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(ABSTRACT)

Seismic hazard calculations for sites in eastern North America have traditionally assumed a
Poisson process to describe the temporal behavior of earthquakes and have employed the
Gutenberg-Richter relationship to define the frequency distribution of earthquake magnitude. For
sites in areas where geological information indicates recurrent, large earthquakes, however, such
data imply a rate for large events which often exceeds that predicted by the Gutenberg-Richter
relationship. One way in which this discrepancy can be reconciled is to assume that the larger
events occur as a time-dependent, or renewal, process and possess a “characteristic earthquake”
magnitude distribution. The main purpose of this study is to make a quantitative comparison of
seismic hazard estimates for Charleston of the influences of 1) the Poisson temporal model
assuming the Gutenberg-Richter and characteristic earthquake magnitude recurrence relationships
with 2) the renewal temporal model assuming the characteristic magnitude recurrence relationship.
Other issues that are examined are the sensitivity of uncertainties of hazard model parameters such
as maximum magnitude and seismic source delineation.
Probabilistic seismic hazard calculations for the next 50 years were performed at Charleston
for all potential seismic sources. The highest estimate of seismic hazard was obtained with the
Poisson temporal model and characteristic earthquake recurrence relationship. The lowest hazard
was obtained with the renewal temporal model and characteristic magnitude recurrence
relationship. The results of this study are in good agreement with hazard estimates for Charleston
in the most recent national seismic hazard maps.
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Chapter 1: Introduction
The purpose of this study is to characterize the seismic hazard in Charleston, South
Carolina by means of the probabilistic seismic hazard method. This study is timely because of the
recent development of new ground motion prediction models for eastern North America as well as
the discovery of geologic evidence for the recurrence of large, potentially damaging seismic events
in this region. The incorporation of this new information into the study should provide an up-todate assessment of the seismic hazard in Charleston, South Carolina as well as provide a basis for
comparison with the national seismic hazard maps recently published by the U.S. Geological
Survey (Frankel et al., 1996).
A probabilistic seismic hazard analysis provides an estimate of the frequency of exceeding
specified levels of ground motion at a site by integrating the contributions of earthquakes of all
possible magnitudes and locations in a consistent manner. Introduced by Cornell (1968), this
method has many applications in the field of earthquake engineering, including the design or
retrofitting of critical facilities (for example, nuclear reactors, bridges, dams, and hospitals) and the
containment of hazardous waste. More recently, seismic hazard analyses have also been used for
the determination of earthquake insurance coverage of private homes and businesses.
The need for an assessment of the seismic hazard in intraplate regions like eastern North
America is often overlooked due to the infrequent occurrence of large, damaging earthquakes.
However, when factors such as high population density, low attenuation rates of seismic energy,
and a large number of critical facilities are considered, it becomes apparent how necessary seismic
hazard assessments are for this region. Additionally, recent geologic evidence indicates that certain
regions of eastern North America have repeatedly experienced large earthquakes in the past.
Significantly, some of these regions, such as coastal South Carolina, include the epicenters of the
larger events in the historical earthquake catalog.
1.1 Types of Seismic Hazard Analyses
Approaches to seismic hazard assessment can be grouped into two broad categories:
deterministic and probabilistic (Reiter, 1990).
1.1.1 Deterministic Approach
Here, all distances from the sites to the potential earthquake sources, as well as the
magnitudes of the earthquakes within the potential sources, are fixed (Reiter, 1990). The result is
an estimate of the ground motion that the site would experience given the occurrence of an
earthquake at some fixed distance and magnitude. Deterministic seismic hazard analyses are useful
for site-specific studies, particularly those involving critical facilities in which the design criteria are
based upon the occurrence of the largest possible seismic event (Reiter, 1990). The disadvantage
of this type of analysis is that the likelihood of occurrence of the events is not considered and
uncertainty in the hazard estimate can not be analyzed explicitly in a formal, quantitative manner.
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1.1.2 Probabilistic Approach
In this approach, distances to potential seismic sources and the magnitudes of earthquakes
generated by those sources are treated as random variables (Cornell, 1968; Reiter, 1990). The
result is a single hazard curve or set of hazard curves that represent the expected frequency of
exceedance of a pre-specified value of motion at a given site. The advantage of this type of seismic
hazard analysis is that it models the fundamentally probabilistic nature of seismic hazard. Future
earthquakes can occur at a variety of locations and over a range of magnitudes. Because many
combinations of magnitude and distance could result in damage to a given structure, a risk-based
design approach is desirable for many types of engineering problems. Therefore, the probabilistic
approach is the more suitable of the two for most cases. In this study a probabilistic approach is
taken because of the need to assess the probability of occurrence of potentially damaging events as
well as the uncertainty in the locations of seismically active faults in eastern North America.
1.2 Goals of this Study
The principal goal of this study is the characterization of seismic hazard at Charleston,
South Carolina using the probabilistic seismic hazard method. This site was chosen for analysis
because of its proximity to the damaging magnitude 7 earthquake that occurred there in 1886.
Recent geological evidence indicates that the region surrounding the Charleston site is a potential
localized source of seismicity. Such new information has implications on the way in which
seismic hazard can be calculated in Charleston. The latest national seismic hazard maps (Frankel et
al., 1996) are based on the assumption that all earthquakes follow the Poisson statistical model. In
this study, an alternative interpretation of the temporal occurrence of seismicity is used. This
alternative model, known as a renewal model, assumes a non-random temporal occurrence of
earthquakes. As a result, a comparison of the two studies will be instructive. Although a number
of other studies have been conducted in this region (Algermissen and Perkins, 1976; Algermissen
et al., 1982; Electric Power Research Institute, 1986), comparisons with their results are not made
in this study because many of them are proprietary or utilize outdated information.
Another goal of this study is an assessment of the sensitivity of uncertainties of some
hazard model parameters. Specifically, this includes the delineation of seismic source zones, the
estimation of maximum magnitude, the use of an appropriate magnitude recurrence relationship,
and the determination of the temporal process by which earthquakes are assumed to occur.
1.3 Thesis Outline
Chapter 2 is a discussion of the methodology of seismic hazard analyses, including the
basic steps, assumptions, uncertainties, and equations involved in the calculation of seismic
hazard. Chapter 3 uses seismologic and geologic information presented in Appendices A and B to
define a seismotectonic model for the southeastern United States. This regional model, in turn, is
used to establish a hazard model for Charleston, South Carolina, which is described in Chapter 4.
Additional information concerning the hazard model is presented in Appendices C and D. The
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thesis closes with a discussion of the results of the seismic hazard analysis and provides a
quantitative description of the hazard in Charleston in Chapter 5.
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Chapter 2: Methodology of Seismic Hazard Analyses
The assumption that earthquakes are a random, or stochastic, process is central to the
method of probabilistic seismic hazard analysis. If seismic events are statistically independent,
then the distribution function of their occurrence times can be represented by the Poisson
distribution. One alternative to the Poisson process is the renewal model, in which the probability
of occurrence of an event depends upon the prior occurrence of another event. Both the Poisson
and renewal models will be considered below.
The purpose of this chapter is to provide some background information concerning the
general methodology followed in conducting probabilistic seismic hazard analyses. This section
opens with a discussion of the types of information that is needed as input for probabilistic seismic
hazard analyses. It concludes with a summary of important hazard model parameters.
2.1 Elements of a Probabilistic Seismic Hazard Analysis
The general procedure for a probabilistic seismic hazard analysis requires four steps
(Figure 2.1).
2.1.1 Step 1
The first step involves the identification and delineation of potential sources of seismicity
that may affect the site or sites of interest. These sources of seismicity may be represented as area
sources, fault sources, or, rarely, point sources, depending upon the geological nature of the
sources and available data.
2.1.2 Step 2
In the second step the temporal behavior of earthquakes is determined for each source by
establishing a magnitude recurrence relationship over the range of magnitudes that are likely to be
generated by each seismic source. Traditionally recurrence models have assumed a GutenbergRichter relationship (Log N = a - bM) where N is the number of earthquakes with magnitudes
greater than M. However, other recurrence models, such as the characteristic earthquake model
(not shown in Figure 2.1), are certainly possible and can be applied if appropriate. A description
of the characteristic earthquake model is given at the end of this chapter.
2.1.3 Step 3
The third step involves the use of a ground motion prediction model to establish the
conditional probability of exceedance of a pre-specified ground motion value for each site given the
occurrence of an earthquake at a particular magnitude and location. Ground motion prediction
models are derived from strong motion data; the resulting prediction equations usually consist of
separate relations for elastic response spectral amplitudes for both hard rock and soft soil sites.
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2.1.4 Step 4
The fourth step of the analysis involves the integration of the first three steps over all
possible magnitudes and earthquake locations to produce the result of a seismic hazard analysis: A
function representing the probability of exceeding various levels of peak ground motion, or,
alternatively, the maximum elastic response of a single degree-of-freedom oscillator to ground
motion at a specific site. Response spectra are an advantage in areas of engineering concern
because the response of a structurally complex building can be modeled as the superposition of a
number of single degree-of-freedom oscillators. Therefore, hazard curves are calculated for a
number of different single-degree-of-freedom oscillators which, in turn, can be used for the
development of uniform hazard spectra. Uniform hazard response spectra are derived from hazard
curves by selecting oscillator response values for a specific exceedance frequency. A discussion of
single degree-of-freedom oscillators and uniform hazard response spectra is given in Appendix E.
2.2 The Probabilistic Hazard Model
The model in probabilistic seismic hazard analyses assumes that the magnitudes, distances,
and resulting ground motions of earthquakes potentially affecting the site in question are random
variables. This model reflects the fact that the exact size, location and time of occurrence of future
earthquakes can not be predicted deterministically.
The most common temporal model used for hazard calculations is the Poisson process.
The assumptions involved in this model are: 1) An event can occur at any time; 2) The time
interval over which an event occurs is entirely independent of the interval over which any other
event occurs so long as the time intervals of the two events do not overlap, and 3) The probability
of occurrence of an event in a small time interval, ∆t, is proportional to ∆t and can be expressed as
υ∆t, where υ, the mean rate of occurrence of that event, is assumed to be constant (Ang and Tang,
1975). In the hazard model, the event in question is the exceedance of a specified level of motion
at the site. The underlying process is the occurrence of earthquakes. Therefore, we assume that
the seismicity as well as the exceedance of ground motion both follow the Poisson model.
In general, the Poisson model can be represented by the Poisson probability distribution:
(υt) x −υt
P(Xt = x) =
e
x!

for x=0,1,2,...

(1)

where P(Xt=x) is the probability of "x" events in time "t" and υ is the mean rate of occurrence of
events. For x=0, P(Xt=0)=e-υt. The probability of at least one event in time t is given by:
P(Xt > 0) = 1 − e −υt

(2)

Assuming that the exceedance of ground motion value "g" follows a Poisson process, we have:
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P(Gt > g) = 1 − e

−υ g t

(3)

In Equation 3, P(G>g) is the probability of exceeding ground motion value "g" and υg is the rate
of exceeding ground motion value "g". Rate υg is estimated in the hazard calculations by
evaluating the following expression:
m + r+

υg = α ∫ ∫ f R (r) f M (m)P(G > g | m,r)dmdr

(4)

m − r−

The seismicity rate of earthquakes with magnitudes between m- and m+ is represented
by α.+
a −bm −
Assuming a Gutenberg-Richter model, this rate can be expressed as α = 10
− 10 a−bm . The
probability density of site-to-source distance, “r”, is represented by fR(r). The probability density
of earthquake magnitude, “m”, is represented by fM(m). The conditional probability of ground
motion G exceeding some specified value, g, given the occurrence of an earthquake of magnitude
“m” at distance “r” is represented by P(G>g|m,r). Equation 4 is a general expression for the
hazard due to a single source using the Poisson model.
The functional form of fM(m) is usually chosen to be consistent with the empirical
Gutenberg-Richter magnitude recurrence relationship. This relationship must be truncated at some
finite upper magnitude because an untruncated recurrence relationship leads to infinite energy
release. A lower truncation is practical for seismic hazard analysis because very small earthquakes
do not contribute to seismic hazard. The truncated exponential density function is given by:
f M (m) =

b' e− b' m
−

e− b' m − e− b' m

+

for m-<m<m+

(5)

The probability density of source-to-site distance depends upon the geometry of the earthquake
source, which can be very complicated. If all seismicity is at distance “d” from the site, then
fR(r)=δ(r-d), where δ(x) is the Dirac delta function. If the seismicity is uniform within a circle of
radius "d", then, fR(r)=2r/d2. The geometrically complicated source areas used in this study are
represented by polygons. The probability density functions for those sources are determined
numerically by creating a two-dimensional grid within the polygons and calculating the distances
between the site and the grid elements. The density function is obtained by normalizing a
frequency histogram of the calculated distances. Fault sources can be treated in a similar manner,
but in one dimension rather than in two.
A more general expression for Equation 4 includes the possibility that source-to-site
distance depends upon earthquake magnitude. In Equation 4 this amounts to replacing fR(r) by
fR(r|m). Here, the distance, r, is conditional upon magnitude. This type of conditional density
function is useful when modeling finite rupture on nearby faults.
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The conditional probability, P(G>g|m,r), is calculated under the assumption that peak
ground motion values and oscillator response ordinates have a log-normal distribution with zero
mean and standard deviation, σ:
P(G > g | m,r ) = 1 − Φ 


log(g) −Ψ (m,r) 
.

σ

(6)

Here, Ψ(m,r) is the mean logarithm of ground motion at distance “r” from an earthquake of
magnitude “m”, derived from a ground motion prediction model and Φ is the cumulative normal
probability distribution function.
In the general case of multiple seismic sources, the total hazard can be calculated easily if it
is assumed that the sources are statistically independent. In that case, the total hazard is given by:
n

n

i =1

i=1

Ptotal (Gt > g) = 1 − ∏ Pi (Gt ≤ g) = 1 − ∏ e

−υ gi t

,

(7)

or
Ptotal (Gt > g)

n
− ∑ υgi t
= 1 − e i= 1 .

(8)

The subscript refers to the ith source in the hazard model. For t=1 year and υg i << 0.1,
n

Ptotal (Gt > g) ≈ ∑ υ gi .

(9)

i =1

A plot of the values of Ptotal from Equation 9 versus motion parameter, “g”, is known as a hazard
curve. This is a basic result of the hazard analysis. In cases in which the objective of the study is
to determine the hazard in terms of the engineering response spectra, several hazard curves are
determined, one for each discrete oscillator frequency.
2.3 Important Hazard Model Parameters
From Equation 4 we observe that the seismic hazard is proportional to α. Other important
parameters are the limits of integration and the functional forms of the probability functions in the
integrand. Uncertainties on these parameters contribute to uncertainty in the results of the hazard
analysis. The following will be a discussion of the procedures used to estimate the parameters as
well as sources of uncertainty.
The estimation of α for each source involves an examination and assessment of the
historical catalog of seismicity. Because of the assumption of Poisson behavior, foreshocks and
aftershocks must be identified and removed from the catalog before rates can be estimated. This is
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a somewhat subjective procedure because the analyst must assume a statistical model of foreshock
and aftershock activity. For example, an often-used assumption is that the number of aftershocks
decay exponentially with time. Therefore, in this study, a time window of 7 days and a distance
window of 12 kilometers was used to define dependent events. The dimensions of the windows
are based on an assessment of obvious aftershock sequences of the larger events in the catalog.
With one exception, the southeastern U.S. catalog does not contain extensive aftershock
sequences. The magnitude 7+ earthquake near Charleston, South Carolina in 1886 has an
extensive aftershock sequence that extends to at least the year 1900. Therefore, all earthquakes in
coastal South Carolina between 1886 and 1900 are considered to be aftershocks. An additional
source of uncertainty involves the assumption of stationarity. Due to variable population density
and reporting, rates for earthquake activity apparently decrease with time. This is an artifact of
catalog reporting (or completeness). The catalog extends to 1775, however it is complete for
magnitudes greater than 4 only since 1860. The catalog is considered complete for magnitudes less
than 2 only during the past two decades when networks came into operation. These difficulties
require that the catalog be interpreted for completeness on a source-by-source basis prior to the
estimation of α for each source. These analyses will be discussed in Chapter 4 where the
individual sources are treated in detail.
The maximum earthquake, m+, is an important parameter. Ideally, it would be estimated on
the basis of a lengthy historical catalog of earthquakes and geological evidence. However, due to
the relatively short historical earthquake record, the magnitude of the largest possible earthquake in
a source zone can not be determined reliably for most areas in the Southeast. Therefore, for most
of the source areas the parameter is assigned a range of values from 6.5 to 7.5. This allows for the
sensitivity of the hazard results to values of maximum magnitude to be assessed. An important
exception is the Charleston, South Carolina source area where it is assumed that the maximum
earthquake has already occurred historically.
Another source of uncertainty is the ground motion prediction model. This is a problem in
eastern North America due to a small strong motion database. In the past, ground motion
prediction models for hazard analyses in eastern North America were derived indirectly using
modified Mercalli intensity data from eastern earthquakes combined with strong motion data from
western United States earthquakes (Joyner and Boore, 1988). This can lead to inappropriate
values of exceedance frequencies in probabilistic seismic hazard analyses due to the differences in
the subsurface geology and attenuation in seismic energy between the eastern and western United
States. The most recent ground motion model for eastern North America is based on a
combination of theoretical models for the seismic source combined with empirical measurements of
ground motion attenuation in the East (Atkinson and Boore, 1995). That model has been adopted
for use in this study. However, important uncertainties in ground motion prediction remain, such
as uncertainties due to the intrinsic variability of ground motion propagation. In the model, this
variability is represented by σ in Equation 6. A value of 0.25 has been used in the calculations.
This is appropriate for the western North American database (Atkinson and Boore, 1995).
However, this choice can not be verified using the sparse ground motion data available for the
East.
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Another significant uncertainty is the delineation of seismic source zones. This uncertainty
affects not only the functional form of fR(r) but also estimates of α and fM(m). This is because the
rates and magnitude distributions are estimated from the seismicity catalog sorted according to
geographic area. The use of an area source implies that the probability density of earthquake
occurrence within the area is spatially uniform. This assumption can not be tested for some areas
due to limited catalog length and completeness. The assignment of seismic source zones is
generally determined by patterns of regional seismicity but may also be guided by geologic or
geophysical information. The poor correlation between earthquake hypocenters and geologic
structure in eastern North America, compounded with a relatively short yet apparently stable
earthquake catalog, results in large uncertainties in the delineation of seismic source zones. The
sensitivity of uncertainty in the delineation of seismic source zones is explored in this study for the
Charleston source zone. Traditionally this seismic source has been modeled as an area source, yet
there is geophysical and possibly geomorphic evidence to substantiate the actual location of the
causative fault. This evidence is discussed in Appendix B.
Finally, the assumption of the Poisson process is itself uncertain. This is particularly true
for sites where the seismic hazard is dominated by one or a very few dominant faults. The
Gutenberg-Richter relationship combined with the assumption of Poisson behavior has been found
to represent adequately the seismicity behavior of large regions (Schwartz and Coppersmith,
1984). The explanation for this observation is that comparatively large areas such as coastal
California include a large population of seismogenic faults having a very large range of potential
rupture lengths (Schwartz and Coppersmith, 1984). However, the seismicity observed on
individual faults has been observed to deviate from the linear Gutenberg-Richter relationship at the
higher magnitudes. Also, geological investigations indicate that the inter-event times of prehistoric, large earthquakes cluster in a manner inconsistent with the exponential distribution
function implied by the Poisson model (Schwartz and Coppersmith, 1984). These observations
form the basis for the "characteristic" earthquake model (Schwartz and Coppersmith, 1984;
Youngs and Coppersmith, 1985). Historical seismicity as well as recent geological investigations
near Charleston, South Carolina suggest that a characteristic earthquake model may be appropriate
for that site (Amick et al., 1990). Accordingly, a characteristic model as well as a Poisson model
are used and compared in this study. This is discussed below.
The hybrid renewal model of Wu et al. (1995) is used in this study to calculate seismic
hazard due to a potential characteristic earthquake source near Charleston, South Carolina. The
model represents a modification of the Poisson process to account for time-dependence of the rate
of large magnitude earthquakes. Basically, the characteristic earthquake model assumes that the
probability of a large characteristic earthquake is dependent upon the time since the occurrence of
the previous characteristic earthquake. Thus, the model has memory and, unlike the Poisson
model, hazard estimates are dependent upon the waiting time since the last large earthquake.
Another element of the characteristic model is that the magnitude distribution of large earthquakes
is non-exponential. The distribution function of magnitude density is peaked at the characteristic
magnitude value (Schwartz and Coppersmith, 1984; Wu et al., 1995).
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In the hybrid renewal model, the probability of motion exceeding some specified value,
“g”, during a time period, “w”, given the time since the occurrence of the last characteristic event,
“t”, is given by:
P(Gt > g | t) = 1− e

− w( υ p + υr )

(10)

where υp is the rate of exceedances of “g” from earthquakes which follow a Poisson process and
υr is the rate of exceedances of “g” from earthquakes which follow a renewal process. The
expression for υp is:
m+
p r+

υ p = α p ∫ ∫ f R (r) fM (m)P(G > g | m,r)dmdr .

(11)

−
m−
pr

In the above equation the limits of magnitude integration represent the range over which the
Poisson model is applicable. The rate of earthquakes assumed to follow a Poisson process is
represented by α p. The expression for the mean rate of exceeding ground motion “g” due to large
magnitude, characteristic earthquakes, υr, is given by:
+ +

mc r
1 t +w
υr =
∫ h(τ )dτ ∫ ∫ fR (r ) fM (m)P(G > g | m,r )dmdr .
w t
mc− r −

(12)

Here, the limits of integration for magnitude represent the range over which the renewal model is
applicable. This represents the characteristic earthquake contribution to hazard. Note that the rate
of characteristic earthquakes is given by the average value of the hazard function, h(τ), evaluated
from time “t” to time “t+w”. Here, “t” is time since the occurrence of the previous characteristic
earthquake and “w” is a time interval representing the exposure period during which hazard
estimates are desired. The hazard function, h(t), of the characteristic earthquake renewal process, is
expressed as:
h(t) =

fT (t)
.
1− FT (t)

(13)

In Equation 13 FT(t) and fT(t) are the cumulative probability and probability density functions,
respectively, of the characteristic earthquake interoccurrence times. Following Wu et al. (1995), a
Weibull model for fT(t) and FT(t) is assumed, leading to:
h(t) = 


Γ(COV)  (t)Γ(COV +1)  (1− COV ) / T
, for COV<1.


T
T

(14)

In the above, T is the mean interoccurrence time for the characteristic events, Γ is the gamma
function, and COV is the coefficient of variation of the interoccurrence times where,
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COV =

σT
.
T

(15)

In Equation 15, σT is the standard deviation of the characteristic earthquake interoccurrence times.
Because of the assumed form of fT(t), h(t) is an increasing function of time “t” since the last
characteristic earthquake. Therefore, the probability of another characteristic earthquake increases
with time since the occurrence of the last characteristic earthquake for coefficients of variation less
than one. For a coefficient of variation equal to 1, σT=T, which indicates that the underlying
distribution of interoccurrence times is exponential (Ang and Tang, 1975). Therefore, the renewal
model used in this study reduces to the Poisson process when the coefficient of variation equals 1
(Figure 2.2).
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The development of a hazard model for Charleston, South Carolina requires information
about the seismotectonic framework of the southeastern United States. The derivation and
description of the elements of this framework are discussed in Appendices A and B. The
seismotectonic characteristics of the southeastern United States are presented in the next chapter.
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Figure 2.2: Hazard functions, h(t), normalized to average interoccurrence time, T, for a
Weibull distribution with coefficients of variation (COV) of 0.1, 0.3, 0.5, 0.7, and 1.0. Note
that for COV = 1.0, the hazard function is constant, implying a Poisson process (adapted
from Wu et al., 1995)
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Chapter 3: Seismotectonics of Southeastern North America
The development of a hazard model for Charleston, South Carolina requires information
concerning the seismologic and geologic characteristics of the surrounding region. These
characteristics are discussed in Appendices A and B, respectively. The purpose of this chapter is
to combine the information presented in Appendices A and B with other pertinent data including the
focal depths of instrumentally-recorded earthquakes, the orientation of focal mechanism nodal
planes, the sources of crustal stress, rates of crustal strain, and the locations and orientations of
newly fractured or recently reactivated crust in southeastern North America. The result will be a
seismotectonic model of the southeastern United States. This model, in turn, will provide a
starting point for the development of a hazard model for Charleston, South Carolina, which is
presented in the next chapter.
3.1 Hypocenter Locations
Earthquake hypocenters are excellent seismotectonic indicators in regions in which the
vertical geologic structure is well-constrained, for they can be used to identify which geologic
features are seismogenic. However, the instrumentally-located earthquakes in the southeastern
United States show no obvious correlation with surface geologic features (Bollinger et al., 1991)
Seismicity in most areas is occurring on structures that are concealed by either Coastal Plain
sediments or by allochthonous Paleozoic thrust sheets. Therefore, focal depth determination is a
critical parameter for inferring the geometry and geological nature of the causal structures.
Southern Appalachian earthquake focal depths range from the near-surface down to more
than 20 kilometers. In the Appalachian Plateau, Valley and Ridge, and Blue Ridge provinces, the
depths of these events average at 12 kilometers (Bollinger et al., 1991), which is well below the
deepest known detachment fault. The modal focal depth for the Piedmont and Coastal Plain
provinces, however, is 7 to 8 kilometers (Bollinger et al., 1991)--25 percent shallower than the
westernmost provinces and well within the Paleozoic overthrust sequence. Bollinger et al. (1991)
suggest that the difference in focal depths between the eastern and western portions of the
Appalachian mountains may be due to the greater thickness of crust in the western part of the
mountain belt.
3.2 Nodal Plane Orientations
The orientation of nodal planes provide important information concerning the relationship
between geology and seismicity in a region. When a fault ruptures, P-waves radiate from the
focus outward in all directions excepting those both perpendicular to and within the plane of the
causative fault. These planes of no motion are called nodes; their orientations are depicted by the
great circle paths that separate regions of positive polarity from those of negative polarity when the
P-waves from the earthquake are plotted onto a stereonet. Because motion along either of the
nodal planes could result in the same focal mechanism pattern, it is necessary to combine nodal
plane data with geologic information so that the causative fault can be identified. This is especially
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true for intraplate regions like eastern North America, where the causative faults are not exposed at
the ground surface.
The majority of the nodal planes for the southeastern United States feature a north-northeast
and east-southeast orientation (Bollinger et al., 1991). The predominant motion along the
causative faults appears to be strike-slip, although some events in central Virginia exhibit reverse
movement (Bollinger et al., 1991). The nodal plane orientations for the most part are consistent
with a regional stress regime that features a subhorizontal, northeast- to east-trending maximum
compressible stress (Bollinger et al., 1991).
3.3 Sources of Crustal Stress
There are essentially five sources of crustal stress: Overburden pressure; pulling, pushing,
and dragging motions associated with tectonic processes; horizontal and vertical flexures of the
lithosphere due to sedimentation, glaciation, and erosion; thermal expansion and contraction of
adjacent, differing lithologies; and pore fluid pressure (Twiss and Moores, 1992). A discussion of
each of these mechanisms is presented below.
3.3.1 Overburden pressure
Overburden pressure can be controlled by a number of factors, including topography,
sedimentation and erosion, tectonic thickening and thinning, and anomalous mass distributions
(Twiss and Moores, 1992). In each case, the stresses which arise from the overburden pressure
are the result of differences in the total mass of laterally adjacent rock columns in isostatic
equilibrium. Of these factors, topography may very well have the largest effect on lithospheric
stresses because its effects can penetrate to depths comparable to the horizontal breadth of the
topographic feature (Twiss and Moores, 1992). Generally speaking, elevation differences
associated with sedimentation, erosion, tectonic thickening and thinning, albeit significant, are
much smaller than the larger topographic features and therefore not as effective.
3.3.2 Pulling, pushing, and dragging motions associated with tectonic processes
The pulling, pushing, and dragging motions associated with plate tectonics are perhaps the
most significant source of stress in eastern North America. Utilizing information gained from the
focal mechanism solutions of eastern North Americans earthquakes as well as borehole breakouts,
hydraulic fractures, and directions of fault slip, Zoback and Zoback (1991) conclude that the
regional stress in eastern North America is uniformly compressive (excepting the Gulf Coast area,
which is extensional) in a north to northeasterly direction at both shallow and deep depths. As this
direction corresponds well with the velocity vectors of plate motion for this region, some contend
that plate tectonics (specifically ridge push and/or basal drag) is responsible for the regional stress
field, and hence, earthquakes (Zoback and Zoback, 1989; Richardson, 1992). Borehole
breakouts, however, can not be measured at seismogenic depths and although focal mechanisms,
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in theory, provide information concerning the orientation of the causative fault, one can not assume
that the orientation of that fault was produced under the influence of the current stress regime.
3.3.3 Elastic bending
Stresses associated with the elastic bending of the lithosphere have also been associated
with earthquake activity. The source of these stresses can be provided by processes such as
erosion, glaciation, deglaciation, and sedimentation (Twiss and Moores, 1992). Of the four, the
latter two appear to be more conducive to seismic activity than the former two. The reason is
speculative: Erosion and glaciation generally occur over much longer time periods than
deglaciation or sedimentation, hence the stresses in the lithosphere do not build up as rapidly and
perhaps may even dissipate over time. Deglaciation and sedimentation, on the other hand, can
apply or relieve loads in an impulsive manner, therefore generating stresses rapidly. Although
large fluxes of sedimentation have not been causally associated with earthquake activity, the
stresses produced from large, impulsive loads of sediment have been modeled to be significant
enough to induce low-level seismic activity (Stein et al., 1989). Conversely, spectacular examples
of faulting exist in Fennoscandia, where vertical displacements typically average 5-8 meters and
can be as much as 30 meters (Wood, 1989)! Certainly this magnitude of displacement, if indeed
generated at one instant, was coseismic. In light of the region's current level of seismicity,
however, many remain skeptical despite the presence of earthquake-induced, liquefaction-like
features and evidence of "...the explosive release of stress associated with the fault scarps..."
(Wood, 1989; p. 151).
3.3.4 Thermal Expansion and Contraction
Pressure and temperature differences between two different, adjacent lithologies can induce
concentrations of stress at their contacts if the rocks are not able to expand or contract (Twiss and
Moores, 1992). This is suspected to be particularly true of intrusive bodies such as dikes, sills,
and magma chambers (McKeown, 1978; Campbell, 1978; Long and Champion, 1977). In each
case, these stresses arise because of the different physical properties the adjacent lithologies
possess. For example, pressure-related stresses arise when sedimentation or erosion changes the
overburden pressure on the underlying strata. Because each rock type possesses its own unique
coefficients of elasticity, each will expand or contract accordingly. Similarly, stresses can be
generated when laterally adjacent lithologies with differing coefficients of thermal expansion are
heated or cooled. Of particular interest is the coincidence of certain earthquake epicenters in eastern
North America with mafic and ultramafic intrusions (Campbell, 1978). According to Campbell
(1978), several persons have suggested that these intrusions may induce seismicity by acting as
lithospheric stress concentrators. There are essentially two schools of thought concerning the
mechanism of stress generation for mafic and ultramafic bodies. The first claims that these
intrusion are "stiffer" (i.e. they have a larger modulus of rigidity) than the surrounding crustal rock
(Campbell, 1978). Proponents of this idea include Kane, 1976, 1977; Simmons et al., 1976;
Long and Champion, 1977; McKeown, 1978 (Campbell, 1978). The other idea, proposed by
Kane (1977), suggests that some of these mafic and ultramafic intrusions may be serpentinized and

16

hence be weaker than the encompassing felsic rock (Campbell, 1978). Campbell (1978)
investigated the stresses induced by each of the two cases using a two-dimensional modeling
program. He concluded that unserpentinized mafic intrusions are less likely to induce seismicity
than their serpentinized counterparts because the former requires a very high differential stress field
for earthquake generation to occur. However the latter, already in a weakened state, is capable of
producing seismic activity at much lower levels of regional stress.
3.3.5 Pore Fluid Pressure
The final mechanism through which crustal stresses can be generated is pore fluid pressure
(Twiss and Moores, 1992). Perhaps the most common stress-producing scenario for this
mechanism is the entrapment of high temperature crustal fluids in impermeable rock. These fluids
can be produced during prograde metamorphic reactions, which usually release water or carbon
dioxide (Twiss and Moores, 1992). They can also be generated by the partial melting of highgrade metamorphic rocks (Twiss and Moores, 1992).
There have been many instances of shallow, induced earthquake activity associated with
reservoirs (Talwani and Acree, 1985). It has been proposed that mid-crustal earthquakes are
triggered by pore pressure fluctuations. This mechanism, termed “hydroseismicity” by Costain et
al. (1987), applies the principles of ground water hydrology and the findings of Evans (1966) and
Healy (1975) concerning water injection-induced seismicity to explain the origin of some intraplate
earthquakes.
3.4 Crustal Strain Rates
Crustal strain rates are a potentially valuable tool for seismic hazard analyses in intraplate
regions because they can be used to estimate the recurrence intervals of large, damaging
earthquakes. At present these rates can be calculated using two methods. The first utilizes
Kostrov’s equation, which relates total seismic strain to cumulative seismic moment within a given
crustal volume (Johnston et al., 1994a):

ε˙ =

1 N
(n) 
M
∑


2µVT  n=1

(1)

where ε˙ is the total seismic strain rate tensor, m is the rigidity of the crust, V is the crustal volume
of interest, T is the period of time (in years) over which the seismic moment and strain are
measured, and M(n) is the derived seismic moment tensor for the nth earthquake. If the
simplifying assumption is made that the P- and T-axes of intraplate earthquake focal mechanisms
are parallel to s1 and s3, respectively, then Kostrov’s equation becomes (Johnston et al., 1994a):

ε˙11 =

1 N . (n )
∑M
2µV n =1 0

(2)
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where ε˙11 is the 11th component of the total seismic strain rate tensor and M0 is the average rate
of seismic moment release per year. Using this method and a maximum magnitude of 8.3 for
eastern North America, Johnston et al. (1994a) calculates the average annual seismic strain rate for
central and eastern North America to be 3.4 x 10-10 for both extended and non-extended crust and
3.9 x 10 -10 for extended crust only. The average annual seismic strain rate for intraplate regions
worldwide is 1.3 x 10 -10 (Johnston et al., 1994a).
.

Seismic strain rates can also be calculated using space geodetic measurements such as Very
Long Base Interferometry (VLBI), Satellite Laser Ranging (SLR), and Global Positioning Systems
(GPS). These methods operate by detecting very small crustal movements (on the order of
centimeters) over time and translating that to crustal strain rates. According to Johnston et al.
(1994a), the average annual seismic strain rate for intraplate regions using space geodetic
measurements is 2.3 x 10-9 (individual measurements for central and eastern North America were
not given). This is an order of magnitude greater than that obtained by cumulative seismic moment
release and indicates that either the time interval over which these strain rates have been measured
is not adequate enough for a reliable indication of strain rates or that much of the strain measured
by space geodetic methods is released aseismically (Johnston et al., 1994a).
As a comparison, average annual seismic strain rates recently obtained for the San Andreas
fault in western North America are calculated to be 4.78 x 10-8 using both geodetic and fault slip
methods (Working Group on California Earthquake Probabilities, 1995). Note that this rate is
approximately two orders of magnitude greater than rates obtained for central and eastern North
America via cumulative seismic moment, implying that, all other things being equal, the recurrence
intervals for eastern North American earthquakes are two orders of magnitude greater than those
for western North American earthquakes.
3.5 Cretaceous and Cenozoic faulting
Despite eastern North America's passive margin setting, numerous instances of faulting
during the Cretaceous and Cenozoic have been discovered (Prowell, 1988). They typically consist
of parallel zones of closely-spaced, en echelon shear planes which collectively exhibit reverse
displacements of up to 76 meters (Prowell, 1988). Slip-rate curves for the eastern United States
indicate that these faults have moved at an average rate of about 0.5 meters per million years since
the Cretaceous (Prowell, 1988). Their presence has been documented in the Coastal Plain,
Piedmont, and Blue Ridge provinces; their possible existence further west is difficult to assess due
to the lack of Cretaceous- and Cenozoic-aged sediments in that area (Prowell, 1988).
It is believed that the locations of some of these young faults is controlled by basement rock
fabric and by pre-existing structures (Prowell, 1988; Wentworth and Mergner-Keefer, 1983); a
series of seismic reflection surveys within the Savannah River Site indicate that this is indeed so in
that area (Domoracki, 1995). Wentworth and Mergner-Keefer (1983) contend that these recent
faults may be responsible for much of eastern North America's seismicity, including the
destructive 1886 event in Charleston, South Carolina. York and Oliver (1976) agree, for they
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interpret the presence of slickensides, fault gouge, and sharp dislocations with some of these faults
as evidence of coeval seismic activity.
3.6 Favorably-oriented faults
The reactivation of favorably-oriented, pre-existing faults can also provide some insight to
the seismotectonic characteristics of southeastern North America. Although these older structures
were not initially generated under the influence of the current stress field, the fact that they can be
rejuvenated by it suggests a causal relationship between geology and seismicity (Wentworth and
Mergner-Keefer, 1983). Zoback (1992) studied the focal mechanisms of 32 eastern North
American earthquakes and found that slip in a majority of the events appears to have been
geometrically compatible with the reactivation of faults favorably oriented in the current stress
field.
According to Suppe (1985), older, pre-existing faults can be reactivated if they trend within
30 degrees of the direction of the maximum horizontal stress or, if the fault is extremely weak,
within 45 degrees of the direction of maximum horizontal stress. In eastern North America, the
maximum horizontal stress trends approximately northeast (Zoback and Zoback, 1991), implying
that older faults trending from due north-south to due east-west can be reactivated, depending upon
their strengths. Such a wide range in reactivated fault orientations suggests that nearly any preexisting fault can be rejuvenated, provided it has not "healed” since its last movement.
Despite the variability in orientations of potentially reactivatable faults in eastern North
America, those generated during continental rifting episodes appear to be the most susceptible to
rejuvenation, as evidenced by the correlation of seismicity in the Newark Basin, Lancaster,
Western Quebec, Charlevoix, and New Madrid seismic zones to pre-Cretaceous geologic
structures. It has also been suggested by Wheeler (1995) that seismicity within the Giles County
and eastern Tennessee seismic zones are related to the reactivation of normal faults associated with
the opening of the Iapetan Ocean during the Precambrian. This relationship between earthquakes
and extended crust was further explored by Johnston et al. (1994), who conducted a world-wide
study of the seismicity of intraplate regions. They concluded that an overwhelming percentage of
passive-margin earthquakes occur in previously-extended crust, implying that faulting associated
with the late Precambrian and Mesozoic rifting of North America is potentially reactivatable and
therefore susceptible to future earthquake activity.
3.7 Discussion
In contrast to western North America, where earthquakes are clearly associated with the
interactions between the North American, Pacific, and Juan de Fuca plates, the relationship
between the observed seismicity and the subsurface geology in eastern North America is poorly
constrained. This lack of correlation is due, in part, to eastern North America's intraplate setting,
although a number of other factors are also involved. The first of these is the fact that the geology
and the tectonic history of eastern North America is very complex.
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Inadequate seismic network coverage, in both time and space, is another factor which has
contributed to the lack of knowledge concerning seismotectonics in eastern North America.
Although a wealth of data has been obtained since the installment of seismic networks during the
late 1970's and early 1980's, the recurrence intervals for eastern North American earthquakes are
too large for an adequate portrayal of the spatial distribution of earthquakes to be made in twenty
years. Even the 350 year-old historical record is insufficient for a long-term assessment of the
spatial and temporal patterns of Southeastern seismicity.
Finally, the lack of knowledge concerning the three-dimensional structure of the
southeastern Appalachians prevents an understanding of the relationship between geology and
seismicity in eastern North America. Such information is vitally important for the identification of
specific causative structures. A simple overlay of the patterns of seismicity with the surface
geology of eastern North America does not elucidate its seismotectonic characteristics.
Focal depth data indicate that in the Valley and Ridge and Blue Ridge provinces the
earthquakes are occurring at depths below the Paleozoic overthrust sequence. Despite the lack of
evidence which convincingly links these earthquakes to identifiable basement structures, it is
believed that these western Appalachian events are associated with the reactivation of Iapetan rift
faults (Bollinger and Wheeler, 1988; Wheeler, 1995; Gresko, 1985). East of the Blue Ridge,
however, focal depths are shallower and may reflect a change in thickness of seismogenic crust
(Bollinger et al., 1991). This is in accord with the geologic interpretation of the Piedmont gravity
gradient, a geophysical anomaly that is believed to represent a change in crustal thickness and/or
character (Taylor, 1989). Earthquakes within the Piedmont and Coastal Plain provinces appear to
be occurring within the Paleozoic overthrust sequence, however a positive correlation with a
causative geologic structure has not been demonstrated.
Nodal planes from focal mechanism solutions for a majority of instrumentally-recorded
southeastern earthquakes are oriented north to northeast or west to northwest. In light of the fact
that older faults can be reactivated if favorably oriented with the current stress field, it has been
suggested that much of the present seismicity in the Southeast is attributed to the rejuvenation of
pre-existing faults (Wentworth and Mergner-Keefer, 1983; Johnston et al., 1994a). If this is true,
then it is probable that most of the causative faults (which may be situated anywhere east of the
Appalachian plateau province) have north to northeasterly trends.
The existence of the historical seismic record as well as the numerous instances of
Cretaceous- and Cenozoic-aged faulting and paleoliquefaction episodes indicates that this region
has been seismically active for the past 65 million years. It is also apparent from a comparison of
the historical and instrumental patterns of seismicity that the spatial distribution of earthquakes in
the Southeast has remained stable for the past 350 years. Given the relatively quiescent tectonic
state of this region, it seems reasonable to assume that this spatial distribution will continue to be
valid for the next 350 years as well. Despite a relatively short historical and instrumental
earthquake record, seismic strain rates obtained by cumulative moment and space geodetic methods
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indicates that recurrence intervals for Southeastern earthquakes are approximately two orders of
magnitude greater than they are for western North American earthquakes.
Perhaps one of the most intriguing aspects of Southeastern seismotectonics is the issue of
whether the 1886 Charleston, South Carolina earthquake is a spatially unique event. Many argue
that it is not because it occurred in previously-extended crust, a structural regime that is present
along much of the east coast of North America and one in which there is a strong correlation with
seismicity on a world-wide basis. Yet paleoseismic data indicate that it is a spatially unique event,
for no paleoliquefaction relicts have been found along the eastern margin of North America outside
of the state of South Carolina. Until a more detailed study of the geological, structural, and
geophysical characteristics of the Charleston area are conducted it is likely that this debate will
remain unresolved.
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The purpose of the next chapter is to develop a hazard model for Charleston, South
Carolina. This model will not only take into consideration the conclusions of this chapter, but will
also incorporate seismologic and geologic information presented in Appendices A and B.
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Chapter 4: Development of a Hazard Model for Charleston,
South Carolina
The development of a hazard model for a site requires information about the seismotectonic
characteristics of the region surrounding the site in question. The seismotectonic characteristics of
the southeastern United States are discussed in the previous chapter. In general, very little can be
said about the relationship between geology and seismicity due to an insufficient knowledge of
subsurface geologic structures, a relatively short historical earthquake record, and a lack of
correlation between earthquake epicenters and exposed geologic structures.
The purpose of this chapter is to describe the elements of the seismic hazard model used in
this study. Included in the development are seismic source zone delineation, the assessment of
earthquake catalog(s) for completeness and event independence, the estimation of maximum
earthquakes for each source, and the selection of an appropriate ground motion prediction model
(For a review of these elements, see Figure 1.1). Each of these topics are discussed below.
4.1 Delineation of Seismic Source Zones
The delineation of potential sources of seismicity in intraplate regions such as the eastern
United States is inherently difficult due to a general lack of knowledge of the relationship between
the subsurface geology and regional seismicity. As a result, the delineation of seismic sources for
hazard analysis usually involves area sources in which it is assumed that the rates of earthquakes
are constant and geological processes related to seismicity are uniform. From the statistical
standpoint, this means that earthquakes are treated as occurring throughout the source with uniform
probability and at a constant, mean rate.
This study defines nine potential sources of seismicity for the southeastern United States
(See Appendix C; Figure C.1). The boundaries of these sources were chosen independently of
source zone boundaries defined by previous studies. Because of the lack of a correlation between
earthquake hypocenters and geologic structure, the primary basis for source zone delineation in this
study is the pattern of historical seismicity. Geological and geophysical information is used to
infer source zone boundaries as much as possible.
The results of a seismic hazard analysis are most strongly influenced by the rate density of
earthquakes within the potential seismic sources that are closest to the site of interest. A quick
glance at Figure C.1 reveals that the Avalon and Charleston sources are closest to the site of
interest, but, as Table C.1 indicates, the rate density of earthquakes within the Charleston source
are quite large compared with that of the Avalon source. As a result, the hazard calculations for
Charleston, South Carolina will be most strongly influenced by the rate density of earthquakes
within the Charleston source.
Figure 4.1 depicts the delineation of the Charleston source. Note that it is delineated as
both an area source as well as a fault source. The fault source represents the location of Talwani’s
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(1987) proposed Woodstock fault; the length of the fault is fixed to accommodate a maximum
moment magnitude of 7.5 (See section 4.3). The area source encompasses the densest cluster of
seismic activity. This study makes hazard calculations for both models in order to establish a range
in hazard estimates for the site.
4.2 Assessment of Catalog Completeness and Event Independence
Once the geometry of the seismic sources is established, the next step in the development of
a hazard model is to assess the earthquake catalog for completeness and event independence. It is
necessary to use a catalog of independent events because of the assumption that earthquakes follow
a Poisson process. This requires the removal of dependent events such as foreshocks,
aftershocks, and clusters from the earthquake catalog prior to estimating seismicity rates. Catalog
completeness is also important in seismic hazard analyses because one must account for the fact
that the detection threshold of some magnitudes has changed over time due to changes in
population density and seismic instrumentation. Estimates of rates of seismicity in source zones
depend strongly upon interpretations of catalog completeness. The catalog chosen for this study is
the Southeastern United States Seismic Network (SEUSSN) catalog (Sibol and Bollinger, 1995).
This catalog records seismicity in the southeastern United States since the late eighteenth century.
It was chosen because it provides the most comprehensive coverage of seismicity in this region.
Event independence is assessed before determining catalog completeness. The method of
assessing event independence in this study is rather subjective: If two or more events occur within
7 days and 12 kilometers of one another, the largest event is considered to be independent and all
of the others are considered to be dependent. Time dependence varies according to the magnitude
of the independent event: A large magnitude earthquake should result in a comparatively long
decay series whereas a small magnitude earthquake should display a comparatively short decay
time series. Such statistical treatments of event independence have been incorporated in previous
studies (Reasenberg, 1985), however parameters defining the statistical models must be defined
from the data set, and this, in turn, becomes a very subjective process for small earthquake
catalogs. Excepting the 1886 Charleston earthquake, it was felt that a simple, magnitudeindependent, 7-day decay period for an aftershock series is adequate for the catalog used in this
study.
The process of determining event independence for the SEUSSN catalog was accomplished
by inputting the above criteria for independence into a simple computer program that generates two
output files: One containing dependent events and one containing independent events. Using this
program, assessment of event independence for the SEUSSN catalog was done for each decade
beginning with the year 1860. A final catalog consisting of only independent events (according to
the 12-km, 7-day criteria adopted in this study) was generated by combining the lists of
independent events for each decade.
Methods of determining catalog completeness vary. The method used in this study is to
determine the number of independent events in each source zone over successive 10-year periods
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in half-magnitude intervals beginning with mb,Lg 2.0 and ending with mb,Lg 6.9. Then, beginning
with the most recent decade and working back in time, each decade within a given magnitude
interval was examined for a noticeable decrease in the number of independent earthquakes. The
decade at which a significant decrease was observed was considered to be the cutoff date for
completeness of the catalog for that magnitude interval. Cutoff dates for completeness intervals are
not easily quantified using the SEUSSN catalog due to the small number of earthquakes it
contains. In general, the trend is that for the smaller magnitudes the number of decades for which
the catalog is complete is only one or two whereas for the larger magnitudes the number of decades
for completeness is 12 or 13. Tables D.1 through D.11 illustrate the completeness estimates for
each source zone in this study.
4.3 Rates of Earthquakes; Maximum and Minimum Magnitudes
Once the earthquake catalog is assessed for completeness and event independence, the rates
and seismic rate densities of earthquakes can be quantified for each source zone. Assuming
constant rates of seismicity in the form of the Gutenberg-Richter relationship (See Chapter 2), the
total rate of earthquakes in a given source zone is estimated by first calculating the rate of
earthquakes in each magnitude completeness interval using that portion of the catalog that is
considered complete. Next, the cumulative rate of earthquakes is established for magnitudes
greater than or inclusive of that magnitude interval. Finally, values of the slope and intercept are
determined for a linear, least-squares regression on the logarithm of the cumulative rate of
earthquakes versus magnitude. These values, known as the b- and a- values, respectively, relate
the rate of seismicity for a given source zone. The a-value, or intercept, indicates the annual
number of earthquakes greater than magnitude zero expected per year in the source zone. The bvalue, or slope, relates the numbers of small earthquakes to large earthquakes in the source zone
per year: A steep slope indicates many more small events than large ones whereas a shallow slope
indicates a more equal distribution of earthquake size. The total rate of earthquakes greater than
magnitude, M, is calculated by log N = a - bM using values of a and b that are appropriate for the
source zone in question. This rate must be normalized by the area of the source zone to obtain an
estimate of the rate of earthquakes per unit area (seismic rate density). It is the rate density in
conjunction with distance that determines the contribution a potential seismic source zone will make
in a hazard analysis. Estimated values of a, b, rates of seismicity, and seismic rate densities for the
source zones in this study are listed in Table C.1. Figure 4.2 depicts the cumulate rate density of
earthquakes within the Charleston source zone.
The maximum and minimum magnitudes for a given source is another important parameter
of the hazard model. Values of minimum magnitude are typically set at some threshold level above
which structural damage begins to occur. In this study this value is set at mb,Lg= 5 for all source
zones. The assignment of a maximum magnitude is far more influential in the outcome of a
seismic hazard analysis than the assignment of minimum magnitude. Despite its importance, there
is no straightforward way to determine the maximum magnitude of a source in the study region.
This is due to the relatively short historical record of seismicity. Several approaches to this
problem are addressed by Bollinger et al. (1992). They conclude that one solution would be to add
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one magnitude unit to the magnitude of the maximum historical earthquake. Another suggestion is
to use the magnitude recurrence relationship model to determine what magnitude an earthquake
with a 1000-year return period would have. Clearly, a lower-bound estimate for maximum
magnitude is the largest historical earthquake. In this study, three values of maximum magnitude
for seismic sources other than the Charleston source are used in the hazard calculations: Moment
magnitude 6.5, 7.0, and 7.5. The largest earthquake in the region is estimated to have been a
moment magnitude of approximately 7.5 (Johnston et al., 1994b).
4.4 Ground Motion Prediction Model
An appropriate ground motion prediction model is another important element of the hazard
model. Recent models developed for eastern North America have been based on the assumption
that high-frequency ground motions can be characterized by a random time series, assuming simple
earthquake source and propagation characteristics. (Hanks and McGuire, 1981; Atkinson, 1984;
Boore and Atkinson, 1987; Toro and McGuire, 1987; Atkinson and Boore, 1990). The latest
model developed for eastern North America (Atkinson and Boore, 1995) corrects for discrepancies
observed between previous models and more recent empirical data and smoothes the ground
motion prediction relations for convenient use in seismic hazard calculations. It is for these
reasons that this ground motion prediction model was chosen for use in this study. This model is
valid for source-to-site distances of up to 500 kilometers and for moment magnitudes as large as
7.25 (Atkinson and Boore, 1995). The standard deviation of the logarithm of oscillator response
is assumed to be 0.25 (a reasonable value for western North America); it appears to range from
0.24 to 0.27 for moment magnitude relations in eastern North America (Atkinson and Boore,
1995).
4.5 Issues to be Addressed in This Study
The primary goal of this study is to characterize the seismic hazard at Charleston, South
Carolina by conducting probabilistic seismic hazard analyses at this site. There is an interest in the
hazard at Charleston due to the proximity of the Charleston source zone and the implication from
paleoliquefaction data that this area may be a localized source of large, recurrent earthquake
activity.
In this study we have defined three cases by which the hazard at Charleston will be
characterized (Figure 4.3). These cases reflect differences in the way in which the seismicity in the
Charleston source zone can be modeled both in time and in magnitude. In the first case (Case 1),
all events from the minimum magnitude to the maximum magnitude are assumed to follow a
Poisson process in time; their rate density is obtained by assuming the Gutenberg-Richter
magnitude recurrence relationship for all magnitudes. In Case 2, all events are assumed to follow a
Poisson process, however, the rate density of events smaller than moment magnitude 7.0 is
obtained by assuming the Gutenberg-Richter magnitude recurrence relationship whereas the rate
density for events between moment magnitude 7.0 and 7.5 is obtained by assuming a characteristic
earthquake magnitude recurrence relationship. In the third case, all events less than moment
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magnitude 7.0 are assumed to follow a Poisson process in time with rate densities defined by the
Gutenberg-Richter magnitude recurrence relationship. Events with moment magnitudes greater
than 7.0 are assumed to follow a renewal process in time with rate densities defined by the
characteristic earthquake magnitude recurrence relationship.
Additional calculations will be made for each case in order to determine the sensitivity of
the hazard model. One such uncertainty is that of maximum magnitude in the remaining sources.
As discussed in Section 4.3, the range of uncertainty explored in this study for this parameter is
from moment magnitude 6.5 to 7.5 for sources other than Charleston. Another uncertainty is the
sensitivity of the hazard calculations to the interoccurrence times of the characteristic earthquake
used in the renewal model (Case 3). Figure A.3 depicts a time line with the estimated dates of
events which generated the liquefaction features in the Charleston area. At the bottom of the figure
is a table which displays a number of different ways in which the average interoccurrence time of
the liquefaction-inducing events can be interpreted. These values range from a relatively large
interoccurrence time with a relatively large coefficient of variation (COV) to a relatively small
interoccurrence time with a relatively small coefficient of variation (COV). Because the historical
earthquake record is not sufficiently long to allow for the differentiation amongst interoccurrence
times, it was decided to display this uncertainty by calculating hazard at Charleston for both
relatively large interoccurrence time and for relatively small interoccurrence times. The
interoccurrence times used in this study are 840 years (COV=0.68) and 445 years (COV=0.3).
Note that the coefficient of variation for the 445-year interoccurrence time listed in Figure A.3 is
much less than 0.3. A higher COV was chosen for the 445-year average interoccurrence time to
account for the fact that only three inter-occurrence times were used to obtain the value of COV for
the 445-year return period. The sensitivity of assuming an area source versus assuming a fault
source for the Charleston source zone is also explored in this study for each of the three cases.
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The ground motion prediction model developed in this chapter will be used in conjunction
with the equations given for hazard calculation in Chapter 2 to characterize the hazard at
Charleston, South Carolina. Chapter 5 discusses the results of these hazard calculations for each
of the study issues described above. The thesis concludes with a quantification of the seismic
hazard at Charleston, South Carolina.
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Figure 4.1: The Charleston source zone (this study). Note that this source is depicted as
both an area source (ellipse) as well as a fault source (line). The diamond denotes the
location of the site of interest, the stars represent Dutton’s (1889) “epicentra” for the 1886
earthquake, and the triangles indicate locations of instrumentally-recorded seismicity since
the installation of regional seismic networks.
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Figure 4.2: The cumulative rate of earthquakes in the Charleston source zone (this study).
For magnitudes less than 5, the circles denote the cumulative rate of earhtquakes in halfmagnitude bin widths after the historical catalog has been corrected for completeness and
event independence. For magnitudes 5 or greater, the circles deonte the cumulative rate
of earthquakes based on the ages of the paleoliquefaction features found in coastal South
Carolina. These latter rates are clustered at magnitude 7 — the estimated size of the 1886
earthquake. The line is a least-squares regression for magnitudes less than 5. Note that
the cumulative rate of earthquakes for the larger magnitude events are greater than what
the historical catalog predicts. This suggests that the larger events are characteristic in
magnitude.
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Figure 4.3: Three cases considered for hazard calculations. Rate density funcitons (below)
are integrated to obtain cumulative rate density functions (above). Note the poor fit of the
cumulative rate density function to the rate densities of the historical seismicity (circles) and
liquefaction data (cross) for Case 1.
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Chapter 5: Results and Conclusions
This final chapter presents the results of the hazard analysis for Charleston, South Carolina
using the hazard model discussed in Chapter 4. The analysis of the results are given case-by-case
first, followed by an overall summary of the findings. The chapter closes with a comparison of the
results of this study with those of the recently-published U.S. Geological Survey national hazard
maps (Frankel et al., 1996). For a discussion on the presentation of the results of a hazard
analysis, the reader is referred to Appendix E.
5.1 Results
The hazard curves for the Charleston source zone are presented in Figures 5.1-5.6; the
corresponding uniform hazard spectra are shown in Figures 5.8, 5.9, and 5.10. A comparison of
these curves with Figure 5.7 reveals that the Charleston source zone is the most significant
contributor to the seismic hazard in this area. For this reason, only the results for a maximum
moment magnitude of 7.5 for all of the other sources is discussed.
5.1.1 Case 1
Figures 5.1 and 5.2 illustrate the hazard curves for the Case 1 scenario in which all events
in all seismic sources are assumed to have a maximum possible moment magnitude of 7.5. Figure
5.1 represents hazard for an average interoccurrence time of 445 years for the larger events.
Figure 5.2 represents hazard for an average interoccurrence time of 840 years for the larger events
in the Charleston source. For simplicity, only three oscillator frequencies are shown: 0.5 Hz, 5.0
Hz, and 13.0 Hz. Each frequency is represented by two hazard curves: One represents the hazard
at the Charleston site when the Charleston source zone is modeled as an elliptical area source; the
other represents the hazard at the Charleston site when the Charleston source is modeled as a fault
source (Figure 4.1). Note that for exceedance frequencies greater than 10-5 per year, the hazard
resulting from a fault source is greater than the hazard resulting from an elliptical area source. This
is due to the fact that a finite rupture along the fault source results in a source-to-site distance
frequency distribution that is peaked at the nearest perpendicular distance from the fault to the site.
This distance turns out to be less than the mean source-to-site distance for the elliptical source.
This relationship between hazard curves is reversed at exceedance frequencies less than 10-5 per
year due to the possibility of a maximum-sized earthquake occurring within the elliptical area
source at a distance from the site that is less than the nearest perpendicular distance to the fault
source. Although this reversal is apparent in Figure 5.1 only for the 13-Hz oscillator, it exists for
all oscillator frequencies, albeit at much higher values of pseudo-spectral relative velocity.
5.1.2 Case 2
Figures 5.3 and 5.4 exhibit the hazard curves for the Case 2 scenario. As in Case 1, a set
of curves is presented for both the 445-year and the 840-year average inter-occurrence times for the
larger events in the Charleston source. The maximum moment magnitude in all sources is 7.5.
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Again, only three oscillator frequencies are shown, and each are represented by two hazard curves:
One which represents an elliptical area source, and another which represents a fault source for the
Charleston source. Like the hazard curves for Case 1, the elliptical area source model produces a
lower hazard than the fault source model at the Charleston site. Also, for exceedance frequencies
lower than 10-5 per year this relationship is reversed for all oscillator frequencies, as discussed
above.
There are significant differences between the hazard curves for Case 1 and Case 2. Most
significant is the shape of the hazard curves themselves: Those for Case 2 have a distinct kink or
bump in them, whereas those for Case 1 do not. The presence of these features in the curves for
Case 2 can be attributed to a high rate density over a narrow magnitude range (Mw=7.0-7.5) in the
characteristic earthquake model. Another difference between the two cases is that the hazard for
Case 2 is greater than that for Case 1 for all oscillator frequencies. This difference is due to the
modeling of the larger events in Case 2 as being characteristic in magnitude (i.e. possessing high
rate densities at the largest magnitudes).
5.1.3 Case 3
Figures 5.5 and 5.6 show the hazard curves for the Case 3 scenario in which the
maximum moment magnitudes of all earthquakes in each seismic source zone is 7.5. As before, a
set of curves is presented for both the 445-year and the 840-year average interoccurrence times for
the larger events in the Charleston source. Like the curves for Cases 1 and 2, three of nine
oscillator frequencies are shown and each is represented by two curves: One depicts the hazard
resulting from the Charleston source as being an elliptical area source; the other depicts the hazard
resulting from the Charleston source as being a fault source. Similar to Cases 1 and 2, the fault
source generates a greater seismic hazard except at exceedance frequencies lower than 10-5 per
year. Another similarity is that there is a distinct kink or bump to the curves at lower values of
pseudo-spectral relative velocities; the explanation for their presence is described above for Case 2.
Like Case 1, the hazard curves for Case 3 exhibit lower values of hazard than for Case 2 over all
oscillator frequencies, particularly for an average interoccurrence time of 445 years for the largest
events. This is an outcome of the case of a time-dependent (renewal) model for the larger
magnitude, characteristic earthquakes because of the small coefficient of variation for the 445-year
average interoccurrence time for the larger events, and the relatively short amount of time that has
elapsed since the last characteristic event in the Charleston source zone.
5.2 Discussion
A summary of the similarities and differences between each of the three cases is depicted in
Figure 5.8, 5.9, and 5.10. Figure 5.8 illustrates the uniform hazard spectra for Cases 1, 2, and 3
at the 5 percent and 0.5 percent probability of exceedance level over the next 50 years for an
average interoccurrence time of 445 years for the larger events in the Charleston source. Note that
at both probability levels the uniform hazard spectrum for Case 2 reflects the highest values of
seismic hazard whereas the lowest values of hazard are given by Case 3. Case 3 results in the
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lowest values of hazard in Figure 5.8 because of the small amount of time that has elapsed since
the occurrence of the most recent characteristic earthquake as well as the small value of coefficient
of variation that was assigned to the 445-year average interoccurrence.
Figure 5.9 exhibits the uniform hazard spectra for all three cases at average interoccurrence
times of 840 years for the larger events. Like Figure 5.8, two sets of uniform hazard spectra are
shown: One for a 5 percent probability of exceedance in 50 years and another for a 0.5 percent
probability of exceedance in 50 years. Again, for both probability levels the uniform hazard
spectra for Case 2 feature the highest values of seismic hazard. The lowest values of seismic
hazard at the 5 percent probability of exceedance level result from Case 3 whereas the lowest
values of hazard at the 0.5 percent probability of exceedance level are given by case 1. Such
differences are attributed to the relatively large value of coefficient of variation for the 840-year
average interoccurrence time for the larger events. Note the larger difference in seismic hazard
between Case 2 and 3 for Figure 5.8 than for Figure 5.9. This is attributed to the small coefficient
of variation for the 445-year average interoccurrence time for the larger events, because as the
coefficient of variation approaches 1.0, the hazard curves for Case 3 become more similar to those
for Case 2 (a Poisson process; see Figure 2.2).
Figure 5.10 illustrates the differences in the uniform hazard spectra for cases in which the
Charleston source zone is modeled as a fault source. For simplicity, only the uniform hazard
curves at the 5 percent level of exceedance over the next 50 years are shown. There are two things
to note in this figure. The first is that the uniform hazard curves for Case 2 produce the highest
hazard for the 445- and 840-year average interoccurrence times for the largest shocks. The second
is that the uniform hazard curves for the fault source are shifted upward with respect to those
representing an elliptical area source. This reflects a higher hazard for the case in which the
Charleston source zone is modeled as a fault source, which is consistent with the exceedance
frequency curves in Figures 5.1 and 5.2 (see discussion above).
5.3 Other Uncertainties
The sensitivity of uncertainty for some hazard model parameters such as maximum
magnitude and fault source delineation were also examined. In this study the uncertainty in values
of maximum magnitude for the nine sources in the hazard model were inconsequential to the
outcome of the hazard analysis at Charleston. This is due to the close proximity of the Charleston
source to the Charleston site, for the hazard in Charleston is dominated by the Charleston source.
Uncertainty in the way in which the Charleston source is delineated is also explored in this study.
For exceedance frequencies greater than 10-5 per year, the fault source with finite rupture produces
higher estimates of seismic hazard than the area source. This is due to the repetitive rupture of the
entire length of the fault at a distance that is closer to the site than the average source-to-site
distance for large events in the area source. The evaluation of seismic hazard at exceedance
frequencies of 10-5 or higher is typical for hazard analyses that do not involve the assessment of
critical facilities.
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The results of this study are compared in Figure 5.12 with hazard values obtained from the
most recent national seismic hazard maps published by the United States Geological Survey
(Frankel et al., 1996). Figure 5.12 illustrates the similarities and differences between the two
studies at return periods of 500, 1000, and 2500 years for average inter-occurrence times of 445
and 840 years for the larger magnitude events in the Charleston source. Note that the return period
is the inverse of the exceedance frequency. In general, the results of Frankel et al. (1996) for
Charleston, South Carolina are in good agreement with the results of this study. Hazard values
deviate most significantly when the Case 2 scenario and fault model is invoked. Hazard values are
most similar when the Case 1 and Case 3 scenarios and the area source model is invoked. Due to
differences in the delineation of seismic sources (Figure 5.11), choice of earthquake catalog,
assessments of catalog completeness and event independence, and methodology for hazard
estimation, the observed differences in the hazard estimates of the two studies are expectable.
Some of these differences are discussed below.
The national hazard maps used local smoothing of the historical seismicity at three different
magnitudes to establish the rates of earthquakes less than moment magnitude 7.5 near Charleston,
South Carolina. In addition, a characteristic earthquake magnitude frequency distribution for
moment magnitude 7.5 earthquakes was assumed with mean inter-occurrence times of 650 years
and Poisson behavior. This combination of models is similar in some important respects to Case 2
in this study. However, the characteristic earthquakes in the Frankel et al. (1996) study are
assumed to occur in a much larger area on faults distributed uniformly over much of the Coastal
Plain of South Carolina (Figure 5.11). In comparison, this study limits their occurrence to the
immediate epicentral area of the 1886 shock (Figure 4.1). The result of this key difference is that
the contribution to seismic hazard at Charleston from characteristic earthquakes is much less for the
Frankel et al. (1996) study than in this study. Although similar inter-occurrence times and
maximum magnitudes for the characteristic events are assumed for both studies, this difference
occurs because in the Frankel et al. (1996) model the probability of a characteristic event at small
distances from the site is less than is assumed in this study. For that reason, the results of Frankel
et al. (1996) most closely approximate Case 1 results in this study.
Other, less important, differences in the two modeling approaches include the use of
different ground motion prediction models and assumed site conditions: The national maps assume
firm soil (nearly rock) site conditions whereas this study assumes deep soil site conditions. The
latter tends to increase the ground motion hazard in this study relative to Frankel et al. (1996).
Some complicated differences in seismicity rate (i.e. "a"- and "b"-values) arise because of the local
smoothing of seismicity adopted by Frankel et al. (1996).
5.4 Concluding Remarks
The above results have a significant impact on seismic hazard considerations for
Charleston, South Carolina. If the assumption is made that the pre-historic, liquefaction-inducing
events in coastal South Carolina were at least as large as the 1886 Charleston event and were all
generated by a single, localized structure in the Charleston area, then a characteristic earthquake
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model can be invoked for the calculation of seismic hazard at Charleston, South Carolina. The
hazard in Charleston, South Carolina is characterized by conducting probabilistic seismic hazard
analyses for a number of temporal and magnitude recurrence models and interoccurrence times. In
general, the highest estimates of seismic hazard in Charleston result when the earthquakes in the
Charleston source are modeled as following a Poisson process in time and the largest events are
characteristic in magnitude (Case 2). Estimates of seismic hazard for the hybrid renewal model
(Case 3) are lower because of the relatively short amount of time that has elapsed since the
occurrence of the last "characteristic" earthquake. The difference in hazard estimates between Case
2 and Case 3 is a measure of the coefficient of variation for the inter-occurrence times for the
"characteristic" events: for large coefficients of variation, the difference is relatively small; for
small coefficients of variation, the difference is relatively large. This is due to the fact that in the
limit as the coefficient of variation approaches 1.0, the hazard function for the renewal model
becomes independent of time, thus approximating a Poisson process.
Although the renewal model better represents the true definition of a characteristic
earthquake as defined by Schwartz and Coppersmith (1984), it should be viewed as a lower-bound
estimate of the hazard in Charleston due to uncertainties in the average inter-occurrence times and
coefficients of variation of the larger events. The fact that the average inter-occurrence times
between the larger events can only be determined through the dates of the liquefaction-inducing
events introduces further uncertainty into hazard estimates for the Case 3 model. As a result,
estimates for seismic hazard in Charleston, South Carolina for a characteristic earthquake model
should be viewed as ranging from a lower-limit Case 3 scenario to an upper-limit Case 2 scenario.
In summary, the results of this comparison indicates that seismic hazard estimates are, as
expected, very dependent upon the seismotectonic interpretation of the seismicity near Charleston,
South Carolina. Given the current state of knowledge, the hazard has a large range of uncertainty.
This study has focused on a quantitative assessment of these uncertainties. Due to regional
similarities in the tectonic and seismogenic histories of the Southeast, the hazard model developed
in this study could be used for seismic hazard assessments of other sites in this region.
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Figure 5.1: Hazard curves for Case 1 at an average interoccurrence time of 445 years. Dark
lines represent hazard from a fault source; light lines represent hazard from an area source.
The three oscillator frequencies modeled are 0.5 Hz (short dash), 5.0 Hz (medium dash), and
13.0 Hz (long dash).
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Figure 5.2: Hazard curves for Case 1 at an average interoccurrence time of 840 years. Dark
lines represent hazard from a fault source; light lines represent hazard from an area source.
The three oscillator frequencies modeled are 0.5 Hz (short dash), 5.0 Hz (medium dash), and
13.0 Hz (long dash).
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Figure 5.3: Hazard curves for Case 2 at an average interoccurrence time of 445 years. Dark
lines represent hazard from a fault source; light lines represent hazard from an area source.
The three oscillator frequencies modeled are 0.5 Hz (short dash), 5.0 Hz (medium dash), and
13.0 Hz (long dash).
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Figure 5.4: Hazard curves for Case 2 at an average interoccurrence time of 840 years. Dark
lines represent hazard from a fault source; light lines represent hazard from an area source.
The three oscillator frequencies modeled are 0.5 Hz (short dash), 5.0 Hz (medium dash), and
13.0 Hz (long dash).

38

10-1
T=445, Case 3

E(x) (1/year)

10-2

10-3

10-4

10-5

10-6
0 10 20 30 40 50 60 70 80 90 100

PSRV (cm/sec)
Figure 5.5: Hazard curves for Case 3 at an average interoccurrence time of 445 years. Dark
lines represent hazard from a fault source; light lines represent hazard from an area source.
The three oscillator frequencies modeled are 0.5 Hz (short dash), 5.0 Hz (medium dash), and
13.0 Hz (long dash).
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Figure 5.6: Hazard curves for Case 3 at an average interoccurrence time of 840 years. Dark
lines represent hazard from a fault source; light lines represent hazard from an area source.
The three oscillator frequencies modeled are 0.5 Hz (short dash), 5.0 Hz (medium dash), and
13.0 Hz (long dash).
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Figure 5.7: Hazard curves for all sources except the Charleston source. Maximum moment
magnitude for all sources is 7.5; each source is modeled as an area source. The three oscillator frequencies modeled are 0.5 Hz (short dash), 5.0 Hz (medium dash), and 13.0 Hz (long
dash). Note the comparatively insignificant contribution of these sources to the hazard at
Charleston.
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Figure 5.8: Top: A reproduction of Figure 4.3. Bottom: Uniform hazard spectra for Cases
1, 2, and 3 for a 5% (p = 0.05) and 0.5% (p = 0.005) probability of exceedance in 50 years.
Mean interoccurrence time (T) is 445 years; COV = 0.3.
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Figure 5.9: Top: A reproduction of Figure 4.3. Bottom: Uniform hazard spectra for Cases
1, 2, and 3 for a 5% (p = 0.05) and 0.5% (p = 0.005) probability of exceedance in 50 years.
Mean interoccurrence time (T) is 840 years; COV = 0.68.
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Figure 5.10: A comparison of uniform hazard spectra at the 5% (p = 0.05) probability of
exceedance level in 50 years for a finite rupture fault source (left) and an area source (right)
at mean interoccurrence time (T) of 840 years (top) and 445 years (bottom).
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Figure 5.11: The Charleston source zone (Frankel et al., 1996). Circles denote the locations of
instrumentally-recorded earthquakes. Note the difference in the delineation of the Charleston
source zone between this figure and Figure C.1.
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Figure 5.12: A comparison of the results of this study with that of Frankel et al. (1996)
for average interoccurrence times (T) of 840 years (left) and 445 years (right) for the larger
events. Three return periods are modeled: 500 years (top), 1000 years (middle), and 2500
years (bottom). Triangles represent a fault source (this study), circles represent an area
source (this study), and the star represents the results of Frankel et al. (1996). Cases 1, 2,
and 3 (this study) are represented by unshaded, stippled, and darkened symbols, respectively.
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Appendix A: Seismic History of Eastern North America
This appendix is a discussion of the seismic history of eastern North America. Information
presented in this section was used in the delineation of potential seismic sources in the hazard
model discussed in Chapter 4. Due to the nature of ground motion attenuation, the contribution to
seismic hazard is strongly dependent upon the source-to-site distance. Many of the seismic zones
discussed here do not contribute significantly to hazard estimates for Charleston, however they
could contribute significantly to seismic hazard estimates for other sites in eastern North America.
A.1 New Madrid seismic zone
Of the twelve seismic zones in eastern North America, New Madrid is the best-studied and
best-understood. Situated in the northern Mississippi embayment (Figure A.1), this area
experienced the three largest shocks that occurred in eastern North America since its settlement by
Europeans in the seventeenth century. All three occurred during the winter of 1811-1812; each is
estimated to have exceeded a surface wave magnitude of 8.4 (mb>7.1; Mw>8.0) (Johnston et al.,
1994b). These events were followed by at least five years of aftershocks, some of which were
nearly as damaging as the main shocks (Mitchell et al., 1991).
The magnetic, gravimetric, and seismic data assembled in the past twenty years has
provided the basis for a seismotectonic model that addresses the observed seismicity in the New
Madrid seismic zone. It is envisioned that the causative structure is a 70-kilometer-wide by 200kilometer-long graben oriented in a northeasterly direction within the Precambrian basement
(Mitchell et al., 1991). The edges of this structure, as well as the three most active faults within it,
appear to be delineated by ultramafic intrusions that are inferred to have been emplaced during the
Mesozoic. Seismic refraction data, however, indicate that the structure has been active throughout
the Paleozoic. Current activity is attributed to the reactivation of favorably-oriented faults within
the graben block--it is believed that these faults were weakened by intrusive activity during the
Mesozoic (Braile et al., 1986; Al-Shukri and Mitchell, 1988). The return period for these
liquefaction-inducing earthquakes has been estimated to be on the order of 600 years, however
Mitchell et al. (1991) and Pratt (1994) point out that this rate of inferred deformation does not
coincide with the actual measured rates of deformation. Consequently, they do not believe that
these inferred rates of seismic activity could be sustained without orogenesis. They propose four
models: 1) The New Madrid seismic zone has been sporadically active throughout the Cenozoic,
2) The New Madrid seismic zone has been very active for only the past 64,000 years, 3) It has
moved spatially with time, or 4) The Gutenberg-Richter relationship overpredicts the number of
large events in the New Madrid seismic zone (Pratt, 1994; Mitchell et al., 1991).
A.2 Western Quebec-Adirondack seismic zone
The western Quebec-Adirondack seismic zone is situated in the southernmost portion of the
province of Quebec and northern New York state (Figure A.1). The seismicity here appears to
bifurcate into two distinct lineations: One trends west-northwest along the Ottawa River from Lake
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Timiskaming to Montreal; the other trends north-northwest from northern New York state to the
Baskatong Reservoir via Montreal (Adams and Basham, 1991). The west-northwest trend of
seismicity contains fewer but larger earthquakes than the north-northwest-trending branch.
Earthquake occurrence in the former is attributed to the reactivation of Paleozoic rift faults whereas
seismicity in the latter trend is thought to be related to the reactivation of fractures that were
generated in the crust as the North American plate drifted over a hot spot 120-140 million years ago
(Adams and Basham, 1991). In both lineations earthquake focal depths range from 5-20
kilometers, which places them well within the Precambrian basement rock. The largest historic
earthquakes in this region have been an mb,Lg =5.8 (M w=6.25) event near Montreal in 1732, an
mb,Lg =6.2 (M w=6.35) event near Lake Timiskaming in 1935, and an mb,Lg =5.8 (M w=5.77)
event near the New York/Canadian border in 1944 (Johnston et al., 1994b). During the past
twenty years, however, most of the events in this region have been located north of the Ottawa
River and have had body wave magnitudes less than 4.3 (Adams and Basham, 1991).
A.3 Charlevoix seismic zone
The Charleviox seismic zone is the most seismically active region in eastern Canada (Figure
A.1). Since its settlement by Europeans in the seventeenth century, this area has experienced at
least five earthquakes of mb=5.9 (m b,Lg of approximately 6.0) or greater (1663, 1791, 1860,
1870, and 1925) (Johnston et al., 1994b), making it the most probable site for a large, damaging
earthquake in eastern Canada in the future (Adams and Basham, 1991). The causative faults for
seismicity in this area lie at depths between 5 and 25 kilometers, indicating that these faults
originate within the Precambrian basement rocks. Although this cluster of seismicity is situated in
the same rift system as the westernmost branch of earthquakes in the western Quebec seismic zone,
the rift faults here have been overprinted by ring faulting caused by a meteorite impact during the
late Devonian period. Even though it has not been resolved as to which of the two sets of
structures are the source of the seismicity, many believe the graben faults are the causative faults
because 1) Other Canadian meteor craters are not presently active, 2) The seismicity in the
Charlevoix seismic zone is not confined solely to the ring faults, and 3) Focal mechanisms from
instrumentally-recorded events indicate movement along graben-related structures, not impactrelated structures (Adams and Basham, 1991).
A.4 New England-New Brunswick seismic zone
The seismicity in the New England-New Brunswick seismic zone appears to be most dense
in Maine, New Hampshire, eastern Massachusetts, Rhode Island, Connecticut, and New
Brunswick (Figure A.1). This region has produced a number of large, damaging earthquakes,
including a Modified Mercalli Intensity VII (mb,Lg=5.0 (estimated); Johnston et al., 1994b) in 1727
and a Modified Mercalli Intensity VIII (mb=5.8 (estimated); Johnston et al., 1994b) in 1755 near
Cape Ann, Massachusetts; a Modified Mercalli Intensity VII (mb,Lg=5.8 (estimated); Johnston et
al., 1994b) in eastern Maine in 1904; a Modified Mercalli Intensity VII (mb,Lg=5.5 (estimated);
Johnston et al., 1994b) near Ossippee, New Hampshire in 1940, and mb,Lg=5.8, 5.0, 5.5, and 4.5
(Johnston et al., 1994b) near Miramichi, New Brunswick in 1982 (Adams and Basham, 1991).
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Despite poor network station densities, focal depths obtained for instrumentally-recorded
earthquakes indicate that the causative faults are located at depths less than 20 kilometers below the
surface. Although the observed seismicity is not obviously correlated with faults exposed at the
surface, it may be associated with movement along favorably-oriented zones of weakness
produced by earlier orogenic and tectonic episodes (Ebel and Kafka, 1991; Kafka and Miller,
1996).
A.5 Newark Basin seismic zone
The Newark Basin seismic zone is located 100-250 kilometers southwest of the New
England seismic zone (Figure A.1). Here, the earthquakes appear to surround both sides of the
Mesozoic-aged Newark Basin (Kafka et al., 1985; Kafka and Miller, 1996). The largest historic
event was an ML=5.6 (Johnston et al., 1994b) in 1884; more recent events are between a body
wave magnitude 1.5 and 3.0 (Kafka et al., 1985). This zone of seismicity was first acknowledged
in the late 1960's when a series of geological and seismological investigations were conducted
prior to the construction of a nuclear reactor near Peekskill, New York (Fischer, 1981). This zone
is marked by two distinct lineations of seismicity: one on the northwest side of the basin, the other
on the southeast side. The Ramapo Fault is the geologic structure that marks the northwestern
edge of the basin; it has been proposed that this structure is seismogenic (Aggarwal and Sykes,
1978). Others, however, disagree (Ebel and Kafka, 1991; Kafka and Miller, 1996; Kafka et al,
1985). They believe that such earthquake activity could easily be associated with other faults that
surround the basin (Kafka et al., 1985). In fact, some contend that the largest shock did not even
occur on the Ramapo fault (Kafka et al., 1985; Fischer, 1981) Focal mechanism solutions indicate
motion both parallel to and transverse to the general trend of the basin (Kafka et al., 1985), with
predominant reverse and thrust mechanisms (Ebel and Kafka, 1991).
A.6 Lancaster seismic zone
Immediately south of the Newark Basin lies another Mesozoic-aged structure: the
Gettysburg Basin (Figure A.1). At the juncture of these two structures lies the Lancaster seismic
zone. The eastern end of the Lancaster seismic zone is adjacent to the western end of the Newark
Basin seismic zone and, like its neighbor to the north, also possesses two lineations of seismicity
which border the northwestern and southeastern sides of the basin. For the past 250 years this
region has been characterized by frequent, but non-damaging seismicity; upon closer inspection
one finds that the Lancaster seismic zone is characterized by discordant bursts of activity followed
by periods of moderate quiescence (Armbruster and Seeber, 1987). Available data from
instrumentally-recorded events indicates that reverse and right-lateral strike slip along northeasttrending faults may account for some of the seismicity, however other events in this zone appear to
be related to the dikes and their associated faults which dissect the basin (Armbruster and Seeber,
1987). The largest historic events in this zone have been a body wave magnitude 4, the last of
which occurred in 1984 at a depth of 4.5 kilometers (Seeber and Armbruster, 1988).
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A.7 Virginia Seismic Zones
Virginia is dominated by two distinct clusters of earthquake activity: The Giles County
seismic zone, located near Pearisburg, Virginia, and the Central Virginia seismic zone, located
northwest of Richmond, Virginia (Figure A.1). Both seismic zones have generated at least one
earthquake with body wave magnitude greater than or equal to 5.0 since 1564: Giles County
experienced an estimated mb=5.8 in 1897 and Central Virginia experienced an estimated mb=5.0 in
1875 (Bollinger et al., 1991). In fact, the 1897 event in Giles County is the second largest historic
earthquake in the Southeast.
The results of nearly twenty years of network monitoring indicates that, despite their
proximity to one another, these two seismic zones are quite different: The Giles County seismicity
appears to be related to the reactivation of northeast-trending basement structures; the central
Virginia activity appears to be related to the reactivation of Appalachian structures. The next few
paragraphs will describe in more detail the specifics of these differences.
The seismicity in Giles County defines a northeast-trending, tabular zone of seismicity
approximately 10 kilometers wide by 45 kilometers long that extends with a near-vertical dip from
5-25 kilometers beneath the land surface (Bollinger and Wheeler, 1988). On the basis of five
composite focal mechanisms and six single-event focal mechanisms, Munsey and Bollinger (1985)
suggest that the Giles County Seismic Zone seismicity may be due to the reactivation of more than
one basement fault. Bollinger and Wheeler (1988) suggested that the observed seismicity could be
attributed to the reactivation of older, pre-existing faults which formed within the Grenvillian
basement rocks during a rifting episode which preceded the Appalachian orogenies.
The Central Virginia seismic zone is defined by the hypocentral locations of some 130
historical and instrumentally recorded events (Bollinger and Sibol, 1985) (Figure A.1). Unlike
Giles County, this seismic zone is defined by a genuinely laterally diffuse distribution of epicenters
that is nearly circular in shape with northerly dimensions of 120 kilometers and easterly
dimensions of 150 kilometers (Bollinger et al., 1991). Most significantly, 75 percent of the
hypocenters in the Central Virginia seismic zone are located at depths of less than 11 kilometers
and are situated in the northwestern portion of the zone; the other 25 percent are as deep as 15
kilometers and tend to cluster in the southeastern part of the zone (Coruh et al., 1988). Focal
mechanism data for all of the instrumentally-recorded events indicate predominantly strike-slip and
reverse motion along seemingly randomly-oriented faults (Bollinger and Sibol, 1985; Bollinger et
al., 1986).
Unlike Giles County, the focal depths of the Central Virginian earthquakes appear to be
well above the interpreted depth of the Appalachian decollement: 21 kilometers (Coruh et al.,
1988). Yet if the errors associated with the hypocentral depths of some of these earthquakes is
taken into consideration, then some of the events may actually be associated with faulting within
the basement rock beneath the decollement. In either case, the seemingly random orientation of
earthquake nodal planes indicates that the release of seismic energy is occurring along many
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unrelated fault planes or geologic structures. In an attempt to reconcile the underlying geology
with the observed seismicity two hypotheses have been proposed. The first, which assumes that
all of the seismicity is occurring above the decollement, is based upon the projection of central
Virginian seismicity onto a reprocessed reflection Vibroseis profile along interstate highway I-64
(Coruh et al., 1988). These authors attribute the shallower seismicity in the northwestern portion
of the seismic zone to the reactivation of thrust faults above a shallow crustal antiform; the deeper
events to the southeast, however, are interpreted to be associated with a Mesozoic-aged diabase
dike which appears on aeromagnetic anomaly maps (Coruh et al., 1988). A second hypothesis,
termed hydroseismicity, proposes that central Virginian seismicity arises from fluctuations in the
water level of the James River, which bisects the Central Virginia seismic zone (Costain et al.,
1987a; Costain et al., 1987b; Costain and Bollinger, 1991). Such a mechanism would readily
explain both the seemingly random orientation of nodal planes as well as the depth distribution of
earthquakes in central Virginia.
A.8 Eastern Tennessee Seismic Zone
Like Giles County, Virginia, the focal depths for instrumentally-recorded events in eastern
Tennessee indicate that the causative faults lie well beneath the Appalachian orogenic structures,
hence the seismicity and the surface geology can not be correlated (Powell et al., 1994) (Figure
A.1). As a result, studies began to focus on the relationship between the seismicity and basement
structure. Johnston et al. (1985) was one of the first to suggest that the earthquakes occur in a
crustal block that is delineated by two northeast-trending magnetic anomalies: The very prominent
New York-Alabama lineament and the less prominent Clingman lineament. Apparently 80-90% of
the earthquakes in the eastern Tennessee seismic zone occur between the two magnetic features
(Bollinger et al., 1991). Hopkins (1995) attempted to determine the source of the New YorkAlabama magnetic anomaly by interpreting reprocessed oil industry seismic lines which cross the
lineament in eastern Tennessee. She attributes the lineament to be a wedge-shaped structure
composed of felsic material derived from the anatectic melting of the crust following the Grenville
orogeny (Hopkins, 1995).
Powell et al. (1994), however, believe that the seismicity may represent the reactivation of
a wrench fault system. Focal mechanisms for eastern Tennessee earthquakes show evidence for a
very consistent mode of faulting: the majority of mechanisms are strike-slip with right lateral
motion on north to northeast-trending planes or left-lateral on easterly-trending planes. Recent
work by Chapman and Powell (1996) suggest that the seismicity of eastern Tennessee most likely
occurs on a conjugate set of faults in which one set trends northeasterly and the other trends
easterly.
A.9 Charleston Seismic Zone
The largest event in the southeastern United States occurred near Charleston in 1886 (Figure A.1).
Its magnitude has been estimated to be an mb=6.6 (M s=7.5, Mw=7.56; Johnston et al., 1994b).
Four focal mechanism solutions obtained for four instrumentally-recorded events in the Charleston
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seismic zone indicate movement along either northwest-trending or northeast-trending faults.
Focal depths for these same events indicate that the earthquakes are occurring well below the
sedimentary cover of the Atlantic coastal plain and within pre-Cenozoic rocks.
In an effort to understand the causative geologic structure or structures for the 1886 event
as well as to assess the likelihood of Charleston-sized events occurring elsewhere in eastern North
America, the U.S. Geological Survey conducted a study of the earthquake and its environment
during the late 1970's and early 1980's. A number of hypotheses surfaced from this study, but no
consensus was met. The seismicity was attributed to various things, including the reactivation of
the Appalachian decollement, which was inferred to exist beneath Charleston (Seeber and
Armbruster, 1981), the concentration of stress around mafic plutons (Kane, 1977; McKeown,
1978; Campbell, 1978), and the reactivation of Mesozoic-aged graben faults both on-shore and
off-shore (Talwani, 1977; Wentworth and Mergner-Keefer, 1983; Ackerman, 1983; Schilt et al.,
1983; Hamilton et al., 1983; Behrendt et al., 1983; Daniels et al., 1983; Dillon et al., 1983;
Klitgord et al., 1983; Tarr and Rhea, 1983; and Long and Champion, 1977). The most recent
hypothesis proposes that the 1886 event occurred at the intersection of two inferred Mesozoicaged, on-shore graben faults: The Woodstock fault and the Ashley River fault (Talwani et al.,
1979; Talwani, 1983; Talwani, 1985; Talwani, 1988; Talwani and Rajendran, 1991; Tarr and
Rhea, 1983). According to Marple and Talwani (1993), the existence of the Woodstock fault is
established not only by the hypocentral locations and focal mechanisms of events that occurred
between 1980 and 1990 but also by a seismic reflection line (Schilt et al., 1983), Landsat images
and fluvial morphological data. A single seismic reflection line (Schilt et al., 1983) and a focal
mechanism solution from an event in 1974 (Tarr, 1977) supports the existence of the Ashley River
fault.
A.10 Paleoliquefaction Data
Within the past twelve years paleoliquefaction data collected along the coast of the
southeastern United States has greatly enhanced the state of knowledge of the seismic history of
this region. Aided by the carefully noted observations of liquefaction features in the Charleston
area by Earl Sloan in 1886 (Dutton, 1889), the search for older paleoliquefaction relicts in this
region were initiated by Gohn et al. (1984), Obermeier et al. (1985), and Talwani and Cox (1985).
Their success spawned a number of other studies (Obermeier et al., 1987, Amick et al., 1989, for
example) whose area of focus eventually covered the entire coast of the southeastern United States.
Talwani (1996) has identified six pre-historic, liquefaction-inducing events in the
Charleston area (Figure A.3). Their dates of occurrence have been estimated to be 546±17 years
before present, 1001±33 years before present, 1641±89 years before present, 3548±66 years
before present, 5038±166 years before present, and 5300-6300 years before present. Based on
this data, the average return period for these prehistoric earthquakes ranges from 450 years to 1240
years (Figure A.3).
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Paleoliquefaction relicts have also been found in other parts of coastal South Carolina
(Figure A.2) and in the extreme southeastern portion of the coast of North Carolina. The relicts
found to the north of Charleston appear to have been generated by a large event that occurred far
from the meizoseismal area of the 1886 event. This is evidenced by the discordance of the age of
this event (1,700 to 2,000 years before present (Amick et al., 1989; Weems and Obermeier, 1989))
with the ages obtained for the Charleston events. With two possible exceptions, the relicts found
to the south of Charleston have ages that are consistent with the ages determined for the prehistoric
Charleston events (Amick et al., 1989). These exceptions were noted by Rajendran and Talwani
(1993), who discovered two sets of paleoliquefaction relicts near Bluffton, South Carolina--a small
town northwest of Hilton Head Island. One suggests an age inconsistent with any of the ages
obtained for the Charleston events (2355±365 years before present); the other (500±180 years
before present) suggests an age similar to one found in Charleston and one to the north of
Charleston but the diameter of the craterlet near Bluffton is much greater than the ones to the
north. This latter observation is significant because it implies that the source of these similar-aged
liquefaction relicts was closer to Bluffton than to Charleston (Rajendran and Talwani, 1993). To
date, no similar-aged liquefaction relicts have been found to the south of Bluffton (Rajendran and
Talwani, 1993).
Excepting the extreme southeastern portion of the coast of North Carolina, a systematic
search for paleoliquefaction relicts along the coasts of other southeastern states was unsuccessful
(Amick et al., 1989; Amick et al., 1990). This result could be attributed to a number of factors,
including 1) The magnitudes of the earthquakes in these areas are not great enough to induce
liquefaction, 2) The soil conditions in these areas are either not conducive to liquefaction or are not
laterally pervasive enough to preserve such features, 3) The search for these features was not
systematic enough to be successful, and 4) The drier climatic conditions and lower sea levels
which prevailed in this region until 2,000 years ago could have prevented the successful
preservation of paleoliquefaction features (Amick and Gelinas, 1991b; Amick et al., 1990).

69

50˚N
Western
Quebec
Charlevoix

45˚N
Lancaster

New Madrid

New England

40˚N

Newark
Basin

Giles

Central
Virginia

35˚N

30˚N

Eastern
Tennessee

Charleston

km
25˚N
95˚W

0
90˚W

85˚W

80˚W

75˚W

500
70˚W

1000
65˚W

60˚W

Figure A.1: Seismic zones of eastern North America. Circles denote the location of preinstrumental and instrumentally-recorded earthquakes.
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Appendix B: Geological Setting of Southeastern North America
The present geologic characteristics of eastern North America are the result of
approximately one billion years of tectonic activity involving continental convergence, rifting, and
passive margin development. As a result of such a lengthy and varied tectonic history, details
about the geology and tectonic evolution of southeastern North America have been a topic for
debate for a number of decades (Faill, 1985; Hatcher, 1987). Yet in spite of its complexity, it
appears as though a consensus has been met concerning the general timing and structural style of
the larger regional events, which have deformed the eastern margin of North America on a scale of
hundreds to thousands of kilometers. In light of the observation that the locations and orientations
of the structures of younger tectonic events are controlled by those of older tectonic events, it
seems likely that these regional tectonic events have controlled, at least to some extent, the
locations and orientations of the larger seismically active faults in southeastern North America.
This has important implications in terms of seismic hazard model construction, for it suggests that
a relationship between geology and seismicity can be attained for the southeastern United States.
This appendix summarizes what is known about the regional tectonic development of
southeastern North America. Although the information presented in this appendix is not critical to
the development of a hazard model for Charleston, South Carolina, it is discussed here because of
its influence in the development of the regional seismic hazard model presented in Chapter 4.
B.1 Regional Tectonic Events
The tectonic evolution of the southeastern United States appears to have been influenced by four
major geologic events: 1) The middle Proterozoic Grenville orogeny, 2) the late Proterozoic
rifting episode that culminated in the creation of the Iapetus Ocean, 3) the Paleozoic Appalachian
orogenies, and 4) the formation of the Atlantic Ocean and subsequent development of a passive
margin during the Mesozoic and Cenozoic Eras. A brief discussion of each of these events is
presented in the following paragraphs.
The tectonic evolution of North America began approximately 1.98-1.83 billion years ago
when seven microcontinents comprised of early, middle, and late Archean age crust (3.8-3.4 Ga,
3.4-3.00 Ga, and 3.00-2.5 Ga, respectively) were orogenically assembled into a protocraton
(Hoffman, 1989). This ancient landmass, which presently extends from the central portion of the
United States to the very northern reaches of Canada, is the foundation upon which the North
American continent, known as Laurentia, was constructed during the Proterozoic Eon. The
present eastern margin of North America appears to have been largely nonexistent until
approximately 1.3-1.0 Ga when an episode of orogenic activity took place along the eastern margin
of Laurentia. This mountain building episode, known as the Grenville orogeny, is characterized
by thrusting in a northwestward direction and affected rocks from present-day southern Sweden to
southern Mexico (Hoffman, 1989). By approximately 0.8 Ga (Rankin, 1976) collisional
tectonism gave way to episodes of continental rifting within the North American craton,
culminating in the formation of the Iapetus Ocean by approximately 0.6 Ga (Odom and Fullagar,
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1984). As the Iapetus Ocean grew in size, the margin of eastern North America became less active
and eventually developed into a passive margin. This is evidenced by the presence of clastic and
carbonate sediments overlying late Precambrian to early Cambrian rift-facies sediments along the
entire margin of eastern North America (Williams and Hiscott, 1987). The exact timing of the
transition from an active margin to a passive margin is debated (Hatcher, 1972, 1987 versus
Williams and Hiscott, 1987) but it appears to have occurred in either late Precambrian or early
Cambrian time.
By the middle of the Ordovician tectonic quiescence gave way to active tectonics with the
onset of the Appalachian orogeny. The Appalachian orogenic belt is thought to have evolved from
three somewhat distinct orogenic pulses which, collectively, had a duration of several million
years. Each one has been identified based on one or more of the following characteristics: An
increased flux of siliciclastic sedimentation (specifically, flysch and molasse deposits, which are
classic indicators of orogenic activity (Stanley, 1986)), evidence of renewed volcanic activity, and
styles of deformation and metamorphism that are consistent with episodes of mountain building
(Taylor, 1989).
The first of these pulses, known as the Taconic orogeny, climaxed during middle to late
Ordovician time (approximately 450-480 Ma) in the southern Appalachians (Taylor, 1989; Ala
Drake et al., 1989). The impetus for mountain building appears to have been derived from the
collision and subduction of Iapetan island arcs with Laurentia (Taylor, 1989; Ala Drake et al.,
1989). Although the effects of the Taconic are mostly manifested in the northwestern flanks of the
northern Appalachians, portions of the Piedmont province in the southern Appalachians also
appear to bear a Taconic signature (Taylor, 1989; Ala Drake et al., 1989). It is presently
characterized by the presence of overthrust slope and rise sediments from the late Precambrianearly Cambrian North American continental margin and obducted ophiolites (Rast, 1989; Rowley
and Kidd, 1981) Metamorphism and granitic plutonism also accompanied the Taconic orogeny,
however these features were overprinted by plutonism and metamorphism that accompanied the
later Appalachian orogenic events, particularly the Alleghanian orogeny (Rast, 1989; Hatcher,
1989).
The second pulse of mountain building, the Acadian orogeny, apparently began during the
late Silurian or early Devonian (approximately 08 Ma) and climaxed during the middle of that
period (approximately 380 Ma) (Osberg et al., 1989). The effects of this orogeny are manifested
in the northern Appalachians, where this tectonic episode appears to have been caused by the
partial (O'Hara and Gromet, 1985, Rast et al., 1988) or total (Taylor, 1989) collision of North
America with the Avalon block, an exotic composite terrane which is well-exposed in southeastern
New England and moderately exposed in the southern Appalachians. Alternatively, it is possible
that the Avalon block did not exist as a single coherent mass during the Taconic but rather as a
series of independent terranes, which, when docked to North America, produced a single
composite terrane (Van der Voo, 1988; Rast et al., 1988). Despite the fact that Acadian-aged
plutons exist in the southern Appalachians, this region does not appear to have been largely
affected by the Acadian orogeny (Rogers, 1970). This observation has been attributed to the
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predominant overprint of the Alleghanian orogeny (Rast, 1989; Dallmeyer et al., 1986), however
Sinha et al. (1989) believe that the Acadian orogeny did not affect the southern Appalachians at all.
Instead, they contend that some of the southern Appalachian, Acadian-aged plutons may have
resulted simply by partial melting of rocks at depth and not by active subduction. Additionally,
they suggest that the Acadian-aged metamorphism in the Charlotte belt is the result of terrane
suturing (Sinha et al., 1989).
A third pulse of tectonic activity, known as the Alleghanian orogeny, occurred during the
Pennsylvanian and Permian periods (320 Ma - 248 Ma) (Taylor, 1989), but may have extended
from the late Mississippian (Hatcher et al., 1989) to the late Permian (Hatcher, 1989). This
episode of mountain building appears to have been caused by the head-on to oblique collision and
suturing of the North American and the Avalon block with Gondwana, resulting in the permanent
closure of the Iapetus Ocean and the formation of a single, composite landmass known as Pangaea
(Taylor, 1989; Rast, 1989; Hatcher et al., 1989). The Alleghanian orogeny strongly affected rocks
in the southern Appalachians and southeastern New England, overprinting rock fabrics and
structures from the older Appalachian and Grenvillian orogens (Hatcher et al., 1989) It is best
characterized by the numerous instances of thin-skinned thrusting in the Valley and Ridge and Blue
Ridge provinces of the southeastern United States (Rast, 1989; Hatcher et al., 1989), although it
was also accompanied by plutonism and dextral strike-slip motion along faults in the eastern
portion of the Piedmont province (Hatcher, 1989).
Pangaea remained intact until the late Triassic to early Jurassic, when another continental
rifting episode began to take place along the eastern margin of North America. This activity, which
is the fourth major event that influenced the tectonic fabric of the southeastern United States,
extended from the Cobequid-Chedabucto-Gibraltar fracture zone south to the Brunswick magnetic
anomaly (Manspeizer et al., 1989), eventually culminating in the opening of the Atlantic Ocean by
mid-Jurassic time. It is characterized by asymmetrically-shaped, sediment- and basalt-filled, listric
fault-bounded rift basins that are presently located both on-shore and off-shore of eastern North
America. The locations of these basins appears to have been controlled by Alleghanian thrust and
strike-slip faults, both of which are believed to have been reactivated shortly after the initiation of
rifting (Manspeizer et al., 1989; Hatcher, 1989). This event was also accompanied by uplift and
erosion during late Triassic to early Jurassic time, producing a postrift unconformity that is present
along much of the east coast of North America (Manspeizer et al., 1989; Manspeizer and
Cousminer, 1988; Klitgord et al., 1988). This unconformity is believed to represent eastern North
America's most recent transition from an active margin to a passive margin (Manspeizer et al.,
1989).
Despite its passive margin setting, uplift of the Appalachians began once again during the
Tertiary (Hatcher, 1989) and continues today, as evidenced by recent releveling data (Brown and
Oliver, 1976). Estimates of average erosion rates for the Cenozoic vary from approximately 40 to
31 meters per million years (Hack, 1980; Mathews, 1975), but apparent rates of uplift from studies
of tilted Pliestocene beaches and geodetic traverses are at least ten times greater, indicating that
erosion rates throughout the Cenozoic could not have been constant (Hack, 1980). This is
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supported by the contention by some geologists that the Appalachians were eroded to a virtual
peneplain several times during the Cretaceous and Cenozoic, yet others assess that the
Appalachians maintained some height throughout this time (Rodgers, 1982). According to
Manspeizer et al. (1989), the present uplift can be attributed to a number of phenomena, including
lithospheric bulging as a result of isostatic adjustments (Beaumont, 1979), glacial unloading
(Walcott, 1972), and hot spot migration (Crough, 1981). However none of the proposed
mechanisms satisfactorily explains all of the observations, therefore the cause of the uplift remains
an enigma (Manspeizer et al., 1989). There are also numerous examples of Cretaceous or
Cenozoic faulting in the Southeast (York and Oliver, 1976; Prowell, 1988; Prowell, 1983;
Wentworth and Mergner-Keefer, 1981), a further indication of the subdued active state of this
region. New slip-rate curves for the eastern United States indicate that recent motion along some
exposed Cretaceous- and Cenozoic-aged faults has ranged from approximately 0.3-1.5 meters per
million years (average rate: 0.5 meters per million years) since the Cretaceous (Prowell, 1988).
This is somewhat consistent with an average rate of 1 meter per million years obtained by
Wentworth and Mergner-Keefer (1983) for other Cretaceous- and Cenozoic-aged faults in the
southeastern United States.
B.2 Geologic, Geophysical, and Structural Characteristics of the Southern
Appalachians
Today the southern Appalachians are characterized by five distinct geologic (or
physiographic) provinces (Figure B.1). From west to east, these are the Appalachian plateau, the
Valley and Ridge, the Blue Ridge, the Piedmont, and the Coastal Plain. The following paragraphs
will describe the geologic, geophysical, and structural characteristics of these provinces in the
southeastern United States.
B.2.1 Appalachian Plateau
The Appalachian plateau consists of flat lying, essentially undeformed and
unmetamorphosed Devonian- to Permian-aged sedimentary rocks (Hatcher et al., 1989) (Figure
B.1). This province, which is underlain by Grenville-aged basement rock, possesses very few
exposed faults or folds (Hatcher et al., 1989). Of the faults which are mapped, nearly all of them
are situated at the eastern margin of the province (Hatcher et al., 1989), which appears to have
been mildly deformed by the Paleozoic Appalachian orogenies.
B.2.2 Valley and Ridge
To the east and adjacent to the Appalachian plateau lies the Valley and Ridge Province
(Figure B.1). This region is characterized by slightly metamorphozed Paleozoic sedimentary shelf
rocks that have been gently folded into anticlinoria and synclinoria and offset by numerous thrust
faults. The faults and folds were produced by the westward-directed, bulldozer-style thrusting of
former shelf sediments by the Blue Ridge-Piedmont thrust sheet during the Alleghanian orogeny
(Cook et al., 1979). Estimates of the distance over which these rocks were transported range from
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100 kilometers to as much as 260 kilometers (Cook et al., 1979). Beneath these thrusted rocks lies
relatively unmetamorphosed Cambrian sedimentary rocks and, presumably, Grenville-aged
basement rock (Cook et al., 1979; Hatcher, 1971; Clark et al., 1978; Harris and Bayer, 1979) with
Iapetan faults (Gresko, 1985). It will be demonstrated in the next chapter that these basement
rocks are of primary importance for seismic source zone delineation in the western portion of the
Appalachian mountains, for there is a strong correlation between focal depths for Valley and Ridge
earthquakes and the depth of this basement rock.
Both the Valley and Ridge and Appalachian Plateau provinces possess a prominent
magnetic anomaly termed the New York-Alabama lineament (King and Zietz, 1978). This feature
has been interpreted by King and Zietz (1978) to be an ancient strike-slip fault that was reactivated
during the Alleghanian orogeny, although surface mapping indicates that Alleghanian strike-slip
faulting only extended as far west as the Brevard fault zone (Hatcher and Edelman, 1987). King
and Zietz (1978) also postulate that the New York-Alabama lineament may represent a deeplyeroded suture which separates greatly-contrasting basement rocks.
B.2.3 Blue Ridge
The Blue Ridge Province (Figure B.1) is an allochthonous belt of metasedimentary,
metavolcanic, and Grenville-age rocks underlain by relatively undeformed Cambrian sedimentary
rock that is situated to the east of the Valley and Ridge province. At the surface the two provinces
are separated by the Blue Ridge-Piedmont thrust fault, the structure along which the Blue Ridge
and Piedmont appear to have been detached and thrusted as a single unit towards the west during
the Alleghanian orogeny (Hatcher and Edelman, 1987). It is the movement of these provinces
along this thrust fault that is believed to have been responsible for the bulldozer-style thrusting and
folding of the Valley and Ridge province (Cook et al., 1979). Estimates of westward-directed
displacement are similar to those of the Valley and Ridge and presently range from 100 kilometers
to 260 kilometers (Cook et al., 1979).
The western portion of the Blue Ridge mostly consists of Grenville-age basement which is
unconformably overlain by late Proterozoic to early Paleozoic continental and shallow marine
metasediments (Taylor, 1989). The basement is considered to have represented the easternmost
extent of North American crust prior to allochthonous thrusting during the Alleghanian orogeny
(Hatcher et al., 1989). The eastern portion of this province is closer in lithology to the rocks of the
adjacent Inner Piedmont province and consists of metamorphosed turbidite sequences interbedded
with mafic and ultramafic rocks (Hatcher et al., 1989; Wehr and Glover, 1985). These eastern and
western portions of the Blue Ridge Province are separated by the Hayesville-Fries fault, a large
fault of possible Taconic origin (Wehr and Glover, 1985) that is believed to be the suture that
separates rocks of North American affinity from those of exotic affinities (Hatcher, 1978; Hatcher,
1981). Alternatively, the Hayesville-Fries fault may be a reactivated late Proterozoic hinge zone
which separates highly thinned continental crust to the east from slightly thinned continental crust
to the west (Wehr and Glover, 1985). The eastern Blue Ridge is separated from the western
Piedmont by the Brevard fault zone, a major strike-slip fault that was most recently activated
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during the Alleghanian orogeny (Hatcher, 1987; Hatcher et al., 1989) and appears to be a major
splay off of the Blue Ridge-Piedmont thrust sheet (Cook et al., 1979).
The premise that the eastern Blue Ridge and western Piedmont provinces represent a major
change in crustal characteristics is supported by the presence of the Piedmont gravity gradient, a
geophysical feature which extends from Québec to Alabama. According to Taylor (1989), the
Piedmont gravity gradient has been interpreted as: 1) "A transition from thick to thin crust " in
which the Grenvillian margin is overthrust from the east by the Blue Ridge and Piedmont
provinces (Cook, 1984a; 1984b), 2) "A southeast-dipping suture zone..." which separates
"...thick, granitic crust to the west from mafic crust to the east." (Hatcher and Zietz, 1980;
Hutchinson et al., 1983), 3) "A change in crustal density associated with buried low-density sialic
Grenville crust and mafic crust of accreted microplates to the southeast of the Charlotte and
Carolina slate belts" (Dainty and Frazier, 1984).
B.2.4 Piedmont
The Piedmont Province (Figure B.1) lies to the east of the Blue Ridge and is comprised of
exotic metasedimentary and metavolcanic rocks which were accreted onto the North American
craton during the Taconic and Acadian orogenies. In the western portion of the province these
allochthonous rocks appear to be underlain by autochthonous, flat-lying, relatively undisturbed
Cambrian sedimentary rocks and, presumably, Grenville-aged basement rock (Cook et al., 1979;
Cook et al., 1980; Cook et al., 1981; Hatcher, 1978). The allochthonous rocks are separated from
the autochthonous rocks by the Blue Ridge-Piedmont thrust sheet, a structure whose easternmost
extent is a subject of debate. Some suggest that it is a steeply-dipping root zone situated beneath
the Kings Mountain belt (Iverson and Smithson, 1982; 1983; Hatcher and Zietz, 1980). Others,
however, believe it to be an imbricated ramp which continues eastward beneath the Carolina Slate
belt, Charlotte belt, and, possibly, the Coastal Plain province (Phinney and Roy-Chowdhury,
1989; Secor et al., 1986; Cook, 1983). The eastern extent of this province is debated but is known
to exist beneath the western portion of the Coastal Plain province.
The Piedmont can be divided into a number of sub-provinces based on differences in
metamorphic grade and dominant lithology (Taylor, 1989). The westernmost sub-province, the
Inner Piedmont, is bounded to the west by the Brevard fault zone and to the east by rocks of the
Avalon terrane. It extends as far south as northern Alabama but terminates to the north at the North
Carolina/Virginia state border. The Inner Piedmont is believed to have been continental slope and
rise sediments that were sandwiched between North America and the accreted island arcs of the
Avalon terrane during the Taconic orogeny (Secor et al., 1986). As mentioned previously, the
rocks of the Inner Piedmont are very similar to those of the eastern Blue Ridge; it is possible that
they were accreted as one unit and then later partitioned by strike-slip motion along the Brevard
fault during the Alleghanian orogeny (Rast, 1989).
To the east of the Inner Piedmont lie the Charlotte belt and Carolina slate belt, respectively.
These sub-provinces are part of the Avalon terrane and consist of metavolcanic and
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metasedimentary rocks of unknown origin (Secor et al., 1986) but possessing fauna of European
and African affinities (Hatcher, 1987). They are believed to have been accreted to North America
during the Taconic orogeny (Ala Drake et al., 1989), although they do not appear to have
experienced the Taconic deformation (Hoffman, 1989). Hatcher (1987) suggests instead that they
were accreted during the Acadian orogeny. The Kings Mountain belt is sandwiched between the
Avalon terrane and the Inner Piedmont; it is composed of rocks which are believed to be North
American in origin (Hatcher, 1987) The eastern boundary of the Carolina Slate belt is marked by
the Modoc fault in Georgia and South Carolina and by the Nutbush Creek fault in North Carolina
and Virginia.
The Kiokee, Belair, and Raleigh belts are Piedmont sub-provinces that lie east of the
Charlotte belt and Carolina slate belt. They, too, are believed to have Avalonian affinities (Secor et
al., 1986). The Goochland terrane is also situated east of the Charlotte and Carolina slate belts, but
this sub-province consists of rocks of possible Grenville age and affinity which may have been
rifted from North America during the late Precambrian and then re-accreted during the Paleozoic
(Secor et al., 1986) or, perhaps, were simply translated southward along the eastern Piedmont
fault system as a result of colliding with Africa (Hatcher and Edelman, 1987). This network of
faults bounds the edges of the eastern Piedmont sub-provinces and appears to extend from
Alabama to Virginia (Hatcher et al., 1977). All of these faults were active during the Alleghanian
and exhibit predominantly right-lateral strike-slip motion (Bobyarchick, 1981).
B.2.5 Coastal Plain
The Coastal Plain province (Figure B.1) consists of sediments which were most likely
derived from the late Mesozoic and Cenozoic erosion of the Appalachian mountains (Hack, 1980;
Rogers, 1970). They onlap the eastern portion of the Piedmont province at the Fall Line and
thicken wedge-like to more than a kilometer along the continental shelf. These sediments are
responsible for the obscuration of much of the allochthonous crust and Mesozoic extensional
structures of southeastern North America.
A large portion of the Coastal Plain province is underlain by the Tallahassee/Suwannee
terrane, a structure of African affinity which consists of granitic, metamorphic, felsic
plutonic/volcanic, and fossiliferous sedimentary rocks (Rankin et al., 1989). It is believed to have
been sutured to North America during the Alleghanian orogeny, although the location of the suture
has not yet been resolved. According to Rankin et al. (1989), the suture of this terrane with the
Piedmont appears to be beneath the South Georgia basin, an early Mesozoic rift basin located in
northern Florida and southern Alabama, Georgia, and South Carolina. Nelson et al. (1985),
however, interpret the Brunswick Magnetic Anomaly (BMA) to represent the location of the
suture. It is interesting to note that the BMA and the trend of the South Georgia basin obliquely cut
across one another, therefore rendering the basin as the cause of the BMA as implausible (Chowns
and Williams, 1983).
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Seismic reflection surveys near Augusta, Georgia (Domoracki, 1995) and surficial geologic
evidence throughout eastern North America (York and Oliver, 1976; Prowell, 1988; Prowell,
1983; Wentworth and Mergner-Keefer, 1981) indicate that the Blue Ridge, Piedmont, and Coastal
Plain provinces have been faulted since the mid Mesozoic. This faulting has been attributed to the
reactivation of Paleozoic and Mesozoic basement faults by the current stress regime (Domoracki,
1995; York and Oliver, 1976; Wentworth and Mergner-Keefer, 1983) or to fracturing related to
Cretaceous and Cenozoic tectonism (York and Oliver, 1976). These faults generally strike
northeast and possess predominant reverse motion with a small component of strike-slip
(Wentworth and Mergner-Keefer, 1983). Although very little of the observed seismicity correlates
with the surface exposure of these recent faults, it has been assumed by Wentworth and MergnerKeefer (1983) and York and Oliver (1976) that movement along some of these faults generated an
earthquake.
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Figure B.1: Physiographic provinces of the southern Appalachians (adapted from Rast,
1989).

81

Appendix C: Seismic Sources in the Southeastern United States
The information presented in Appendices A and B was used to develop the seismic hazard
model discussed in Chapter 4. Due to the proximity of the Charleston source to the site of interest
in this study, a discussion of the other seismic sources was omitted from the body of this thesis.
These sources as well as the Charleston source are presented in this appendix.
C.1.1 Plateau
The Plateau source zone (Figure C.1) is situated to the west of the Appalachian mountains
and comprises a portion of the Appalachian plateau physiographic province (Figure B.1). Its
southeastern border is defined by the western edge of the Valley and Ridge physiographic
province. This area is distinguished from source zones to the east due to a less dense spatial
distribution of seismicity (Figure C.2). This lower density of seismic events per unit area may be
attributed to the lack of significant tectonic activity within the past 1 billion years. Compared to
other source zones in this study, the Plateau source has a relatively large number of earthquakes
(Figure C.2) however, due to its large area, its seismic rate density is small (Table C.1).
C.1.2 Eastern Tennessee
The eastern Tennessee source (Figure C.1) coincides with the location of the Eastern
Tennessee seismic zone (Figure A.1); its boundaries encompass the densest area of seismic activity
(Figure C.2). This is the most seismically active area in the Southeast since the installation of
regional seismic networks in the 1970's. On a per unit area basis, the eastern Tennessee source
zone has a comparatively large seismic rate density, although the total number of earthquakes in
this source zone is comparatively small (Table C.1).
C.1.3 Giles County
The boundaries of the Giles County source (Figure C.1) encompass the densest cluster of
seismicity that defines the Giles County seismic zone (Figure A.1). The second largest earthquake
in the southeastern United States occurred within this source zone in 1897. This, in conjunction
with the somewhat tabular shape to the seismic zone as defined by microseismic activity, provides
justification for the inclusion of the Giles County region as a potential source of seismicity for the
Southeast. At present it is characterized by a comparatively low rate of seismicity, but this is offset
by a high seismic rate density due to the small surface area of this source zone (Table C.1).
C.1.4 Highlands
The Highlands source zone (Figure C.1) is situated along the uplifted portions of the
Appalachian mountains. It is comprised of both the Valley and Ridge and Blue Ridge
physiographic provinces (Figure B.1). This source zone is distinguished from others to the east
and west by its relatively high density of earthquake epicenters (Figure C.2). The crust which
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comprises this source zone is believed to be autochthonous to North America. Its relative high
density of earthquake epicenters can be attributed to the fact that this crust has undergone many
cycles of continental collision and one episode of rifting during the past 1 billion years. Both
geological and geophysical information was used to aid in the delineation of the boundaries of this
source zone. The western edge of the Highlands source zone coincides with the western margin of
the Valley and Ridge physiographic province. The surface expression of the Piedmont gravity
gradient was chosen as the eastern boundary because this geophysical feature has been interpreted
to represent the transition from autochthonous, North American crust to allochthonous, foreign
crust (See Appendix B). The surface expression of the Piedmont gravity gradient is approximately
parallel with the eastern margin of the Blue Ridge physiographic province. The southern boundary
of the Highlands source zone is the Brunswick Magnetic Anomaly, a feature which has been
interpreted as a suture between North America and crustal fragments of uncertain affinity (Rankin
et al., 1989). The Highlands source zone has a moderate rate of seismicity, but its seismic rate
density is low due to its large surface area.
C.1.5 Central Virginia
The Central Virginia source zone (Figure C.1) coincides with the location of the Central
Virginia seismic zone; its boundaries delineate the densest cluster of seismic activity in this area
(Figure A.1; C.2). This seismic zone is included as a potential source zone in this study because
of the clustering of seismic activity in this area compared to that of the immediate surrounding area.
The Central Virginia source zone is characterized by a comparatively low rate of earthquake activity
and a moderate seismic rate density.
C.1.6 Avalon
The Avalon source zone (Figure C.1) is located east of the Appalachian highlands and
includes the Piedmont and Coastal Plain physiographic provinces (Figure B.1). This source of
seismicity is distinguished from source zones to the west by a comparatively lower density of
earthquakes. It is distinguished from source zones to the south by a higher density of earthquake
epicenters (Figure C.2). The crust in this source zone is not indigenous to North America, and one
would expect that the orientation of faults and other geologic structures are different than for North
American crust. Therefore, it should not be surprising that there is a difference in the density of
seismic events between this source and that of sources representing North American crust. Not
enough information exits to distinguish amongst the many different slivers of exotic crust. The
boundaries of the Avalon source zone were determined using geological and geophysical data. The
western boundary of the source zone coincides with the surface expression of the Piedmont gravity
gradient. The eastern boundary of the source zone is the East Coast Magnetic Anomaly, a
geophysical feature that has been interpreted to represent the transition from continental crust to
oceanic crust (See Appendix B). Almost all of the Mesozoic rift basins and associated faults lie
within the Avalon source zone. Although many of these structures are known to have been active
during the past few million years (see references in Appendix A), they are not modeled as separate
sources due to a lack of information concerning their individual rates of activity as well as
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uncertainty in their exact locations. The southern boundary of the Avalon source zone is marked
by the Brunswick Magnetic Anomaly. The Avalon source zone has low to moderate rates and rate
densities (Table C.1).
C.1.7 Charleston
The Charleston source (Figure C.1) coincides with the location of the Charleston seismic
zone (Figure A.1). Its boundaries encompass the densest cluster of seismic activity in the area
(Figure A.2). The northeast-trending line along the long axis of the ellipse represents an alternate
fault source for the seismicity in this region. This fault source is approximately coincident with the
location and trend of the proposed Woodstock fault (Talwani, 1985). The inclusion of the
Charleston seismic zone as a potential source zone is substantiated not only by the occurrence of a
magnitude 7 event in 1886 but also by the discovery of liquefaction features presumably generated
by other large, prehistoric earthquakes in the Charleston area. These pre-historic events appear to
recur every 450 to 1240 years (See Appendix A). If the assumption is made that they are all
associated with the same causative structure, then a characteristic earthquake model (Schwartz and
Coppersmith, 1984) can be invoked for the larger events in the Charleston area. The Charleston
source zone is characterized by a comparatively low rate of seismicity yet it possesses the highest
seismic rate density because of its small area (Table C.1). Due to its proximity to the site in
Charleston and its history of large earthquakes, this source zone will make a very significant
contribution to the hazard in South Carolina.
C.1.8 Suwannee
The Suwannee source zone (Figure C.1) is located in the southernmost portion of the
southeastern United States. It is distinguished from other source zones to the north by its
extremely low density of earthquakes (Figure C.2). This source zone represents allochthonous
crust that was accreted to North America during the late Paleozoic. Its place of origin is believed to
have been Africa based on paleontological evidence (See Appendix B). The boundaries of this
source zone were determined using geological and geophysical information: Its northern boundary
is coincident with the Brunswick Magnetic Anomaly and its eastern boundary is defined by the
East Coast Magnetic Anomaly. This source zone is characterized by very low rates and rate
densities (Table C.1).
C.1.9 Atlantic
The Atlantic source zone (Figure C.1) is situated off the coast of the southeastern United
States in the abyssal plain of the Atlantic Ocean basin. Its western margin is delineated by the East
Coast Magnetic Anomaly. It is distinguished from source zones to the west by a lack of
earthquake epicenters (Figure C.2), presumably due to an absence of ocean bottom seismometers
as well as to the extremely low rates of seismicity in intraplate regions of oceanic crust world-wide
(Johnston et al., 1994). Although rates and rate densities of seismicity could be estimated for this
source zone, the distance between this source zone and the sites in South Carolina are large enough
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that whatever contribution that this source zone could make to the hazard in South Carolina is
negligible. As a result, this source zone is omitted from the hazard calculations in this study.
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Source zone

a-value

b-value
0.63 ± 0.020
0.75 ± 0.018
0.82 *
1.06 ± 0.040
0.88 ± 0.044
0.86 ± 0.085
0.87 ± 0.046
0.87 *
N/A
0.83 ± 0.014
0.87 ± 0.031

minimum
magnitude
5
5
5
5
5
5
5
5
N/A
5
5

maximum
magnitude
6.5;7.0;7.5
6.5;7.0;7.5
6.5;7.0;7.5
6.5;7.0;7.5
6.5;7.0;7.5
6.5;7.0;7.5
6.5;7.0;7.5
6.5;7.0;7.5
N/A
6.5;7.0;7.5
6.5;7.0;7.5

Plateau
Highlands
Giles County
Eastern TN
Avalon
Central VA
Charleston
Suwannee
Atlantic
All sources
Piedmont &
Coastal Plain
Blue Ridge,
Piedmont, &
Valley+Ridge

1.85 ± 0.068
2.24 ± 0.066
1.68 **
3.19 ± 0.12
2.52 ± 0.15
1.95 ± 0.28
2.10 ± 0.15
1.74 **
N/A
3.14 ± 0.050
2.75 ± 0.11
2.94 ± 0.064

rate for
M>5
0.05
0.03
0.004
0.008
0.01
0.004
0.006
0.002
N/A
0.1
0.03

0.82 ± 0.017

5

6.5;7.0;7.5 0.07

rate density
(rate/area)
1.54E-7
1.26E-7
2.82E-6
3.10E-7
1.90E-8
2.82E-7
5.09E-6
4.00E-9
N/A
7.50E-8
2.80E-8
2.64E-7

Table C.1: Hazard model seismicity parameters (this study). A- and b-values for the Giles County
and Suwannee source zones could not be accurately obtained due to catalog incompleteness.
Seismicity parameters for the Atlantic source zone could not be obtained due to an absence of
earthquakes in the historical earthquake catalog from that source.
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Figure C.1: Seismic sources of the southeastern United States (this study). Note the delineation of the Charleston source as both a fault source and an area source.
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Figure C.2: Distribution of pre-instrumental and instrumentally-recorded earthquakes (circles) within the seismic sources defined in this study.
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Appendix D: Estimates of Catalog Completeness

Time

Magnitude(mb,Lg)
2.0-2.4 2.5-2.9 3.0-3.4 3.5-3.9 4.0-4.4 4.5-4.9
1990-1994
24
6
5
1
0
0
1980-1989
30
12
7
2
0
0
1970-1979
3
12
9
8
0
2
1960-1969
0
2
4
6
1
0
1950-1959
0
0
4
3
3
0
1940-1949
0
0
4
0
0
0
1930-1939
0
1
1
2
1
0
1920-1929
0
0
5
5
1
1
1910-1919
1
2
6
2
0
1
1900-1909
0
0
0
1
0
0
1890-1899
0
1
0
0
2
2
1880-1889
1
4
1
2
0
0
1870-1879
2
2
4
1
0
0
1860-1869
0
0
0
0
0
0

5.0-6.9
0
0
0
0
0
0
0
1
2
0
1
0
0
1

Highlands Source

Table D.1: Completeness estimates for the Highlands source. Plotted numbers represent the
number of earthquakes per magnitude interval per decade. Intervals over which the earthquake
catalog is considered complete are in bold.

89

Time

1990-1994
1980-1989
1970-1979
1960-1969
1950-1959
1940-1949
1930-1939
1920-1929
1910-1919
1900-1909
1890-1899
1880-1889
1870-1879
1860-1869

Magnitude(mb,Lg)
2.0-2.4
10
23
1
0
0
0
0
0
0
0
0
0
0
0

2.5-2.9
3
8
6
2
2
2
3
5
1
5
4
5
3
0

3.0-3.4
3
8
7
2
4
0
0
2
1
9
1
2
0
1

3.5-3.9
1
2
4
1
2
2
6
4
3
3
0
1
1
0

4.0-4.4
1
0
2
0
2
0
0
3
1
3
1
0
0
1

4.5-6.9
0
2
1
2
0
0
0
3
0
1
2
1
1
0

Plateau Source

Table D.2: Completeness estimates for the Plateau source. Plotted numbers represent the number
of earthquakes per magnitude interval per decade. Intervals over which the earthquake catalog is
considered complete are in bold.
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Time
1990-1994
1980-1989
1970-1979
1960-1969
1950-1959
1940-1949
1930-1939
1920-1929
1910-1919
1900-1909
1890-1899
1880-1889
1870-1879
1860-1869

2.0-2.4
36
58
1
0
0
0
0
0
0
0
0
1
0
0

Magnitude(mb,Lg)
2.5-2.9 3.0-3.4 3.5-3.9
22
5
0
28
14
4
3
4
4
4
1
2
0
6
3
3
2
1
0
1
2
0
0
2
3
3
3
0
1
2
0
0
0
0
1
0
2
0
0
1
0
0

4.0-6.9
0
2
1
1
3
1
0
0
1
1
0
0
1
0

Eastern Tennessee Source

Table D.3: Completeness estimates for the Eastern Tennessee source. Plotted numbers represent
the number of earthquakes per magnitude interval per decade. Intervals over which the earthquake
catalog is considered complete are in bold.

91

Time
1990-1994
1980-1989
1970-1979
1960-1969
1950-1959
1940-1949
1930-1939
1920-1929
1910-1919
1900-1909
1890-1899
1880-1889
1870-1879
1860-1869

2.0-2.4
2
0
0
0
0
0
0
0
0
0
0
0
0
0

Magnitude(mb,Lg)
2.5-2.9
3.0-3.4
0
0
1
1
0
2
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

3.5-6.9
0
0
1
1
1
0
0
0
0
1
2
0
0
0

Giles County Source

Table D.4: Completeness estimates for the Giles County source. Plotted numbers represent the
number of earthquakes per magnitude interval per decade. Intervals over which the earthquake
catalog is considered complete are in bold.
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Time
1990-1994
1980-1989
1970-1979
1960-1969
1950-1959
1940-1949
1930-1939
1920-1929
1910-1919
1900-1909
1890-1899
1880-1889
1870-1879
1860-1869

2.0-2.4
13
14
5
0
0
1
1
1
1
0
0
0
0
0

2.5-2.9
7
18
8
0
0
1
2
0
5
5
1
2
5
1

Magnitude(mb,Lg)
3.0-3.4 3.5-3.9
2
1
6
1
16
8
6
4
3
1
0
1
5
1
6
2
5
1
1
0
2
1
5
4
2
2
0
0

4.0-4.4
0
0
2
1
1
1
1
0
0
1
0
0
1
0

4.5-6.9
0
0
1
0
0
0
0
0
2
0
0
0
1
0

Avalon Source

Table D.5: Completeness estimates for the Avalon source. Plotted numbers represent the number
of earthquakes per magnitude interval per decade. Intervals over which the earthquake catalog is
considered complete are in bold.
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Time

Magnitude(mb,Lg)
2.0-2.4 2.5-2.9 3.0-3.4 3.5-3.9 4.0-4.4
1990-1994
4
4
0
1
1
1980-1989
13
4
3
0
0
1970-1979
5
5
4
0
0
1960-1969
1
2
2
2
1
1950-1959
0
1
2
1
1
1940-1949
3
3
6
0
0
1930-1939
4
4
1
1
0
1920-1929
3
4
0
0
0
1910-1919
0
0
0
0
0
1900-1909
0
0
0
0
0
1890-1899
0
0
0
0
0
1880-1889
0
1
0
0
0
1870-1879
0
1
1
0
0
1860-1869
0
2
1
1
0

4.5-6.9
0
0
1
0
0
0
0
0
0
0
0
1
0
0

Charleston Source

Table D.6: Completeness estimates for the Charleston source. Plotted numbers represent the
number of earthquakes per magnitude interval per decade. Intervals over which the earthquake
catalog is considered complete are in bold.
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Time

Magnitude(mb,Lg)
2.0-2.4 2.5-2.9 3.0-3.4 3.5-3.9 4.0-4.4
1990-1994
4
0
0
1
0
1980-1989
5
4
1
0
1
1970-1979
2
0
3
1
0
1960-1969
0
0
0
2
0
1950-1959
0
0
4
1
0
1940-1949
0
3
3
2
0
1930-1939
0
5
2
0
0
1920-1929
0
0
2
2
0
1910-1919
0
0
1
1
0
1900-1909
0
1
0
1
1
1890-1899
0
0
1
1
0
1880-1889
0
0
0
0
1
1870-1879
0
4
1
2
0
1860-1869
0
0
0
0
0

4.5-6.9
0
0
0
0
0
0
0
0
0
0
0
0
1
0

Central Virginia Source

Table D.7: Completeness estimates for the Central Virginia source. Plotted numbers represent the
number of earthquakes per magnitude interval per decade. Intervals over which the earthquake
catalog is considered complete are in bold.
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Time

Magnitude(mb,Lg)
2.0-2.4
2.5-2.9
3.0-3.4
1990-1994
0
0
0
1980-1989
0
0
1
1970-1979
0
1
3
1960-1969
0
0
0
1950-1959
0
1
2
1940-1949
0
0
0
1930-1939
0
0
1
1920-1929
0
2
0
1910-1919
0
0
0
1900-1909
1
1
0
1890-1899
0
0
1
1880-1889
0
0
1
1870-1879
0
0
0
1860-1869
0
0
0

3.5-6.9
0
0
1
0
0
0
0
0
0
1
0
0
1
0

Suwannee Source

Table D.8: Completeness estimates for the Suwannee source. Plotted numbers represent the
number of earthquakes per magnitude interval per decade. Intervals over which the earthquake
catalog is considered complete are in bold.
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Time
1990-1994
1980-1989
1970-1979
1960-1969
1950-1959
1940-1949
1930-1939
1920-1929
1910-1919
1900-1909
1890-1899
1880-1889
1870-1879
1860-1869

2.0-2.4
93
143
17
1
0
4
5
4
2
1
0
2
2
0

2.5-2.9
42
75
35
10
4
12
15
11
11
12
6
12
17
4

Magnitude(mb,Lg)
3.0-3.4 3.5-3.9
4.0-4.4
15
5
2
41
9
3
48
27
4
15
18
4
27
12
10
15
6
2
11
12
2
15
15
4
16
10
2
11
9
6
5
3
3
10
7
1
8
6
3
2
1
1

4.5-4.9
0
1
6
1
0
0
0
4
3
1
3
1
1
0

5.0-6.9
0
1
0
1
0
0
0
1
2
0
3
1
2
1

All Sources

Table D.9: Completeness estimates for all seismic sources. Plotted numbers represent the number
of earthquakes per magnitude interval per decade. Intervals over which the earthquake catalog is
considered complete are in bold.
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Time
1990-1994
1980-1989
1970-1979
1960-1969
1950-1959
1940-1949
1930-1939
1920-1929
1910-1919
1900-1909
1890-1899
1880-1889
1870-1879
1860-1869

2.0-2.4
72
111
5
0
0
0
0
0
1
0
0
2
2
0

2.5-2.9
31
49
21
8
2
5
4
5
6
5
5
9
7
1

Magnitude(mb,Lg)
3.0-3.4 3.5-3.9 4.0-4.4
13
2
1
30
8
2
22
17
2
7
10
2
16
9
8
6
3
1
2
10
1
7
11
4
10
8
2
10
7
4
1
1
3
4
3
0
4
2
1
1
0
1

4.5-4.9
0
1
4
1
0
0
0
4
1
1
3
1
1
0

5.0-6.9
0
1
0
1
0
0
0
1
2
0
3
0
0
1

Plateau, Highlands, Giles County, and Eastern Tennessee Sources

Table D.10: Completeness estimates for the Plateau, Highlands, Giles County, and Eastern
Tennessee sources. Plotted numbers represent the number of earthquakes per magnitude interval
per decade. Intervals over which the earthquake catalog is considered complete are in bold.
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Time
1990-1994
1980-1989
1970-1979
1960-1969
1950-1959
1940-1949
1930-1939
1920-1929
1910-1919
1900-1909
1890-1899
1880-1889
1870-1879
1860-1869

2.0-2.4
21
32
12
1
0
4
5
4
1
1
0
0
0
0

2.5-2.9
11
26
14
2
2
7
11
6
5
7
1
3
10
3

Magnitude(mb,Lg)
3.0-3.4 3.5-3.9 4.0-4.4
2
3
1
11
1
1
26
10
2
8
8
2
11
3
2
9
3
1
9
2
1
8
4
0
5
2
0
1
2
2
4
2
0
6
4
1
4
4
2
1
1
0

4.5-4.9
0
0
2
0
0
0
0
0
2
0
0
0
0
0

5.0-6.9
0
0
0
0
0
0
0
0
0
0
0
1
2
0

Avalon, Charleston, Central Virginia, and Suwannee Sources

Table D.11: Completeness estimates for the Avalon, Charleston, Central Virginia, and Suwannee
sources. Plotted numbers represent the number of earthquakes per magnitude interval per decade.
Intervals over which the earthquake catalog is considered complete are in bold.
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Appendix E: Quantification of Strong Motion for
Engineering Analysis
The behavior of a complex structure can be modeled as a superposition of single-degree-offreedom (SDOF) oscillators. The elastic response spectrum presents the maximum response of a
suite of damped, SDOF oscillators to a given ground motion (Newmark and Hall, 1982). In the
past, much engineering analysis was performed using “standard” response spectra scaled
according to the peak ground acceleration expected for a given hazard scenario at a particular site.
Recently, models have been developed that allow prediction of the spectrum over a range of
oscillator frequencies for an earthquake of given magnitude at a given distance from a site. This
more recent approach will be used in this study to quantify strong motion.
The spectral displacement (SD) response spectrum can be expressed as:
SD(ω ,β) = max a(t) ∗ I(t |ω, β) ,

(1)

where ω and β are the natural frequency and damping coefficients of a SDOF oscillator, a(t) is the
ground acceleration at time “t”, I(t| ω , β) is the relative displacement of the oscillator with respect to
the ground in response to an acceleration impulse (a Dirac delta function). For a given time series
and damping coefficient, a spectrum can be constructed by convolving the acceleration time series
with the impulse response and determining the maximum response values for a suite of oscillator
frequencies (ω ). Such a spectrum constitutes the relative displacement response spectrum for a
specific value of damping. Note that the spectrum is a function of the driving acceleration, a(t).
To the extent that a structure can be represented by a SDOF oscillator, the maximum
deflection of the center of mass can be determined directly from the SD spectrum. More complex
structures can be analyzed using the principle of modal superposition (Newmark and Hall, 1982).
In this study, results are presented in terms of a related spectrum, the pseudo-spectral relative
velocity (PSRV) spectrum. It is related to the relative displacement spectrum by:
PSRV(ω, β) = ωSD(ω, β)

(2)

The PSRV spectrum closely approximates the maximum relative velocity of the oscillator at
oscillator frequencies close to the dominant frequency of the ground acceleration. At very high and
very low oscillator frequencies, the PSRV spectrum approaches zero. The PSRV spectrum closely
follows the Fourier amplitude spectrum of the ground acceleration, for β =0.
In this study, PSRV response for 5% critical damping (β=0.05) and oscillator frequencies
0.5, 0.8, 1.3, 2.0, 3.2, 5.0, 7.9, 13.0, and 20.0 Hertz is estimated for combinations of
earthquake magnitude and source-to-site distance. These estimations are made using a ground
motion prediction model recently developed for eastern North America (Atkinson and Boore,
1995). The goal of this study is to quantify the seismic hazard by determining the probability of
exceeding specific PSRV response values for the above-mentioned oscillator frequencies. The
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results will also be expressed in terms of “uniform hazard spectra” which have equal probability of
exceedance at all oscillator frequencies.
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