 Charcoal (maize) Postliquefaction 630 + 50 AD 1290 to 1420 AD 800 to 1000
Late Woodland-Early Mississippian
Beta-91641 Charcoal and artifacts ~ Preliquefaction 1090 + 50 AD 880 to 1030 AD 800 to 1000
Late Woodland-Early Mississippian
Beta-91643 Charcoal Preliquefaction 1280 + 60 AD 650 to 890 NA
Johnson 5 Beta-102504 Charcoal Postliquefaction 220 £ 50 AD 1540 to 1550 AD 770 to 1670 Event X Tuttle (1999)
AD 1640 to 1700 Minimum age not well constrained, 900 + 100 year
AD 1720 to 1820 probably formed during Late Woodland-
AD 1855 to 1860 Early Mississippian. Soil development
AD 1920 to 1950 suggests sand blow formed prior to 1811
and was exposed at the surface for at least
Beta-102505 Soil Preliquefaction 1110 £ 80 AD 770 to 1040 AD 800 to 1000 670 years
Late Woodland-Early Mississippian
K1 Event Z—AD 1812 AD 1812 Kelson et al.
Champey Unweathered liquefaction features (1992 and
Pocket 1996)
Beta-49608 Charcoal Post-monoclinal folding; - AD 1430 to 1650 NA Event Y EventY
colluvium AD 1220 to 1650; ~AD 1400 (1450 + 150 year)
Beta-49609 Charcoal Pre-monoclinal folding - AD 1220 to 1390 NA
Beta-48553 Charcoal; artifacts Postliquefaction - AD 430 to 890 AD 800 to 1000 Event X Event X
Close minimum (third most recent event) ~ AD 780 to 1000 900 + 100 year
K2 Event Z—AD 1812: Sand dikes and sand 1812 Kelson et al.
Proctor City blow with no soil development (1996)
Post-scarp formation and re- Event Y—AD 1260 to 1650 EventY
development of graben Poorly constrained; couple hundred years (1450 + 150 year)
(eventY) prior to 1812 to erode scarp
CAMS-13559 Charcoal Pre-scarp formation and re- 660 + 60 AD 1260 to 1410 NA Event post-dates AD 1260
development of graben
(eventY)
CAMS-13540 Charcoal Post-graben formation 960 + 60 AD 980 to 1220 NA Event X Event X
(event X) AD 780 to 1000; close minimum 900 + 100 year
CAMS-13538 Charcoal Pre-graben formation 990 + 60 AD 900 to 1210 NA
(? younger) (event X)
CAMS-13537 Charcoal Pre-graben formation 1110 £ 60 AD 780 to 1030 NA Close maximum
(event X)
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
Kochtitzky Beta-97573 Charcoal Postliquefaction 2020 + 60 BC 180 to AD 110 AD 800 to 1670 AD 990 to 1660 EventY Tuttle (1999)
Ditch 1 (reworked?) Mississippian Event occurred during occupation of site, (1450 + 150 year)
probably during Late Mississippian
Beta-102512 Charcoal Postliquefaction 360 + 50 AD 1440 to 1660 AD 800 to 1670
Mississippian
Beta-97574 Artifacts Charcoal Preliquefaction 960 * 60 AD 990 to 1220 AD 800 to 1000
Mississippian; elsewhere at site this
horizon contains Middle-Mississippian (AD
1000 to 1400) artifacts and Late-
Mississippian house floor
(AD 1400 to 1670)
Lowrance Beta-133011 Charcoal 43 Preliquefaction 330+ 50 AD 1450 to 1660 NA Probably 1811-1812 1811-1812 Tuttle et al.
centimeters below (2000)
sand blow
L1 Beta-74810 Charcoal Postliquefaction 480 + 60 AD 1400 to 1620 NA AD 55 to 1620 Could correlate to  Li et al. (1998)
(Site WY) event W
Beta-92884 (S) Dispersed carbon Preliquefaction 2060 = 60 195 BC to AD 75 NA (AD 300
Beta-92883 (C2) Charcoal Preliquefaction 1850 + 60 AD 55 to 340 NA zvi%? ;'(ear)’
(900 + 100 year),
oreventY
(1450 + 150 year)
L2 Beta-71233 (S) Twig Preliquefactions (event 2) 240 + 60 AD 1510 to 1950 NA Two sand blows, 1811-1812 and 1811-1812 Li et al. (1998)
(Site WD) Postliquefaction (event 1) 900 + 100 year (event 2)
Lower sand blow exposed at surface
Beta-71234 Soil (dispersed Postliquefaction (event 1) 1140 £ 60 AD 770 to 1040 NA ~800 + 100 year prior to burial by younger Event X
carbon) sand blow 900 + 100 year
(event 1)
Main 8 GX-17728 Wood Preliquefaction 4930 + 160 BC 4035 to 3360 NA Three generations of liquefaction features Tuttle (1993)
formed since BC 4040
New Beta-84975 Charcoal Postliquefaction 210 £ 60 AD 1530 to 1560 NA 180 BC to AD 990 Event X Tuttle (1999)
Franklin 3 AD 1630 to 1950 900 + 100 year
Beta-97577 Soil Postliquefaction 1030 £ 60 AD 890 to 1170 NA
Beta-97578 Soil Postliquefaction 1110 £ 50 AD 860 to 1020 NA
Beta-86191 Soil Postliquefaction 1200 + 60 AD 690 to 990 NA
Beta-97579 Soil Preliquefaction 2000+ 70 180 BC to AD 150 NA
Beta-84976 Soil Preliquefaction 2050 + 60 190 BC to AD 90 NA
Nodena Beta-133012 (T1-C1)  Charcoal Preliquefaction 290 + 50 AD 1470 to 1670 NA Two events in the same earthquake EventY Tuttle et al.
(<1 centimeters below) AD 1780 to 1800 sequence (1450 + 150 year)  (2000)
AD 1450-1670
Beta-133013 (T1-C4)  Charcoal Preliquefaction 280 £+ 50 AD 1480 to 1680 NA
(45 centimeters below) AD 1780 to 1800
AD 1940 to 1950
Beta-133014 (T2-C1)  Charcoal (root cast Postliquefaction 230 £ 50 AD 1520 to 1580 NA

into sand blow)

AD 1630 to 1690
AD 1730 to 1810
AD 1930 to 1950

B0I052410001.D0C
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
Beta-133015 (T2- Charcoal Preliquefaction 350 + 40 AD 1450 to 1650 NA
C20) (9 centimeters below)
Beta-133016 (T2- Charcoal Preliquefaction 340 £ 30 AD 1460 to 1650 NA
C101) (3 centimeters below)
Ceramics Postliquefaction NA NA AD 1000 to 1700
Artifacts Preliquefaction NA NA AD 1400 to 1700
Obion 200 Beta-146738 Wood W2 collected Postliquefaction 230 £ 40 AD 1530 to 1550 NA Before AD 1810 and EventY Tuttle (2001b)
from silt deposit above AD 1640 to 1680 After AD 1300 (1450 + 150 year)
sand blow AD 1740 to 1810 (based on probability distribution)
AD 1930 to 1950
Beta-146737 Wood W1 collected Preliquefaction 590 £ 40 Close maximum NA
within 1 centimeter of AD 1300 to 1420
base of sand blow
Obion 216 Beta-152008 Wood (W2 from outer  Preliquefaction 800 £ 60 AD 1060 to 1080 NA Event soon after AD 1300 Event Y Tuttle (2001b;
1 centimeter of (based on probability distribution) (1450 + 150 year)  Tuttle and Wolf
horizontally bedded AD 1150 to 1290 (2003)
log buried by sand
blow)
Beta-152009 Wood (W4 from outer  Preliquefaction 730 + 60 AD 1160 to 1300 NA
1 centimeter of tree
trunk in growth
position in clay deposit
beneath sand blow.
RP Haynes  Beta-133009 (C2) Charcoal Preliquefaction 160 + 40 AD 1660 to 1950 NA Event after AD 1000; Possibly Tuttle et al.
possibly after AD 1660 1811-1812 (2000); Barnes
Beta-133010 (C5) Charcoal Preliquefaction 260 + 80 AD 1450 to 1710 NA (2000)
AD 1720 to 1890
AD 1910 to 1950
Beta-142450 (C100) Charcoal Preliquefaction 970 £ 40 AD 1000 to 1170
collected
40 centimeters below
sand blow
Ceramics from horizon  Preliquefaction NA NA AD 800 to 1000
below sand blow Mostly Late Woodland; few Early
Mississippian shards
Towosaghy  Beta-36669 Charcoal Postliquefaction (event 2) 520 + 60 AD 1414 Event 2 probably occurred in the early part Event X (?) Saucier (1991)
(S1) of the period AD 539 to 991 900 + 100 year
Beta-36670 Charcoal Post- liquefaction (event 2) 1050 £ 120 AD 991 (event 2)
(intercept) Event 1 estimated to have occurred
<100 year prior to AD 539 Event 1
Beta-36671 Charcoal Preliquefaction (event 2) 1540 + 110 AD 539 (intercept) AD 440 to 540
Postliquefaction (event 1)
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TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) Points correlation, comments) Correlation Reference
Towosaghy  Dating underway Artifacts Preliquefaction (event 3) NA NA Sand dike crosscuts horizon containing Event 3; not yet determined Event 3; Not yet Tuttle and Wolf
(re- artifacts determined (2003)
excavate
S1 site) Dating underway Artifacts Postliquefaction (event 1) NA NA Late Woodland to Early Mississippian Evidence for event 1 but not event 2 of May correlate to
(AD 400 to 1000) above sand blow; Saucier event W
few artifacts below sand blow AD 300 + 200
year (event 1)
Walker Artifacts on surface Presence of Tuttle et al.
and within plow zone Mississippian (2000); Barnes
archeological site (2000)
Beta-133017 (T2-C1)  Charcoal Postliquefaction 43210+ 720 NA NA Trench T2—AD 1420 to 1670 during Late EventY Tuttle et al.
(probably Mississippian (1450 + 150 year)  (2000)
reworked) Trench T3—Also during the Mississippian, Root cast may
) ) o probably during same event as seen in have been
Beta-133018 (T2-C2) Charcoal from cultural Preliquefaction 440 + 40 AD 1420 to 1500 AD 1400 to 1670—Late Mississippian trench T2. Soil lamellae developed in upper  intruded by sand
horlz_on <1 Close maximum AD 1000 to 1400—Middle Mississippian 40 centimeters of sand dikes indicate that during
centimeters below (strap handle) they are prehistoric subsequent
sand blow; artifacts event, 1811-1812
Beta-133019 (T3-C2)  Charcoal from root Preliquefaction 230 £ 40 AD 1530 to 1550 NA
cast (same or later event) AD 1640 to 1680
AD 1740 to 1810
AD 1930 to 1950
Artifacts in cultural Preliquefaction Mississippian
horizon below sand
blow
Beta-133020 Organic material from  Preliquefaction 1470 + 40 AD 540 to 660 NA
(T3-C3) deposit below cultural
horizon
Yarbro 1 ISGS-2968 Tree root (large Postliquefaction 640 £ 70 NA NA AD 1420 to 1670 Event Y Tuttle (1999)
sample from outer ring (1450 + 150 year)
QL-4787 sent to three labs) Postliquefaction 181+ 16 AD 1668 to 1686 NA
AD 1737 to 1788
AD 1791 to 1810
AD 1928 to 1954
Beta-80749 Postliquefaction 130 £ 60 AD 1660 to 1950 NA
Beta-79237 Twig Preliquefaction 370 + 80 AD 1420 to 1670 NA
(close maximum)
Beta-81310 Soil Preliquefaction - AD 1420 to 1540 NA
AD 1550 to 1640
Yarbro 2 Beta-79350 Pond nut Postliquefaction 160 + 60 AD 1650 to 1950 NA 1811-1812 Tuttle (1999)
Beta-79354 Wood from top of A Postliquefaction 180+ 70 AD 1540 to 1550 NA
horizon AD 1640 to 1950
Beta-79355 Wood from base of A Postliquefaction 320 £ 60 AD 1450 to 1670 NA

horizon

AD 1780 to 1800
AD 1945 to 1950

B0I052410001.D0C

25.1-67



GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

TABLE 2.5.1-4. Summary of Age Constraints for New Madrid Seismic Zone Earthquakes

Name Lab Sample Time Relationship of 14C Age, years  Calibrated Age 2-siq)ma Age Estimate Based on Ceramics and Maximum Age Range (published Estimated Event
of Site Number? Material Sample to Liquefaction BP * 1-sigma (95% Probability) correlation, comments) Correlation Reference
Beta-79352 Large twig collected at  Preliquefaction 90 + 60 AD 1670 to 1950 NA
the contact of the sand
blow and pre-event
paleosol
Beta-79353 Wood Preliquefaction 80 + 60 AD 1670 to 1780 NA
AD 1800 to 1950
Yarbro 3 Beta-84977 Tree Preliquefactions 90 + 40 AD 1680 to 1760 NA 1811-1812 Tuttle (1999)
AD 1810 to 1940
Beta-84977 Tree Postliquefaction 90 + 40 AD 1680 to 1760 NA Two sand blows are interpreted to have EventY
AD 1810 to 1940 formed during the same event, (1450 + 150 year)
. . circa AD 1530 + 130 year.
Beta-108882 Tree center Preliquefaction 330£40 AD 1445 to 1670 NA

Plus 68 rings
(AD 1513 to 1738)

Notes:

@ Beta—Beta Analytic, Inc. (Miami, FL); CAMS—Center for Accelerator Mass Spectrometry (Livermore, CA); G—Krueger Enterprises’ Geochron Laboratory; ISGS—Illinois State Geological Survey; QL—Quaternary Isotope Laboratory, University of Washington (Seattle, WA)

® Intervals that can be eliminated based on stratigraphic or historical evidence are shown in italics.
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GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 1. INTRODUCTORY INFORMATION

TABLE 2.5.1-5. Timing and Source of Liquefaction Events in Southern Atlantic Coastal Plain

Liquefaction Age, Years Scenario 1 Scenario 2
Episode B.P. Source Magnitude® Source Magnitude®
1886 AD 113 Charleston 7.3 Charleston 7.3

A 546117 Charleston 7+ Charleston 7+
B 1021+£30 Charleston 7+ Charleston 7+
C 1648174 northern part ~6.0 -- --
C 168370 - - Charleston 7+
D 1966 +212 southern part ~6.0 - -
E 3548+66 Charleston 7+ Charleston 7+
F 5038+ 166 Northern part ~6.0 Charleston 7+
G 58004500 Charleston 7+ Charleston 7+

@ Magnitude is My;; 1886 magnitude is from Johnston (1996b)
Source: Talwani and Schaeffer (2001)

TABLE 2.5.1-6. Estimated Magnitudes and Peak Ground Accelerations of Prehistoric Earthquake Episodes in South Carolina Coastal
Plain

Estimated Peak Ground

Estimated Magnitudes Accelerations (g)
Talwani & Schaeffer (2001) Hu et al. Hu et al.

Episode Empirical Magnitude Bound (2002b) This Study (2002b) This Study
A 7+ 7.0 74t07.6 6.2t07.0 0.16t0 0.18 0.14
B 7+ 7.0 741076 6.2106.8 0.16t0 0.18 0.14t0 0.15
C ~6 6.3t06.8 6.3t07.0 5.1t06.4 0.21t00.28 0.20t0 0.29
c 7+ 7.2 76t07.8 6.4t07.2 .016t0 0.17 0.14 to 0.15
D ~6 5.7 0.23t0 0.24 0.21100.26
E 7+ 7.0 6.8t07.0 5.6t06.4 0.31t00.42 0.30 to 0.53
F ~6 55t06.2 431056 0.23t00.24 0.22100.24
F 7+ 6.8t07.0 55106.2

G 7+ 7.2

Source: Leon et al. (August 2005).
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Figure 2.5.1-1. Regional Physiographic Map (200-Mile Radius)

(Source: physiographic province boundaries based on Fenneman and Johnson 1946 as shown on

http:/lwater.usgs.gov/GIS/dsdl/physio.e00.gz; base map ESRI, 2004)
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Figure 2.5.1-2. Deformation-thermal Events Affecting the U.S. Appalachians and

Possibly Related Plate Tectonic Processes

(From Hatcher, 1989a)
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A. Late Precambrian and Early to Middle Cambrian: rifted continanta m:rgln, égban filling
sadiments on continental orust.

D. Early Pennsylvanian (Lats Morrowan): continued thrusting and prograding of clastic wedges
from southwest (arc continent collision crogen) and from northeast (Alleghanian orogen) onto
Alabama promontory; cratonic delta prograding southward into Arkoma basin; diachronous closing
from =ast to west of ramnant ocean basin in Ouachita esmbayment and prograding of turbidites
from both crogenic and cratonic sourcas into desp remnant ocean basin; initial thrusting and
prograding of synorogenic clastic sediment from southeast onto Alabama promontory.

N

| TACOMIC OROG

B. Middle to Late Crdovician: passive margin around Alabama promontory and Cuachita
embayment; carbonate shelf (including deeper or outer shelf in area of Mississippi Valley
graben) on continental crust and off shelf desp water basin; synorogenic clastic wedgs
prograding westward from Taconic arogen.
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E. Middle Pennsylvanian (Late Atokan): thrusting along Appalachian Cuachita orogen;
Appalachian style thrust faults overriding older Cuachita style thrust faults south of Black
Warrior foreland basin on Alabama promentory; synorogenic clastic wadge prograding

northward and cratonic dalta prograding southward to fill Arkoma foreland basin above older
deep water deposits.
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C. Late Mississippian: arc continent collision along southwest side of Alabama promantory;
synorogenic clastic wedge prograding northeastward onto shallow shelf in Black Warrior basin
and westward into deep basin in Quachita ambayment shallow marine shelf and passive
margin around Ouachita smbaymeant; separate clastic wadgs prograding weastward from
Alleghanian ocrogenic source northeast of Alabama promontory.
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Figure 2.5.1-4. Paleogeographic Reconstructions of Phases in the Tectonic Evolution of the Appalachian-Ouachita Orogen

(From Thomas, 1989a)
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Figure 2.5.1-5. Regional Geologic Map (200-mile radius)
(Source: Schruben et al., 2005, http://pubs.usgs.gov/dds/dds11; base map ESRI, 2004)
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THICKNESS

AVERAGE SEISMIC
LITHOSTRATIGRAPHY VELOCITY MECHANICAL ROLE

LITHOTEC-
TONIC
UNIT

Ouachita- Alleghanian synorogenie elastic wedge as much as 3605 m passive franslation above stiff layer;
and equivalent foreland facies [11,820 ft] local upper level detachments
PENNSYLVANIAN preserved below
Pottsville Fm. (sandstone-mudstone-coal) present erosion level
MISSISSIPPIAN
clastic-wedge facies on southwest
Parkwood Fm. (sandstone-mudstone)
Floyd Shale 3810 m/sec [12,500 ft/sec]
foreland facies on northeast
Bangor Limestone
Hartselle Sandstone
Pride Mountain Fm. (mudstone-sandstone)

D

3 discontinuous variable shallow-marine facies 122-490 (locally <8) m passive translation above stiff layer;
internal unconformities [400-1610 (locally <23) ft] local upper-level detachment
MISSISSIPPIAN (e.g., Coosa deformed belt)
Tuscumbia Limestone
Fort Payne Chert 3490 m/sec [18,000 ft/sec]
DEVONIAN
Chattanooga Shale
Frog Mountain Sandstone
SILURIAN
Red Mountain Fm. (sandstone-mudstone-hematite)
MIDDLE AND UPPER ORDOVICIAN
distal facies of Taconic clastic wedge on east
Sequatchie Fm. (mudstone)
Colvin Mountain Sandstone
Greensport Fm. (mudstone)
Athens Shale
Lenoir--Little Oak Limestone
foreland facies on west
Chickamauga Limestone

2 passive-margin carbonate shelf 600-1250 m [1970-4105 fi] regional stiff layer
UPPER CAMBRIAN--LOWER ORDOVICIAN
Knox Group (dolostone-limestone-chert) 6710 m/sec [22,000 fi/sec]

1 synrift facies, Birmingham graben (Quachita riff) as much as 1710 m [3600 ft] regional basal decollement;
LOWER AND MIDDLE CAMBRIAN in Birmingham graben; mushwad
Conasauga Fm. (shale-limestone-dolostone) 410-1035 m [1345-3395 ft]
Rome Fm. (shale-sandstone-limestone) outside graben

4880 m/sec [16,000 ft/sec]

carly postrift facies, Blue Ridge rift maximim 1050 m [3445 £]; tegional basal decoll t
v p t tacies, Blue Ridge rift : regional bas collemen
LOWER CAMBRIAN pinch out northwestward in some thrust sheets

Shady Dolomite PRy
Chilliowes Group (san dstone) southeast of Blr]nmgham graben southeast of Helena thrust sheet
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Figure 2.5.1-6. Stratigraphic Column in the Appalachian Thrust Belt in Alabama
(Modified from Thomas, 2001)
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Figure 2.5.1-7. Geologic Map of Northeastern Alabama
(Source: modified from Osborne et al., 1988;
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(Note: see Figure 2.5.1-8 for explanation of geologic map units and symbols)




GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

g 0251082 DOG508-15, 13:18)

S8GMAETAGE 0222 A ]

Undifferentiated

(U)=

Tennessee Vallay Authority
Geotechnical, Geological,

& Seismologic Evaluations
Bellefonte Site, North Alabama

Bt var bt
v s el ORIAT Wty rastl
Ao ety Loncealed
L Bioimal tawh. U on upthrowe sids.
D O on downifrewn side. deshod

vt § Wil il

Fautl o1 whad smn of maseieit

e unknerem, dunhard whan infeered

U Qalt Alluvial and low tarrace daposits

A Qt High terrace deposits

= P —
INTEAIOH LOW FLATEAUS
PROVINGE

Py

ll‘ 'L' Mp Panningtan Forrmation

B Mh Hartgalla Sandstona

¥
[T Mm Monteagls
5w Limastana

PLATEALS FROVINCE

' PpV"u

APPALACHIAN

Ppv Fottsvilla I
Farrmation

FPottavilla
Formation
(uppar part)
Ppvi1 Pottzvilla

Formation
(lowerr part)

PMpwp Parkwood and
F‘anmngtun Forrnations

l
\

Farmation

uscumbia Limestone

_l

|
Ui| Mfp For Payne Chert

. Dc Chattanooga Shale

¥ Su Silurian Systam
(u)

|
1
Mpm Prida Mr:\untéi__‘
i
—

Mt TUSEUH’IDIB LII'i'IﬁﬂDI'IQ

- |
___and Fort Payne Chert (U) |

Srm Red Mountain
Farmation

V:LLLE\" AND RIDSE PROVINCE

{waestorm par) {cagtarn part)

Ppv2| Pottzville Formation (lowarr part)

fna, | Ppw2y Potteville Formation (upper part)
Tl

B PMpw Parkwood Formation

- PMpwp Farkwood and
Pennlngtnn Formations

P | PMpwt Parkvood
‘ Farmatian and F|C\yd

Mbm Banger and Shala (U)

i '«lb"“. Meonteagle Limestones
= ) : ;
"\Y" | Pxu Paleozoic shale |

.
| (%)) ‘
“ | MI Floyd Shala W M Floyd Shals w

J |

w | Mh Hanssle Sandstore |

by : |

| [ M Mearteagls | ‘
- Limastons

qu Paleaznic shala |

m Mpm Prida Mauntain ‘
Formation

—— e

Mtfp Tuscumbia [ Mtip Tuscumbia (
Limastons and | Limagtana and
|
|

i miu‘ H .Nlml |

Fort Payine Chart Fort Payna Chert

) C)

= Dc Chattanooga Shal

M T

Shale and Frog Mountain |
Sandstons (U]

Dfm Frog Mountain
Sandstons

Srm Red Mountain
Farmatian

Sem Rad Mountain |
Formation

ND

c

Bailll, aiiAws SRAw FAIANIVE
[FETT S P

¥ Aiatien, Bl S0nlant unkanbia [may
iniy ne @ taWir
g i ol

Cl

L of <roge secian

= 0= Baguatchie
Farmation

squatshi
Farmation

| m | Daemyg Saequatshia

[ 0lp Leipars Limasmne‘

Oi Inman Formation

 Oc¢ Chickamauga o

Limeatons (

Oca Attalla Chart
oo Conglomerats Mambar o

of the Chickamauga |

Limastana

0= Sequatchie l o

quatehia |
Farmation |

Farmation

Oscmyg Saquatchis
Farration, Colvin
Mourntain Sandstons, |
Graengport Formation |

' |
Formation, Colvin

Mauntain Sandstona,
Greansport Formation L

() ()]
I |
Oc Chickamauga Ocm Colvin Mauntain
Limastonsa Sandstona
| | = Og Greanzport
Formation

Oca Attalla Chert
Conglomarats Marmbeai
of the Chickarmauga

Oa Athens Shala |
Oal Athens Shals and

— 4 Limastons —=— Lansir Limastans
[ Onv Nashvilla Group ‘ i
e Onavre Mashvills and 7 Dlel Littls Oak and
- Stonas River Group | " Lanoir Limestonas
(W i ‘ )
o0 | Osr Stones River — ;
| ' Olo Littls Qak
on |
Srougily | ‘ Bl
ey Olen Littls Oak and
| | 5 Rewala Limastanes
L = N -y T T 4 | On Newala
| O€car Limastana
' DEk Knox Group uﬁ@iﬂ_.w Chapultapac 0EK Knox 7| Onlv Hewala
‘ frantiatad in part FEEE and Coppar Group and Lengview |
W O€cer Chepultapas Fidae undiffar- LﬁT“mM
i | ) | Dolornites i
IS e Copper Ridgs vy ﬁ_]”t'gr_?d B O LEngvise. |
Dalomites s P Limastone
W Eﬂﬂ Ecr Coppar (1) [
| Ridga Dalarmita B O€cor
T Chepultepac
| and Copper
Ridge
| Dolomites
(v

= €¢ Conagauga |
Formation |

| [-%| £k Ketana Dolomite

€¢ Conagauga S i o
P /. Ba/Cel Conasauga

Farmation

| & | er Roma Farmation

fs | €3 Shady Dolomita |

| | ten | Ech Chilhowas
L Group (U)
B Ewwr Weigner and
| L- S Wilson Ridge
|
m €n Nichols Farmation

€cn Cochran
Farrriation |

Figure 2.5.1-8. Explanation of Geologic Map Units and Symbols
(Source: Osborne et al., 1988; http://www.gsa.state.al.us/gsa/GlS/geologydetails.html)




GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

35—

o FR f_ﬂsu yric

B e

et ,n_f'j"

KY

TENN.

ALA

L

HEE D

35e

F8N

Wi
5

[ i

h N

METAMORPHIC ROCKS

Poledzolc Msjomorphic rocke

INTRUSIVE IGNEQUS ROCKS

Mesozoic dikes , sills and stocks

GEOLOGIC BOUNDARIES

Legend
Dame

Synclinal axia

Structyrg conisurs on top of Trenton
Limestong {(on top of Qriskany Sandstone
in West Virginia )

Infensely disturbed, localized uplifi

Precambrion melamorphic rocks

N W EEH

Trend lines in melamorphic rocks

Ssmail dikes and other intrusive bodiss
Uitramafic bodiss

Falaazoic felsic intrusive bodiaz

SEDIMENTARY ROCKS

Pracambrian sedimentary and voleonic rocks

NOTE!:

Buce of lowsr Tertiory s=sdimentary rocks Compiled from  Teclonlc Map of Tha
United Stotes'—USGS & AAPG, 196
Baae of Gretaceous sedimenlary rocks

Base of Pennsylvanion sedimentary rocks

STRUCTURAL FEATURES

Window

Thrust fault

Normal faull

Lateral foaul

Burizd faul?

Cn schelon faull system

Elongate , closely compreysed onticline

Antlellngl axie

g 025 1-08 a {200506818 (9 15]

SWEs00EsT A0S 0222

Tenhesses Valley Authority
Geotechnical, Geological,
& Seismologic Evaluations

BelleTonte Site, North Alabama

4] 50
e ey e Ml

Figure 2.5.1-9. Regional Tectonic Map (200-mile radius)
(From Figure 2.5-4, TVA, 1986)




GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE

SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

-10kai (2005-08-15, 13:25)

fig_02.5.1

SASB00SETTOS_0222

Tennessee Valloy Authority
Geotechnical, Geological,

& Seismologic Evaluations
Bellefonte Site, North Alabama

MISSISSIPPI

KENTUCKY

- E—

BUWANNER
TERRANE

o

=

Legend

POST-OROGENIC MESOZOIC-CENOZOIC ROCKS
OF GULF COASTAL PLAIN

[+ GRATONWARD LIMIT OF COASTAL PLAIN STRATA (MAF)
u GOAGTAL PLAIN BTRATA (QRODS SECTIONS A=A’ AND B-B')

MAP SYMBOLS

. WELL
=¥ THRAUBT FAULT {0ARD ON HANGING WALL)
ey 4 DOTTER WHERE GOVERED BY POST-OROGENIC PALEOZOIC ROOKS

=== ANTICLINE

== BROAD ANTIFORM (DENTIFIED ON SEISMIC PROFILES)
~—w=— NORMAL FAULT, PALEQZQIC (HAR ON DOWNTHROWN BLOGK)
VERY LOW-GRADE METAMORPHIC OVERPRINT

POST-OROGENIC PALEOZOIC ROCKS
[l GRATONIC BHELF (MIDDLE WOLFCAMPIAN-UPPER PERMIAN)
PART DEAIVED FROM GRABENIE HIIHLANDE Y
[[] SUCCESSOR BASIN (DESMOINESIAN-GUADALUPIAN) g NOAMAL FAULT, POBT-PALCOZOIO
SYNOROGENIC ROCKS ~——— REVERS3E FAULT, POST-PALEQZOIC
(MERAMECIAN=-DESMOINESIAN IN EASTERN OUACHITA LINE OF CROS3 SECTION

FORELAND, MERAMECIAN-LOWER WOLFCAMPIAN IN
MARATHON FORELAND)

[ DEEP-WATER TURBIDITE GLASTIC WEDGE
[] SHALLOW-MARINE AND DELTAIE GLABTIC WEDGD
LOWEN PANT GRADES ORATONWARD TO CARBOMATE FACIHS

- UNDIFFERENTIATED PRE-OROGENIC OFF-SHELF FACIES AND
SYNOROGENIC DEEP-WATER CLASTIC WEDGE

- VOLCANIC ROCKS
m CLASTIC FACIES DERIVED FROM CRATONIC AND/OA DISTANT SOURCES

t—

PRE-OROGENIC ROCKS (CAMBRIAN-MISSISSIPPIAN)
[ CARBONATE-BHELF FAGIES

MAPPED ANEA (HOLUDES BABAL TRHAHNBORESEIVE GCLABTIC UNIT, SEDIMENTARY FILL
aF Pl vALLEY @ ; CLABTIO INT BERIVED FAGM CRATONIC
AND DINTAL oF 1 CLANTIO-WEDQE ROCKE

MAPPED BOUNDARY BETWEEH CARBOHATE-BHELF FASIEE AHD PROGAABING AYHDROAGENIC
aLABTIO L] ous. OF OLASTIC-WEDGE NDOKS FINOH OUT
CRATONWARD INTO THE CARBONATE FAGIEG, AND THE LOWIEN PARTAE OF GLARTIC
WEDGES GRADE ORATONWARD INTO THE UFFER PARTE OF THE CARBONATE FACIEN,

AOOKS OF COMTRASTING TEOTORIC BETTING HOT DIFFERENTIATED OH HAPF;
THIN DISTAL SOUTHWESTERN FRINGE OF ORDOVICIAN=BILURIAN
BYHOROOEHIC (TAGOMIG) CLABTIC WEDGE IH ALABAMA AND GHORGIA

[ OFT-OMELF FACIED (MUDSTONE, CHERT, BANDSTONE, EARDONATE ROEKS)
AOCKE OF CONTRABTING TEOTOMIO SETTING HOT DIFFERENTIATED ON MAFM
DEVOHNIAN BYHOROOGUHIO (ADADIAN) DEEP-=WATIR TO SHALLOW=MARNIND BEDIHENTARNY
AHD VOLCANIE ROGKA 1N TALLADEGA SLATH BELT 1N ALARAMA AND GEORGIA
YLVANIAN(T) ¥ oy UHEP-WATEH CLABTIC
SEDIMUNTARY HOGKS I TALLADEGA SLATE BELT I CONTRAL MISBIBSIFRI

- RIFT-RELATED IGNEOUS ROCKS

PRECAMBRIAN CONTINENTAL CRYSTALLINE BASEMENT ROCKS

HIGHLY ALLOCHTHONOUS ROCKS AND/OR
ACCRETED TERRANES

[E] OUACHITA INTERIOR METAMORPHIC DELT
(PHYLLITE, BLATE, QUARTZITE, MANBLE, SCHIET)

APPALACHIAN PIEDMONT (METAMORPHIC AND PLUTONIC ROCKS)
WIGGING TERRANE (METAMORPHIC AND PLUTONIC ROCKE)

BUWANNEE TERRANE
(UPPER PROTENOZOIC-CAMBRIAN FELSIC YOLCANIC DASOMENT
AOCKS AND ORDOVICIAN-DEVONIAN CLADTIC SCDIMENTARY ROCKA)

ARC COMPLEX (VOLCANIC AND PLUTOHNIC ROCKB)
ULTAAMAFIC ROCKS

il

0 00
— 1

Figure 2.5.1-10. Tectonic Map of the Appalachian-Ouachita Orogen

(From Thomas, 1989b)




GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

Legend

Triassic-Jurassic rift basins / Mesozoic intrusions and associated g Ultramafic rocks (includes mafic-Ultramafic complexes).
rocks (New England). 3

Late Mississippian-Permian mol and Middle Devonian- Morth American outer margin cover sequence including late
Permian molasse (New England) Carboniferous-Permian Proterozoic-Ordovician accretionary prisms / Cambrian-Middle
intrusions. Ordovician Intrusions.
North American Paleozoic platiorm / Taconian clastic wedge -, Cambrian-Ordovician cover (including Ordovician are arc volcanic rocks of
{Upper Ordovician-Silurian Martinsburg-Shawangunk patterned) " medial New England) Late Proterazoic-Ordovician tonalitic gneisses
{ Acadian clastic wedge. i amphibolites and granitoid intrusions. Includes Pencbscottian (7)
Il N NES ) _ . ) intrusions in entire orogen / basement of medial New England.
“NNESSE [y Late Proterozoic and Cambrian clastic deposils of the North 7| Silurian-Early Devonian cover of the medial New England / Ordovician-
= Amer_n:an oun_!mental margin _f Late Proterozoic-Ordovician _uuter L Silurian-Devonian deep-water facies of the Talladega and Murphy belts /
Bellefonte Site nargn dEp(_’S“S of the Taconic a!k}r.lﬂhnns and H"'T'b“‘g Ic.hppe, Acadian (Late Ordovician through Devonian) intrusions.
Narth American basement massils / Late Proterozoic alkalic Late Proterczoic-Cambrian sedimentary and volcanic rocks of Avalon /
. plutons, Southern Appalachians / Chain Lakes massit/ Chain " A 1-ate Proterczoic sedimentary and volcanic rocks of Avalon (basement?) /
- Lakes pre-Arenigian cover. sequences belonging either to avalon or medial New England / Late

Proterozoic-Cambnan intrusions
Alleghanian metamorphic overprint (approx; extent).

MAP SYMBOLS

A-A Cross-section line

=~ Geologic Boundary
—————  Steeply-dipping fault, sense of motion

poorly known

~—v—=— Thrust fault

—— MNormal fault

4—1— Anticline (antiform), arrow indicates
plunge

—*— Syncline (synform)

——4t——  Owverturned anticline (antiform)
—4— Overturned syncline (synform)

_ Strike-slip fault, arrows indicate domi-
nant dextral sense of motion,

—_—— Thrust fault with major dextral strike-
slip component.

— Strike slip motion, both dextral and
sinistral at different times

fig_02.5.1-11.ai (2005-08-15, 13:27)

S:\0800\9877\()5_0222_r\

Tennessee Valley Authority
Geotechnical, Geological,
& Seismologic Evaluations
Bellefonte Site, North Alabama A

0 100,
_——
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Figure 2.5.1-17. Map Showing Tectonic and Geophysical Elements of Central and Eastern North America with Independent Seismicity Catalog
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(From Hatcher and Lemiszki, 1998)




GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

S:\980009877\05_0222_r\ fig_02.5.1-19.mxd

Tennessee

Alabama

Offsefs'of northeast-
- striking faults

Legend

Depth below sea level ‘ﬁ(

to top of basement (km) Bellefonte Site

__|2-25 =——@—Basement fault
[ 253 E__* (seismic control)
335
E 354 Basement fault bounding the
: bottom of graben structure
[ ]445 (tick mark on down side)
455
E 555 = == = Leading edge ofthe
X metamorphic belt
B 5.5-6
665
Note:

Contrasting geometry of the Birmingham graben on
opposite sides ofthe Anniston transverse zone and offsets
the northeast-striking basement fault system at

transverse zones.

Tennessee Valley Authority
Geotechnical, Geological,

& Seismologic Evaluations
Bellefonte Site, North Alabama

N
0 10 20
e el 5
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Figure 2.5.1-24. Central Fault System of New Madrid Seismic Zone

(From Johnston and Schweig, 1996)
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Figure 2.5.1-25. Map Showing Location of New Madrid Seismic Zone as llluminated by Seismicity
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(From Hough and Martin, 2002)
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Figure 2.5.1-26. Map of New Madrid Seismic Zone Showing Estimated Ages and Measured Sizes of
Liquefaction Features
(From Tuttle et al., 2002)
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Figure 2.5.1-32. Distribution of Potential Liquefaction Sites Evaluated Along the
Atlantic Coast Plain
(Modified from Amick et al., 1990)
(References: Marple and Talwani, 2000; Amick et al., 1990)
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Figure 2.5.1-34. Maps Showing the Distribution of Liquefaction Sites for the 1886 Earthquake and the Distribution of Paleoliquefaction Sites Associated with Paleoearthquake Episodes A to G
(From Talwani and Schaefer, 2001)
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Figure 2.5.1-36. Geologic Map of the Site (0.6-Mile Radius) and Surrounding Area
(Source: Modified from Figure 2.5-7, TVA, 1986)
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2.5.2  Vibratory Ground Motion

This section provides a detailed description of vibratory ground motion assessments that
were carried out for the TVA Bellefonte Site. The section begins with a review of the existing
approach in Regulatory Guide 1.165 (USNRC, 1997) for conducting the vibratory ground
motion studies, and is followed by a summary of the performance-based approach that was
used for the TVA Bellefonte Site to extend the requirements in Regulatory Guide 1.165 to
achieve a uniform seismic safety performance within structures, systems, and components
consistent with USNRC’s safety goal policy. Following this review of the regulatory
framework used for the project, results of the seismic hazard evaluation are documented
and the SSE ground motion spectrum for horizontal and vertical motions are developed.

Existing Guidance in Regulatory Guide 1.165

Regulatory Guide 1.165 (USNRC, 1997) provides guidance on methods acceptable to the
NRC to satisfy the requirements of the seismic and geologic regulation, 10 CFR Part 100.23,
for assessing the appropriate SSE ground motion levels for new nuclear power plants.
Regulatory Guide 1.165 states that an acceptable starting point for this assessment at sites in
the CEUS is the PSHA conducted by the EPRI-SOG in the 1980s (EPRI-SOG, 1988; EPRI,
1989). The EPRI-SOG evaluation involved a comprehensive compilation of geological,
geophysical, and seismological data, evaluations of the scientific knowledge concerning
earthquake sources, maximum earthquakes, and earthquake rates in the CEUS by six multi-
disciplinary teams of experts in geology, seismology, geophysics, and, separately,
development of state of knowledge earthquake ground motion modeling, including
epistemic and aleatory uncertainties3. The uncertainty in characterizing the frequency and
maximum magnitude of potential future earthquakes associated with these sources and the
ground motion that they may produce was assessed and explicitly incorporated in the
seismic hazard model.

Regulatory Guide 1.165 further specifies that the adequacy of the EPRI-SOG hazard results
must be evaluated in light of more recent data and evolving knowledge pertaining to
seismic hazard evaluation in the CEUS. Appendix E, Section E.3, of Regulatory Guide 1.165
outlines a three-step process for this evaluation, as follows.

Step 1: Evaluate whether recent information suggests significant differences from
the previous seismic hazard characterization.

Step 2: If potentially significant differences are identified, perform sensitivity
analyses to assess whether those differences have a significant impact on site
hazard.

Step 3: If Step 2 indicates that there are significant differences in site hazard, then
the PSHA for the site is revised by either updating the previous calculations or, if

3 Epistemic uncertainty is attributable to incomplete knowledge about a phenomenon that affects our ability to model it.
Epistemic uncertainty is reflected in a range of viable models, model parameters, multiple expert interpretations, and statistical
confidence. In principle, epistemic uncertainty can be reduced by the accumulation of additional information. Aleatory
uncertainty (often called aleatory variability) is uncertainty inherent in a non-deterministic (stochastic, random) phenomenon.
Aleatory uncertainty is accounted for by modeling the phenomenon in terms of a probability model. In principle, aleatory
uncertainty cannot be reduced by the accumulation of more data or additional information. Sometimes called randomness.
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necessary, performing a new PSHA. If not, the previous EPRI-SOG results may be
used to assess the appropriate safe shutdown earthquake (SSE) ground motions.

Regulatory Guide 1.165 calls for the SSE ground motions to be based on the site PSHA
results for a reference probability of the median 10~ hazard level. The basis for the selected
reference probability is described in Appendix B of Regulatory Guide 1.165. The reference
probability was set equal to the median value of the annual frequency of exceeding the SSE
ground motions (based on the median estimate of the hazard) computed for a specific set of
licensed nuclear power plants. These probabilities were computed using ground motion
models developed in the mid-to-late 1980s. As discussed in Regulatory Position 3 in
Regulatory Guide 1.165, significant changes to the overall database for assessing seismic
hazard in the CEUS may warrant a change in the reference probability. The availability of
the recently developed EPRI ground motion characterization for the CEUS (EPRI, 2004)
represents a significant advancement in the seismic hazard database for the CEUS, thereby
requiring reconsideration of the reference probability approach. Appendix B of Regulatory
Guide 1.165 also discusses that selection of another reference probability may be
appropriate, such as one founded on risk-based considerations. The performance-based,
risk-consistent approach as outlined below is the one taken in this application for
developing the TV A Bellefonte SSE design ground motions.

Regulatory Basis for the Performance-Based Approach

The SSE ground motion response spectra have been developed using the graded
performance-based, risk-consistent method described in ASCE/SEI Standard 43-05, Seismic
Design Criteria for Structures, Systems, and Components in Nuclear Facilities (ASCE/SEI, 2005).
The method specifies the level of conservatism and rigor in the seismic design process such
that the performance of structures, systems, and components of the plant achieve a uniform
seismic safety performance consistent with the USNRC’s safety goal policy statement
(USNRC, 1986; USNRC, 2001). The ASCE/SEI Standard 43-05 approach is designed to
achieve a quantitative safety performance goal, PF. The method is based on use of site-
specific mean seismic hazard and assumes that the seismic design criteria (SDC) and
procedures contained in NUREG-0800 are applied in SSC design.

The USNRC's safety goal policy statement recognizes that nuclear plant safety regulation is
a societal risk management activity and provides the foundation for equitably managing the
nuclear facility risk in the context of other societal risks. Subsequent to adopting the policy
statement, the USNRC has continued to develop and evolve, supporting policies for a
comprehensive risk management framework for nuclear regulation together with
supporting implementation guidelines (USNRC, 1998; USNRC, 2002). The seismic design
methodology provided in ASCE/SEI Standard 43-05 is a further step in the development of
a risk-based standard for seismic design and regulation. The graded performance-based
approach is compatible with the direction provided by the USNRC's Risk-informed,
Performance-Based Regulation guidance (USNRC, 1998; USNRC, 1999) and with
developing USNRC guidance for the determination of the design response spectrum (DRS)
(McGuire et al., 2001; McGuire et al., 2002).

The ASCE/SEI Standard 43-05 seismic design method and criteria are intended to
implement the USNRC's established qualitative safety goals and the companion

25.2-2 B0I052410001.D0C



GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

quantitative implementation objectives. The qualitative safety goals provide that the
consequences of nuclear power plant operation should cause no significant additional risk
to the life and health of individuals and that the societal risks to life and health from nuclear
power plant operation should be comparable to or less than the risks posed by generating
electricity by viable competing technologies and should not be a significant addition to
other societal risks. The USNRC’s quantitative objectives for implementation of the safety
goals are stated in terms of risk to individuals and to society. For an average individual in
the vicinity of a nuclear power plant, the risk that might result from a reactor accident
should not exceed one-tenth of 1 percent (0.1 percent) of the sum of prompt fatality risks
resulting from other accidents to which members of the population are generally exposed.
The risk to the public of cancer due to nuclear power plant operation should not exceed one-
tenth of 1 percent (0.1 percent) of the sum of cancer fatality risks resulting from all other
causes (USNRC, 2001). A target 104 mean annual risk of core damage due to all accident
initiators can implement these quantitative safety goals.

The ASCE (2005) method assumes that seismic initiators should contribute no more than
about 10 percent of the risk of core damage posed by all accident initiators. Thus, the
Standard is intended to conservatively achieve a mean 105 per year risk of core damage due
to seismic initiators. The USNRC’s SDC contained in NUREG-0800 conservatively assure a
risk reduction factor of at least 10, as discussed in the next paragraph. Thus, a mean ground
motion hazard of 10+ per year is appropriate for determining the site-specific DRS for the
TV A Bellefonte Site (see discussion in Section 2.5.2.6.1).

The ASCE/SEI Standard 43-05 approach aims to conservatively assure a seismic safety target
performance goal, PF, of mean 105 per year for Seismic Design Criteria (SDC) SDC-5 SSCs.
ANSI/ ANS Standard 2.26-2004 Categorization of Nuclear Facility Structures, Systems, and
Components for Seismic Design provides the criteria for selecting SDC and Limit State that
establishes the Seismic Design Basis (SDB) for each SSC at a nuclear facility. The target mean
annual performance goal for nuclear plants is achieved by coupling site-specific DRS with the
deterministic SDC and procedures specified by NUREG-0800. The ASCE/SEI Standard 43-05
criteria for deriving a site-specific DRS are based on the conservative assumption that the SDC
specified by NUREG-0800 achieve less than a 1 percent chance of failure for a given DRS. The
conservatism of this assumption is demonstrated by analyses described in McGuire, et al.
(2002), which show plant level risk reduction factors ranging from about 20 to about 40 are
attained by the USNRC’s SDC. The method is based on the use of mean hazard results
consistent with the recommendation contained in McGuire, et al. (2002) and with the
USNRC's general policy on the use of seismic hazard in risk-informed regulation.

2521 Seismicity

The first step in the three-step process for evaluating seismic hazards at the Bellefonte Site
involved an assessment of changes in seismicity for the site. The seismic history of the
southeastern U.S. for the period from 1985 to present, as summarized in the existing
earthquake catalogues, was evaluated to assess potential changes in the location, maximum
magnitude, and frequency of earthquakes that could affect the Bellefonte Site. In addition,
new information on historical earthquakes was identified and evaluated to update the existing
information on the seismic setting of the Bellefonte Site. The development of an updated
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earthquake catalog for the project region is described in Section 2.5.2.1.1. Information on
significant recent earthquakes and significant newly identified historical earthquakes is
provided in Section 2.5.2.1.2. Figure 2.5.2-1 shows the combined independent earthquake
catalog developed for this study. The earthquake catalog listing is provided in Appendix I.

2.5.2.1.1 Earthquake Catalog

The data used to assess earthquake occurrence rates for the majority of seismic sources are
the historical and instrumental earthquake record. An updated earthquake catalog of
independent* earthquakes was developed for use in this study. This updated catalog was
based on the independent earthquake catalog prepared for the 2004 TVA Dam Safety
Seismic Hazard Assessment project (Geomatrix, 2004) that hereafter, is referred to as the
TVA Dam Safety catalog. The TVA Dam Safety catalog is a composite of the catalogs listed
in Table 2.5.2-1, and covers the region from 31°N to 41°N and 75°W to 93°W. Additional
catalogs that have become available after development of the TVA Dam Safety catalog have
been evaluated and new information and new earthquakes have been incorporated to
update the TVA Dam Safety catalog for the present study. The development of the TVA
Dam Safety catalog is described in Section 2.5.2.1.1.1, and specific modifications to update
that catalog for use in the Bellefonte GG&S study are described in Section 2.5.2.1.1.2.

252111 Development of the TVA Dam Safety Catalog

The TVA Dam Safety catalog was developed through comparisons of available earthquake
catalogs covering the southeastern and central U.S. The initial catalog used in development
of the seismic hazard mapping project was the updated independent earthquake catalog
prepared by the USGS as part of their National Ground Motion Hazard Mapping project
(hereafter referred to as the 2002 USGS catalog). The primary source for the 2002 USGS
catalog is the NCEER-91 catalog (Seeber and Armbruster, 1991) covering the period from
1627 to 1985. The NCEER-91 catalog was in turn based on the EPRI-SOG (1988) catalog. In
developing the 2002 USGS Catalog, the NCEER-91 catalog was supplemented with the
catalogs from the Advanced National Seismograph System (ANSS), Southeast U.S. Seismic
Network (SEUSSN), Center for Earthquake Research and Information (CERI), Stover,
Reagor, and Algermissen (Stover et al., 1984), Preliminary Determination of Epicenters
(PDE), and Decade of North American Geology (DNAG), (Mueller et al., 1997; Dr. Charles
Mueller, USGS, Denver, personal communication, 2003). The primary magnitude measure
reported in these catalogs is body-wave magnitude my, which is considered to be equivalent
to Nuttli magnitude, my, and to Lg-wave magnitude, myLg. The my, values given in the
NCEER-91 and the 2002 USGS catalogs were either converted from MMI (maximum
Modified Mercalli Intensity) or MMI/FA (Felt Area), or based on reliable instrumental
magnitudes, in the order of increasing preference. Dependent earthquakes (i.e., foreshocks
and aftershocks) were identified and removed from the catalog following the criteria of
Gardner and Knopoff (1974) (Dr. C. Mueller, personal communication, 2004). Additional
information on the development of the 2002 USGS catalog (and its earlier 1996 version),
including catalog, location, and magnitude authorities, conversion equations, treatment of
significant earthquakes, is found in Mueller et al. (1997).

4 The PSHA formulation used in this study assumes that the temporal occurrence of earthquakes conforms to a Poisson
process, implying independence between the times of occurrence of earthquakes. Thus, it is necessary to remove dependent
events (such as foreshocks and aftershocks) from the earthquake catalog before estimating earthquake frequency rates.
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The TVA Dam Safety catalog was developed from the 2002 USGS catalog as follows. All
significant earthquake catalogs that covered parts or all of the area from 31°N to 41°N and
75°W to 93°W were obtained for comparison to the USGS 2002 catalog. These include
catalogs from the EPRI (EPRI-SOG, 1988), Multi-disciplinary Center for Earthquake
Engineering Research (NCEER-91; Seeber and Armbruster, 1991), ANSS, SEUSSN, CERI,
and National Earthquake Information Center (NEIC). The catalogs that were evaluated, area
and time period of coverage, minimum magnitude considered, and source, are listed in
Table 2.5.2-1. Each of these catalogs either excludes known non-tectonic events, such as
mine blasts, collapses, reservoir-induced events, etc., or identifies them in the catalog listing.
Additional listings of non-tectonic events (ANSS Web site), known reservoir-induced events
(Dr. Martin Chapman, personal communication, December 4, 2003), and mine-related events
(Street et al., 2002) also were obtained for use in developing the TVA Dam Safety catalog.

Each of the additional catalogs was compared to the 2002 USGS catalog, and earthquakes
that were not in the 2002 USGS independent catalog were identified. These events were
evaluated for dependency with earthquakes in the 2002 USGS catalog. Essentially, all events
listed in other catalogs, including NCEER-91, ANSS, SEUSSN, CERI, PDE, and DNAG, that
were not in the 2002 USGS catalog, were judged to be dependent events (aftershocks or
foreshocks), duplicate events, non-tectonic events, or were excluded because the magnitude
was less than my, 3.0 (the minimum magnitude of interest for developing earthquake
occurrence parameters). Mr. Jeff Munsey of TVA and Dr. Martin Chapman (Virginia Tech)
then reviewed the preliminary catalog, providing review comments regarding additional
earthquakes, magnitudes for specific earthquakes, and criteria for identification of
dependent events (i.e., time and distance windows). The parameters for many earthquakes
were discussed in various telephone and email communications between the project team to
assess appropriate modifications, additions, and deletions to the preliminary catalog.
Specific changes to the 2002 USGS catalog that were made are as follows:

¢ Added earthquakes of my ~3.0 and larger occurring during 2002 to 2003 from CERI,
ANSS, PDE, and PDE-W (preliminary data for most recent earthquakes) catalogs;

¢ Removed reservoir-induced events identified from a listing of reservoir events provided
by Dr. M. Chapman (personal communication, December 4, 2003);

e Added 62 earthquakes selected from the list of newly identified historical earthquakes
prepared as an addendum to the NCEER-91 catalog (“NCEER-91 revisions” by J. Armbruster);

¢ Removed mine blasts identified from a listing of known mine blasts published by Street
et al. (2002);

¢ Removed additional mine blasts, bumps, and reservoir-induced events identified in the
preliminary catalog during review by the project team;

e Added additional earthquakes from Reinbold and Johnston (1987) Southern
Appalachian catalog that were not included in the 2002 USGS catalog; and

e Added published estimated of moment magnitude M for historical and instrumental
earthquakes from Bakun and Hopper (2004a); Bakun et al. (2003); Woods (2003); Saikia
et al. (1998); Johnston (1996a); Johnston et al. (EPRI) (1994); Street (1984); Hermann
(1979); and Street et al. (1975).
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The 2002 USGS catalog provided estimates of magnitude in terms of my,. For earthquakes added
to the 2002 USGS catalog, the available magnitude estimates were compiled and reviewed, and
my was assighed consistent with the approach for selection of the magnitudes listed in the
USGS and NCEER-91 catalogs (Mueller et al., 1997). As noted previously, available estimates of
moment magnitude M also were compiled in the TVA Dam Safety catalog.

The TVA Dam Safety catalog was then reviewed for consistency in identification of
dependencies among earthquakes as follows:

¢ Updated the identification of mainshocks versus dependent earthquakes for several
historical earthquakes where the 2002 USGS Catalog apparently identified a smaller
earthquake as the mainshock?; and

¢ Evaluated entire catalog for dependent events, and identified additional dependent
earthquakes based on slight modification of Gardner and Knopoff (1974) distance
windows to allow for larger uncertainties in location of historical events.

For the last item listed previously, comparison of the NCEER-91 and 2002 USGS catalogs
showed that the 2002 USGS catalog included 138 earthquakes that are characterized as
dependent events in NCEER-91. Review of the location and timing of these earthquakes
indicates that most of these earthquakes did not satisfy the Gardner and Knopoff (1974)
criteria for dependency based on distance. However, in review of the timing and location of
events possibly associated with the 1811-1812 New Madrid, and 1886 Charleston mainshocks,
it appears that the distance windows identified in Gardner and Knopoff, which are based on
instrumentally located earthquake sequences, may be slightly small in consideration of the
large uncertainty in the location of pre-instrumental earthquakes. Applying slightly expanded
aftershock distance windows indicates that a majority of the earthquakes (approximately 80 of
the 138) identified as dependent events in NCEER-91 can be characterized as dependent
earthquakes. These 80 earthquakes were excluded from the final TVA Dam Safety catalog.

252112 Modifications to the TVA Dam Safety Catalog for the Bellefonte
GG&S Catalog

The final Bellefonte GG&S catalog covers a region (31° to 41°N and 75° to 93°W) extending
more than 200 miles in radius from the Bellefonte Site. This catalog was updated from the
TVA Dam Safety catalog to include information on recent earthquakes, and to incorporate
new information on location and magnitude of historical earthquakes and newly identified
historical earthquakes. The specific sources of information that were used to update the
TVA Dam Safety catalog are listed in Table 2.5.2-2. The new information includes data for
174 new historical earthquakes that are not included in the TVA Dam Safety catalog. A
listing of the earthquakes in the Bellefonte GG&S catalog is provided in Appendix I. Newly
discovered historic earthquakes added to the earthquake catalog come primarily from two

5 In some cases, it appears that the criteria used by the USGS to identify mainshocks versus dependent events
may have identified the first event in a sequence as the mainshock, even when a later event had a slightly
larger magnitude (m, or M). In addition, updates to the magnitudes (M) in the catalog resulted in several
changes in the characterization of mainshock versus dependent events for some earthquake sequences. In both
situations, the larger earthquake (identified as the mainshock) was added to the catalog, and the smaller
earthquake (characterized as a dependent event) was deleted from the catalog (based on comparison of M).
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sources: (1) a report on “new” historical earthquakes in the central U.S. by Metzger et al.
(2000), and (2) an unpublished listing of “new” historical earthquakes from locations
throughout the study area compiled by the TVA in 2005 (TVA, 2005). The Metzger et al.
(2000) report was supplemented by electronic files made available by Kent Moran (CERI,
personal communication, 2005). Both of these listings are based on analysis of earthquake
intensities as described in primary sources, primarily contemporary newspaper accounts.

Metzger et al. (2000) provided information for 103 newly identified earthquakes and

22 previously reported earthquakes occurring in the central U.S. during the time period
from 1826 to 1899. Their information was obtained primarily through extensive review of
microfilm records of historical newspapers. Metzger et al. (2000) assessed moment
magnitudes from MMI assessments following the approach of Johnston (1996b). The authors
usually assigned epicenters near the center of highest intensity, although for some
earthquakes, the epicenters were placed equidistant from lower intensity reports, or slightly
closer to a town that reported aftershocks than another community with similar mainshock
intensities but no reports of aftershocks.

Following the review of the historical earthquake catalog used for the TVA Dam Safety
study and the preliminary updates to the catalog developed for the Bellefonte study, the
TVA (TVA, 2005) conducted research and developed information for additional new
earthquakes occurring in the central and southeastern U.S. The TVA (2005) study gathered
new information on historic earthquakes primarily by performing keyword searches of
online versions of historical newspapers. Keyword searches of online newspapers were
used from the following sources:

e Ancestry.com (historic newspapers and Family and Local History sections
(http:/ /www.ancestry.com/search/);

e Brooklyn Daily Eagle (http:/ /www.brooklynpubliclibrary.org/eagle/index.htm);

e Historic Missouri Newspaper Project (http:/ /newspapers.umsystem.edu/ Archive/
skins/missouri/navigator.asp?BP=OK&GZ=T&AW=1081184405843); and

e Colorado historical newspapers project (http:/ /www.cdpheritage.org/newspapers/
about.html).

Other online listings of historical earthquakes consulted include:
e Pennsylvania earthquakes list (http://muweb.millersville.edu/~esci/ geo/quake.html);
e Ohioseis list (http:/ /www.dnr.state.oh.us/OhioSeis/html/eqcatlog.htm); and

e Maryland Geological Survey
(http:/ /www.mgs.md.gov/esic/brochures/earthquake.html).

The TVA review of historical online records resulted in identification of 152 “new” historic
earthquakes during the time period from 1758 to 1923, as well as additional intensity reports
and other information for several previously reported earthquakes.

The additional information for previously reported earthquakes from Bakun and Hopper
(2004b) and TVA (2005) was evaluated and was used to update the corresponding
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earthquake data. The data from Bakun and Hopper (2004b) includes estimates of moment
magnitude and new assessments of the epicentral location of historical earthquakes based
on a reassessment of the felt intensity data. The approach for estimating M from the
intensity data appears robust and the estimates of M were judged to be appropriate for use
in the project catalog.

Bakun and Hopper (2004b) use three approaches to select a new preferred epicentral
location. The preferred epicentral locations that are based on the intensity data alone, either
the isoseismal area or maximum intensity, also were judged to be more reliable than
previous locations (which typically were based on fewer intensity reports), and were
accepted for use in the Bellefonte GG&S catalog. In the third approach, Bakun and Hopper
(2004b) moved the preferred epicentral location to a known fault that is proximal to the
intensity locations. This approach implies that a particular fault has ruptured, and in several
cases, resulted in a significant relocation of the epicenter compared to the intensity data
location (greater than 50 kilometers). Because this method for assigning the preferred
epicentral location is based on a tectonic interpretation rather than based on the earthquake
shaking data, it is not consistent with the methodology used to assign epicentral locations to
other earthquakes in the catalog. Therefore, the initial location identified in Bakun and
Hopper (2004b), which was based on intensity reports, was judged to be more appropriate
and was adopted for use in updating the existing earthquake location. For several of these
earthquakes, the preferred magnitude was adjusted to be consistent with the intensity-based
epicentral location rather than the fault-based location.

With few exceptions, locations for the new earthquakes identified in TVA (2005) were
assigned to the town or city with the highest MMI or a point between two localities
interpreted to have the same intensity. With the exception of a few earthquakes with
multiple intensity reports, there is insufficient data at present to define felt areas for these
newly identified earthquakes. Therefore, the primary information regarding the magnitude
for the TVA (2005) new earthquakes is the assumed maximum intensity.

For those earthquakes where a felt area could be identified, the intensity-area relationships
of Johnston (1996b) were used to assign moment magnitude. For other earthquakes,
maximum intensity data were used to develop estimates of my, as follows. For new
earthquakes from the TVA (2005) study, my was determined from the average of the
following two relationships between maximum MMI and m, magnitude and that used by
Metzger et al. (2000):

my = 0.61 X MMI5,+0.78 (Veneziano and Van Dyck, 1985) (2.5.2-1)
my = 2.37+0.0466 x (MMImnax)? (Sibol et al., 1987) (2.5.2-2)

Metzger et al.’s (2000) maximum intensity-based magnitudes were expressed as moment
magnitudes. Because these moment magnitudes (developed from the Johnston, 1996b
relationship between MMI and M) appear to be systematically higher than the moment
magnitudes resulting from conversion of my (developed from the Venziano and Van Dyck
(1985), and Sibol et al. (1987) equations) to M (based on Woods [2003]), the magnitudes for
the Metzger et al. (2000) maximum MMI-based earthquakes were re-calculated as follows.
The Metzger et al. (2000) MMI-based moment magnitudes were converted to my, by adding
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0.36 units based on Woods (2003) relationship between moment magnitude and myp. In
addition, new estimates of m, were developed for each of these earthquakes using the two
MMI - my, equations listed previously. The average of the three my, estimates is assigned as
the best estimate of my, for these earthquakes.

The resulting combined list of new earthquakes was reviewed for inclusion in the GG&S
project catalog as follows. Earthquakes that had an my, of less than 3.0 or that were located
outside of the area of the original TVA Dam Safety (31° to 41°N and 75° to 93°W) were
excluded. The remaining new historical earthquakes were then reviewed to assess possible
dependencies with other earthquakes in the existing catalog, and those that were
confidently identified as dependent events were excluded. After removal of the dependent
events, a total of 174 new historical earthquakes are included in the Bellefonte GG&S catalog
(all occurring between 1758 and 1923). In addition, 10 earthquakes occurring in 2004 and
early 2005 were included in the Bellefonte GG&S catalog.

25212 Recent Earthquakes and Historical Seismicity

The locations of newly identified historical earthquakes (pre-March 1985), and earthquakes
occurring since March 1985 (post-EPRI-SOG, 1988) are compared to the spatial distribution
of earthquakes included in EPRI-SOG evaluation in Figures 2.5.2-2 and 2.5.2-3, respectively.
These figures show that there are no major differences in the spatial pattern of earthquakes
for these three data sets. As noted in EPRI-SOG (1988), the Charleston, South Carolina, New
Madrid, and ETSZ are identified as the most seismically active zones in the central and
southeastern U.S.

252121 Recent Earthquakes

Three earthquakes of note (magnitude greater than myrc 4.0) have occurred within 200 miles
of the Bellefonte Site in the period post-1985. These are the March 27, 1987, Vonore,
Tennessee, earthquake, the April 29, 2003, Fort Payne earthquake, and the 2004 earthquake
near Braggville in west-central Alabama (Figure 2.5.2-3). Information on these earthquakes
is summarized as follows. Additional, previously identified significant historical
earthquakes are described in the BLNP FSAR.

March 27,1987 mypLg 4.2 (myp 4.3) Vonore, Tennessee

The Vonore, Tennessee, earthquake occurred in eastern Tennessee approximately

50 kilometers south of Knoxville. The USGS (Earthquake Hazards Program, U.S. Geological
Survey Earthquake Search — Rectangular Area, http:/ /wwwneic.cr.usgs.gov/neis/epic/
epic_rect.html) lists the magnitude as mprg 4.2 and my, 4.3. Minor damage, including cracked
cinderblock walls, foundations, and chimneys, was reported over an 800-square-kilometer
area, and the maximum MMI was VI (Nava et al., 1989). These authors also noted that the
earthquake may have caused ground fissures along a ridge near Wellsville, but that the
nature and time of origin of these features could not be conclusively determined. Focal
mechanism solutions and the locations of aftershocks indicate that the earthquake occurred
by right-lateral strike-slip on a north-south trending subvertical fault (Nava et al., 1989).
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April 29, 2003 mprg 4.9 (M 4.6) Fort Payne, Alabama

The Fort Payne earthquake occurred in Dekalb County, in north-easternmost Alabama, near
the Georgia border. The earthquake has a measured Lg wave magnitude (myLg) of 4.9 and a
moment magnitude (M) of 4.6. The Fort Payne earthquake occurred at the southern end of
the ETSZ, and is one of the strongest earthquakes to have occurred in Alabama and in the
ETSZ in historic time. The earthquake, and the October 24, 1997, my¢ 4.9 Escambia
earthquakeb, are the two largest earthquakes to have occurred in the southeastern U.S. since
1985.

The Fort Payne earthquake caused minor damage, including damage to chimneys, cracked
walls and foundations, broken windows, and collapse of a 29-foot-wide sinkhole. These
examples of damage, and other reports of shaking correspond to a maximum MMI of VI
(U.S. Geological Survey, url: http:/ /pasadena.wr.usgs.gov/shake/cus/STORE/
Xteak/ciim_display.html, Geological Survey of Alabama; url: http:/ /www.gsa.state.al.us/
gsa/geologichazards/earthquakes/ftpayne.html, and J. Munsey, TVA, personal
communication, 2003). Based on reconnaissance in the epicentral area (J. Munsey, TVA,
personal communication, 2003), no landslides were reported, and damage to chimneys was
observed only for chimneys with masonry in poor/weakened condition. Other masonry,
including chimneys in good condition, and several old masonry buildings did not appear to
be damaged.

Studies of the earthquake focal mechanism indicate that the focal planes are subvertical and
strike approximately north-south and east-west (Earthquake Center, St. Louis University,
url: http:/ /www.eas.slu.edu/Earthquake Center/NEW /20030429085937/index.html). The
earthquake occurred at a depth of about 9.5 to 13 kilometers based on studies of the
compression (P) waves (Jemberie and Langston, 2003).

Strong motion instruments located on the crests of Buford and Carters Dams in western
Georgia, at distances of about 85 and 145 kilometers, respectively, from the epicenter were
triggered, possibly due to amplification in the earth embankment dams. The free-field
(ground surface) and abutment instruments at both dams were not triggered (Yule and
Grau, 2003). There are no strong motion instruments at the TVA Guntersville Dam near the
Bellefonte Site. Strong ground shaking at the Sequoyah Nuclear Plant in eastern Tennessee
apparently was slightly below the triggering threshold for the instrument (J. Munsey, TVA,
personal communication, 2005).

November 7,2004  my 4.4 (M 4.3) Braggville, Greene County, Alabama

An my, 4.4 earthquake occurred near Braggville, in Greene County, central-western Alabama
on November 7, 2004. The maximum MMI was V (U.S. Geological Survey,

http:/ / pasadena.wr.usgs.gov/shake/cus/STORE/Xqnax_04/ciim_display.html). No other
information on this earthquake was identified.

6 The Escambia earthquake occurred in southernmost Alabama at a distance greater than 200 miles from the Bellefonte Site.
Therefore, this earthquake is not considered in this analysis.
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252.1.2.2 Historical Earthquakes

Several newly identified moderate magnitude (myp > 4) historical earthquakes that occurred
within 200 miles of the Bellefonte Site are included in the updated catalog (Figure 2.5.2-2).
The available information about these earthquakes is summarized as follows.

January 3, 1861 mp 4.3 (M 3.9) North Carolina/Georgia Border Region

An earthquake of MMI V and my, 4.3 (based on felt area) occurring on January 3, 1861, along
the North Carolina/Georgia border region is identified as a new earthquake listing in
NCEER-91. This earthquake may correspond to an EPRI-SOG (1988) listing for 1861 (no
date) of myp 2.5 and located about 130 kilometers north of the NCEER-91 location.

November 30, 1862 my 4.8 (M 4.7) Western Tennessee

An earthquake that was felt throughout the northern Mississippi Valley occurred on the
morning of November 30, 1862. Metzger et al. (2000) compiled newspaper reports and noted
that MMI III effects were reported from Louisville, Kentucky, and St. Louis, Missouri; MMI
IV effects were reported for Evansville, Illinois, and Cairo, Illinois; and MMI V effects were
reported for Memphis, Tennessee. They locate the epicenter in western Tennessee between
Memphis and Cairo, and assign a moment magnitude (M) of 4.7 to this earthquake.

March/April, 1874 m, 4.4 (M 4.0) Williamson, Tennessee

An earthquake that was felt in Williamson County, Tennessee, was reported in the Franklin,
Tennessee, Brooklyn Eagle newspaper on April 9, 1874 (TVA, 2005). The earthquake
produced a large landslide, but the exact date of the earthquake was not reported. The
maximum intensity was estimated as MMI VI to VII, however, because no additional
reports of shaking were identified, the magnitude is assigned as my 4.4 (TVA, 2005).

September 18, 1881 my 4.5 (M 4.2) Newnan, Georgia

An earthquake that was felt in Newnan, Georgia, late in the evening on September 17, 1881,
(local time) was reported in the Atlanta Journal Constitution on September 20, 1881 (TVA,
2005). The shaking lasted for about 10 seconds, rattling houses and causing people to run
outside. The maximum intensity was estimated as MMI VI, corresponding to my 4.5 (TVA,
2005).

October 5, 1899 mp 4.4 (M 4.0) Smoky Mountains (Tennessee/North
Carolina border)

A “severe shock” was felt in the Smoky Mountains along the Tennessee/North Carolina
border early in the morning on October 5, 1899. As reported in the Fort Wayne News on
October 6, 1899, the earthquake lasted for more than 10 seconds and caused an opening for
several hundred feet along Abrams Creek (TVA, 2005). Although the local effects indicate a
strong earthquake, no reports of this earthquake from surrounding regions (such as
Knoxville, Tennessee) were identified. The maximum intensity is uncertain, and is estimated
as MMI V to VIII. Because no reports of shaking were identified outside of the local area, the
magnitude is assigned as my 4.4 (TVA, 2005).
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June 9, 1910 mp 4.2 (M 3.9) Dalton, Georgia

An earthquake that was felt in Dalton, Georgia, early in the evening on June 9, 1910 (local
time) was reported in the Atlanta Journal Constitution on June 10, 1910 (TVA, 2005). The
shaking lasted for a few seconds, shaking houses and causing people to run outside. The
maximum intensity was estimated as MMI V to VI, corresponding to my, 4.2 (TVA, 2005).

252.2 Geologic Structures and Seismic Source Models

As outlined previously, Appendix E, Section E.3, of Regulatory Guide 1.165, Step 1 specifies
that recent information should be reviewed to evaluate if this information would indicate
significant differences from the previous seismic hazard. Section 2.5.1 presents a summary
of available geological, seismological, and geophysical data for the site region (200-mile
radius), site vicinity (25-mile radius), and site area (5-mile radius) that provide the basis for
evaluating seismic sources that contribute to the seismic hazard to the Bellefonte Site. This
section presents a description of the seismic source characterizations from the EPRI-SOG
(1988) evaluation followed by a summary of general approaches and interpretations of
seismic sources used in more recent seismic hazard studies. Sections 2.5.2.4.1 and 2.5.2.4.3
present an evaluation of the new information relative to the EPRI-SOG (1988) seismic source
evaluations.

25221 EPRI-SOG Source Evaluations

The EPRI-SOG evaluation completed in the late 1980s (EPRI-SOG, 1988) involved
assessments of the uncertainty in seismic source characterization in the CEUS by formal
elicitation of six independent Earth Science Teams. The six teams were the Bechtel Group,
Dames & Moore, Law Engineering, Rondout Associates, Weston Geophysical Corporation,
and Woodward-Clyde Consultants. Each team evaluated geologic, geophysical, and
seismological data to evaluate seismic sources in the CEUS and provided detailed
documentation of their assessments in separate volumes of the EPRI-SOG (1988) evaluation.
In the EPRI-SOG (1988) evaluation, tectonic features that might be seismogenic were
identified, and their probability of activity was assessed. The study first identified and
defined criteria for assessing the activity of a feature. These criteria include attributes such
as spatial association with large- or small-magnitude earthquakes, evidence of geologically
recent slip, orientation relative to the regional stress regime, and others. The study also
assigned a relative weight or relative value of each criterion in assessing the probability of
activity. The seismic sources interpreted from the tectonic features (i.e., “feature-specific
source zones”) were assighed a probability of activity equivalent to that of the features.

The seismic source evaluations were one element of the seismic hazard model inputs for a
PSHA for nuclear plant sites in the CEUS (EPRI, 1989). For the computation of hazard in the
1989 study, some of the seismic source parameters were modified or simplified from the
original parameters defined by the EPRI-SOG (1988) evaluation. The parameters used in
final PSHA calculations are summarized in EPRI (1989), which is the primary source for the
EPRI-SOG seismic hazard model used in this GG&S study.

The seismic sources defined by each of the teams relative to the updated seismicity are
shown in Figures 2.5.2-4 through 2.5.2-9. A screening criterion was implemented in the EPRI
(1989) seismic hazard calculations in that all sources with combined hazard was less than
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1 percent of the total hazard were excluded from the analysis. The sources that contributed
99 percent of the hazard at the Bellefonte Site are shown and labeled in these figures. The
smaller inset figures show the complete set of seismic sources identified in the Bellefonte
Site region by each of the EPRI-SOG teams.

Tables 2.5.2-3a through 2.5.2.3f summarize the significant sources that were included in the
EPRI (1989) seismic hazard analysis for the Bellefonte Site and list additional sources within
the 200-mile-radius region that do not significantly contribute to the hazard at the site. The
EPRI (1989) evaluation indicated that the most significant contributors to hazard at the
Bellefonte Site are the ETSZ, subdivisions of the crust around the ETSZ, and the New
Madrid, Missouri, region (location of the 1811-1812 earthquakes). In addition, there is a
minimal contribution from the Charleston, South Carolina, region sources (location of the
1886 earthquake).

25222 LLNL-TIP Source Evaluations

A decade after the completion of the EPRI-SOG (1988) evaluation, LLNL (Savy et al., 2002)
conducted a TIP of the SSHAC (1997) guidance for a Level IV analysis. SSHAC (1997)
provides general guidance for conducting PSHA for important facilities and describes four
levels of effort for quantifying epistemic uncertainty ranging from assessments by a single
individual (Level I) to formalized elicitation of a panel of experts (Level IV). The EPRI-SOG
(1988) evaluation can be considered the prototype of a SSHAC Level IV study. The LLNL-
TIP project focused on issues related to the development of seismic zonation and earthquake
recurrence models. Participants in the project included a Technical /Facilitator/Integrator
(TFI) team, a panel of five expert evaluators, and expert proponents and presenters.
Preliminary implementations for two sites in the southeastern U.S., the Vogtle site in
Georgia, which is affected by the issue of the Charleston earthquake, and the Watts Bar site
in Tennessee, which is close to the ETSZ, were completed as part of the TIP study. Although
focused primarily on process, the LLNL TIP study provided assessments for some of the
seismic sources significant to the Bellefonte Site region.

Seismic source models were developed for each of the five experts and through discussions
at workshops, one-on-one interviews, and white papers, a set of common sources was
identified as the basic building blocks for all the sources and alternative sources. The
general boundaries of these common sources are shown in Figure 2.5.2-10. This minimum
set of zones was then used to create the composite model of seismic sources that represented
the range of feasible sources. These sources included five basic alternative zones for both the
East Tennessee and Charleston sources, three for the South Carolina-Georgia seismic zone,
and alternative zones for background earthquakes for both the East Tennessee and
Charleston regions. The probability of activity was defined as the probability of “existence”
of a particular source zone.

A description of the minimum set zones is provided in Table 2.5.2-4. A complete description
of the logic tree representation of the experts’ interpretations for the Charleston and ETSZ
and maximum magnitude distributions for alternative source zones is presented in Savy et

al. (2002).
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25223 2002 USGS Earthquake Hazard Mapping Source Characterization
Model

As part of the 2002 USGS National Seismic Hazard Mapping program, updated seismic
hazard maps for the conterminous U.S. were produced in 2002 (Frankel et al., 2002). Input
for revising the source characterization used in the 1996 hazard maps (Frankel et al., 1996)
was provided by researchers through a series of regional workshops. Key issues that were
addressed in the updated source characterization included new information regarding the
location, size, and recurrence of repeating large magnitude earthquakes in the Charleston
and New Madrid source regions. Although the USGS program does not use formal expert
elicitation and full uncertainty quantification, the resulting seismic hazard model provides
information on the current understanding of the seismic potential of the study region and
the catalog of recorded earthquakes.

The USGS source model and earthquake catalog (in body wave magnitude, my) developed
by the USGS (Mueller et al., 1997) are shown in Figure 2.5.2-11. The general approach used
by the USGS for modeling distributed seismicity in the CEUS is to use a Gaussian kernel
smoother to define the spatial distribution of future earthquakes based on the recorded
locations of past earthquakes throughout the CEUS. No boundaries are placed on the
locations of ruptures associated with the spatially smoother earthquake locations.

Two broad regions are defined with different maximum magnitudes in the USGS model: an
extended margin zone (Mmax =M 7.5) and a craton zone (Mmax =M 7.0). In addition, the
USGS source model includes an East Tennessee regional source zone, alternative fault line
sources for repeating large magnitude earthquakes in the NMSZ, and alternative zones for a
Charleston seismic source zone. The maximum magnitude probability distribution assigned
to the New Madrid fault sources is M 7.3 (0.2), M 7.5 (0.2), M 7.7 (0.5), M 8.0(0.15). For the
Charleston source, the maximum magnitude probability distribution used was: M 6.8 (0.2),
M 71 (0.2), M7.3(0.45), M 7.5 (0.15). The USGS model uses a mean recurrence time of 500
years and 550 years for repeating large magnitude earthquakes in the New Madrid and
Charleston regions, respectively, and assumes a time-independent model.

25224 2004 TVA Dam Safety Seismic Hazard Analysis Seismic Source
Model

In 2004, Geomatrix Consultants completed regional and site-specific dam safety seismic
hazard assessments for all of the TVA’s major dams (Geomatrix, 2004). As part of this study,
Geomatrix developed a probabilistic seismic hazard model for the Tennessee Valley using a
SSHAC Level II process. The project team was assisted by participatory review by an
external peer review panel.

The study emphasized explicit incorporation of epistemic uncertainty through the use of
logic trees in the PSHA. The source characterization effort was based on a review of
published literature and discussion with active researchers. The study built upon previous
studies including the EPRI-SOG (1988) evaluation, the LLNL-TIP study (Savy et al., 2002),
the USGS National Seismic Hazard Project (Frankel et al., 2002), an EPRI-sponsored study to
assess maximum magnitudes of earthquakes in stable continental regions (Johnston et al.,
1994), and the EPRI (2004) CEUS ground motion project.
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The seismic source model developed for the TVA Dam Safety study includes two types of
sources, distributed seismicity sources and “fault-specific” sources of repeating large
magnitude earthquakes. Two approaches were used to model the distributed seismicity
sources: a zoneless approach similar to that used by the USGS to develop the 2002 hazard
maps, and a seismotectonic zonation approach. Spatial smoothing of seismicity was
employed in both approaches. Figures 2.5.2-12a through 2.5.2-12d show the alternative
seismotectonic source zones defined by Geomatrix (2004) in the vicinity of the Bellefonte
Site.

“Fault-specific” sources were used to model repeating large earthquakes that have been
identified in two specific regions, near Charleston, South Carolina, and the New Madrid
region at the junction of Missouri, Kentucky, and Tennessee.

2523 Correlation of Earthquake Activity with Seismic Sources

Regulatory Guide 1.165 requires that the earthquake activity be correlated to seismic
sources. The principal database for assessing earthquake recurrence is the historical and
instrumental earthquake record. An updated catalog of independent historical and
instrumental earthquakes covering the Bellefonte Site region was developed for use in the
Bellefonte GG&S study (see discussion in Section 2.5.2.1.1).

The distribution of earthquake epicenters from the EPRI (pre-1985), the more recent (post-
1985) instrumental events, and updated historical earthquakes for the site region are shown
in Figures 2.5.2-1 through 2.5.2-3. Comparison of the updated earthquake catalog to the
EPRI earthquake catalog yields the following conclusions:

e The updated catalog does not show any earthquakes within the site region that can be
associated with a known geologic structure. As described in Section 2.5.1, the majority of
seismicity in the Bellefonte Site region appears to be occurring at depth within the
basement beneath the Appalachian décollement. The largest earthquake within the site
vicinity, the 2003 M 4.6 Fort Payne earthquake likely reactivated a structure within the
basement rock, but cannot be clearly associated with any of the major identified
basement structures (Section 2.5.1.1.4.2(d)2; Figure 2.5.3-4).

e The updated earthquake catalog shows similar spatial distribution of earthquakes to that
shown by the EPRI-SOG catalog, suggesting that no significant revisions to the geometry
of seismic sources defined in the EPRI-SOG characterization is required.

e The updated GG&S earthquake catalog does not show a pattern of seismicity different
from that exhibited by earthquakes in the EPRI-SOG catalog that would suggest a new
seismic source in addition to those included in the EPRI-SOG characterizations.

e The updated GG&S earthquake catalog adds several magnitude my, 3 to 5 earthquakes in
the time period covered by the EPRI-SOG catalog (principally prior to 1910). The effect
of these additional events on estimated seismicity rates is assessed in Section 2.5.2.4.1.2.

2524 Probabilistic Seismic Hazard Analysis and Controlling Earthquakes

This section describes the PSHA conducted for the Bellefonte Site. Following the procedures
outlined in Appendix E, Section E.3 of Regulatory Guide 1.165, Sections 2.5.2.4.1 and
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2.5.2.4.2 discuss the significance of new information on seismic source characterization and
ground motion characterization, respectively, that are potentially significant relative to the
EPRI-SOG (1988) seismic hazard model. Section 2.5.2.4.3 presents the results of PSHA
sensitivity analyses used to test the impact of the new information on the seismic hazard.
Using these results, an updated PSHA analysis was performed, as described in

Section 2.5.2.4.4. The results of that analysis are used to develop uniform hazard spectra
(UHS) and the identification of the controlling earthquakes (Section 2.5.2.4.5).

25241 New Information Relative to Seismic Source Evaluations (RG 1.165,
E.3 Step 1 Evaluation)

Several factors may produce changes in the level of seismic hazard at the Bellefonte Site
compared to what would be estimated based on the EPRI-SOG evaluation. Seismic source
characterization data and information that could affect the predicted level of seismic hazard
include:

¢ Identification of a possible new seismic source in the site vicinity

¢ Changes in the characterization of the rate of earthquake occurrence for one or more
seismic sources

e Changes in the characterization of the maximum magnitude for seismic sources.

252411 Identification of Seismic Sources

Based on the review of new geological, geophysical, and seismological information that is
summarized in Section 2.5.1, review of seismic source characterization models developed
for post-EPRI-SOG seismic hazard analyses (Section 2.5.2.2), and comparison of the updated
earthquake catalog to the EPRI-SOG evaluation (Section 2.5.2.3), no additional specific
seismic sources have been identified.

As described in Section 2.5.1.1.4.2, additional information and analysis of subsurface data
(e.g., industry seismic reflection profiles, deep wells) and seismicity data provides an
improved understanding of structures within the Bellefonte Site region (200-mile radius),
particularly with regard to the foreland Appalachian fold-thrust belt and possible
relationships to subdetachment basement faults and zones of concentrated seismicity (e.g.,
ETSZ). However, the overall pattern of seismicity occurring on structures within the
basement below the detachment was recognized at the time of the EPRI-SOG evaluation and
the EPRI-SOG expert teams specified a variety of source geometries to represent the
uncertainty in defining the source zone configurations.

Figures 2.5.2-13a and 2.5.2-13b compare the range of source zone geometries defined in the
vicinity of the site by the EPRI-SOG expert teams (Figure 2.5.2-13a) and in subsequent
studies (Figure 2.5.2-13b). The recent April 2003 M 4.6 Fort Payne earthquake is located at
the southern extent of the concentrated seismicity that defines the ETSZ and is typical in
both depth and focal mechanism to other earthquakes in the zone. The 2003 Fort Payne
earthquake occurred just outside of the boundary of the East Tennessee seismic source
zones defined by three of the EPRI-SOG expert teams and lies within the East Tennessee
source zones (ETSZ) defined by the other three teams. This is also the case for more recent
interpretations. The LLNL TIP (Savy et al., 2002) ETSZ does not include the 2003 Fort Payne

25.2-16 B0I052410001.D0C



GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

earthquake, but the USGS East Tennessee regional source zone (Frankel et al., 2002) and
alternative source zones included in the Geomatrix (2004) hazard analysis do include the
2003 event. Therefore, the EPRI-SOG source zone interpretations are judged to adequately
represent more recent interpretations of the ETSZ.

The EPRI-SOG expert teams confined the location of events similar to the 1811-1812
earthquakes to the region of concentrated seismicity in the NMSZ. More recent seismic
hazard analyses (e.g., Frankel et al., 1996, 2002; Toro and Silva, 2001; Geomatrix, 2004) also
restrict the occurrence of similar size events to this region, often placing the events on fault-
specific sources within the NMSZ. Thus, no modification of the EPRI-SOG New Madrid
source configurations is needed. The more recent data have suggested more frequent
occurrences for these events, as discussed in Section 2.5.2.4.1.2.

Seismic sources defined by the EPRI-SOG expert teams to represent possible locations for
repeats of the 1886 Charleston earthquake were typically not included in the EPRI (1989)
hazard calculation for the Bellefonte Site because their contribution to the hazard was very
small (<1 percent). More recent data regarding the location and timing of repeating large
magnitude earthquakes in the vicinity of Charleston, South Carolina, suggest alternative
source configurations that fall within the range of EPRI-SOG source zone interpretations
and (similar to New Madrid), more frequent occurrence of these events. These new
interpretations are considered in this GG&S study (see Sections 2.5.2.4.3 and 2.5.2.4.4).

252.4.1.2 Earthquake Recurrence Rates

Section 2.5.2.1.1 describes the development of an updated earthquake catalog for the GG&S
project region. This updated catalog includes modifications to the EPRI-SOG evaluation by
subsequent researchers, the addition of earthquakes that have occurred after completion of
the EPRI-SOG evaluation development (post March 1985), and identification of additional
earthquakes in the time period covered by the EPRI-SOG evaluation for the project region
(1758 to March 1985). The impact of the new catalog information was assessed by evaluating
the effect of the new data on earthquake magnitude estimates and on earthquake recurrence
estimates within the 200-mile region around the Bellefonte Site.

The earthquake recurrence rates computed in the EPRI-SOG (1988) evaluation included a
correction to remove bias introduced by uncertainty in the magnitude estimates for
individual earthquakes. The bias adjustment was implemented by defining an adjusted
magnitude estimate for each earthquake, my*, (Veneziano and Van Dyck, 1985) and then
computing the earthquake recurrence parameters by maximum likelihood using earthquake
counts in terms of my*. The adjusted magnitude is defined by the relationship

2
mb* =m, — ﬂo-mb\mbinstrumental /2 (252_3)

when my, is based on instrumentally recorded my, magnitudes and by the relationship

m,*=m, + fo’ |, 12
o= My + o, x (2.5.2-4)

when my is based on other size measures X, such as maximum intensity, Io, or felt area. The
change in sign in the correction term from negative in Equation (2.5.2-3) to positive in
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Equation (2.5.2-4) reflects the effects of the uncertainty in the conversion from size measure
X to myp. Parameter [ is the Gutenberg-Richter b-value in natural log units. Values of the
adjusted magnitude my* were computed for the earthquakes in the updated catalog using
the assessed uncertainties in the magnitude estimates and a value of [ equal to 0.95xIn(10)
based on the global b-value of 0.95 assigned to the CEUS by Frankel et al. (1996, 2002).

Values of o, range from 0.56 for my estimated from maximum intensity, to 0.2 to 0.3 for

my| X

my, estimated from various measures of felt area, o is typically set at 0.1.

my| myinstrumental
Figure 2.5.2-14 shows a histogram of the difference between the values of my* for the
updated catalog and those given in the EPRI-SOG (1988) evaluation for earthquakes within
200 miles of the Bellefonte Site. The mean difference is essentially zero and the distribution
of differences is relatively symmetric.

The EPRI-SOG (1988) procedure for computing earthquake recurrence rates was based on a
methodology that incorporated data from both the period of complete catalog reporting and
the period of incomplete catalog reporting. For the period of incomplete reporting, a
probability of detection, PP, was defined that represented the probability that the occurrence
of an earthquake would ultimately be recorded in the earthquake catalog for the region
(Veneziano and Van Dyck, 1985). The CEUS was subdivided into 13 “Completeness”
regions that represented different histories of earthquake recording. Figure 2.5.2-15 shows
the two completeness regions (3 and 4) that cover the area with 200 miles of the Bellefonte
Site. The total time span of the EPRI-SOG catalog was then divided into six time intervals.
Then using the observed seismicity and information on population density and the history
of earthquake reporting across the CEUS, the probability of detection was estimated for each
time interval within each completeness region for six magnitude intervals. Earthquake
recurrence estimates were then made using the “equivalent period of completeness,” TE, for
each completeness region and all of the recorded earthquakes within the usable portion of
the catalog. The equivalent period of completeness is computed by the expression

TE=3 T xR (2.5.2-5)

where PUE is the probability of detection for completeness region i, magnitude interval j,

and time period k of length T.

The updated earthquake catalog includes a number of newly identified earthquakes for the
time period covered by the EPRI-SOG catalog, reassessment of the sizes of previously
identified events, and earthquakes that have occurred after completion of the EPRI-SOG
evaluation. The event counts for the EPRI-SOG and updated GG&S catalogs are given in
Table 2.5.2-5.

Most of the newly identified earthquakes within 200 miles of the Bellefonte Site occurred in
time periods identified in the EPRI-SOG evaluation as periods of incomplete catalog
reporting (PP <1.0). Comparisons of the earthquake counts for these time periods suggest
that inclusion of the newly identified earthquakes in the estimation of catalog completeness
would likely yield values of PP near unity for the period post 1860 within completeness
regions 3 and 4 for the two lowest magnitude intervals: 3.3 2 my* > 3.9 and 3.9 > my* > 4.5.
This effect is illustrated by constructing so-called Stepp plots (Stepp, 1972) that show the
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variation of earthquake rate with time for specific magnitude intervals for the region within
200 miles of the Bellefonte Site. The computation of rate starts at the end of the catalog and
moves backward in time. At any point in time, the earthquake rate is defined as the number
of earthquakes in the catalog from that point forward to the end of the catalog divided by
the length of time from that point to the end of the catalog.

Figure 2.5.2-16 shows “Stepp” plots for the portions of EPRI-SOG completeness regions 3
and 4 that lie within 200 miles of the Bellefonte Site. The plot on the left shows the time
variation of earthquake occurrence rates based on the EPRI-SOG catalog, and the plot on the
right shows the occurrence rates based on the updated catalog. The observed rate of
magnitude my 3.3 to 3.9 earthquakes begins to steadily decrease for times greater than

15 years before the end of the EPRI-SOG catalog (times before 1970) and the rate for my 3.9
to 4.5 earthquakes begins to decrease approximately for times greater than 75 years before
the end of the EPRI-SOG catalog (times before 1910). In contrast, the occurrence rates remain
relatively constant back to approximately 1860 for these two magnitude intervals using the
updated catalog. The time variation of the rate for earthquakes larger than my, 4.5 shows
somewhat erratic behavior due to the limited number of events.

The effect of the updated earthquake catalog on earthquake occurrence rates was assessed
by computing earthquake recurrence parameters for the portions of EPRI-SOG
completeness regions 3 and 4 that lie within 200 miles of the site. The truncated exponential
recurrence model was fit to the seismicity data using maximum likelihood. Earthquake
recurrence parameters were computed using the EPRI-SOG catalog and equivalent periods
of completeness and using the updated catalog and the updated equivalent periods of
completeness. It was assumed that the probability of detection for all magnitudes is unity
for the time period of March 1985 to March 2005. The resulting earthquake recurrence rates
are compared in Figure 2.5.2-17. For completeness region 3, essentially the same earthquake
recurrence parameters are obtained using the EPRI-SOG and updated catalog and
equivalent periods of completeness. For completeness region 4, use of the updated
earthquake catalog and equivalent periods of completeness result in lower earthquake
occurrence rates.

On the basis of the comparisons shown in Figures 2.5.2-14 and 2.5.2-17, it is concluded that
the earthquake occurrence rate parameters developed in the EPRI-SOG evaluation
adequately represent the seismicity rates within 200 miles of the Bellefonte Site based on
more recent information.

The earthquake recurrence rate for the New Madrid and Charleston regions was also
evaluated using results of paleoliquefaction studies. The results of studies of
paleoliquefaction in the NMSZ (summarized in Section 2.5.1.1.4.3) have indicated that large
earthquakes are more frequent than suggested by extrapolating the observed seismicity
rates for small-to-moderate earthquakes up to large magnitudes (my > 7). Figure 2.5.2-18
compares the seismicity rates estimated from the updated earthquake catalog to the rate for
large magnitude events estimated from paleoliquefaction data. The error bars attached to
the updated catalog rates represent 90 percent confidence intervals estimated by relative
likelihood from the observed earthquake counts within the Bechtel team source zone 30
(Figure 2.5.2-4), a typical EPRI-SOG New Madrid source. The hatched box represents the
90 percent confidence interval for the paleoliquefaction rate based on three earthquake
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sequences post 300 AD (e.g., Tuttle et al., 2005) and the solid circle indicates the rate used by
Frankel et al. (2002) in the USGS National Hazard Mapping project (500-year repeat time).
The recurrence relationships shown in the figure indicate the mean and 15t to 85t
percentile recurrence rates for New Madrid sources computed from the EPRI-SOG seismic
source models. As shown in the figure, the EPRI-SOG recurrence rates are very consistent
with the seismicity rates estimated from the updated earthquake catalog but underestimate
the rate for large earthquakes based on paleoliquefaction data by approximately an order of
magnitude. Based on a similar comparison, Exelon (2003) concluded that the EPRI-SOG
recurrence rates for large earthquakes in the NMSZ should be revised for PSHA
calculations.

As discussed in Section 2.5.1.1.4.3, paleoliquefaction studies also have been conducted in the
region of the 1886 Charleston, South Carolina, earthquake. The results of these studies have
led to estimated repeat times for large earthquakes in the Charleston region of
approximately 550 years (Frankel et al., 2002; Dominion, 2003; Geomatrix, 2004). This repeat
time represents higher occurrence rates than obtained from the EPRI-SOG seismic hazard
model (Dominion, 2003).

2524.1.3  Assessment of Maximum Magnitude

The four types of seismic sources that contribute to the hazard at the Bellefonte Site are (1)
representations of the ETSZ, (2) the local host/background zone, (3) representations of the
NMSZ, and (4) to a very minor extent, sources representative of the 1886 Charleston
earthquake. Figures 2.5.2-19 through 2.5.2-22 show the maximum magnitude distributions
for these sources. The top plot in each figure shows the composite of the distribution
developed by the EPRI-SOG (1988) expert teams in terms of the my, magnitude scale, the
magnitude scale used in the EPRI-SOG seismic hazard model. The bottom plot in each
figure compares the composite EPRI-SOG maximum magnitude distribution to more recent
assessments. These latter comparisons are made in terms of the moment magnitude scale,
M. The composite my, distributions were converted to moment magnitude using three
equally weighted my - M relationships: by EPRI (1993),

m, =-10.23+6.105M - 0.7632M? + 0.03436M* (2.5.2-6)

by Atkinson and Boore (1995)

M =-0.39+0.98m, form, <55
(2.5.2-7)
M =2715-0.277m, +0127m; form, >5.5
and by Johnston (1996a).
M =1.14 + 0.24m, + 0.0933m/ (2.5.2-8)

The transformed composite EPRI-SOG maximum magnitude distributions are compared to
distributions developed by Savy et al. (2002), Frankel et al. (2002), and Geomatrix (2004).

Figure 2.5.2-19 summarizes the maximum magnitude assessments for sources representative
of the ETSZ. The EPRI-SOG expert teams developed a broad uncertainty distribution for
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maximum magnitude for these sources. When transformed into moment magnitude, this
distribution spans nearly the same range as more recent assessments of the distribution for
maximum magnitude, and the distributions have modes at similar magnitudes. Frankel et al.
(2002) assigns a single value of M 7.5 to all of the extended crust region shown in

Figure 2.5.2-11, including the ETSZ. The magnitude of the largest earthquake in the updated
catalog that lies within these sources is my 5.2 (corresponding to events in August 31, 1861,
and February 21, 1916).

Figure 2.5.2-20 summarizes the maximum magnitude assessments for sources that contain
the Bellefonte Site (host zone) or represent local background sources that contribute to the
hazard. The EPRI-SOG expert teams also developed a broad uncertainty distribution for
maximum magnitude for these sources. When transformed into moment magnitude, the
composite EPRI-SOG distribution again spans nearly the same range as more recent
assessments, although it has a somewhat lower mode. Frankel et al. (2002) assigns a single
value of M 7.0 to all of the nonextended crust region shown in Figure 2.5.2-11, including the
region around the Bellefonte Site. The largest historical earthquake in the updated catalog
that lies within these sources is also my, 5.2.

The comparisons in Figures 2.5.2-19 and 2.5.2-20 show that for both the ETSZ and host
zone/local background sources, more recent assessments have tended to place more weight
on higher magnitudes than the EPRI-SOG expert teams. However, no large historical or
prehistorical earthquakes have been identified in these sources that would provide evidence
for larger maximum magnitudes, and the EPRI-SOG maximum magnitude distributions for
these sources do span the range of more recent assessments. Therefore, the EPRI-SOG
maximum magnitude assessments for these sources are judged to be appropriate for use in
PSHA calculations for the Bellefonte Site. The minimum values for a few of these
distributions (local sources defined by Law and Woodward-Clyde) were adjusted to be
consistent with the largest observed earthquake in these sources (e.g., changing the low-
weighted lower value of my, 4.2 to my, 5.2).

The maximum magnitude assessments for New Madrid seismic sources are shown in
Figure 2.5.2-21. The distributions defined by Frankel et al. (2002) and Exelon (2004)
represent distributions for the “characteristic” earthquake. The distribution developed by
Exelon (2004) includes the + 1/4 magnitude variation in the characteristic magnitude
defined in the characteristic magnitude distribution developed by Youngs and Coppersmith
(1985). More recent assessments of the size of characteristic New Madrid earthquakes are
consistent with the EPRI-SOG evaluations of maximum magnitude for these sources.

The maximum magnitude assessments for Charleston, South Carolina, seismic sources are
shown in Figure 2.5.2-22. The distributions defined by Frankel et al. (2002), Geomatrix
(2004), and Savy et al. (2002) essentially represent distributions for the “characteristic”
earthquake. The distribution developed by Geomatrix (2004) also includes the +1/4
magnitude variation in the characteristic magnitude defined in the characteristic magnitude
distribution developed by Youngs and Coppersmith (1985). As was the case for New
Madrid sources, more recent assessments of the maximum size of Charleston earthquakes
are consistent with the EPRI-SOG evaluations.
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25.2.4.1.4 Summary of Seismic Source Assessments

The following conclusions are obtained from the review of seismic source characterization data.

e No new seismic sources have been identified.

e The EPRI-SOG evaluation seismicity rates for sources within 200 miles of the Bellefonte
Site are consistent with seismicity rates defined using the updated earthquake catalog.

e The results of paleoliquefaction studies indicate that the frequency of large earthquakes
in the New Madrid and Charleston source regions is more frequent than defined by the
EPRI-SOG seismic hazard model.

e New data do not indicate a need to modify the EPRI-SOG evaluation maximum
magnitude distributions for sources within 200 miles of the Bellefonte Site, with the
exception of adjusting the lower tails of the distributions for a few sources to reflect the
largest earthquake known to have occurred in each source.

25242 New Information Regarding CEUS Ground Motion Characteristics
(RG 1.165, E.3 Step 1 Evaluation)

The EPRI-SOG evaluation characterized epistemic uncertainty in earthquake ground
motions by using three strong-motion attenuation relationships. These were the
relationships developed by McGuire et al. (1988), Boore and Atkinson (1987), and Nuttli
(1986) combined with the response spectral relationships of Newmark and Hall (1982).
These relationships were based, to a large extent, on modeling earthquake ground motions
using simplified physical models of earthquake sources and wave propagation. The
McGuire et al. (1988) and Boore and Atkinson (1987) models use random vibration theory to
produce estimates of peak motion based on the predicted Fourier spectrum of motions. The
weights assigned to the three sets of attenuation relationships in the EPRI-SOG study are a
weight of 0.5 for the McGuire et al. (1988) relationships, a weight of 0.25 for the Boore and
Atkinson (1987) relationships, and a weight of 0.25 for the Nuttli (1986)-Newmark and Hall
(1982) relationships. The random (aleatory) variability about the three sets of median
attenuation relationships was modeled as a lognormal distribution with a standard
deviation of 0.5 in units of the natural log of peak motion amplitude.

Estimating earthquake ground motions in the CEUS has been the focus of considerable
research since completion of the EPRI-SOG evaluation. The research has produced a number
of ground motion attenuation relationships, many of which are based on the approach used
by McGuire et al. (1988) and Boore and Atkinson (1987), but incorporating more recent
information on the characteristics of the propagation of earthquake source and waves in the
CEUS. EPRI (2004) has completed a study to characterize the estimation of strong ground
motion in the CEUS for application in PSHA for nuclear facilities. This study was conducted
following the SSHAC (1997) guidelines for a Level III analysis. SSHAC (1997) provided
guidance on the appropriate methods to use for quantifying uncertainty in evaluations of
seismic hazard. In a SSHAC Level III analysis, the responsibility for developing the
quantitative description of the uncertainty distribution for the quantity of interest lies with an
individual or team designated the Technical Integrator. The Technical Integrator is guided by
a panel of experts (referred to as the Experts), whose role is to provide information, advice,
and review. In the EPRI (2004) study, a panel of six ground motion Experts was assembled.
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During a series of workshops, the Experts provided advice on the available CEUS ground
motion attenuation relationships that they considered appropriate for estimating strong
ground motion in the CEUS. The Experts also provided information on the appropriate
criteria for evaluating the available ground motion models. The Technical Integrator then
used this information to develop a composite representation of the current scientific
understanding of ground motion attenuation in the CEUS.

The product of the EPRI (2004) study is a suite of ground motion relationships and
associated relative weights that represent the uncertainty in estimating the median level of
ground motion and its aleatory variability. The EPRI (2004) relationships are defined in
terms of moment magnitude, M, while the EPRI-SOG attenuation relationships were
defined in terms of body wave magnitude, my. Thus, direct comparison of the two sets
requires a relationship between m, and M. The relationship between m, and M magnitudes
was discussed in Section 2.5.2.4.1.3 and is evaluated using relationships published by EPRI
(1993), Atkinson and Boore (1995), and Johnston (1996a). For purposes of comparing the
EPRI-SOG and the EPRI (2004) median ground motion models, the three my - M
relationships were used to estimate values of M for my values of 5, 6, and 7, and the results
averaged, as indicated in the following table.

Moment Magnitude, M

Body Wave Atkinson and Johnston
Magnitude, m EPRI (1993) Boore (1995) (1996a) Average
5 4.6 4.5 4.7 4.6
6 55 5.6 5.9 5.7
7 7.2 7.0 7.4 7.2

Figure 2.5.2-23 compares the EPRI (2004) median attenuation relationships to those used in
the EPRI-SOG evaluation. EPRI (2004) defined the uncertainty in the median ground
motions in terms of four ground motion “cluster” models. Each cluster represented a group
of models based on a similar approach for ground motion modeling. The relationships
shown in Figure 2.5.2-23 represent the median estimates of ground motions produced by the
models within each cluster. The EPRI (2004) models also use either the Joyner-Boore
distance measure or the closest distance to rupture distance measure while the EPRI-SOG
(1988) ground motion models use hypocentral distance. In the comparisons shown in

Figure 2.5.2-23, a hypocentral depth of 10 kilometers was used in conjunction with the EPRI-
SOG ground motion models, consistent with their use in the EPRI (1989) PSHA calculation.
Depths to the top of the rupture of 5, 3, and 1 kilometers were used for magnitudes my 5, 6,
and 7, respectively, in computing the equivalent surface distance from EPRI (2004) Cluster 3
models. The EPRI (2004) median models are generally consistent with the two spectral
models used in the EPRI-SOG evaluation (McGuire et al., 1988; Boore and Atkinson, 1987).
All of the EPRI (2004) median models predict lower levels of motion than obtained using the
Nuttli (1986)-Newmark and Hall (1982) model.

EPRI (2004) provided guidance on the use of the models for various types of seismic
sources. In particular, the Cluster 4 model, which is based on the Somerville et al. (2001)
ground motion relationships, is not considered applicable to seismic sources where a
significant portion of the hazard is due to earthquakes below magnitude M 6.0. This is
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because Somerville et al. (2001) did not include earthquake magnitudes below M 6.0 in their
numerical simulations when developing their model. In general, the types of seismic source
for which the Cluster 4 model would not be used are general area sources in the vicinity of
the site (such as the ETSZ sources and the host/background sources in the EPRI-SOG
model). The Cluster 4 model is applicable for computing hazard from large magnitude
earthquakes, such as those contributing to the site hazard from the New Madrid and
Charleston seismic sources.

In the EPRI (2004) representation of ground motion, the uncertainty in the median model for
each ground motion cluster is defined by two additional models, one representing the 5th
percentile of the uncertainty distribution for the median and one representing the 95th
percentile. The range in these models defines the uncertainty range in the median ground
motions. Figure 2.5.2-24 compares the composite range in median ground motions across all
clusters for the EPRI (2004) ground motions models with the EPRI-SOG attenuation
relationships. For my 5 and 6, only models for Clusters 1, 2, and 3 are included in defining
the range; Cluster 4 models are included in the range for my 7. The uncertainty range for the
EPRI (2004) peak acceleration relationships generally encompasses the three EPRI-SOG
median relationships. However, for 1-Hz spectral acceleration (SA), the Nuttli (1986)-
Newmark and Hall (1982) model lies outside of the uncertainty band for the EPRI (2004)
ground motion models.

The EPRI (2004) study also developed an assessment of the aleatory variability about the
median attenuation relationships. Figure 2.5.2-25 compares the EPRI (2004) assessments of
aleatory variability (defined in terms of the standard deviation of In [SA]) to the value used
in the EPRI-SOG evaluation. The EPRI (2004) assessments are significantly larger than those
used in the EPRI-SOG evaluation.

The purpose of the EPRI (2004) study was to develop a current representation of the state of
knowledge of ground motion estimation for regional hard rock site conditions in the CEUS
for use in PSHA applications. Therefore, it is considered appropriate for use in conducting
the seismic hazard assessment for the Bellefonte Site.

25243 PSHA Sensitivity Analysis (RG 1.165, E.3 Step 2 Evaluation)

This section describes the sensitivity studies that were carried out to address changes in the
EPRI-SOG PSHA model used in EPRI (1989). Based on the assessments in Section 2.5.2.4.1
and 2.5.2.4.2, and consistent with the requirements of Regulatory Guide 1.165, Position E.3,
the following PSHA model adjustments are studied as part of PSHA sensitivity tests for the
Bellefonte Site:

e  Sensitivity to adjustment of the minimum value of maximum magnitude for a few
EPRI-SOG sources upward to equal the largest known earthquake within the source
zone, based on the updated GG&S earthquake catalog

e  Sensitivity to new data relative to the occurrence of large earthquakes in the NMSZ

e  Sensitivity to new data relative to the occurrence of large earthquakes in the Charleston,
South Carolina, region

e  Sensitivity to new ground motion models
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The first step in the analysis was to demonstrate that the EPRI (1989) PSHA results could be
reproduced. The original EPRI-SOG input files were obtained from EPRI and transformed
into a format usable by Geomatrix PSHA software. PSHA calculations were then performed
for 10-Hz and 1-Hz spectral velocities. Table 2.5.2-6 compares the frequency of exceeding a
range of ground motion levels computed using the Geomatrix PSHA software with the EPRI
(1989) results. For frequencies of exceedance greater than about 10+, the differences are
generally less than 5 percent in terms of frequency of exceedance, which translates into
approximately 2.5 percent in terms of ground motion level.

The next step was identifying the controlling sources in the EPRI-SOG seismic hazard
model. Table 2.5.2-7 lists the percent contribution by source to each expert team’s total
frequency of exceeding ground motion levels that correspond to the total mean annual
exceedance frequencies (averaged across all six teams) of 104 and 10-. The hazard from each
source is weighted by its probability of inclusion in the model (probability of activity).
Sources that correspond to the ETSZ, the host/local background, New Madrid, and
Charleston are identified. Most of the hazard for 10-Hz motions is contributed by the host
source/local background and the ETSZ source, with the host source typically having the
larger contribution of the two. For 1-Hz motions, the New Madrid sources typically have the
largest contribution to the hazard. Charleston sources have some contribution to 99 percent
of the total hazard only for the Woodward-Clyde team, and that contribution is only a few
percent to the 1-Hz motion hazard.

During the assessment of source contributions, it was discovered that the original EPRI-SOG
input files did not include sources 4 and 4a for the Bechtel team and source 217 for the Law
team. The effect of adding these sources to the analysis is shown in Figure 2.5.2-26. The
result is approximately a 3 to 5 percent increase in ground motion levels corresponding to
mean hazard in the range of 10+ to 10 and a 7 to 10 percent increase in ground motion
levels corresponding to median hazard in the range of 10 to 10-5. The values listed in

Table 2.5.2-7 and in all subsequent analyses were computed using this corrected source list.

The first sensitivity analysis tests the effect of adjusting the EPRI-SOG maximum magnitude
distributions to limit the lowest magnitude to be equal to the largest earthquake known to
have occurred within each source. This represents a very small change in the inputs and the
resulting effect on the hazard is negligible (<0.5 percent).

The next set of sensitivity analyses test the effect of incorporating sources of repeating large
magnitude earthquakes at New Madrid and Charleston with return intervals of
approximately 500 and 550 years, respectively, into the seismic hazard model. Ideally, the
EPRI-SOG characterization of these sources should be updated to reflect the recent data.
However, because of the large distance between these sources and the Bellefonte Site

(> 200 miles), what is of primary importance is the characterization of the size and
frequency of the largest earthquakes. This is illustrated by the magnitude-distance
disaggregation of the mean hazard from the EPRI-SOG model. Figure 2.5.2-27 shows the
contributions to the mean hazard at ground motion exceedance levels of 104 and 10
disaggregated into 0.1 unit magnitude intervals and three distance intervals. The hazard
from distances greater than 300 kilometers (186 miles) is primarily from the ERPI-SOG New
Madrid sources and is from earthquakes larger that my, 6.5.
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The simplest form of an updated source characterization is to just add sources of repeating
earthquakes at New Madrid and Charleston to the existing EPRI-SOG characterization for
those regions. This approach results in a small degree of “double counting” of the
occurrence of large earthquakes as the EPRI-SOG source characterization includes large
magnitude earthquakes in these areas, although with lower frequencies of occurrence. As
indicated in Figure 2.5.2-18, the existing EPRI-SOG seismic source model for New Madrid
adequately characterizes the frequency of earthquakes smaller than the estimated size of the
1811-1812 earthquakes (magnitudes less than approximately my, 6.75). Therefore, a more
appropriate update for use in calculating the hazard at the Bellefonte Site is to use the EPRI-
SOG seismic source characterization to model the occurrence of these smaller earthquakes
and to use more recent data to model the occurrence of large repeating earthquakes. This is
accomplished by limiting the maximum magnitude for the EPRI-SOG seismic sources to

my, 6.75.

Sensitivity analyses were performed to examine both of these alternative approaches to
updating the EPRI-SOG models for New Madrid and Charleston and the potential impact of
double counting the occurrence rate of large earthquakes. First, seismic sources for
repeating large earthquakes at Charleston and New Madrid were simply added to the EPRI-
SOG seismic source model. The seismic source characterization developed by Exelon (2004)
for repeating earthquakes at New Madrid and by Geomatrix (2004) for Charleston was used
to characterize these sources. The magnitude of the repeating earthquakes at New Madrid
and Charleston are shown in Figures 2.5.2-21 and 2.5.2-22, respectively (the Exelon, 2004,
characterization is similar to the Geomatrix, 2004, characterization). Figure 2.5.2-28 shows
the resulting mean hazard curves for the EPRI-SOG sources, the repeating large earthquakes
at New Madrid and at Charleston, and the combined mean hazard. The repeating large
earthquakes at New Madrid contribute to the 10-Hz motion hazard for exceedance
frequencies between 102 and 10+ and are the dominant contributor to the 1-Hz motion
hazard for exceedance frequencies less than about 103. Compared to the New Madrid
source, the Charleston repeating earthquakes have only a very minor contribution to the
hazard due to their smaller size and greater distance from the site. The inclusion of the
updated source characterization for repeating large earthquakes at New Madrid results in a
1 to 10 percent increase in 10-Hz motions and a 100 to 150 percent increase in 1-Hz motions
for mean frequencies of exceedance in the range of 10+ to 10-. The effect on median hazard
is somewhat smaller.

As discussed previously, a more appropriate simplified update of the EPRI-SOG
characterization of New Madrid and Charleston that accounts for potential double counting
of the occurrence of large earthquakes is to limit the maximum magnitude in the EPRI-SOG
models for these sources to magnitudes smaller than the size of the repeating earthquakes
and then add updated source characterization for the repeating earthquakes to the revised
model. The revised update for New Madrid consists of setting the maximum magnitude for
the EPRI-SOG New Madrid sources to my, 6.75 and adding the seismic source model for
larger New Madrid earthquakes developed by Exelon (2003, 2004). A similar process was
used to develop a simplified update of the seismic source characterization for Charleston
sources, with the maximum magnitude for the EPRI-SOG sources limited to my, 6.5 and the
Geomatrix (2004) characterization for large repeating earthquakes used to model
reoccurrence of large earthquakes.
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Figure 2.5.2-29 compares the hazard computed using the revised updated seismic source
model for the New Madrid and Charleston sources to the hazard obtained by simply adding
sources of repeating large earthquakes to the EPRI-SOG model. These results indicate that
there is negligible effect (< 2 percent change in ground motion level) of “double counting”
of large earthquakes in the range of 10+ to 10-> annual frequency of exceedance. The
negligible impact of double counting is due to the large difference between the rate
predicted by the EPRI-SOG models and the rate based on the results of recent
paleoliquefaction studies (Figure 2.5.2-18).

The third PSHA sensitivity analysis evaluates the effect of replacing the three my-based
ground motion attenuation models used in the EPRI-SOG (1988) model with the new M-
based ground motion attenuation models developed by EPRI (2004). Figure 2.5.2-30
compares these hazard results for the EPRI-SOG (1988) seismic source characterization. The
three my-M relationships described in Section 2.5.2.4.1.3 were used to convert my
magnitudes into moment magnitude for calculation of the hazard using the EPRI (2004)
ground motion models. The effect of using the updated ground motion models on the 10-Hz
motion hazard is to produce a small increase in ground motion for an exceedance frequency
of 10+ (5 percent increase for mean hazard, 17 percent increase for median hazard) and
larger increases in ground motions for lower exceedance frequencies (50 to 60 percent
increase at 105 exceedance frequency). The larger ground motions at lower exceedance
frequencies is due in part to the increased level of aleatory variability (greater standard
deviation) in the EPRI (2004) ground motion characterization compared to the value used in
the EPRI-SOG (1988) hazard model (see Figure 2.5.2-25). For 1-Hz motion hazard, use of the
EPRI (2004) ground motion model results in higher ground motions based on median
hazard (24 to 40 percent increase in the range of 10 to 10-5 exceedance frequency) and lower
ground motions based on mean hazard (33 to 44 percent decrease in the range of 10+ to 105
exceedance frequency). The higher ground motions for median hazard is likely again due to
larger aleatory variability in the EPRI (2004) ground motion characterization. The lower
ground motions for mean hazard is due to replacement of the Nuttli-Newmark Hall model
with models that all produce lower median ground motions (see Figures 2.5.2-23 and
2.5.2-24).

In summary, the PSHA sensitivity analyses indicate that both the updated characterization
of repeating large magnitude earthquakes in the New Madrid region (and, to a minor
extent, in the Charleston region) and the updated EPRI (2004) ground motion
characterization lead to increases in the hazard at the Bellefonte Site at frequencies of
exceedance of 104 to 10~ that are important to defining the SSE ground motions.

25244 Updated PSHA (RG 1.165, E.3 Step 3 Evaluation)

The sensitivity evaluations described in Section 2.5.2.4.3 identified three specific elements of
the EPRI-SOG evaluations that are impacted by the new information and data. The areas
that require updating are: (1) the characterization of the size and rate of the more frequently
occurring large magnitude New Madrid events originating on the fault system that
generated the 1811-1812 earthquake sequence; (2) the characterization of the source
geometry, recurrence, and magnitude of repeating large magnitude earthquakes in the
Charleston region (which has only a very minor impact on the site hazard); and (3) new
ground motion models for the CEUS. The modifications to the EPRI-SOG seismic hazard
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model to incorporate these updates are discussed in the following sections. Note that, with
the exception of the repeating large magnitude New Madrid and Charleston earthquakes,
the seismicity parameters defined for the EPRI-SOG seismic sources are unchanged by new
data and are found, consistent with Regulatory Guide 1.165 (USNRC, 1997), to be
appropriate for use in the updated PSHA for the Bellefonte Site.

25244.1 New Madrid Repeated Large Magnitude Earthquake Source

The principal seismic activity within the upper Mississippi embayment is interior to the
Reelfoot rift along the NMSZ. Recent seismologic, geologic, and geophysical studies have
associated faults within the NMSZ with large magnitude historical earthquakes that
occurred during 1811-1812 (see Section 2.5.1.1.4.3(a)1 for a discussion of new data).
Paleoliquefaction studies provide evidence that large magnitude earthquakes have occurred
on these faults more frequently than the seismicity rates specified in the EPRI-SOG source
characterizations. Figure 2.5.2-31 shows the locations of these sources relative to the
Bellefonte Site.

The EPRI-SOG source characterizations, as they stand, adequately address the uncertainty
related to location, magnitude, and frequency of earthquakes that may occur on other
potential seismic sources in the region of the NMSZ, such as recently identified active faults
along the northern and southern rift margins (see discussion in Section 2.5.1.1.4.3(a)2,

Table 2.5.1-1). Updating the EPRI-SOG seismic source evaluations for this study, therefore,
focuses on the characterization of more frequent large magnitude events along the central
fault system. The key source parameters are discussed in the following sections. The logic
tree used to represent the uncertainty in the seismic source characterization model for the
NMSZ central fault system is shown in Figure 2.5.2-32.

(a.) NMSZ Central Faults Source Geometry

Three fault sources are included in the updated characterization of the central fault system
of the NMSZ: (1) the New Madrid South (NS) fault; (2) the NN; and (3) the RF (RF). The first
three levels of the logic tree for these sources address the uncertainty in the research
community regarding the location and extent of the causative faults that ruptured during
the 1811-1812 earthquake sequence. This uncertainty is represented by alternative
geometries for the NN, NS, and RF faults. These alternative geometries affect the distance
from earthquake ruptures on these fault sources to the Bellefonte Site.

The locations of the faults that make up the New Madrid central fault system sources are
shown in Figure 2.5.2-31 (inset A). For the New Madrid South fault (NS) source, two
alternatives are considered, as described by Johnston and Schweig (1996): (1) the BA/BL
(BA/Bootheel lineament); and (2) the BA/BFZ (BA/Blytheville fault zone) (also see Figure
2.5.1-31). Although modern seismicity is occurring primarily along the BFZ, Johnston and
Schweig (1996) present arguments suggesting that the BA/BL is the most likely location for
the main NM1 (D1) event and that major NM1 (D1) aftershocks occurred on the BEZ (the
northeast extension of the Cottonwood Grove fault) (see Section 2.5.1.1.4.3(a)1 for a
description of the 1811-1812 earthquake sequence and its relationship to the identified
faults). Therefore, slightly greater weight is given to BA/BL [0.6] (total length of

132 kilometers [80 miles]) versus BA/BFZ [0.4] (total length of 115 kilometers [69 miles]).
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Two alternative total lengths are considered for the NN source. The first, which is given the
highest weight [0.7], allows for rupture of the 60-kilometer (36-mile) fault segment (NN,
Figure 2.5.2-31) as defined by Johnston and Schweig (1996). Cramer (2001) uses a similar
value (59 kilometers) (35.4 mile) as the length of his northeast arm. Concentrated seismicity
defines the segment as ~40 kilometers (24 miles) long. Johnston (1996b), in modeling the
source fault for the NM2 (J1) earthquake, extends the fault to the epicentral region of the
1895 Charleston, Missouri, earthquake (M 6.0-6.6), for a total length of 65 kilometers

(39 miles). An alternative total length of 97 kilometers (58 miles) allows for the fault to
extend north to include less well-defined seismicity trends noted by Wheeler (1997).
Wheeler et al. (1997) and other researchers argue for a structural northern boundary to the
rift in this region (Table 2.5.1-1). The New Madrid northern extension (NNE, Figure 2.5.2-31)
is not as well defined by seismicity as is the NN segment. Also, the recurrence interval of
large magnitude earthquakes in the northern Mississippi embayment appears significantly
longer than the recurrence interval for NMSZ earthquakes based on paleoliquefaction
studies. Van Arsdale and Johnston (1999) cite as evidence of a long recurrence interval (on
the order of tens of thousands of years) the sparse seismicity, the lack of Holocene fault
offsets in the Fluorspar Area fault complex along trend to the north, the presence of only
minor Quaternary faulting, and the lack of discernable offset of the margins of Sikeston
Ridge where it meets the NN. Given these observations, the longer (97 kilometers [58 miles])
fault length that includes the NN and NNE is given less weight [0.3].

Johnston and Schweig (1996) conclude from historical accounts that the NM3 (F1) event
occurred on the RF (Figure 2.5.1-24). Johnston and Schweig (1996) identify three possible
segments of the RF, a central 32-kilometer-long reverse fault defined by the RF scarp
between the two northeast-trending strike-slip faults, a 35-kilometer-long segment (RS) that
extends to the southeast, and a 40-kilometer-long (24 miles) segment west of the NN
(Figure 2.5.1-24). Seismicity and geomorphic data indicate that the southeast segment is
slightly shorter (25 to 28 kilometers) than indicated by Johnston and Schweig (Van Arsdale
et al., 1999; Mueller and Pujol, 2001). Cramer (2001) uses a total length of 60 kilometers for
the RF. The alternative fault rupture scenarios of Johnston and Schweig (1996) include
rupture of a 40-kilometer-long northwest fault segment (Figure 2.5.1-24). Cramer (2001)
assigns a length of 33 kilometers to this segment, which he refers to as the west arm. Mueller
and Pujol (2001) note that this westerly arm is imaged as a vertical fault that terminates the
Reelfoot thrust. They interpret the westerly arm as a left-lateral strike-slip fault
kinematically linked to the Reelfoot thrust. Bakun and Hopper (2004b) suggest a preferred
epicenter location at the northern end of the RS segment. Hough and Martin (2002) show a
slightly different geometry for the northwestern portion of the fault and do not interpret the
historical 1811-1812 earthquake ruptures to have extended to the rift margin on the
southeast (Figure 2.5.1-25). Two alternative fault geometries are included in this study:

(1) the RF fault includes the NW, RF, and RS segments as defined in Cramer (2001) [0.7]; and
(2) a shorter RF that extends from the intersection with the NN fault and extends to the
southeastern end of the RF as shown by Hough and Martin (2002) (Figure 2.5.2-14). The
longer length is judged to be more consistent with displacements and magnitudes inferred
for the NM3 event, and thus is given higher weight in the model.
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(b.) NMSZ Central Faults Maximum Earthquake Magnitude

The next level of the logic tree addresses the maximum magnitude for earthquakes on the
three New Madrid fault sources. As discussed previously in section (a), specific faults and
seismicity lineaments have been proposed as the sources of the 1811-1812 and previous
earthquakes. In addition, researchers have suggested that the sizes of prehistoric
earthquakes associated with these sources are similar to the 1811-1812 earthquakes (e.g.,
Tuttle et al., 2002). The identification of fault sources and repeated large earthquakes of
similar size is suggestive of the behavior of crustal faults in more active regions and many
recent studies (e.g., Frankel et al., 1996, 2002; Toro and Silva, 2001; Geomatrix, 2004) have
used the concept of “characteristic” earthquakes to characterize the behavior of the New
Madrid seismic source. The characteristic earthquake concept is that a seismic source
generates repeated large earthquakes of similar size at a frequency that is greater than
obtained by extrapolating a Gutenburg-Richter recurrence relationship fit to the observed
seismicity rate for smaller-magnitude earthquakes, as illustrated in Figure 2.5.2-18. These
characteristic earthquakes represent the largest earthquakes produced by the source, and as
such represent the maximum magnitude event. Using the concept of characteristic
earthquakes, seismic source characterizations of the New Madrid seismic source zone
typically consider the 1811-1812 earthquakes to represent the maximum earthquake for this
source. Table 2.5.1-2 summarizes recent estimates of the magnitude of the New Madrid
1811-1812 mainshocks.

Bakun and Hopper (2004b) provide preferred estimates of the locations and moment
magnitudes and their uncertainties for the three largest events in the 1811-1812 sequence
near New Madrid. Their preferred intensity magnitude Mj, which is their preferred estimate
of M, is 7.6 (6.8 to 7.9 at the 95 percent confidence interval) for the December 16, 1811, Event
(NM1), 7.5 (6.8 to 7.8 at the 95 percent confidence interval) for the January 23, 1812, Event
(NM2), and 7.8 (7.0 to 8.1 at the 95 percent confidence interval) for the February 7, 1812,
Event (NM3). The intensity magnitude M is the mean of the intensity magnitudes estimated
from individual MMI assignments. In their analysis, Bakun and Hopper (2004b) consider
two alternative eastern North America (ENA) intensity attenuation models, which they refer
to as models 1 and 3. As indicated in Table 2.5.1-2, these two models give significantly
different results for larger magnitude earthquakes. Bakun and Hopper (2004b) state that
because these models are empirical relations based almost exclusively on M < 6 calibration
events “There is no way to confidently predict which relation better represents the MMI-
distance data for M 7 earthquakes in ENA” (p. 66, Bakun and Hopper, 2004b). They present
arguments supporting their preference for model 3, but do not discount the results based on
model 1.

Dr. Susan Hough (written communication, August 23, 2004) believes that there are
insufficient data regarding the calibration of ENA earthquakes larger than M > 7 to rely
strictly on ENA models as was done in Bakun and Hopper (2004b). She offers arguments to
support M 7.6 (the size of the 2003 Bhuj earthquake) as a reasonable upper bound for the
largest of the earthquakes in the 1811-1812 New Madrid earthquake sequence, which is
more consistent with the estimates cited in Hough et al. (2000) and Mueller et al. (2004).

Mueller et al. (2004) use instrumentally recorded locations of recent earthquakes (assumed
by Mueller et al. to be aftershocks of the 1811-1812 sequence) and models of elastic stress

25.2-30 B0I052410001.D0C



GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

change to develop a kineamatically consistent rupture scenario for the mainshock
earthquakes of the 1811-1812 New Madrid sequence. In general, the estimated magnitudes
for NM1 and NM3 used in their analysis (M = 7.3 and M = 7.5, respectively) are consistent
with those previously published by Hough et al. (2000). Their results suggest that the
mainshock Events NM1 and NM3 occurred on two contiguous faults, the strike-slip
Cottonwood Grove fault and the Reelfoot thrust fault, respectively. The locations of the
NM1 and NM3 Events on the Cottonwood Grove and RFs, respectively, are relatively well
constrained. In contrast to the earlier Hough et al. (2000) study that located the NM2
earthquake on the NN, they suggest a more northerly location for the NM2 Event, possibly
as much as 200 kilometers to the north in the Wabash Valley of southern Indiana and
Illinois. Hough et al. (2005) also infer a similar more northerly location. Using Bakun and
Wentworth’s (1997) method, Mueller et al. (2004) obtain an optimal location for the NM2
mainshock at 88.43°W, 36.95°N and a magnitude of M 6.8. They note that the location is not
well constrained and could be fit almost as well by locations up to 100 kilometers northwest
or northeast of the optimal location. Mueller et al. (2004) conclude that the three events on
the contiguous faults increased stress near fault intersections and end points, in areas where
present-day microearthquakes have been interpreted as evidence of primary mainshock
rupture. They note that their interpretation is consistent with established magnitude/fault
area results, and do not require exceptionally large fault areas or stress drop values for the
New Madrid mainshocks.

With respect to the location of the NM2 Event, Bakun and Hopper (2004b) also discuss the
paucity of MMI assignments available for this earthquake to the west of the NMSZ and the
resulting uncertainty in its location. They note that the two MMI sites closest to the NMSZ
provide nearly all of the control on the location of this event and that, based on these two
sites, a location northeast of their preferred site would be indicated. However, they conclude
that the lack of 1811-1812 liquefaction observations in western Kentucky, southern Illinois,
and southern Indiana preclude an NM2 location in those areas. Bakun and Hopper (2004b)
follow Johnston and Schweig (1996) in selecting a preferred location on the NN. S.
Obermeier confirmed that liquefaction features in the Wabash Valley region that would
support the more northerly location preferred by Mueller et al. (2004) are absent (Dr. Steve
Obermeier, personal communication, August 24, 2004). He noted that he had looked
specifically in the area cited in the Yearby Land account that was cited by Mueller et al.
(2004) and observed evidence for only small sand blows and dune sands, but did not see
features of the size and origin described in that account.

Dr. Arch Johnston (written communication, August 31, 2004) indicates that the estimates of
Johnston (1996b) are likely to be high by about 0.2 to 0.3 magnitude units. Dr. Johnston
indicates that he is working on developing revised estimates for a forthcoming paper.

The review of these new publications indicates that there still remain uncertainty and
differing views within the research community regarding the size and location of the 1811-
1812 earthquakes. Based on this review of these articles and the communications with

Drs. Bakun, Hough, and Johnston, the maximum magnitude for the New Madrid central
fault system faults was defined for the GG&S study as follows.
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e Equal weight (one-third) is to be given to estimates based on Bakun and Hopper (2004b)
and Hough et al. (2000)/Mueller et al. (2004), and the Johnston (written communication,
August 31, 2004) revisions to Johnston (1996b).

e Results from both intensity attenuation relations (models 1 and 3) in the Bakun and
Hopper (2004b) estimate are used. Based on Bakun and Hopper’s preference for
model 3, weights are assigned of 0.75 to model 3 and 0.25 to model 1.

e In the case of the Hough et al. (2000)/Mueller et al. (2004) estimates and the written
communication, August 31, 2004) estimates, equal weight is assigned to the range of
preferred values given for each earthquake.

The resulting characteristic magnitude distribution for each of the three faults is given in
Table 2.5.2-8. Rupture sets 1 and 2 correspond to the revised Johnston (1996b) estimates,
rupture sets 3 and 4 correspond to the Bakun and Hopper (2004b) estimates, and rupture
sets 5 and 6 correspond to the Hough et al. (2000) estimates.

As discussed in the following section, the present interpretation of the paleoearthquake data
is that the two prehistoric earthquake ruptures that occurred before the 1811-1812 sequence
also consisted of multiple, large magnitude earthquakes. Therefore, for this assessment, the
event is considered to be rupture of multiple (two to three) of the fault sources shown in
Figure 2.5.2-31. Furthermore, the arguments for the high versus low magnitude assessments
for the individual faults are considered to be highly correlated. Therefore, six alternative sets
of ruptures were produced from the distributions developed previously for each fault, as
shown in the logic tree in Figure 2.5.2-32 and given in Table 2.5.2-8.

The magnitudes listed in Table 2.5.2-8 are considered to represent the size of the expected
maximum earthquake rupture for each fault within the NMSZ. Following the development
of the characteristic earthquake recurrence model by Youngs and Coppersmith (1985), as
modified by Youngs et al. (1988), the size of the next characteristic earthquake is assumed to
vary randomly about the expected value following a uniform distribution over the range of
+% magnitude units. This range represents the aleatory variability in the size of individual
characteristic earthquakes. For example, given that the expected magnitude for the
characteristic earthquake on the NS fault source is M 7.8, the magnitude for the next
characteristic earthquake is uniformly distributed between M 7.55 and M 8.05.

(c.) NMSZ Central Faults Earthquake Recurrence

The best constraints on recurrence of repeated large magnitude NMSZ events result from
paleoliquefaction studies throughout the New Madrid region and paleoseismic
investigations of the RF scarp and associated fold. Based on studies of hundreds of
earthquake-induced paleoliquefaction features at more than 250 sites, Tuttle et al. (2002)
conclude that: (1) the fault system responsible for the New Madrid seismicity generated
temporally clustered, very large earthquakes in AD 900 £100 and AD 1450 +150 years as
well as in 1811-1812; (2) given uncertainties in dating liquefaction features, the time between
the past three events may be as short as 200 years or as long as 800 years, with an average of
500 years; and (3) prehistoric sand blows probably are compound structures, resulting from
multiple earthquakes closely clustered in time (i.e., earthquake sequences).
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Cramer (2001) obtained a 498-year mean (440-year median) recurrence interval for New
Madrid characteristic earthquakes based on a Monte Carlo sampling of 1,000 recurrence
intervals using the Tuttle and Schweig (2000) uncertainties as a range of permissible dates
(£ two standard deviations) for the two most recent prehistoric earthquakes (i.e., AD 900
+100 and AD 1450 £135). Assuming a lognormal distribution with a coefficient of variation
of 0.5 for inter-arrival time, Cramer (2001) obtained a 68 percent confidence interval for the
mean recurrence interval of 267 to 725 years, and a 95 percent confidence interval of 162 to
1,196 years (ranges for one and two standard deviations, respectively).

Exelon (2003, Attachment 2 to Appendix B) presents a detailed assessment of the timing
constraints on prehistoric New Madrid earthquakes and the development of occurrence
rates for repeats of 1811-1812 earthquake sequence. The uncertainties in the ages of
individual samples were used to constrain the timing of individual events. A Monte Carlo
sample of 10,000 sets of time intervals between events was generated using these data. Two
recurrence models were used to represent the occurrence of earthquake sequences, the
commonly used Poisson (memoryless) model and a renewal model (one-step memory). The
uncertainty in fitting these models to a sample of limited size (two closed time intervals,
between 900 AD and 1450 AD and between 1450 AD and 1811-1812, and one open interval
post 1812) together with the simulated distributions of time intervals provided uncertainty
distributions on the recurrence rates for New Madrid sequences. For the renewal model,
Exelon (2003) used a lognormal distribution to represent the time between earthquakes.
Exelon (2004) repeated the analysis of the simulated time intervals between earthquake
sequences using the Brownian Passage Time (BPT) model developed by Ellsworth et al.
(1999) and Matthews et al. (2002) to represent the distribution of the time between
earthquake sequences in the renewal model. Ellsworth et al. (1999) and Matthews et al.
(2002) propose that the BPT model is more representative of the physical process of strain
buildup and release on a seismic source than the other distribution forms that have been
used for renewal models (e.g., the lognormal). Based on these arguments, the BPT model
was used by the Working Group (2003) to assess the probabilities of large earthquakes in the
San Francisco Bay area.

Figure 2.5.2-33 shows the uncertainty distributions for the mean repeat time between New
Madrid earthquake sequences obtained by Exelon (2004). Application of the BPT model
requires estimation of the aperiodicity coefficient a that defines the variability in the timing
of individual events. Because of the very limited sample size, Exelon (2004) did not estimate
o from the simulated data. Instead, they utilized the distribution for o developed by the
Working Group (2003) of 0.3 (wt 0.2), 0.5 (wt 0.5), and 0.7 (wt 0.3). These alternative values
were incorporated into the uncertainty model for the New Madrid repeating earthquake
source (Figure 2.5.2-32).

Following the process used by Exelon (2003, 2004), the occurrence rates for New Madrid
large magnitude earthquake sequences were estimated using the distributions for mean
repeat time shown in Figure 2.5.2-33. For the Poisson model, the occurrence rate is just the
inverse of the mean repeat time. For the BPT-renewal model, an equivalent Poisson rate is
obtained, allowing the exceedance rate from the New Madrid earthquake sequence to be
added to the exceedance rate from all other sources. The equivalent Poisson rate, Arenewa, is
given by the expression:
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Arenewal = = IN[L= Pronenas (EVENLIN time t, t0 t, + At)]/ At (2.5.2-9)

where 1y is the present time measured from the date of the most recent event, At is the time
period of interest, and Pjenewal() is the probability of the event occurring in the time interval
At. The time period of interest, At, was taken to be 50 years. This is a somewhat long for the
typical life span of a nuclear power plant, but longer values of At produce larger values of
the average rate. The renewal recurrence model, Penewal() is given by the expression:

- F(t, + At) - F(t
(eventin time t, to t, +At) = (t, + Al - F(t)

I:’renewal 1_F (to) (252—10)

where F() is the cumulative distribution for time between events. Equation (2.5.2-10) gives
the probability of a single event in time At while the equivalent Poisson rate

(Equation 2.5.2-9) is based on the probability of one or more events. However, the
probability of two or more in the renewal model case is negligible.

For the BPT model, F() is given by:

F(t) = ©[u, ()] + e O[-u, (1)]
0, (1) = (il i —Jult )l e
0,(0) = (7 + It )l

)= [Zﬂ'gzt?’] eXp(_ (tz;m/;z)t ]

where 4 is the mean inter-arrival time (repeat time), « is the aperiodicity coefficient, and ®( )
is the standard normal cumulative probability function.

(2.5.2-11)

The uncertainty distributions for mean repeat time shown in Figure 2.5.2-33 were
represented in the seismic hazard model by a five-point discrete approximation to a
continuous distribution developed by Miller and Rice (1983). Table 2.5.2-9 lists the discrete
distributions for mean repeat time and the equivalent Poisson rates. The Poisson and
renewal recurrence models are given equal weight (Figure 2.5.2-32). The renewal model is
considered more appropriate on a physical basis for the behavior of characteristic
earthquakes on active faults. The Working Group (2003) applied weights of 0.7 and 0.6 to
non-Poissonian behavior for the San Andreas and Hayward faults, respectively. For other,
less active sources, they assigned a weight of 0.5 or less to non-Poissonian behavior. While
the New Madrid faults are not plate boundary faults, they exhibit behavior that is similar to
that expected for an active plate boundary fault. Equal weights represent maximum
uncertainty as to which is the more appropriate model.

The paleoliquefaction data gathered in the New Madrid region indicate that the prehistoric
earthquakes have occurred in sequences closely spaced in time relative to the time period
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between sequences, similar to the 1811-1812 sequence. Figure 2.5.2-34, taken from Tuttle et
al. (2002), shows the estimated earthquake sizes and event locations for the 1811-1812
sequence and the two previous sequences. These data indicate that the RF has ruptured in
all three sequences, but the NN and NS sources may have produced earthquakes on the
order of one magnitude unit smaller than the 1811-1812 earthquakes in previous sequences.
Recent discussions with Dr. Tuttle (personal communication, 24 August, 2004) indicate that
she considers that the difference between the size of the 1811-1812 earthquakes and those of
the 900 and 1450 sequences are likely to be smaller than what was portrayed in Figure 6 of
Tuttle et al. (2002). As a result, Exelon (2004) revised the model of Exelon (2003) for New
Madrid sequences to consist of two alternative models of rupture or earthquake sequences.
In Model A, all ruptures are similar in size to the 1811-1812 earthquakes. In Model B one-
third of the sequences are the same as Model A, one-third of sequences contain a smaller
rupture of the NN, and one-third of sequences contain a smaller rupture of the NS. The
difference in magnitude from the 1811-1812 ruptures was set to be no more that one-half
magnitude unit, and no ruptures are allowed to be less than M 7. All three earthquakes
were included in the hazard calculation in all rupture sequences. Model A (always full
ruptures) is given a weight of two-thirds and Model B a weight of one-third, based on Dr.
Tuttle’s expression of the difficulties in estimating the size of the pre 1811-1812 ruptures and
her judgment that the difference between the rupture sizes was likely smaller than proposed
in Tuttle et al. (2002).

The computation of the hazard from the New Madrid earthquake sequence uses the
formulation outlined in Toro and Silva (2001). The frequency of exceedance, v(z), from the
earthquake sequence is given by the expression:

V(Z)characteristic = A’sequence |:1_ H {1_ PI (Z > Z)}:| (252'12)
I

where Asguence is the equivalent annual frequency of event clusters and Pi(Z > z) is the

probability that earthquake i in the sequence produces ground motions in excess of level z.

2.5.2.4.4.2 Charleston Repeating Large Magnitude Earthquake Source

The 1886 Charleston, South Carolina, earthquake was the largest earthquake occurring in
historical time in the eastern U.S., and is considered to have a moment magnitude in the
range of 6.8 to 7.5 (Bakun and Hopper, 2004b; Johnston, 1996b; Martin and Clough, 1994;
Nuttli et al., 1979). Based on the felt intensity reports defining the meizoseismal area (area of
maximum damage) and the occurrence of continuing seismic activity (the MPSSZ), the
epicentral region of the 1886 earthquake is considered to be centered northwest of
Charleston. Recent published and unpublished studies were reviewed during the GG&S
hazard evaluation for information on the potential location and extent of the Charleston
source and the maximum characteristic earthquake expected to occur on it (see discussion in
Section 2.5.1.1.4.3(b)). These studies provide evidence that large magnitude earthquakes
have occurred in the vicinity of Charleston more frequently than the seismicity rates
specified in the EPRI-SOG (1988) source characterizations. These studies also indicate that
the source geometries specified in the EPRI-SOG evaluation do not adequately capture the
full range of possible source geometries. An updated source characterization logic tree for

B0I052410001.D0C 25.2-35



GEOTECHNICAL, GEOLOGICAL, AND SEISMOLOGICAL (GG&S) EVALUATIONS FOR BELLEFONTE
SECTION 2.5 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING

repeating large magnitude Charleston earthquakes based on these new data is presented in
Figure 2.5.2-35, and the basis for the alternative characterizations is described as follows.

(a.) Charleston Earthquake Source Geometry

The Charleston earthquake sources proposed in the EPRI-SOG evaluation (1988;

Figures 2.5.2-4 through 2.5.2-9) generally are centered on the meizoseismal area of the
Charleston earthquake, with some zones extending northwest into central South Carolina
and southeast, offshore of Charleston. Based on new information regarding the timing and
distribution of paleoliquefaction in the South Carolina Coastal Plain (Figure 2.5.1-33), the
LLNL TIP (Savy et al., 2002) interpretations limit the location of the Charleston source to the
coastal plain area, or along the ZRA-S (Figure 2.5.2-10). The preferred alternative in the
LLNL TIP study is for a localized source zone centered on the meizoseismal area and the
Woodstock fault. The LLNL TIP model also includes an alternative rectangular zone that
extends along the ZRA-S (Figures 2.5.2-10 and 2.5.2-14). The 2002 USGS source
characterization considers both a regional source zone and a local source zone centered on
the Woodstock fault and the southern part of the ZRA-S (Figure 2.5.2-11). Both alternatives
are given equal weight (Frankel et al., 2002).

Given the various interpretations and models reported in the recent literature for the
location/extent of the source for the Charleston earthquake and other paleoearthquakes in
coastal South Carolina, and for the location of a buried, potentially active fault system in
South Carolina, this GG&S study considers a range of models that encompass the likely
extent of the Charleston-type source(s). Two approaches are used to locate the occurrence of
Charleston-type earthquakes. The first approach (the fault source approach) considers the
geologic features or structures identified within the meizoseismal zone of the 1886
earthquake (along with potential extensions of these features beyond the meizoseismal
zone), to identify the location of the causative source of the 1886 earthquake and future
repeating large magnitude earthquakes. The second approach does not specify a source
fault or fault zone for the Charleston-type earthquakes. Instead, the source is constrained to
a zone that is defined by the area of strong ground shaking associated with sites of
paleoliquefaction.

Several types of data provide constraints on the location and extent of the source fault(s) for
Charleston-type earthquakes in the Atlantic Coastal Plain (see discussion in

Section 2.5.1.1.4.3(b)). Two general fault sources have been postulated: the Ashley
River/Woodstock faults in the meizoseismal area, and the north-northeast-trending zone of
river anomalies (and associated faults and linear magnetic anomalies) referred to as the
ZRA-S (Figures 2.5.1-30 and 2.5.1-31). The Woodstock fault and a fault zone localized along
the southern part of the ZRA-S are included in the GG&S source characterization. The
Woodstock fault (and Woodstock lineament) is shown as a solid line in Figure 2.5.2-31. The
alternative fault source used in the GG&S study is identical to the USGS local source model
(Frankel et al., 2002) that includes the southern part of the ZRA-S in addition to the
Woodstock/ Ashley River faults. Two other postulated fault sources (the Adams Run and
Charleston faults, Figure 2.5.1-30) are located within the general region of the Ashley River
and Woodstock faults, but because these sources all are located at approximately the same
distance from the Bellefonte Site, these faults were not evaluated as separate/specific
sources for repeating Charleston large magnitude earthquakes in the GG&S study. Three
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alternative areal source zones are included in the source characterization for the GG&S
study. These include the USGS 1996 /2002 regional source zone (Frankel et al. 1996, 2002); an
areal source zone based on the locations of Mesozoic basins developed by Geomatrix (2004);
and a coastal zone defined by the LLNL-TIP study (Savy et al., 2002). The USGS 1996 /2002
regional source zone for the Charleston source apparently was defined to include the ZRA-S
and most of the paleoliquefaction sites along the South Carolina Coastal Plain. This source
zone also encompasses parts of the Mesozoic basins in the coastal plain of South Carolina.
The northwest margin of this areal source zone was not associated with any particular
structure (Frankel et al., 1996).

The alternative areal source zone that is based on the locations of Mesozoic Basins along the
coastal plain region in South Carolina extends southwest to the Georgia border and
eastward in the offshore region, compared to the USGS regional source zone. The Mesozoic
Basin source zone does not extend as far north as the extent of the ZRA-S (and the USGS
regional source zone), but is consistent with the extent of paleoliquefaction features along
the South Carolina Coastal Plain.

The third alternative is identical to the LLNL-TIP coastal zone (Savy et al., 2002)

(Figure 2.5.2-10), which encompasses the three major centers of paleoliquefactions features
identified in the South Carolina Coastal Plain. The centers of paleoliquefaction include one
located northeast of Charlestown at Georgetown, one centered at Middleton Place
(northwest of Charleston), and one located southwest of Charlestown at Bluffton

(Figures 2.5.1-33, 2.5.1.34a, and 2.5.1-34b).

The weights assigned to the alternative source geometries are summarized in the logic tree
in Figure 2.5.2-35. The localized fault approach is strongly preferred to the areal source zone
approach (weights of 0.67 and 0.33, respectively) based on the presence of potentially active
faults in the Middleton Place-Summerville area and geomorphic evidence for Quaternary
deformation along the ZRA-S. The Woodstock fault is preferred to the USGS Local Source
Zone (ZRA-S) (weights of 0.67 and 0.33, respectively) because of the presence of a known
fault in the epicentral region compared to the inferred fault along the ZRA-S. For the areal
source zone approach, the USGS regional areal source and Mesozoic Basin areal source are
preferred to the TIP coastal plain source (weights of 0.4, 0.4, and 0.2, respectively) because of
the distribution of the paleoliquefaction features used to infer a source location is in part a
function of the presence of susceptible deposits that are localized along the coast and,
therefore, do not provide uniform coverage throughout the region.

(b.) Charleston Source Maximum Magnitude

Characterization of the source of repeating large earthquakes at Charleston was also
performed by applying the concept of characteristic earthquakes. The interpretation of the
sizes of prehistoric earthquakes is more uncertain here than at New Madrid, but the
interpretations do not suggest that the prehistoric events were much, if any, larger than the
1886 earthquake. Therefore, the maximum (characteristic) earthquake magnitude for the
Charleston source is taken as equal to the magnitude of the 1886 Charleston earthquake.
Because there are uncertainties regarding the magnitude of this earthquake, published
magnitude estimates were used in the GG&S study to develop a maximum earthquake
magnitude for the Charleston source (Table 2.5.2-10). Published estimates of the magnitude
of the 1886 Charleston earthquake include that of Johnston (1996b), who suggested a
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preferred value of M 7.3 £ 0.26. This best estimate of M 7.3 is based on a weighted average
of magnitude estimates from multiple regression relationships between the area
encompassed by individual MMI levels and magnitude. These empirical relationships were
developed using intensity and area data collected from eastern North America and SCRs
worldwide. Specifically, the best estimate magnitude of M 7.3 is based on multiple
regression relationships that maximize use of eastern North American data for MMI levels
Asa, Ay, Ay, Ay, supplemented by worldwide data for MMI levels Ay and Avym. Further,
the Ar relationship was modified to lower the effect of distant outlying reports, and the
Avn and Ay relationships were corrected for wedge effects of the coastal plain sediments
(Johnston, 1996b; Bollinger et al., 1993).

Earlier magnitude estimates (Bollinger, 1977; Nuttli et al., 1979) gave an m;, ranging from 6.6
to 6.9. Bollinger (1977) and Nuttli et al. (1979) used similar approaches that relate MMI data
to my, using intensity attenuation with distance. Bollinger estimated the magnitude as

my, 6.8, while Nuttli et al. estimated the magnitude as my, 6.6. Nuttli (1983) also used a
relationship between the area of MMI IV and body-wave magnitude to estimate an my of 6.9
for the Charleston earthquake, concluding that a best estimate of the magnitude based on
both techniques was my, 6.7. These earlier estimates are represented with a mean value of
my, 6.75 £ 0.15 (Table 2.5.2-10).

In a new approach to estimating magnitude from MMI, Bakun and Hopper (2004b)
developed a method to directly invert intensity observations to moment magnitude M. They
obtained an estimate of M 6.9 (6.4 to 7.2 at the 95 percent confidence level) for the 1886
Charleston earthquake.

An alternative approach for estimating the magnitude of the 1886 earthquake relies on back-
calculation of ground motions from paleoliquefaction evidence (Martin and Clough, 1994).
In this approach, the threshold pga required to cause ground deformation is estimated
based on the intersection of the “layer curve effect” and the cyclic stress method for relating
the percentage of a source layer that liquefies to the pga. Martin and Clough (1994)
concluded that the liquefaction evidence was consistent with an earthquake no larger than
M 7.5, and possibly as small as M 7.0. Their estimate is represented in the GG&S study by a
magnitude range of M 7.25 + 0.25 (Table 2.5.2-10).

In recent studies of soils that liquefied during paleoearthquakes attributed to the Charleston
source, Hu et al. (2002a, b) used the approach of Martin and Clough (1994) to estimate the
pgas due to paleoearthquakes, and estimated magnitudes in the range of M 6.8 to 7.6 for
these paleoearthquakes from the pgas. More recent work by Leon et al. (in press, August
2005) to assess the liquefaction resistance of older soils indicates the preliminary magnitude
estimates published by Hu et al. are too high, and that the best estimate magnitude for the
largest paleoearthquakes (Events A and C’) are in the range of M 6.2 to 7.2 (Table 2.5.1-6).

The previous magnitude estimates were used to evaluate the maximum earthquake for the
Charleston source. The estimate by Johnston (1996b) is deemed more reliab