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ABSTRACT

Scientifi c understanding of earthquakes in the New Madrid seismic zone has 
advanced greatly in recent years, but these advances have resulted in neither better 
assessment of seismic hazard and risk nor better mitigation policy. The main rea-
sons for this are (1) misunderstanding about the National Seismic Hazard Maps and 
(2) confusion about seismic hazard and risk. Seismic hazard and seismic risk are 
two fundamentally different concepts, even though they have often been used inter-
changeably. Both are used differently in policy decision making, but seismic risk is the 
deciding factor, not seismic hazard.

Even though the input parameters are scientifi cally sound, we contend that the 
National Seismic Hazard Maps produced for the New Madrid region are fl awed 
because they were produced from probabilistic seismic hazard analysis (PSHA). 
PSHA is scientifi cally fl awed: As a complex computer model, it could not pass a simple 
sensitivity test with a single input earthquake, and the annual probability of exceed-
ance (i.e., exceedance probability in one year and a dimensionless quantity) has been 
erroneously interpreted and used as the annual frequency or rate of exceedance (i.e., 
the number of event exceedances per year and a dimensional quantity). Thus, the 
seismic hazard and resulting seismic risk estimates from PSHA can be viewed as arti-
facts, and the mitigation policies developed, the NEHRP (National Earthquake Haz-
ards Reduction Program) provisions and resulting building codes in particular, are 
problematic.

Scenario seismic hazard analysis is a more appropriate approach for seismic haz-
ard assessment, seismic risk assessment, as well as policy development in the New 
Madrid region.
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INTRODUCTION

Recent earthquakes, particularly the 2010 Haiti and Chile 
earthquakes and the 2011 New Zealand and Japan earthquakes, 
have demonstrated that mitigation—better seismic design for 
buildings, bridges, and other infrastructure—is the most effective 
way to reduce seismic risk and avoid earthquake disasters. The 
Haiti earthquake (M 7.0) resulted in more than 220,000 deaths 
from massive building collapse, whereas the Chile earthquake 
(M 8.8) resulted in fewer than 200 deaths from building collapse. 
The low number of fatalities during the Chile earthquake was 
because of good seismic provisions for buildings. There was no 
major building collapse during the Japan earthquake (M 9.0) 
because of stringent seismic provisions for buildings; the great 
loss of life was caused by the tsunami generated by the quake 
(Takewaki, 2011). Building collapse during the M 6.1 New Zea-
land earthquake killed ~200 people (a surprisingly high number 
when considering mitigation efforts) due to strong ground shak-
ing and widespread liquefaction (Hamburger and Mooney, 2011).

Development of mitigation policies, such as seismic provi-
sions in building codes, is a complex process. For example, the 
NEHRP (National Earthquake Hazards Reduction Program) Rec-
ommended Provisions for Seismic Regulations for New Build-

ings and Other Structures, developed by the Building Seismic 
Safety Council (1998, 2004, 2009), became a national standard 
widely used by federal, state, and local governments as well as 
nongovernment organizations. As shown in Figure 1, the process 
for developing the NEHRP provisions is complex—It started 
with the National Seismic Hazard Maps, which depict ground-
motion hazard in terms of the annual frequency or rate of exceed-
ing a level of ground motion (Frankel et al., 1996, 2002; Petersen 
et al., 2008). Then, a group of engineers, seismologists, and oth-
ers, using the maps and engineering science, developed a set of 
recommendations, including design ground motions, for seismic 
regulations for new buildings and other structures (BSSC, 1998, 
2004, 2009). These recommendations were endorsed by the 
Federal Emergency Management Agency and thus became fed-
eral policy, with associated regulations, for seismic safety in the 
United States. The recommendations were also adopted by many 
state and local governments, as well as nongovernment organiza-
tions such as the International Building Code Council and the 
American Society of Civil Engineers, resulting in the Interna-
tional Building Code (IBCC, 2000) and ASCE/SEI 7–10 (2010).

Adoption of the NEHRP recommendations has created a 
disincentive for construction in some communities in the cen-
tral and eastern United States, however, particularly in the New 

Figure 1. Flowchart for development of the National Earthquake Hazards Reduction Program recommended provisions. BSSC—
Building Seismic Safety Council; FEMA—Federal Emergency Management Agency; USGS—U.S. Geological Survey. 
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Madrid region. For example, peak ground acceleration (PGA) of 
0.8g would have to be considered for seismic design of a landfi ll 
at the Paducah Gaseous Diffusion Plant near Paducah, Kentucky, 
if the NEHRP hazard maps were used (Beavers, 2010). This high 
design ground motion required the U.S. Department of Energy to 
signifi cantly strengthen its application for a permit from federal 
or state regulators to construct the landfi ll. The Structural Engi-
neers Association of Kentucky (2002) found that if the Interna-
tional Residential Code of 2000 were adopted in Kentucky with-
out revision, constructing residential structures in westernmost 
Kentucky, including Paducah, would require enlisting a design 
professional. The recommended seismic provisions in the build-
ing code for Memphis–Shelby County (MSC), Tennessee, had 
to be amended (2005 MSC Building Code of the 2005 Technical 
Codes for Memphis and Shelby County, Tennessee), as well as 
the recommended design ground motion for the residential build-
ing code for western Kentucky (SEAOK, 2002). The encum-
brances on construction caused by the NEHRP provisions have 
led to intense debate, especially about the National Seismic Haz-
ard Maps (Frankel, 2003, 2004, 2005; Stein et al., 2003a, 2003b; 
Wang, 2003, 2005a; Wang et al., 2005; Stein, 2010). At the heart 
of this debate is the simple question: How could the New Madrid 
region have a higher ground-motion hazard than the San Fran-
cisco Bay Area or Los Angeles?

The debate has attracted national attention. The Advisory 
Committee on Earthquake Hazards Reduction convened on 9 
November 2010 in Memphis to address the concerns about the 
NEHRP recommendations. In a statement, ACEHR (2011, p. 1) 
acknowledged “the local community concerns,” and stated that 
they assign “a high priority to addressing the issues raised about 
the high hazard levels and attendant costs” and recommended 
that “the NEHRP agencies engage other earthquake profession-
als in making a clear and defendable statement of current seismic 
risk and goals for reducing that risk in the New Madrid region.” 
The statement also specifi cally recommended an examination of 
“the high hazard levels in USGS [U.S. Geological Survey] maps 
via an independent review for the New Madrid area” and rec-
ommended exploring “ways to improve communication of the 
hazards and their effects on structural design.”

In response, the National Earthquake Prediction Evaluation 
Council organized an independent expert panel to review the cur-
rent high earthquake hazard assigned to the New Madrid seismic 
zone (NMSZ). The Independent Expert Panel on New Madrid 
Seismic Zone Earthquake Hazards (2011, p. 1) released a report 
stating that “the lack of knowledge concerning the physical pro-
cesses that govern earthquake recurrence intervals in the cen-
tral United States, and whether large earthquakes will continue 
to occur at the same intervals as the previous three clusters of 
events,” is the fundamental problem. The panel concluded that 
“evolution in our knowledge will change the estimated hazard 
from New Madrid main shocks in the next round of seismic haz-
ard calculations; we infer that there are several factors that might 
reduce the estimated hazard.” Furthermore, “it is likely that the 
estimated NMSZ hazard may decline moderately in the next haz-

ard assessment due to improved knowledge of past earthquakes 
and current deformation.” In other words, the panel expected the 
estimated hazard in the New Madrid seismic zone to be lower in 
the next round of hazard assessment.

This chapter examines seismic hazard and risk assessments 
and the science behind them, the methodologies used, and the 
policy implications for the New Madrid region. The goal is to 
facilitate the development of more effective mitigation policies.

SEISMIC HAZARD AND RISK

Risk is a term used in everyday decision making, in situa-
tions ranging from purchasing health insurance, to investing in a 
401(k), to building a nuclear power plant, to fi ghting terrorism, to 
declaring war. An important associated term is hazard. Although 
hazard and risk have been used interchangeably, they are fun-
damentally different. Hazard is a natural or manmade phenom-
enon that has the potential to cause harm (i.e., social or economic 
consequences). Hurricanes, earthquakes, tornadoes, and fl oods 
are natural hazards, and car crashes, chemical spills, train derail-
ments, and terror attacks are manmade hazards. Risk, on the 
other hand, is the probability of harm if someone or something is 
exposed to a hazard. Thus, seismic hazard is a natural phenom-
enon, such as ground shaking, fault rupture, or soil liquefaction, 
that is generated by an earthquake, whereas seismic risk is the 
probability that humans will incur loss or their built environment 
will be damaged if they are exposed to a seismic hazard (Reiter, 
1990; McGuire, 2004; Wang, 2009, 2011). Seismic risk is an 
interaction between a seismic hazard and exposure of humans or 
their built environment. It can be expressed conceptually as

 Seismic Risk = Seismic Hazard × Exposure. (1)

As shown in Equation 1, high seismic hazard does not neces-
sarily mean high seismic risk, and vice versa. There is no risk if 
there is no exposure, even if there is a high seismic hazard. Like-
wise, engineering design or a policy for seismic hazard mitiga-
tion may differ from one for seismic risk reduction. Seismic haz-
ard may not be mitigated, but seismic risk can always be reduced 
by reducing exposure.

The differences between seismic hazard and risk, as well 
as their policy implications, are illustrated in Figure 2: Massive 
rockfalls (seismic hazards) were triggered by the main shock and 
aftershocks of the 2008 Wenchuan, China, earthquake (M 7.9) 
while a car and two pedestrians (exposures) were passing through 
the road section shown in the photo. The car driver and two 
pedestrians were taking a risk: possibly being injured or killed by 
rockfalls when they passed through the road section. The rock-
fall hazard may be diffi cult, even impossible, to mitigate along 
this road, but the risk (i.e., the possibility of injury and death) 
can always be reduced by reducing exposure (i.e., limiting traf-
fi c or pedestrians). There will be no risk if a driver decides not 
to drive or pedestrians decide not to walk on the road (i.e., no 
exposure). In general, seismic hazard such as fault rupture and 
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ground motion cannot be mitigated, and reducing exposure could 
also be diffi cult. Thus, the best way to reduce seismic risk is to 
reduce vulnerability (i.e., inability to withstand the effects of a 
seismic hazard) of the exposure, i.e., strengthen the built envi-
ronment through better seismic design and construction. In other 
words, the most effective way to reduce seismic risk and avoid 
earthquake disaster is better seismic design and construction for 
buildings, bridges, and other infrastructure.

Seismic hazard and risk are conceptually (i.e., qualitatively) 
different. They play different roles in decision making. Further-
more, seismic risk is more important than seismic hazard in 
decision making. In order to make more informed or effective 
decisions, quantifi cation is necessary. Seismic hazard is quanti-
fi ed through seismic hazard assessment, whereas seismic risk is 
quantifi ed through seismic risk assessment.

Seismic Risk Assessment

Quantifi cation of seismic risk is very complex and somewhat 
subjective, and it requires joint efforts from seismologists, engi-
neers, and others. Seismic risk quantifi cation not only depends 
on the desired physical measurements (e.g., magnitude, ground 
motion, fatalities, or economic loss), but also on the ways in 
which the hazard and exposure interact in time and space. Hazard 
and exposure could interact at a specifi c site (site-specifi c risk) 
or over an area (aggregated risk) (Malhotra, 2008). In order to 
estimate seismic risk, a model has to be assumed to describe the 
ways in which the hazard and exposure interact in time; several 
models, such as the Poisson, empirical, Brownian passage time, 

and time-predictable, have been used. Different models result in 
different estimations.

Currently, the most commonly used model in engineering 
risk assessment is the Poisson distribution. Under the Poisson 
assumption, an exposure (e.g., building) to a seismic hazard (e.g., 
a ground motion) is constant over the exposure’s life t; seismic 
risk, expressed in terms of a probability P

T
 that the seismic haz-

ard with a certain level or greater could occur at the exposure, can 
be estimated by

 τ
t

eP
T

−= 1 , (2)

where τ is the average recurrence interval, or 1/τ is the aver-
age recurrence frequency of the seismic hazard with a certain 
level or greater. Equation 2 describes a quantitative relationship 
between seismic hazard, in terms of a certain level or greater with 
an average recurrence interval τ or frequency 1/τ, and seismic 
risk, in terms of the probability that the seismic hazard with a 
certain level or greater could occur at the exposure within the 
exposure’s life. Equation 2 is used for risk calculation in earth-
quake engineering (Cornell, 1968, 1971; Milne and Davenport, 
1969; McGuire, 2004; Luco et al., 2007), hydraulic engineering 
(Gupta, 1989), and wind engineering (Sachs, 1978).

Equation 2 is derived from the interactions between the haz-
ard and exposure in time and space only, without consideration of 
physical interactions. In other words, Equation 2 can only deter-
mine the probability that the exposure could experience a certain 
level of hazard, not its vulnerability (i.e., inability to withstand 
the effects of a seismic hazard) nor the related level of damage 

Figure 2. A comparison of seismic haz-
ard and seismic risk. Seismic hazard: 
earthquake-triggered rockfalls. Expo-
sure: car and its driver, and pedestrians. 
Seismic risk: the probability of being 
struck by a rockfall during the period 
that the car or pedestrians pass through 
the road section.
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or economic loss. The physical interaction between seismic haz-
ard and exposure is complicated and determined from a fragility 
analysis. For example, for certain buildings, there is a relation-
ship between ground motion and damage level, expressed as a 
fragility curve (Kircher et al., 1997). The damage level can also 
be related to a level of economic loss or fatality. Thus, seismic 
risk, in terms of the probability P

D
 of a level of damage from the 

exposure by a seismic hazard, can be estimated from

 V

t

VTD PePPP )1( τ−=⋅= , (3)

where P
V
 is the exposure’s vulnerability to damage (i.e., prob-

ability of damage vs. a level of ground motion). As shown in 
Equation 3, reducing vulnerability P

V
 through strengthening the 

built environment will reduce risk.

Seismic Hazard Assessment

As a natural phenomenon, seismic hazard is quantifi ed by 
three parameters: level of severity (physical measurement), spa-
tial (where), and temporal (how often) measurement (Reiter, 
1990; McGuire, 2004; Wang, 2009, 2011). A seismic hazard 
assessment determines these three parameters using scientifi c 
information obtained from instrumental, historical, and geologic 
observations. For example, peak ground acceleration (PGA) of 
0.3g with a repeat time of 100 yr in San Francisco is a quantita-
tive description of seismic hazard. The rockfall hazard shown in 
Figure 2 can be quantifi ed as the falling of a rock with a mean 
diameter of 0.5 m or greater with an average occurrence fre-
quency of once every hour along that road section. Thus, earth-
quake science, normally conducted by earth scientists, is the 
basis for seismic hazard assessment.

Many types of hazards could be caused by an earthquake 
(fault rupture), and they can be separated into two categories: pri-
mary and secondary hazards. Primary hazards are surface rupture 
and ground motion that are caused directly by a fault rupture. 
Strong ground motion could trigger a secondary hazard, such as 
ground-motion amplifi cation, liquefaction, or a landslide under 
certain site conditions at a specifi c site. As shown in Figure 2, 
the ground motions from the main shock and aftershocks of the 
Wenchuan earthquake (M 7.9) triggered rockfalls along the road 
section. Ground-motion hazard normally affects large areas, 
whereas surface rupture is limited during an earthquake. Thus, 
ground-motion hazard is the main focus of a seismic hazard 
assessment. The U.S. National Seismic Hazard Maps (Frankel et 
al., 1996, 2002; Petersen et al., 2008) and ground-motion hazard 
maps (Street et al., 1996; Wang et al., 2007) depict ground-motion 
hazards on rock, based on earthquake sources and ground-motion 
attenuation relationships for rock. Secondary seismic hazards 
can be assessed if ground motion (input) and site conditions are 
known (Street et al., 1997, 2001; Bauer et al., 2001; Broughton 
et al., 2001; Rix and Romero-Hudock, 2001; Cramer et al., 2004, 
2006; Wang, 2008). Secondary hazard assessment is often con-
ducted alone or in combination with assessment of the primary 

ground-motion hazard at a local level. This effort is also referred 
to as microzonation (Wang, 2008). This paper focuses on pri-
mary ground-motion hazard assessment.

Several methods are used for seismic hazard assessment. The 
two most commonly used are probabilistic seismic hazard analy-
sis (PSHA) and deterministic seismic hazard analysis (DSHA). 
PSHA and DSHA use the same seismological and geologic infor-
mation, but they defi ne and calculate seismic hazard differently. 
In PSHA, seismic hazard is defi ned as the ground motion with an 
annual frequency or rate of exceedance, and it is calculated from 
a mathematical model based on statistical relationships of earth-
quakes and ground motion (McGuire, 2004; 2008). In DSHA, 
seismic hazard is defi ned as the median or certain percentile (e.g., 
84%) ground motion from a single earthquake or set of earth-
quakes, and it is calculated from simple statistics of earthquakes 
and ground motion (Krinitzsky, 1995, 2002).

A key component of any seismic hazard assessment is the 
ground-motion attenuation relationship, called the ground-
motion prediction equation (GMPE).

Ground-Motion Prediction Equation
GMPE is a statistical relationship between a ground-motion 

parameter Y [i.e., PGA, PGV peak ground velocity], MMI [modi-
fi ed Mercalli intensity], or PSA [pseudo-response acceleration] 
at different periods) and earthquake magnitude M, source-to-site 
distance R, and uncertainty or residual δ, defi ned as

 δ+= ),()ln( RMfY . (4)

GMPE predicts ground motions in space (i.e., a spatial relation-
ship), developed from a statistical analysis of ground-motion 
observations and/or theoretical ground-motion simulations 
(Campbell, 1981, 2003; Atkinson and Boore, 2006). The ground-
motion uncertainty δ is modeled as a normal distribution with a 
standard deviation, σ (Bazzurro and Cornell, 1999; Atkinson and 
Boore, 2006; Abrahamson and Silva, 2008; Strasser et al., 2009). 
Equation 4 can also be expressed as

 εσ+= ),()ln( RMfY , (5)

where ε is the normalized residual, which is also a normal dis-
tribution with a constant standard deviation of 1 (Wang, 2011). 
The source-to-site distance R is measured as the shortest distance 
either to the surface rupture (R

RUP
) or to the surface projection of 

the rupture (R
JB

) (Atkinson and Boore, 2006; Abrahamson and 
Silva, 2008). GMPE has become the most important component 
in seismic hazard assessment because of its role in probabilistic 
seismic hazard analysis.

Probabilistic Seismic Hazard Analysis
The basic concepts and formulations of PSHA were devel-

oped by Cornell (1968, 1971) and computer coded by McGuire 
(1976). Later, PSHA gained acceptance by earth scientists and 
engineers for seismic hazard and risk assessments. In 1988, a 
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panel, chaired by the late professor K. Aki, was appointed by the 
National Research Council with the charge “to assess the capa-
bilities, limitations, and future trends of probabilistic seismic 
hazard analysis (PSHA) in the context of alternatives” (National 
Research Council, 1988, p. 87). The National Research Coun-
cil panel identifi ed many limitations with PSHA, particularly in 
how to capture earth science information. The panel found that 
“because the ‘aggregated’ results of PSHA are not always eas-
ily related to the inputs, PSHA may also obscure the unknown 
and uncertainties of earth sciences data and may lead to an 
unwarranted sense of accuracy in the value” (National Research 
Council, 1988, p. 5). In other words, PSHA may produce results 
that are obscurely related to scientifi c inputs. This can be dem-
onstrated through a hypothetical site with a single characteris-
tic earthquake (Fig. 3). As shown in Figure 3B, PSHA produces 
PGAs with annual frequencies of exceedance from 0.002 to 
10−9 (1/yr) from a single input earthquake. The reciprocal of the 
annual frequency of exceedance was defi ned as the return period 
and has been interpreted and used as “the mean (average) time 

PGA (g) B

A

102

104

106

108

Figure 3. A hypothetical characteristic seismic source (A) and 
peak ground acceleration (PGA) hazard curve (B) at a site 30 km 
from the source.

between occurrences of a seismic hazard—for example, a certain 
ground motion at a site” (McGuire, 2004). Thus, PSHA could 
produce PGAs with return periods of 500 yr to a billion years 
from a single input characteristic earthquake of magnitude M 7.5 
and recurrence interval of 500 yr. Similarly, Frankel (2004, 2005) 
showed that PSHA can produce many ground motions from a 
single characteristic earthquake in the New Madrid seismic zone 
and San Andreas fault.

However, one earthquake can generate only one ground 
motion at a site. For example, the 23 August 2011 Virginia 
earthquake (M 5.8) generated a strong ground motion that shook 
Washington, D.C., and damaged the Washington Monument 
(EERI, 2011). If the average recurrence interval of the Virginia 
earthquake (M 5.8) is 3000 yr, the return period (i.e., the aver-
age time between occurrences) of the ground motion gener-
ated by the earthquake at the Washington Monument must also 
be 3000 yr. From this perspective, the outputs (many ground 
motions) from a PSHA can be viewed as artifacts of the inputs 
(scientifi c data). As a computer model, PSHA cannot pass a sim-
ple sensitivity test with a single input earthquake, and it creates 
unknowns and uncertainties.

The unknowns and uncertainties related to PSHA have led 
to many disagreements about hazard estimates, such as those by 
the Lawrence Livermore National Laboratory and the Electric 
Power Research Institute in the early 1980s. In 1997, the Senior 
Seismic Hazard Analysis Committee was commissioned by the 
U.S. Nuclear Regulatory Commission, the U.S. Department of 
Energy, and the Electric Power Research Institute and charged 
“to review the present state-of-the art and improve on the overall 
stability of the PSHA process” (SSHAC, 1997, p. iii). The com-
mittee concluded that “many of the major potential pitfalls on 
executing a successful PSHA are procedural rather than technical 
in character” (SSHAC, 1997, p. xiv). The committee reviewed 
only the procedural implementation of PSHA. As a result, proce-
dural guidelines, the SSHAC-97 guidelines, were established for 
executing a PSHA.

The most comprehensive PSHA studies, conducted accord-
ing to the SSHAC-97 guidelines, have not always resulted 
in appropriate seismic hazard estimates, however. This was 
illustrated by the Yucca Mountain project (Stepp et al., 2001), 
which is the most comprehensive PSHA ever conducted accord-
ing to SSHAC-97 guidelines in the United States. It resulted in 
extremely high ground-motion estimates for the Yucca Moun-
tain nuclear waste repository: 11g PGA and 13 m/s peak ground 
velocity (PGV) at the rate of 10−8 per year or a return period of 
100 m.y. (Hanks, 2011). These results triggered intense debates, 
discussion, and research by geologists, seismologists, and engi-
neers, particularly among the top PSHA practitioners (Abraham-
son and Bommer, 2005; McGuire et al., 2005; Abrahamson and 
Hanks, 2008). The ground-motion estimates were found to be 
inconsistent with precariously balanced rocks observed near 
the site and other geologic features (Brune and Whitney, 2000; 
Hanks, 2011). Brune and Whitney (2000) found that the Yucca 
Mountain region has not been subjected to ground acceleration 
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larger than 0.3g during the last 75,000–80,000 yr, although the 
PSHA resulted in a PGA greater than 1.0g with a return period 
of ~80,000 yr (Stepp et al., 2001). The conclusion, after ~10 yr 
of debate and research, was that the ground motion for Yucca 
Mountain was overestimated (Abrahamson and Hanks, 2008; 
Hanks, 2011). Another comprehensive PSHA conducted in Swit-
zerland using the SSHAC-97 guidelines also resulted in high 
ground-motion estimates and intense debate (Klügel, 2005a, 
2005b, 2005c; Budnitz et al., 2005; Wang, 2005b). Thus, we con-
tend it is not the procedural implementation of PSHA that causes 
the problems.

PSHA is a mathematical formulation derived from a rigorous 
probability analysis of the distribution of earthquake magnitudes, 
locations, and ground-motion attenuation (McGuire, 2008). As 
shown by Cornell (1968, 1971), the exceedance probability for a 
given ground motion y can be obtained from a probability analy-
sis of GMPE (Eq. 5) for seismic source j:

dmdrrfmf
y

mr
y

yYP jRjM
j

j )()()}
ln1n

(1{][ ,,σ
−

Φ−=≥ ∫∫ , (6)

where ln y
mr

 = f(m,r), 1 – Φ(x) is the exceedance probability for 
ground-motion uncertainty δ, and f

Mj
(m) and f

Rj
(r) are the prob-

ability density functions (PDFs) for earthquake magnitude M and 
source-to-site distance R, respectively. P

j
[Y ≥ y] describes the 

spatial uncertainty, because GMPE predicts ground motions in 
space. According to Cornell (1968, 1971), if earthquake occur-
rence in time follows a Poisson distribution with an average rate 
of v

j
 (per year) for seismic source j, Equation 2 can be used to 

estimate the probability that ground motion Y exceeds a given 
value y during a time interval of t:

 tvyYP
tj

jjeyYP ][
, 1][ ≥−−=≥ . (7)

For a small probability (say, ≤ 0.05), Equation 7 can be 
approximated (e.g., through the use of a Taylor series expan-
sion) as

 tvyYPyYP jjtj ][][, ≥≈≥ . (8)

For t = 1 yr, the annual probability of exceedance (i.e., the prob-
ability of exceedance in one year) is equal to

   
][][)1(][1, yYPvyYPyeartvyYP jjjjyeartj ≥=≥⋅≈≥= . (9)

As shown in Equation 9, the annual probability of exceed-
ing a given ground motion at a site is approximately equal to the 
product of the annual probability for earthquakes, v

j
 (per year) × 

t(1 yr), and the exceedance probability for a given ground motion 
y, P

j
[Y ≥ y]. Thus, the total annual probability of exceedance for 

a given ground-motion y at a site from all seismic sources can 
be obtained from the “total probability theorem” (Cornell, 1968, 
1971; McGuire, 2008) by

 

dmdrrfmf
yy

v

yYPvyYP

jRjM
j

mr

j
j

j
ja

)()()}
lnln

(1{

][][

,,σ
−

Φ−

=≥=≥

∫∫∑

∑

.

 (10)

Equation 10 is derived under three preconditions:
1. Earthquake occurrence in time follows a Poisson dis-

tribution.
2. There is a small probability of occurrence (say, ≤0.05).
3.  t = 1 yr.

In other words, Equation 10 is not mathematically valid if any 
of the three preconditions is not satisfi ed. Cornell (1968, 1971) 
defi ned the reciprocal of the annual probability of exceedance,

   })()()]
lnln

(1[/{1

][

1

,, dmdrrfmf
yy

v

yYP
T

jRjM
j

mr

j
j

a
RP

σ
−Φ−

=
≥

=

∫∫∑ ,

   (11)

as the return period. Equations 10 and 11 are the core of PSHA 
(Cornell, 1968, 1971; McGuire, 2004, 2008).

As shown in Equation 9, the annual probability of exceed-
ance is the exceedance probability in one year: a probability and 
dimensionless quantity. As defi ned in Equation 11, the return 
period T

RP
 is also a dimensionless quantity, because the recipro-

cal of a dimensionless quantity is still dimensionless. For exam-
ple, the reciprocal of a probability of 0.01 (or 1%) is 100, which 
means the chance is 1 in 100. As implied by the title, Engineer-
ing Seismic Risk Analysis, Cornell (1968) defi ned the seismic 
risk as the annual probability of exceedance for a ground motion 
or intensity at a site. In other words, as it was developed by Cor-
nell (1968), PSHA derives seismic risk estimate in terms of the 
annual probability of exceedance for a given ground motion at 
a site.

Unfortunately, the annual probability of exceedance has 
been erroneously interpreted and used as the annual frequency 
or rate of exceedance and a dimensional quantity with the unit of 
per year (1/yr), and the return period was erroneously interpreted 
as the average recurrence time with the unit of years in PSHA 
(McGuire, 2004, 2008). This error resulted from a simple math-
ematical mistake: forgetting the precondition of t = 1 yr (annual) 
shown in Equation 9. In other words, the unit of v

j
 (per year) 

has been cancelled out by the precondition of t = 1 yr, which is 
not written explicitly in Equations 10 and 11. This mathematical 
error was committed by Cornell (1968) and led to the seismic 
risk analysis, in terms of the annual probability of exceedance 
for a given ground motion at a site, becoming a seismic hazard 
analysis, in terms of the frequency or rate of exceedance for a 
given ground motion at a site. For example, the annual probabili-
ties of exceedance of 0.002, 0.001, and 0.0004 have been erro-
neously used as the frequencies of 0.002, 0.001, and 0.004 per 
year (Frankel et al., 1996, 2002). The reciprocal of the annual 
probabilities of exceedance of 0.002, 0.001, and 0.0004 means 
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that the chances of occurrence in one year are 1 in 500, 1000, and 
2500, respectively, not the average recurrence times of 500, 1000, 
and 2500 yr. Similarly, the annual probability of exceedance 
of 10−8 means extremely low probability or that the chance of 
occurrence in one year is 1 in 100 million. However, the annual 
probability of exceedance of 10−8 was interpreted as a rate of 
10−8 per year (Stepp et al., 2001; Hanks, 2011). Annual prob-
ability of exceedance and annual frequency (rate) of exceedance 
have been widely used interchangeably (Frankel, 2004, 2005; 
Independent Expert Panel on New Madrid Seismic Zone Earth-
quake Hazards, 2011; Kerr, 2011). We wish to emphasize that 
probability is a dimensionless quantity, and thus is not equivalent 
to frequency (a dimensional quantity with the unit of “per year”), 
and these terms should not be used interchangeably.

As pointed out by Hanks (1997, p. 369), “PSHA is a crea-
ture of the engineering sciences, not the earth sciences, and most 
of its top practitioners come from engineering backgrounds.” As 
shown in this section, PSHA produces outputs that are not con-
sistent with earth science (scientifi c inputs), and its mathemat-
ics are inappropriate. Furthermore, recent studies also found that 
PSHA has other inherent problems (Anderson and Brune, 1999; 
Wang et al., 2003, 2005; Wang, 2007, 2011; Wang and Zhou, 
2007). For example, PSHA, Equation 10, is developed from the 
assumption that earthquake occurrence in time follows a Pois-
son distribution. Earthquake occurrence, for large earthquakes in 
particular, does not follow a Poisson distribution. Also, PSHA is 
based on a single point-source model for earthquakes (Cornell, 
1968), which is not valid for the large earthquakes that are of 
safety concern. A large earthquake is considered to be a complex 
fi nite fault rupture in modern seismology.

Therefore, we contend that PSHA is scientifi cally fl awed, 
and its results are artifacts.

Deterministic or Scenario Seismic Hazard Analysis
Deterministic seismic hazard analysis (DSHA) has been 

widely used in seismic hazard assessment, especially for engi-
neering purposes. DSHA develops a particular seismic scenario 
upon which a ground-motion hazard evaluation is based. The 
scenario consists of the postulated occurrence of an earthquake 
of a specifi ed size at a specifi ed location. DSHA uses four basic 
elements (Reiter, 1990; Krinitzsky, 1995, 2002):

1. Determination of earthquake sources;
2. Determination of earthquake occurrence frequencies—

selecting controlling earthquake(s): the maximum mag-
nitude, maximum credible, or maximum considered 
earthquake;

3. Determination of ground-motion attenuation relation-
ships; and

4. Determination of seismic hazard from a particular scenario.
For example, the ground motion specifi ed for bridge design 

in California is partly determined by the deterministic ground 
motion from the maximum credible earthquake (Mualchin, 
2011). The ground motion for building seismic design in coastal 
California is capped by a deterministic ground motion close to 

major fault sources (BSSC, 1998, 2009). DSHA has also been 
widely used in the New Madrid region for a variety of purposes. 
Street et al. (1996) and Wang et al. (2007) used DSHA to develop 
ground-motion hazard maps for bridge and highway seismic 
design in Kentucky. Haase and Nowack (2011) developed sce-
nario ground-motion hazard maps for Evansville, Indiana.

DSHA determines the ground motion from a single or sev-
eral scenario earthquakes that have maximum impact. It addresses 
the ground motion from individual (i.e., maximum magnitude, 
maximum probable, or maximum credible) earthquakes. Seismic 
hazard derived from DSHA has a clear physical and statistical 
meaning. Recent efforts in DSHA have focused on computer 
simulation for ground-motion hazard quantifi cation (Wang et 
al., 2007; Irikura and Miyake, 2011; Zuccolo et al., 2011). The 
advantages of DSHA include:

1. The derived ground motion has an easily understood 
physical and statistical meaning.

2. The results are easily understood by earth scientists, engi-
neers, and others.

3. It utilizes ground-motion simulation.
The biggest criticism of DSHA is that it “does not take into 

account the inherent uncertainty in seismic hazard estimation” 
(Reiter, 1990, p. 225), but actually DSHA accounts for all the 
inherent uncertainty explicitly for each scenario earthquake. 
For example, the maximum credible earthquake (MCE) ground 
motion is usually taken at a mean plus one standard deviation 
(i.e., 84th percentile) in the scatter of recorded earthquake ground 
motions (Krinitzsky, 1995, 2002; Silva and Darragh, 2011). The 
weakness of DSHA is that “frequency of occurrence is not explic-
itly taken into account” (Reiter, 1990, p. 225). The temporal char-
acteristic of earthquakes (i.e., recurrence interval or frequency 
and its associated uncertainty) is not addressed, even though it is 
an integral part of seismic hazard and must be considered in engi-
neering design and other policy considerations. As pointed out by 
Wang et al. (2004), however, a scenario earthquake can always 
be associated with a recurrence interval and its uncertainty. For 
example, the average recurrence interval of the New Madrid sce-
nario earthquake is ~500–1000 yr (Haase and Nowack, 2011). 
This recurrence interval can be used to estimate seismic risk with 
Equations 2 and 3. Thus, DSHA contains/includes some ele-
ments of probability (Yeats et al., 1997).

SEISMIC HAZARD, RISK, AND MITIGATION POLICY

The New Madrid seismic zone, located in northeastern 
Arkansas, western Kentucky, southeastern Missouri, and north-
western Tennessee, is a seismically active intraplate region in the 
central United States. It is so named because the town of New 
Madrid, Missouri, was the closest settlement to the epicenters of 
a series of at least three large earthquakes during a 3 mo period 
in 1811–1812 (Nuttli, 1973). Although the New Madrid seismic 
zone has been well studied, particularly through the NEHRP pro-
gram, the basic physical processes that govern earthquake recur-
rence are still not clear. For example, several models for New 
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Madrid earthquake occurrence have been proposed, including 
sequences initiated by erosion of Mississippi River sediments, 
glacial unloading, and thermal events from the upper mantle 
(Zoback, 1992; Newman et al., 1999; Kenner and Segall, 2000; 
Calais et al., 2010). The estimated magnitudes for the 1811–1812 
earthquakes range from M 6.8 to 8.2, and the estimated recur-
rence intervals range from 500 yr to several thousand years (Nut-
tli, 1973; Tuttle et al., 2002; Hough and Page, 2011).

Only limited ground-motion recordings from moderate 
and strong earthquakes (M

W 
4.5 to 6.0) are available to develop 

ground-motion prediction equations in the intraplate region of the 
central and eastern United States. So the GMPEs developed for 
this part of the country were developed from theoretical ground-
motion simulations, constrained by limited observations from 
moderate to strong earthquakes (Somerville et al., 2001; Camp-
bell, 2003; Atkinson and Boore, 2006; Wang and Lu, 2011).

The USGS Seismic Hazard Maps

The U.S. Geological Survey produced the National Seis-
mic Hazard Maps, which display earthquake ground motions for 
various exceedance probability levels across the United States, 
including in the New Madrid seismic zone. The maps have been 

applied in seismic provisions of building codes, insurance rate 
structures, risk assessments, and other public policy. The maps 
were produced from a comprehensive consensus process involv-
ing many geologists, seismologists, engineers, and others (Fran-
kel et al., 1996, 2002; Petersen et al., 2008). The fi rst step in the 
process was to build an input database that refl ects the scientifi c 
understanding of earthquakes. Figure 4 shows the input parame-
ters for the New Madrid seismic zone (Petersen et al., 2008). The 
second step was to perform a PSHA to generate seismic hazard 
curves on a grid of sites across the United States. Figure 5 shows 
0.2 s response acceleration hazard curves for Memphis, New 
Madrid, Paducah, and San Francisco from the 2008 national haz-
ard mapping (Petersen et al., 2008). These curves provide a range 
of ground motion, from 0.001 to 5.0g for 0.2 s pseudo-response 
accelerations, versus a range of annual frequencies of exceed-
ance, from 1.0 to 0.00001 (1/yr). Three points on the curves cor-
responding to annual frequencies of exceedance of 0.002, 0.001, 
and 0.0004 (1/yr) were picked to produce the National Seismic 
Hazard Maps (Petersen et al., 2008). Figure 5 shows New Madrid 
to have a higher ground-motion hazard than San Francisco at the 
annual frequency of exceedance of 0.0001 (1/yr) or less. The 
reciprocals of the annual frequencies of exceedance of 0.002, 
0.001, and 0.0004 (1/yr), the return periods of 500, 1000, and 

Figure 4. Input parameters (logic tree) for the New Madrid seismic zone (NMSZ) from Petersen et al. (2008). 
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2500 yr, were used to calculate seismic risk in terms of prob-
abilities of exceedance of 10%, 5%, and 2% for buildings with 
an average life of 50 yr (Frankel et al., 1996, 2002; BSSC, 1998, 
2009; Frankel, 2004, 2005; Petersen et al., 2008). The hazard 
curves have also been used to calculate mean annual frequency 
of building collapse and building collapse probability over a life 
of 50 yr (McGuire, 2004; Luco et al., 2007; BSSC, 2009).

As discussed earlier herein, PSHA determines the annual 
probability of exceedance for a given ground motion at a site. We 
contend that it is mathematically inappropriate to interpret and/or 
use the annual probability of exceedance as the annual frequency 
or rate of exceedance. It is also mathematically inappropriate to 
interpret and/or use the reciprocal of the annual probability of 
exceedance as the average time between occurrences of a given 
ground motion. Thus, we assert that the National Seismic Hazard 
Maps have not been understood and used correctly. Even though 

the input database is scientifi cally sound, the hazard curves and 
maps from the national seismic hazard mapping project (Frankel 
et al., 1996, 2002; Petersen et al., 2008) can be viewed as artifacts 
because they are produced from PSHA, which is not the appro-
priate scientifi c approach.

Therefore, the application of the National Seismic Hazard 
Maps for seismic provisions of building codes, insurance rate 
structures, risk assessments, and other public policy is problematic.

Scenario Seismic Hazard Map

Scenario or deterministic seismic hazards have been assessed 
in the New Madrid area. For example, Street et al. (1996), Wang 
et al. (2007), and Haase and Nowack (2011) developed ground-
motion hazard maps corresponding to specifi c New Madrid 
earthquake scenarios. Figure 6 is a median PGA hazard map for 

Figure 5. 0.2 s response acceleration hazard curves for Memphis (35.15°N, 90.05°W), New Madrid (36.25°N, 89.50°W), Paducah (37.10°N, 
88.60°W), and San Francisco (37.80°N, 122.40°W) from the 2008 National Seismic Hazard Maps (Petersen et al., 2008). PE—probability 
of exceedance; PSA—pseudo-response acceleration.
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the New Madrid faults based on a scenario earthquake of M 7.7 
with a recurrence interval of 500–1000 yr. Campbell’s (2003) 
GMPE was used to produce the map. The map shows that Mem-
phis and Paducah could experience a similar PGA of ~0.2g if the 
scenario earthquake occurs along the New Madrid faults. These 
scenario seismic hazard maps can be used for engineering seis-
mic design and other policy considerations. For example, they 
have been used for seismic design of bridges and highway struc-
tures in Kentucky (Wang et al., 2007). The ground motion from a 
M 7.6 scenario earthquake in the New Madrid seismic zone was 
used for seismic design of a landfi ll at the Paducah Gaseous Dif-
fusion Plant near Paducah, Kentucky (Beavers, 2010).

Seismic Risk and Mitigation Policy

Figure 7 compares the modifi ed Mercalli intensity during 
the 1906 San Francisco earthquake (M 7.8) in the Bay Area 
with the intensity during the 1811–12 New Madrid earthquakes 
(M 7.7) in the central United States (USGS). The impact area 
was much larger for the central United States event than for the 
similar-magnitude event in California because ground motion 
attenuates much more slowly in the older and harder rocks in 
the central United States. This does not mean that the central 
United States has higher seismic hazards, however, because the 
earthquake occurrence frequencies are different. The occur-
rence frequency of the M 7.8 earthquake along the San Andreas 
fault is ~200 yr, and that of the M 7.7 earthquake along the New 
Madrid fault is ~500–1000 yr (Petersen et al., 2008). As shown 
in Figure 7, the Bay Area experiences either an earthquake of 
M 7.8 or intensity of MMI VIII about every 200 yr (Frankel, 
2004), whereas the central United States experiences a simi-
lar earthquake or intensity about every 500–1000 yr. It is not a 
straightforward comparison in terms of seismic hazard between 
the Bay Area and the New Madrid area. In other words, seismic 

hazard information alone is not suffi cient to make engineering 
or policy decisions.

As stated in the NEHRP provisions, “one of the goals of 
the Federal Emergency Management Agency (FEMA) and the 
National Earthquake Hazards Reduction Program (NEHRP) is to 
encourage design and building practices that address the earth-
quake hazard and minimize the resulting risk of damage and 
injury” (BSSC, 2009). Thus, seismic risk estimates are essential 
for policies to mitigate damage and injury. Consider seismic risk 
for two identical buildings with a normal life of 50 yr, one in San 
Francisco and one in Paducah (Fig. 7): If earthquake occurrence 
follows a Poisson distribution, Equation 2 can be used to estimate 
the probability that the buildings could be hit by an M 7.8 earth-
quake or experience MMI VIII intensity during their lives. The 
resulting probabilities are ~22% for the building in San Francisco 
and ~5%–10% for the building in Paducah. The building in San 
Francisco faces about two to four times higher risk than the same 
building in Paducah. In other words, the site-specifi c seismic risk 
(a single building) in San Francisco is two to four times higher 
than in Paducah. This site-specifi c risk comparison shows that 
it is not a good policy to require a similar or even higher design 
ground motion for a building in Paducah than in San Francisco.

A study by Scawthorn et al. (2006) shows that a repeat of the 
1906 San Francisco earthquake (M 7.8) could cause more than 
$150 billion in losses (aggregated) in the Bay Area. Assuming 
rupturing of all three fault segments, a New Madrid earthquake of 
M 7.7 could cause more than $300 billion in losses (aggregated) 
(Elnashai et al., 2009). The resulting annualized loss due to these 
particular earthquake sources in the New Madrid region is $0.3 to 
$0.6 billion, and $0.75 billion in the Bay Area. The resulting risk 
in the New Madrid region is $300 billion with a 5%–10% prob-
ability in 50 yr, and $150 billion with 22% probability in 50 yr 
in the Bay Area. The San Francisco Bay Area has much more 
exposure than that in the New Madrid region. In the vicinity of 

Figure 7. Seismic hazard and risk com-
parison between the New Madrid region 
and the San Francisco Bay Area, and 
seismic hazard and risk comparison be-
tween an identical building in San Fran-
cisco and Paducah.
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Figure 8. Google map comparison be-
tween the San Francisco Bay Area 
(A) and the central New Madrid area 
(B). The red dashed line shows the lo-
cation of the San Andreas fault and the 
central New Madrid fault. 
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the San Andreas fault, there are signifi cant exposures (Fig. 8A), 
including the San Francisco International Airport, while in the 
vicinity of the central New Madrid fault, there are fewer expo-
sures (Fig. 8B). We contend that the loss estimate ($300 billion) 
for the New Madrid scenario is on the high side, and the aggre-
gated risk is higher in the San Francisco Bay Area than the New 
Madrid region. It is a good policy to allocate more resources for 
seismic hazard mitigation in the San Francisco Bay Area than in 
the New Madrid region.

The New Madrid region also faces other natural hazards, 
particularly weather-related hazards such as tornados, fl oods, and 
ice storms. For example, on 5–6 February 2008, tornados killed 
57 people and caused more than $400 million in property dam-
age in Arkansas, Tennessee, and Kentucky, all part of the New 
Madrid region. A massive ice storm struck several states in the 
New Madrid region on 26–29 January 2009 (Fig. 9) and caused 
36 fatalities and more than $0.5 billion in damage in Kentucky 
alone. Between 25 and 28 April 2011, tornados killed 236 people 
and caused more than $3 billion in damage in Alabama. On 22 
May 2011, a deadly tornado killed 141 people and caused more 
than $3 billion in damage in Joplin, Missouri, and in May 2011, 
a historic fl ood inundated many areas from southern Illinois all 
the way down to Louisiana and caused more than $1 billion in 
damage. We suggest that tornados, fl oods, ice storms, and other 
weather-related hazards pose an even higher risk in the New 
Madrid region than earthquakes do. Therefore, a comprehensive 
mitigation policy that addresses all natural hazards—tornados, 

fl oods, ice storms, and earthquakes in particular—is needed 
for the New Madrid region. This will require a comprehensive 
assessment of all the hazards and risks.

This lack of a comprehensive assessment of all the haz-
ards and risks makes it diffi cult to develop and implement a 
sound mitigation policy for earthquakes, although it is certain 
that the region is facing seismic hazards and risk. As shown in 
Figure 1, the development of a seismic mitigation policy starts 
with seismic hazard maps. Therefore, as part of a prudent and 
conservative approach, we recommend that ground-motion 
hazards from large New Madrid earthquakes, such as shown 
in Figure 6, be considered for engineering design and other 
policies for the region.

SUMMARY AND CONCLUSIONS

Seismic hazard and seismic risk are two important concepts 
used in the development of mitigation measures and policy. They 
have often been used interchangeably, even though they are fun-
damentally different. The differences between seismic hazard 
and seismic risk are of practical signifi cance in earthquake engi-
neering and other related decision making because measures for 
seismic hazard mitigation are different from measures for seis-
mic risk reduction. Seismic hazards, fault rupture and ground 
motion in particular, cannot be mitigated, but seismic risk can 
always be reduced, either through limiting exposure or strength-
ening the exposure (limiting vulnerability). Limiting exposure 

Figure 9. Location of the ice storm of 26–28 January 2009, in the central United States (NOAA, 2009).
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often is not a practical choice for society because demand for 
economic development is always high. Thus, the most viable 
approach for reducing seismic risk is to strengthen the built envi-
ronment through better seismic design and construction. In other 
words, the best way to prevent earthquake disaster is to build bet-
ter seismic-resistant buildings and infrastructure.

The understanding of earthquakes in the New Madrid seis-
mic zone has advanced greatly through scientifi c studies, par-
ticularly those supported by the NEHRP program. These studies 
have provided scientifi c information for seismic hazard assess-
ment, which has been the basis for seismic risk assessment and 
mitigation policy for the region. There are signifi cant problems 
with seismic hazard assessment, however, particularly with the 
National Seismic Hazard Maps. The maps were produced from 
PSHA using input parameters derived from a comprehensive 
consensus process involving many geologists, seismologists, 
engineers, and others.

We assert that PSHA is scientifi cally fl awed. As a complex 
computer model, it does not pass a simple sensitivity test with 
a single input earthquake: One earthquake could generate many 
ground motions at a site. A mathematical error was committed 
in the original PSHA formulation (Cornell, 1968): forgetting the 
precondition of t = 1 yr (annual). This mathematical error led 
to equating the annual probability of exceedance (a dimension-
less quantity) to the annual frequency or rate of exceedance (a 
dimensional quantity with unit of 1/yr) or equating the reciprocal 
of the annual probability of exceedance (i.e., return period) to 
the average time between occurrences of a ground motion. Even 
though the numbers are equivalent, 1% (0.01) = 1% (0.01), 1% 
(0.01) in one year is not equal to 1% (0.01) per year because the 
dimensions are not equal. The reciprocal of 1% (0.01) is 100 and 
means that the chance of occurrence is 1 in 100, not the average 
recurrence time in years.

Thus, we view the hazard curves and maps from the 
national seismic hazard mapping project as artifacts, even 
though the input database is scientifi cally sound. The National 
Seismic Hazard Maps have not been interpreted and used cor-
rectly. In other words, the annual probabilities of exceedance, 
such as 0.002, 0.001, and 0.0004, have been erroneously inter-
preted and used as the frequencies (rates) of 0.002, 0.001, and 
0.0004 per year, respectively, or the reciprocal of the annual 
probabilities of exceedance of 0.002, 0.001, and 0.0004 have 
been erroneously interpreted and used as the return periods 
of 500, 1000, and 2500 yr. The reciprocal of the annual prob-
abilities of exceedance of 0.002, 0.001, and 0.0004 should be 
regarded as the chances of 1 in 500, 1000, and 2500 in one year, 
respectively. Thus, we also view seismic risks derived from the 
hazard curves and maps as artifacts. Therefore, the application 
of the National Seismic Hazard Maps for seismic provisions of 
building codes, insurance rate structures, risk assessments, and 
other public policy is problematic.

Other approaches, such as scenario/deterministic seismic 
hazard analysis, should be considered for seismic hazard assess-
ment in the New Madrid area. Currently, the deterministic ground 

motion is used in engineering design for bridge and highway 
structures in California (Mualchin, 2011). The ground motion for 
building seismic design in coastal California is capped by a deter-
ministic ground motion closer to the active faults (BSSC, 1998, 
2009). Therefore, as a prudent and conservative approach, we 
recommend scenario/deterministic seismic hazards from large 
New Madrid earthquakes be considered for engineering design 
and other policies for the region.

The New Madrid region also faces other signifi cant haz-
ards and risks, particularly tornadoes, fl oods, and ice storms. 
Therefore, a comprehensive mitigation policy to address all 
natural hazards and risks is needed for the New Madrid region. 
This will require a comprehensive assessment of all natural 
hazards and risks, which has not yet been attempted. This hin-
ders the development of effective mitigation policies for the 
region. It is also noted that mitigation measures toward seis-
mic hazards also mitigates the other natural hazards. In other 
words, mitigation of any natural hazard will improve the resil-
ience of the community.

ACKNOWLEDGMENTS

We thank Meg Smath of the Kentucky Geological Survey for 
editorial help. We appreciate comments and suggestions from 
volume co-editor Randel Cox, John Steinmetz, and an anony-
mous reviewer, which helped to improve the manuscript greatly.

REFERENCES CITED

Abrahamson, N.A., and Bommer, J.J., 2005, Probability and uncertainty 
in seismic hazard analysis: Earthquake Spectra, v. 21, p. 603–607, 
doi:10.1193/1.1899158.

Abrahamson, N.A., and Hanks, T.C., 2008, Points in hazard space: A new view 
of PSHA: Seismological Research Letters, v. 79, p. 285.

Abrahamson, N.A., and Silva, W.J., 2008, Summary of the Abrahamson and 
Silva NGA ground motion relations: Earthquake Spectra, v. 24, p. 67–97, 
doi:10.1193/1.2924360.

Advisory Committee on Earthquake Hazards Reduction (ACEHR), 2011, 
National Earthquake Hazards Reduction Program (NEHRP) Bicentennial 
Statement, 11 February 2011: NEHRP; http://www.nehrp.gov/committees/
dec_2010.htm (accessed 23 August 2012).

American Society of Civil Engineers (ASCE), 2010, Minimum Design Loads 
for Buildings and Other Structures: American Society of Civil Engineers 
ASCE/SEI 7-10, 608 p.

Anderson, G.A., and Brune, J.N., 1999, Probabilistic seismic hazard analysis 
without the ergodic assumption: Seismological Research Letters, v. 70, 
p. 19–28, doi:10.1785/gssrl.70.1.19.

Atkinson, G.M., and Boore, D.M., 2006, Earthquake ground-motion predic-
tions for eastern North America: Bulletin of the Seismological Society of 
America, v. 96, p. 2181–2205, doi:10.1785/0120050245.

Bauer, R.A., Kiefer, J., and Hester, N., 2001, Soil amplifi cation maps for esti-
mating earthquake ground motions in the central U.S.: Engineering Geol-
ogy, v. 62, p. 7–17, doi:10.1016/S0013-7952(01)00045-X.

Bazzurro, P., and Cornell, C.A., 1999, Disaggregation of seismic hazard: Bul-
letin of the Seismological Society of America, v. 89, p. 501–520.

Beavers, J.E., 2010, Seismic Hazard Reevaluation for the C-746-U Contained 
Landfi ll: A Deterministic Approach: Knoxville, Tennessee, James E. Bea-
vers Consultants, 1 November 2010, 10 p.

Broughton, A.T., Van Arsdale, R.B., and Broughton, J.H., 2001, Liquefac-
tion susceptibility mapping in the city of Memphis and Shelby County, 
Tennessee: Engineering Geology, v. 62, p. 207–222, doi:10.1016/S0013
-7952(01)00062-X.

 on January 14, 2016specialpapers.gsapubs.orgDownloaded from 

http://specialpapers.gsapubs.org/


274 Wang and Cobb

Brune, J.N., and Whitney, J.W., 2000, Precarious Rocks and Seismic Shaking 
at Yucca Mountain, Nevada: U.S. Geological Survey Digital Data Series 
058, Chapter M, 19 p.

Budnitz, R.J., Cornell, C.A., and Morris, P.A., 2005, Comment on J.J. Klü-
gel’s “Problems in the application of the SSHAC probability method for 
assessing earthquake hazards at Swiss nuclear power plants”: Engineering 
Geology, v. 82, p. 76–78, doi:10.1016/j.enggeo.2005.09.009.

Building Seismic Safety Council (BSSC), 1998, NEHRP Recommended Pro-
visions for Seismic Regulations for New Buildings [1997 ed.]: Federal 
Emergency Management Agency (FEMA) Report 302, 337 p.

Building Seismic Safety Council (BSSC), 2004, NEHRP Recommended Pro-
visions for Seismic Regulations for New Buildings [2003 ed.]: Federal 
Emergency Management Agency (FEMA) Report 450, 385 p.

Building Seismic Safety Council (BSSC), 2009, NEHRP Recommended Pro-
visions for Seismic Regulations for New Buildings [2009 ed.]: Federal 
Emergency Management Agency (FEMA) Report P-750, 372 p.

Calais, E., Freed, A.M., Van Arsdale, R., and Stein, S., 2010, Triggering of New 
Madrid seismicity by late-Pleistocene erosion: Nature, v. 466, p. 608–
611, doi:10.1038/nature09258.

Campbell, K.W., 1981, Near-source attenuation of peak horizontal acceleration: 
Bulletin of the Seismological Society of America, v. 71, p. 2039–2070.

Campbell, K.W., 2003, Prediction of strong ground motion using the hybrid 
empirical method and its use in the development of ground-motion (atten-
uation) relations in eastern North America: Bulletin of the Seismological 
Society of America, v. 93, p. 1012–1033, doi:10.1785/0120020002.

Cornell, C.A., 1968, Engineering seismic risk analysis: Bulletin of the Seismo-
logical Society of America, v. 58, p. 1583–1606.

Cornell, C.A., 1971, Probabilistic analysis of damage to structures under seis-
mic loads, in Howells, D.A., Haigh, I.P., and Taylor, C., eds., Dynamic 
Waves in Civil Engineering: Proceedings of a Conference Organized by 
the Society for Earthquake and Civil Engineering Dynamics: New York, 
John Wiley, p. 473–493.

Cramer, C.H., Gomberg, J.S., Schweig, E.S., Waldron, B.A., and Tucker, K., 
2004, The Memphis, Shelby County, Tennessee, Seismic Hazard Maps: 
U.S. Geological Survey Open-File Report 04-1294, 19 p.

Cramer, C.H., Gomberg, J.S., Schweig, E.S., Waldron, B.A., and Tucker, K., 2006, 
First USGS urban seismic hazard maps predict the effects of soils: Seismologi-
cal Research Letters, v. 77, p. 23–29, doi:10.1785/gssrl.77.1.23.

Earthquake Engineering Research Institute (EERI), 2011, The M
w
 5.8 Virginia 

Earthquake of August 23, 2011: Oakland, California, EERI Special Earth-
quake Report, 13p.

Elnashai, A.S., Jefferson, T., Fiedrich, F., Cleveland, L.J., and Gress, T., 2009, 
Impact of New Madrid Seismic Zone Earthquakes on the Central USA: 
Mid-America Earthquake Center Report 09-03, 139 p.

Frankel, A., 2003, Comments on an article, “Should Memphis build for Califor-
nia’s earthquakes?”: Eos (Transactions, American Geophysical Union), 
v. 84, p. 271–273, doi:10.1029/2003EO290005.

Frankel, A., 2004, How can seismic hazard around the New Madrid seismic 
zone be similar to that in California?: Seismological Research Letters, 
v. 75, p. 575–586, doi:10.1785/gssrl.75.5.575.

Frankel, A., 2005, Reply to “Comment on ‘How can seismic hazard around 
the New Madrid seismic zone be similar to that in California?’ by Arthur 
Frankel,” by Zhenming Wang, Baoping Shi, and John D. Kiefer: Seismo-
logical Research Letters, v. 76, p. 472–475, doi:10.1785/gssrl.76.4.472.

Frankel, A., Mueller, C., Barnhard, T., Perkins, D., Leyendecker, E., Dickman, N., 
Hanson, S., and Hopper, M., 1996, National Seismic Hazard Maps: Documen-
tation June 1996: U.S. Geological Survey Open-File Report 96-532, 110 p.

Frankel, A.D., Petersen, M.D., Mueller, C.S., Haller, K.M., Wheeler, R.L., 
Leyendecker, E.V., Wesson, R.L., Harmsen, S.C., Cramer, C.H., Perkins, 
D.M., and Rukstales, K.S., 2002, Documentation for the 2002 Update of 
the National Seismic Hazard Maps: U.S. Geological Survey Open-File 
Report 02-420, 33 p.

Gupta, R.S., 1989, Hydrology and Hydraulic Systems: Englewood Cliffs, New 
Jersey, Prentice Hall, 739 p.

Haase, J.S., and Nowack, R.L., 2011, Earthquake scenario ground motions for 
the urban area of Evansville, Indiana: Seismological Research Letters, 
v. 82, p. 177–187, doi:10.1785/gssrl.82.2.177.

Hamburger, M.W., and Mooney, W.D., 2011, Don’t forget about Christchurch 
earthquake: Earth (Waukesha, Wisconsin), June, p. 24–26.

Hanks, T.C., 1997, Imperfect science: Uncertainty, diversity, and experts: Eos 
(Transactions, American Geophysical Union), v. 78, p. 369, 373, 377, 
doi:10.1029/97EO00236.

Hanks, T.C., 2011, Extreme ground motion: Seismological Research Letters, 
v. 82, p. 305–306.

Hough, S.E., and Page, M., 2011, Toward a consistent model for strain accrual 
and release for the New Madrid seismic zone, central United States: Journal 
of Geophysical Research, v. 116, B03311, doi:10.1029/2010JB007783.

Independent Expert Panel on New Madrid Seismic Zone Earthquake Hazards, 
2011, Report of the Independent Expert Panel on New Madrid Seismic 
Zone Earthquake Hazards, 26 p.; http://earthquake.usgs.gov/aboutus/
nepec/reports/index.php (accessed 23 August 2012).

International Building Code Council (IBCC), 2000, International building 
Code: Washington, D.C., International Building Code Council, 678 p.

Irikura, K., and Miyake, H., 2011, Recipe for predicting strong ground motion 
from crustal earthquake scenarios: Pure and Applied Geophysics, v. 168, 
p. 85–104, doi:10.1007/s00024-010-0150-9.

Johnston, A.C., and Schweig, E.S., 1996, The enigma of the New Madrid earth-
quakes of 1811–1812: Annual Review of Earth and Planetary Sciences, 
v. 24, p. 339–484, doi:10.1146/annurev.earth.24.1.339.

Kenner, S.J., and Segall, P., 2000, A mechanical model for intraplate earth-
quakes: Application to the New Madrid seismic zone: Science, v. 289, 
p. 2329–2332, doi:10.1126/science.289.5488.2329.

Kerr, R.A., 2011, Expert panel: Central U.S. faces real threat of quake: Science 
NOW, news.sciencemag.org/sciencenow/2011/04/expert-panel-central-us
-faces.html (accessed 8 December 2011).

Kircher, C.A., Nassar, A.A., Kustu, O., and Holmes, W.T., 1997, Development 
of building damage functions for earthquake loss estimation: Earthquake 
Spectra, v. 13, p. 663–682, doi:10.1193/1.1585974.

Klügel, J.-U., 2005a, Problems in the application of the SSHAC probabil-
ity method for assessing earthquake hazards at Swiss nuclear power 
plants: Engineering Geology, v. 78, p. 285–307, doi:10.1016/j.enggeo
.2005.01.007.

Klügel, J.-U., 2005b, Reply to the comment on “Problems in the application 
of the SSHAC probability method for assessing earthquake hazards at 
Swiss nuclear power plants,” provided by R.J. Budnitz, C.A. Cornell, and 
P.A. Morris: Engineering Geology, v. 82, p. 79–85, doi:10.1016/j.enggeo
.2005.09.010.

Klügel, J.-U., 2005c, Reply to the comment on “Problems in the application of 
the SSHAC probability method for assessing earthquake hazards at Swiss 
nuclear power plants,” provided by Z. Wang: Engineering Geology, v. 82, 
p. 89–90, doi:10.1016/j.enggeo.2005.09.012.

Krinitzsky, E.L., 1995, Deterministic versus probabilistic seismic hazard 
analysis for critical structures: Engineering Geology, v. 40, p. 1–7, 
doi:10.1016/0013-7952(95)00031-3.

Krinitzsky, E.L., 2002, How to obtain earthquake ground motions for engi-
neering design: Engineering Geology, v. 65, p. 1–16, doi:10.1016/S0013
-7952(01)00098-9.

Luco, N., Ellingwood, B.R., Hamburger, R.O., Hooper, J.D., Kimball, J.K., and 
Kircher, C.A., 2007, Risk-targeted versus current seismic design maps for the 
conterminous United States, in Structural Engineers Association of Kentucky 
2007 Convention Proceedings: Fair Oaks, California, p. 163–171.

Malhotra, P.K., 2008, Seismic design loads from site-specifi c and aggregate 
hazard analyses: Bulletin of the Seismological Society of America, v. 98, 
p. 1849–1862, doi:10.1785/0120070241.

McGuire, R.K., 1976, FORTRAN Computer Program for Seismic Risk Analy-
sis: U.S. Geological Survey Open-File Report 76-67, 90 p.

McGuire, R.K., 2004, Seismic Hazard and Risk Analysis: Earthquake Engi-
neering Research Institute MNO-10, 240 p.

McGuire, R.K., 2008, Probabilistic seismic hazard analysis: Early history: 
Earthquake Engineering & Structural Dynamics, v. 37, p. 329–338, 
doi:10.1002/eqe.765.

McGuire, R.K., Cornell, C.A., and Toro, G.R., 2005, The case for using 
mean seismic hazard: Earthquake Spectra, v. 21, p. 879–886, 
doi:10.1193/1.1985447.

Milne, W.G., and Davenport, A.G., 1969, Distribution of earthquake risk in Canada: 
Bulletin of the Seismological Society of America, v. 59, p. 729–754.

Mualchin, L., 2011, History of modern earthquake hazard mapping and assessment 
in California using a deterministic or scenario approach: Pure and Applied 
Geophysics, v. 168, p. 383–407, doi:10.1007/s00024-010-0121-1.

National Oceanic and Atmospheric Administration, 2009, Ice and snow storm 
of January 26–28, 2009: www.crh.noaa.gov (accessed 10 July 2011).

National Research Council (NRC), 1988, Probabilistic Seismic Hazard Analy-
sis, Report of the Panel on Seismic Hazard Analysis: Washington, D.C., 
National Academy Press, 97 p.

 on January 14, 2016specialpapers.gsapubs.orgDownloaded from 

http://specialpapers.gsapubs.org/


 A critique of probabilistic versus deterministic seismic hazard analysis, New Madrid seismic zone 275

Newman, A., Stein, S., Webjer, J., Engeln, J., Mao, A., and Dixon, T., 1999, 
Slow deformation and low seismic hazard at the New Madrid seismic 
zone: Science, v. 284, p. 619–621, doi:10.1126/science.284.5414.619.

Nuttli, O.W., 1973, The Mississippi Valley earthquakes of 1811 and 1812: 
Intensities, ground motion and magnitudes: Bulletin of the Seismological 
Society of America, v. 63, p. 227–248.

Petersen, M.D., Frankel, A.D., Harmsen, S.C., Mueller, C.S., Haller, K.M., 
Wheeler, R.L., Wesson, R.L., Zeng, Y., Boyd, O.S., Perkins, D.M., Luco, 
N., Field, E.H., Wills, C.J., and Rukstales, K.S., 2008, Documentation 
for the 2008 Update of the United States National Seismic Hazard Maps: 
U.S. Geological Survey Open-File Report 08-1128, 60 p.

Reiter, L., 1990, Earthquake Hazard Analysis: New York, Columbia University 
Press, 254 p.

Rix, G.J., and Romero-Hudock, S., 2001, Liquefaction Susceptibility Mapping 
in Memphis/Shelby County, TN: U.S. Geological Survey NEHRP Award 
01-HQ-AG-0019, 29 p.

Sachs, P., 1978, Wind Forces in Engineering (2nd ed.): Elmsford, New York, 
Pergamon Press, 400 p.

Scawthorn, C., Kornfi eld, L., Seligson, H., and Rojahn, C., 2006, Estimated 
losses from scenario earthquakes affecting San Francisco, CAPSS, Part 
2, in Proceedings of the 8th National Conference on Earthquake Engi-
neering, 18–22 April 2006: Oakland, California, Earthquake Engineering 
Research Institute Paper 1595.

Senior Seismic Hazard Analysis Committee (SSHAC), 1997, Recommenda-
tions for Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty 
and Use of Experts: Lawrence Livermore National Laboratory Report 
NUREG/CR-6372, 81 p.

Silva, W.J., and Darragh, B., 2011, Development of Design Ground Motions for 
the Ohio County Contained Landfi ll: El Cerrito, California, Final Report: 
Pacifi c Engineering & Analysis, 7 June 2011, 65 p.

Silva, W., Gregor, N., and Darragh, R., 2002, Development of hard rock attenu-
ation relations for central and eastern North America, internal report from 
Pacifi c Engineering, 1 November 2002; http://www.pacifi cengineering
.org/CEUS/Development%20of%20Regional%20Hard_ABC.pdf.

Somerville, P., Collins, N., Abrahamson, N., Graves, R., and Saikia, C., 2001, 
Ground Motion Attenuation Relations for the Central and Eastern United 
States—Final Report, June 30, 2001: Report to U.S. Geological Survey 
for award 99HQGR0098, 38 p.

Stein, S., 2010, Disaster Deferred: How New Science Is Changing Our View 
of Earthquake Hazards in the Midwest: New York, Columbia University 
Press, 282 p.

Stein, S., Tomasello, J., and Newman, A., 2003a, Should Memphis build for 
California’s earthquakes?: Eos (Transactions, American Geophysical 
Union), v. 84, p. 177, 184–185.

Stein, S., Tomasello, J., and Newman, A., 2003b, Should Memphis build for 
California’s earthquakes?: Reply: Eos (Transactions, American Geophys-
ical Union), v. 84, p. 273, doi:10.1029/2003EO290007.

Stepp, J.C., Wong, I., Whitney, J., Quittmeyer, R., Abrahamson, N., Toro, G., 
Youngs, R., Coppersmith, K., Savy, J., Sullivan, T., and Yucca Mountain 
PSHA Project Members, 2001, Probabilistic seismic hazard analysis for 
ground motions and fault displacements at Yucca Mountain, Nevada: 
Earthquake Spectra, v. 17, p. 113–151, doi:10.1193/1.1586169.

Strasser, F.O., Abrahamson, N.A., and Bommer, J.J., 2009, Sigma: Issues, 
insights, and challenges: Seismological Research Letters, v. 80, p. 40–56, 
doi:10.1785/gssrl.80.1.40.

Street, R., Wang, Z., Harik, I., and Allen, D., 1996, Source Zones, Recurrence 
Rates, and Time Histories for Earthquakes Affecting Kentucky: Univer-
sity of Kentucky, Kentucky Transportation Center Research Report KCT-
96-4, 187 p.

Street, R., Woolery, E., Wang, Z., and Harik, I.E., 1997, Soil classifi cations 
for estimating site-dependent response spectra and seismic coeffi cients 
for building code provisions in western Kentucky: Engineering Geology, 
v. 46, p. 331–347, doi:10.1016/S0013-7952(97)00010-0.

Street, R., Woolery, E., Wang, Z., and Harris, J., 2001, NEHRP soil classifi -
cations for estimating site-dependent seismic coeffi cients in the Upper 
Mississippi Embayment: Engineering Geology, v. 62, p. 123–135, 
doi:10.1016/S0013-7952(01)00057-6.

Structural Engineers Association of Kentucky (SEAOK), 2002, White Paper on 
Review of the 2002 Kentucky Residential Code (2nd ed.): SEAOK Docu-
ment WP-01–2.1, 66 p.

Takewaki, I., 2011, Preliminary Report of the 2011 off the Pacifi c coast of 
Tohoku earthquake: Zhejiang University-Science A (Applied Physics and 
Engineering), v. 12, p. 327–334.

Toro, G.R., Abrahamson, N.A., and Schneider, J.F., 1997, A model of strong 
ground motions from earthquakes in central and eastern North America—
Best estimates and uncertainties: Seismological Research Letters, v. 68, 
p. 41–57.

Tuttle, M.P., Schweig, E.S., Sims, J.D., Lafferty, R.H., Wolf, L.W., and Haynes, 
M.L., 2002, The earthquake potential of the New Madrid seismic zone: 
Bulletin of the Seismological Society of America, v. 92, p. 2080–2089, 
doi:10.1785/0120010227.

Wang, Z., 2003, Summary for the NEHRP seismic design maps, in Wang, 
Z., compiler, The Kentucky NEHRP Seismic Hazard and Design Maps 
Workshop: Kentucky Geological Survey, Series 12, Special Publication 
5, p. 32–33.

Wang, Z., 2005a, Better Understanding and Communication of the National 
Seismic Hazard Maps: Summary of USGS-KGS Meeting on Seismic 
Hazard Assessment in Western Kentucky: Kentucky Geological Survey, 
Series 12, Special Publication 7, 47 p.

Wang, Z., 2005b, Comment on J.U. Klügel’s problems in the application of 
the SSHAC probability method for assessing earthquake hazards at 
Swiss nuclear power plants”: Engineering Geology, v. 82, p. 86–88, 
doi:10.1016/j.enggeo.2005.09.011.

Wang, Z., 2007, Seismic hazard and risk assessment in the intraplate environ-
ment: The New Madrid seismic zone of the central United States, in Stein, 
S., and Mazzotti, S., eds., Continental Intraplate Earthquakes: Science, 
Hazard, and Policy Issues: Geological Society of America Special Paper 
425, p. 363–373, doi:10.1130/2007.2425(24).

Wang, Z., 2008, A technical note on seismic microzonation in the central 
United States: Journal of Earth System Science, v. 117, S2, p. 749–756, 
doi:10.1007/s12040-008-0060-8.

Wang, Z., 2009, Seismic hazard vs. seismic risk: Seismological Research Let-
ters, v. 80, p. 673–674, doi:10.1785/gssrl.80.5.673.

Wang, Z., 2011, Seismic hazard assessment: Issues and alternatives: Pure and 
Applied Geophysics, v. 168, p. 11–25, doi:10.1007/s00024-010-0148-3.

Wang, Z., and Lu, M., 2011, A short note on ground-motion recordings from the 
M 7.9 Wenchuan, China, earthquake and ground-motion prediction equa-
tions in the central and eastern United States: Seismological Research 
Letters, v. 82, p. 731–734, doi:10.1785/gssrl.82.5.731.

Wang, Z., and Zhou, M., 2007, Comment on “Why do modern probabilistic seis-
mic-hazard analyses often lead to increased hazard estimates?” by Julian 
J. Bommer and Norman A. Abrahamson: Bulletin of the Seismological 
Society of America, v. 97, p. 2212–2214, doi:10.1785/0120070004.

Wang, Z., Woolery, E.W., Shi, B., and Kiefer, J.D., 2003, Communicating with 
uncertainty: A critical issue with probabilistic seismic hazard analysis: 
Eos (Transactions, American Geophysical Union), v. 84, p. 501, 506, 508.

Wang, Z., Woolery, E.W., Shi, B., and Kiefer, J.D., 2004, Reply to comment 
on “Communicating with uncertainty: A critical issue with probabilistic 
seismic hazard analysis” by C.H. Cramer: Eos (Transactions, American 
Geophysical Union), v. 85, p. 283, 286.

Wang, Z., Woolery, E.W., Shi, B., and Kiefer, J.D., 2005, Comment on “How 
can seismic hazard around the New Madrid seismic zone be similar to that 
in California?” by Arthur Frankel: Seismological Research Letters, v. 76, 
p. 466–471, doi:10.1785/gssrl.76.4.466.

Wang, Z., Woolery, E.W., Shi, B., and Harik, I.E., 2007, Seismic Hazard Maps 
and Time Histories from Earthquakes Affecting Kentucky: University of 
Kentucky, Kentucky Transportation Center Research Report KTC-07–06/
SPR246–02–6F, 96 p.

Yeats, R.S., Sieh, K., and Allen, C.R., 1997, The Geology of Earthquakes: New 
York, Oxford University Press, 568 p.

Zoback, M.L., 1992, Stress fi eld constraints on intraplate seismicity in east-
ern North America: Journal of Geophysical Research, v. 97, p. 11,761–
11,782, doi:10.1029/92JB00221.

Zuccolo, E., Vaccari, A., Peresan, A., and Panza, G.F., 2011, Neo-deterministic 
and probabilistic seismic hazard assessments: A comparison over the Ital-
ian territory: Pure and Applied Geophysics, v. 168, p. 69–83, doi:10.1007/
s00024-010-0151-8.

MANUSCRIPT ACCEPTED BY THE SOCIETY 15 JUNE 2012

Printed in the USA

 on January 14, 2016specialpapers.gsapubs.orgDownloaded from 

http://specialpapers.gsapubs.org/


 on January 14, 2016specialpapers.gsapubs.orgDownloaded from 

http://specialpapers.gsapubs.org/


doi:10.1130/2012.2493(13)
 2013;493; 259-275 Geological Society of America Special Papers

  
Zhenming Wang and James C. Cobb
  
special reference to the New Madrid seismic zone
A critique of probabilistic versus deterministic seismic hazard analysis with
  
Geological Society of America Special Papers

  
E-mail alerting services

  
this article

 to receive free e-mail alerts when new articles citewww.gsapubs.org/cgi/alertsclick 

  
Subscribe

  
Special Papers

 to subscribe to Geological Society of Americawww.gsapubs.org/subscriptionsclick 

  
Permission request

  
 to contact GSA.www.geosociety.org/pubs/copyrt.htm#gsaclick 

viewpoint. Opinions presented in this publication do not reflect official positions of the Society.
positions by scientists worldwide, regardless of their race, citizenship, gender, religion, or political
article's full citation. GSA provides this and other forums for the presentation of diverse opinions and 
articles on their own or their organization's Web site providing the posting includes a reference to the
science. This file may not be posted to any Web site, but authors may post the abstracts only of their 
unlimited copies of items in GSA's journals for noncommercial use in classrooms to further education and
to use a single figure, a single table, and/or a brief paragraph of text in subsequent works and to make 

GSA,employment. Individual scientists are hereby granted permission, without fees or further requests to 
Copyright not claimed on content prepared wholly by U.S. government employees within scope of their

Notes

© 2013 Geological Society of America

 on January 14, 2016specialpapers.gsapubs.orgDownloaded from 

View publication statsView publication stats

http://www.gsapubs.org/cgi/alerts
http://www.gsapubs.org/subscriptions
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://specialpapers.gsapubs.org/
https://www.researchgate.net/publication/286587529



