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Abstract
In the central United States, earthquake sources that are not well defined, long earth-

quake recurrence intervals, and uncertain ground-motion attenuation models have con-
tributed to an overstatement of seismic hazard for the New Madrid Seismic Zone on the 
national seismic hazard maps published by the U.S. Geological Survey. A series of in-
formal interviews in western Kentucky with local businesspersons, public officials, and 
other professionals in occupations associated with seismic-hazard mitigation discussed 
seismic-mitigation policies in relation to depressed local economy. Scientific and relative 
economic analysis was then performed using scenario earthquake models developed with 
the Federal Emergency Management Agency’s Hazus-MH software. The ground-motion 
hazard generated by the 2008 Wenchuan, China, earthquake and seismic mitigation poli-
cies in that area were compared with those of the New Madrid Seismic Zone. Continued 
scientific research, additional educational opportunities for laymen and engineering pro-
fessionals, and changes in the application of current earthquake science to public policy in 
the central United States should help improve public safety and economic development.

Introduction
The New Madrid Seismic Zone is a well-docu-

mented region of historic and prehistoric seismici-
ty underlying the upper Mississippi Embayment in 
the central United States (Fig. 1). Sensational eye-
witness accounts of the Mississippi River flowing 
backward (Johnston and Schweig, 1996), coal and 
sand being thrown out of the earth, house chim-
neys being toppled, and hills and islands sinking 
into rivers or swamps (Nuttli, 1973) attest to the vi-
olence of the last great earthquake sequence along 
this fault zone in the winter of 1811-12. The New 
Madrid Seismic Zone has also undergone long 

quiet periods characterized by minor seismic ac-
tivity, as illustrated by the small number of earth-
quakes greater than magnitude 5.0 occurring since 
the aftershocks of the 1811-12 earthquake sequence 
died down 200 yr ago. In fact, a query of the U.S. 
Geological Survey earthquake catalog (earthquake.
usgs.gov/earthquakes/search) for events greater 
than magnitude 5.0 anywhere in the United States 
east of the Rocky Mountains returns only 10 events 
since 1973, only two of which are even remotely 
close to the New Madrid Seismic Zone.

Because earthquakes with magnitudes greater 
than 5.0 are much less common in this intraplate 
region than they are along tectonic plate bound-

http://earthquake.usgs.gov/earthquakes/search
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Figure 1. Seismic activity between 1974 and 2004 in the New Madrid Seismic Zone of the central United States. Red stars are 
approximate locations of the three main 1811-12 earthquakes on (from southwest to northeast) Dec. 16, 1811 (approximately 
M 7.7), Jan. 23, 1812 (approximately M 7.5), and Feb. 7, 1812 (approximately M 7.7). Yellow stars are locations of large earth-
quakes since then: near Charleston, Mo. (1895, M 6.6), and in southern Illinois (1968, M 5.4). The green highlighted area is the 
Jackson Purchase Region in western Kentucky. Modified from Wang (2007). Used with the permission of the Geological Society 
of America.
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aries, more behavioral patterns must be inferred 
from less data than in regions where data are am-
ple (Stein and Wysession, 2003). Rather than rely-
ing on documented ground motions and objective-
ly recorded data as we would like to do, scientists 
and local residents alike are left to interpret a very 
few subjective accounts of historical events, and 
when possible piece together prehistoric events 
from paleoseismic studies of sand blows and 
other structural and stratigraphic evidence (John-
ston and Schweig, 1996; Van Arsdale and others, 
1998; Tuttle and others, 2002, 2005). Furthermore, 
despite widespread research into area seismicity, 
the causal mechanism of the New Madrid Seismic 
Zone has yet to be identified (Grollimund and Zo-
back, 2001; Pollitz and others, 2001; Calais and oth-
ers, 2010). These circumstances make it difficult to 
assess the regional seismic hazard with a high de-
gree of confidence.

As is often the case with necessarily incom-
plete science, mathematical models have been cre-
ated to attempt to explain and recreate seismicity 
patterns for many earthquake-prone areas around 
the world, including the New Madrid region. But 
models are by definition an uncertain substitute for 
adequate real data. They are representative only in 
the limited circumstances in which the variables 
they consider are adequately represented and no 
other factors are present. The number of seismic-
attenuation models alone (Frankel and others, 
1996; Toro and others, 1997; Somerville and others, 
2001; Silva and others, 2002; Campbell, 2003; Tava-
koli and Pezeshk, 2005; Atkinson and Boore, 2006; 
and others) and publications detailing the differ-
ences between them should alert any thoughtful 
reader to the potential pitfalls of adopting any 
one model over another. Many earthquake hazard 
and risk models are based on data from the San 
Andreas Fault Complex and other western U.S. 
seismic zones, for which many data have been col-
lected (Cornell, 1968; Bazzurro and Cornell, 1999; 
Campbell, 2003), but a combination of differences 
in ground-motion attenuation rates related to soil 
and bedrock conditions and differences in recur-
rence intervals of major seismic events makes West 
Coast data less applicable for central U.S. probabil-
ity analysis.

In the United States, most decisions about 
earthquake hazard mitigation are based on the na-

tional seismic hazard maps produced by the U.S. 
Geological Survey as part of the National Earth-
quake Hazards Reduction Program. Documenta-
tion included with the maps states that they

display earthquake ground motions for various 
probability levels across the United States and are 
applied in seismic provisions of building codes, 
insurance rate structures, risk assessments, and 
other public policy…. The resulting maps … de-
scribe the frequency of exceeding a set of ground 
motions

(Petersen and others, 2008, p. 1). There are prob-
lems associated with the maps and the resulting 
engineering design criteria and regulations, how-
ever, which deserve further attention. In fact, the 
2008 maps indicate that the New Madrid Seismic 
Zone has a higher ground-motion hazard than ei-
ther San Francisco or Los Angeles (Figs. 2–3), both 
areas located along the San Andreas and associ-
ated fault systems (Petersen and others, 2008). The 
higher hazard assigned to the New Madrid Seis-
mic Zone seems contradictory when earthquakes 
are much more frequent in the San Andreas region 
than in the New Madrid region.

The national seismic hazard maps are pro-
duced using probabilistic seismic hazard analysis, 
first published in the late 1960’s as a mathemati-
cal  model to determine a probability for a given 
ground-motion value at a site of interest (Cornell, 
1968). In other words, PSHA was developed to as-
sess seismic risk of individual sites for engineering 
purposes (Cornell, 1968). PSHA methodology uses 
statistical models of earthquake occurrence and 
ground-motion attenuation to calculate the annual 
probability of a specified ground-motion level be-
ing exceeded at a given site. PSHA methods are 
not viable without sufficient observations (data) 
for meaningful statistical and probability analysis, 
however. The acknowledged lack of data for the 
central United States (Petersen and others, 2008) 
requires more speculative calculations when ap-
plying PSHA for the central United States than for 
the western United States, where data are numer-
ous. Flaws in the underlying PSHA assumptions 
include equal likelihood of earthquake occurrence 
in a source zone, constant average occurrence rate, 
Poisson (memory-less) earthquake occurrence, 
and equating the annual probability of exceedance 
(i.e., exceedance probability in 1 yr—a dimension-

Introduction
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Figure 2. The 2008 national seismic hazard map showing peak ground acceleration (g) in California and Nevada with 2 percent 
probability of exceedance in 50 yr. The high value is 1.0 g. From U.S. Geological Survey (2012).
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Figure 3. The 2008 national seismic hazard map showing peak ground acceleration in the central and eastern United States 
with 2 percent probability of exceedance in 50 yr. Data for the map indicate a high value of greater than 1.2 g for the New Madrid 
Seismic Zone. From U.S. Geological Survey (2012).

less quantity) to a frequency (i.e., exceedance fre-
quency—a dimensional quantity with the unit of 
per year). These flaws lead to PSHA results being 
misused and misinterpreted (Wang, 2011; Wang 
and Cobb, 2012). Compounded uncertainty—the 
overstatement of uncertainty created by calculat-
ing a response from multiple uncertain variables—
is a common result of working with models and 
applies to the use of PSHA methods. In addition, 
the requirement for weighting the significance 
of variables in PSHA calculations allows for bias 

through personal opinion of the particular scien-
tists or engineers conducting the probabilistic anal-
ysis (Klügel, 2011). All of these complications with 
either PSHA or modeling in general contribute to a 
lack of confidence in the resulting national seismic 
hazard maps for the central United States. Either 
overstatement or understatement of hazard is pos-
sible, depending on the particular site in relation 
to the maps, but sites in or near the New Madrid 
Seismic Zone are likely to have an overstated seis-
mic hazard because of the significance attributed 
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to historic area seismicity during the weighting of 
hazards in the map creation process.

The national seismic hazard maps, with their 
overstated hazard assessment for the New Madrid 
Seismic Zone, have been used to develop engineer-
ing standards (for example, the American Society 
of Civil Engineers’ Minimum Design Loads for 
Buildings and Other Structures); building codes 
(including the International Code Council’s Inter-
national Building Code and the commonwealth 
of Kentucky’s building code); insurance rates; risk 
assessments; emergency management plans; and 
other public policies. The USGS Earthquake Haz-
ards Program’s website, Seismic Design Maps & 
Tools (U.S. Geological Survey, 2014) can be used to 
generate design maps for a specific site using any of 
four different building code reference documents: 
the International Building Code, the American So-
ciety of Civil Engineers’ standard, the NEHRP Rec-
ommended Seismic Provisions, or the American 
Association of State Highway and Transportation 
Officials’ Guide Specifications for LRFD (Load and 
Resistance Factor Design) Seismic Bridge Design. 
Each independent engineering organization is re-
sponsible for determining how to apply the infor-
mation contained in the national seismic hazard 
maps, but the maps are universally accepted as the 
best current science. The building and engineer-
ing codes were then adopted by individual states 
as they saw fit, but again were generally accepted 
as authoritative in regard to engineering and con-
struction best practices. And so as each expert or-
ganization relied on the other, the original science 
was passed on to the public through codification 
in local public policies. In this manner, the com-
monwealth of Kentucky adopted the International 
Building Code with few reservations and excep-
tions as its accepted building code. At each step 
in this process, any uncertainties in the underly-
ing calculations were accepted, compounded, and 
codified as mitigation requirements.

Government officials, economic develop-
ment agencies, and businesspersons in the Jackson 
Purchase Region of western Kentucky have com-
plained that overly stringent seismic mitigation 
policies adversely affect economic development in 
the region by discouraging new businesses from lo-
cating in the area (City of Paducah, 2012; L. Hayes, 
Secretary of Economic Development, personal 

communication, 2013; Paducah Area Chamber of 
Commerce, 2012; C. Chancellor, Paducah Econom-
ic Development, personal communication, 2013; S. 
Doolittle, Paducah Riverfront Development Au-
thority, personal communication, 2013). Wang and 
Cobb (2012) found that application of NEHRP pro-
visions to public policy in the New Madrid Seis-
mic Zone has resulted in unrealistic building code 
expectations and, in some areas, a disincentive for 
construction. For example, based on NEHRP rec-
ommendations resulting from the 2008 national 
seismic hazard maps, at the Paducah Gaseous Dif-
fusion Plant, a federal facility, a seismic design of 
0.8 g would be required for a new landfill (Wang 
and Cobb, 2012). In addition, residential construc-
tion in western Kentucky would require the servic-
es of a design professional under the terms of the 
International Residential Code of 2000 (Structural 
Engineers Association of Kentucky, 2002), which, 
in many cases, would make construction too costly.

One of the most frequently asked questions 
is why building codes are calibrated for a  2,500-yr 
earthquake return event when current science tells 
us to prepare for a 500-yr event—and even the 
 500-yr event is 10 times longer than the expected 
useful lifetime for new building construction. For 
comparison, flood building zones are based on a 
100-yr return event (1 percent probability of oc-
curring in 1 yr) (International Code Council, 2000). 
There appears to be a chain reaction, from the be-
ginning seismic assumptions and PSHA methodol-
ogy for the New Madrid Seismic Zone, through the 
results being applied to design maps and building 
codes, to the end result of suppressed economic 
growth rather than a safer society.

In an effort to address the concerns of citi-
zens, businesspersons, and government officials 
about current seismic-hazard mitigation policies in 
western Kentucky, this study assessed the policy 
impacts on Kentucky, western Kentucky in partic-
ular, through informal interviews with stakehold-
ers ranging from public officials to businessper-
sons and other professionals and private citizens. 
A range of historical parameters and alternative 
modeling methods were used to create scenario 
seismic-hazard maps to compare with the national 
seismic hazard maps. Relative economic and engi-
neering analyses were performed using the revised 
models and a federal hazard and economic analysis 

Introduction
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software package, Hazus-MH (Federal Emergency 
Management Agency, 2012a). Comparisons were 
also made to seismic-hazard mitigation policies 
in the area affected by the 2008 Wenchuan, China, 
earthquake (magnitude 7.9, May 12, 2008, eastern 
Sichuan Province); the ground-motion attenuation 
model for Wenchuan is similar to that for the cen-
tral and eastern United States (Wang and Lu, 2011). 
Lessons learned from the 2008 Wen chuan earth-
quake were used to recommend more informed 
policy decisions for the New Madrid Seismic Zone. 
Finally, several recommendations were developed 
with the intention of reducing impacts to the west-
ern Kentucky economy while still maintaining rea-
sonable safety standards.

Seismicity
The New Madrid Seismic Zone

The New Madrid Seismic Zone is an intra-
plate fault zone in the North American tectonic 
plate. One of several seismic zones in the central 
and eastern United States that affect Kentucky 
(Fig. 4), the New Madrid was named for a series 
of earthquakes that occurred between Decem-
ber 1811 and February 1812; the last of these earth-
quakes destroyed the town of New Madrid, Mo. 
(Fig. 5). There were at least three large earthquakes 
in the 1811-12 cluster (Dec. 16, 1811, Jan. 23, 1812, 
and Feb. 7, 1812). Although no seismographic rec-
ords were available at that time, estimates of the 
magnitudes and intensities of those earthquakes 
have been made using eyewitness accounts of the 
events and journals and logs of scientists who kept 
records of effects in their geographic areas. Each of 
the events has been estimated to be between mag-
nitude 6.7 and 8.1, but no general consensus has 
been reached to narrow this range. Over the 2-mo 
period, the largest events occurred chronologically 
from south to north along the northeastern trend of 
the seismic zone (Fig. 1).

Shaking attributed to these earthquakes was 
reported from New Orleans to the south, the At-
lantic Coast states to the east, New Hampshire to 
the northeast, and Toronto, Canada, to the north 
(Nuttli, 1973). Few reports came from farther west 
since at the time there were few settlements in that 
direction. Widespread effects of this series of earth-
quakes and their aftershocks included opening of 
ground chasms and rifts; changes of ground eleva-

tion, both as areas of uplifting and areas of subsid-
ence across the region; sand blows and discharge 
of other earth materials; soil liquefaction; sulfurous 
smells; and unusual lights and sounds (Nuttli, 
1973). Reelfoot Lake in northwestern Tennessee, 
for example, was formed when subsidence on the 
eastern side of the Reelfoot Fault dammed a small 
stream, causing a broad but shallow body of water 
to form. More than 200 yr later, trees that began life 
in a field continue to grow with their trunks sub-
merged in the lake (Fig. 6). The only reason there 
was not more damage to the built environment 
is that the region was only sparsely populated at 
the time and structures in the area were low to the 
ground and of simple construction. The largest 
earthquakes since 1812 have been a magnitude 6.6 
in 1895 and a magnitude 5.4 in 1968, both of which 
continued the northeastern trend (Fig. 1).

Lacking seismographic data from large earth-
quakes, researchers focused on the subsurface 
structure of the area (Zoback and others, 1980; 
Johnston and Schweig, 1996; Street and others, 
1997a, b; Woolery and Street, 2002; McBride and 
others, 2003; Wang and Woolery, 2006; Csontos 
and Van Arsdale, 2008). Studies have shown that 
a large seismically active fault system underlies 
the Upper Mississippi Embayment; it is believed 
to be a reactivated failed rift zone. The zone ex-
tends 240 km in a southwest-northeast orientation 
from northeastern Arkansas into southeastern Mis-
souri, touching the western boundaries of Tennes-
see and Kentucky, and exhibits shallow seismicity 
in the upper 25 km. It consists of three main fault 
sections: The southwestern and northeastern sec-
tions are right-lateral faults slightly offset from one 
another but generally striking northeast, follow-
ing the southwest-northeast trend of the Missis-
sippi Embayment, and the central stepover thrust-
fault section extends southeast-northwest between 
them, connecting the offset. Sediments in this part 
of the Mississippi Embayment range from 0 to 
1.1 km deep.

Part of the uncertainty for earthquake mod-
eling in the region is that recurrence intervals for 
great earthquakes cannot be confirmed. We have 
only 200 yr of historical data, some of which is eye-
witness accounts and possibly exaggerated. Paleo-
seismic data from investigation of sand blows and 
soil-horizon shifts (Tuttle and others, 2002; Hol-

Seismicity
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Figure 4. Relative locations of several seismic zones in the central and eastern United States near Kentucky. Modified from 
Street and Woolery (1997).

brook and others, 2006) indicate prehistoric earth-
quake dates of 1400 and 900 A.D., and models from 
modern data (Hough and Page, 2011) indicate re-
currence intervals in the range of 500 to 1,000 yr. 
The longer 1,000-yr estimate is supported by GIS 
data (Newman and others, 1999; Calais and Stein, 
2009; Stein, 2010) showing little or no continuing 
deformation in the area.

Although much research has been conducted 
in the area, the seismic mechanism is still unclear. 
Theories include isostatic rebound from the last 

North American glaciation (Grollimund and Zo-
back, 2001), a sinking mafic body deforming the 
underlying crust (Pollitz and others, 2001), and 
extensive riverine erosion in the Mississippi River 
Valley allowing for crustal rebound (Calais and 
others, 2010).

The Wenchuan, China, Area
The People’s Republic of China is located en-

tirely upon the Eurasian tectonic plate and is great-
ly affected by interactions between the Indian Plate 
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Figure 5. Scarp of the New Madrid Fault line on the Mississippi River at New Madrid, Mo. (facing approximately west). Inset: 
Marker for the New Madrid Fault, immediately east of photo location. Photos ©Alice M. Orton, 2013. Used with permission.

to the west and the Pacific and Philippine Plates to 
the east (Fig. 7). As the Indian tectonic plate to the 
southwest pushes north against the Tibetan Pla-
teau, the Tibetan Plateau spreads laterally, pushing 
east and north, and generates many large earth-
quakes (Fig. 7), including the 1556 Shansi earth-
quake, which resulted in about 830,000 fatalities 
(the most recorded fatalities for any earthquake in 
the world).

The Wenchuan earthquake (M 7.9) of May 12, 
2008, occurred along the Longmenshan Fault, 
which is the suture between the uplifted Tibetan 
Plateau and the Sichuan Basin (Fig. 8). Movement 
on the northeast-striking Longmenshan Fault or a 
related thrust fault along the northwestern edge of 
the Sichuan Basin caused the quake (Burchfiel and 
others, 2008). The event is often referred to as either 
the Eastern Sichuan earthquake, after the province, 
or the Wenchuan earthquake, after the county in 
which the epicenter occurred. The epicenter was 

only 80 km from Chengdu, the provincial capital 
of Sichuan. The focal point was estimated to be at a 
depth of 19 km (U.S. Geological Survey, 2008a) and 
the total length of the surface rupture was approxi-
mately 300 km (Xu and others, 2009).

Effects from the 2008 Wenchuan earthquake 
included widespread shaking with a maximum 
Mercalli intensity of IX near Wenchuan; landslides 
along the Tibetan Plateau front; ground-surface 
faulting and fracturing; ground subsidence; and 
seiches (standing waves) as far away as Bangla-
desh (U.S. Geological Survey, 2008b). Shaking 
was felt as far away as the Thailand coast to the 
south, the eastern continental coast and Taiwan to 
the east, and Beijing and beyond to the north (U.S. 
Geological Survey, 2008c). Damaged infrastructure 
included retaining walls, bridges, roads, dams, wa-
ter pipelines, and tunnels (Free and others, 2008; 
U.S. Geological Survey, 2008b) (Fig. 9). More than 
5 million buildings collapsed, and 21 million more 
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(a)

(b)

Figure 6. (a) The line of trees in the mid-left background originally marked the edge of a field. Subsidence following the Feb. 7, 
1812, New Madrid earthquake caused the area to fill with water. (b) The trees have continued to grow submerged in the resulting 
lake for 200 yr. Photos ©Alice M. Orton, 2013. Used with permission.
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Figure 8. Epicenters of the May 12, 2008, Wenchuan earthquake. Longmenshan Fault and regional seismicity resulted from the 
M 7.9 Wenchuan earthquake. From Burchfiel and others (2008). Used with the permission of the Geological Society of America.

sustained damage, leaving more than 5 million 
people homeless and 15 million evacuated from 
damaged homes (U.S. Geological Survey, 2008b). 
The earthquake resulted in approximately 87,000 
fatalities (U.S. Geological Survey, 2008b) and more 
than $110 billion in damage (Xie and others, 2009).

Although the mechanism for intraplate seis-
micity in the Wenchuan region is not the same as 
in the central United States, the regions share some 
similarities. As shown by Wheeler (2011) and Pe-
tersen and others (2008), the Longmenshan thrust 
belt is the western boundary of the Southeast 
Asian or Eastern China stable continental region. 

The Wenchuan area, most of which is in the Sich-
uan Basin, is geologically similar to the central and 
eastern United States stable continental region. A 
preliminary comparison shows that the ground-
motion attenuation models for the central and 
eastern United States are similar to the ones for the 
Wenchuan area (Wang and Lu, 2011). Combined 
with China’s longer historical record and much 
higher exposure of population and buildings, the 
Wenchuan earthquake can be compared to current 
conditions in the central United States, the New 
Madrid Seismic Zone in particular.

Seismicity
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(a)

(b)

Figure 9. Examples of damage to bridges in the Wenchuan, China, area caused by the May 12, 2008, earthquake. Photo  
© Zhenming Wang. Used with permission.
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Assessment of Seismic  
Policy Impact

In an effort to determine the science knowl-
edge base and ascertain the effect of current seis-
mic-hazard mitigation policies on the western Ken-
tucky economy, informal interviews were arranged 
with a wide variety of professionals whose work 
could bring them in contact with seismic-hazard 
mitigation policies and their effects. Twenty-nine 
interviews were conducted in Lexington, Frank-
fort, Paducah, Calvert City, and Murray, Ky., or by 
phone with those unable to meet in person. With 
the permission of each participant, the interviews 
were recorded for later review. Table 1 gives in-
terview participants’ occupations and jurisdiction. 
Several participants hold overlapping positions, 
such as in emergency management and education, 
or transportation and engineering, and have there-
fore been counted twice.

A standard list of questions was provided 
in advance to each participant when possible, al-
though questions asked in each interview reflected 
the jurisdiction, position, responsibilities, experi-
ence, and knowledge of earthquake mitigation pol-
icies. Follow-up questions were often asked based 
on information received during the course of the 
interview (Orton, 2014).

General Knowledge of Seismic Hazard
The general knowledge about underlying 

seismic science and how it relates to economic con-
cerns for western Kentucky were assessed. Fifteen 
participants did not have scientific or engineering 
backgrounds, and 10 of them had little or no in-
formation about the actual seismic hazard for the 
New Madrid Seismic Zone, western Kentucky, 
 McCracken County, or Paducah. Their knowl-
edge was a broad collection of what they had read 
in newspaper accounts, heard from others, or ex-
perienced themselves while living in the region. 
Several had expectations of catastrophic events, 
although they were not specific about details. Four 
participants without scientific backgrounds had 
some sense of the actual hazard estimates, having 
explored the subject through personal or job-relat-
ed interest; one participant with no scientific back-
ground had solid technical knowledge through 
job-related training. Among the 14 participants 
with scientific backgrounds, seven had solid tech-
nical knowledge, four had some knowledge of lo-
cal earthquake hazard, and three had only little or 
anecdotal information.

The nonscience group expected the maxi-
mum-magnitude earthquake to range from 6.0 to 
8.1; nine of the 15 participants did not answer or 
claimed no knowledge of this information. Several 

Table 1. Occupations of participants.
Jurisdiction

Industry Private/
Contractor

City 
Government

County 
Government

State 
Government

Federal 
Government

building/real estate 
development 3 1 1

economic development 1 2 1
education 2
energy 1 2 2
engineering 3 1 3 2
finance/insurance 2
healthcare 3
safety/emergency 
management 4 2 1

seismology/science 1 1
transportation 2
waste management 1

Assessment of Seismic Policy Impact
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participants indicated a general sense that disas-
ter could be expected, but they did not know any 
details. The expected source of earthquake hazard 
was the New Madrid Seismic Zone, according to 
12 of these participants. Four participants also had 
knowledge of the Wabash Valley Seismic Zone, 
and one could name several surrounding seismic 
zones that might contribute to local or regional 
earthquake hazard. One respondent knew general-
ly that the earthquake hazard source was “near the 
river.” Two respondents claimed no knowledge of 
the source for earthquake hazard.

The range for maximum-magnitude earth-
quakes given by the group with scientific back-
grounds was broader than that given by the non-
science group, extending from greater than 6.0 to 
8.5; this group was much more likely to qualify their 
responses with information about the earthquake 
source or the recurrence interval, however. Several 
of these respondents cited what they knew of his-
toric events rather than giving a firm expectation 
for future events; and five of them did not answer 
this question. This group cited the New Madrid 
Seismic Zone as the most likely earthquake hazard 
source (10 times out of 14), but seven participants 
also named other regional seismic zones as poten-
tial sources, including the Wabash Valley Seismic 
Zone, the Rough Creek Graben, the Charleston, 
Mo., region, the Eastern Tennessee Seismic Zone, 
the Maysville-Sharpsburg region, the northeastern 
Kentucky region, the southeastern Kentucky re-
gion, the Charleston, S.C., region, and the Reelfoot 
Fault. A few answers were slightly more vague, in-
cluding “40 to 50 miles away” and “to the west.”

The nonscience group had little understand-
ing of expected earthquake recurrence intervals; 
only one participant gave actual statistical expec-
tations of a given magnitude in a given period. A 
few participants with scientific backgrounds had 
more knowledge (sometimes very specific because 
of the nature of their occupations) about seismic 
hazard for the region, but their return-period esti-
mates ranged widely, from magnitude 8 in 200 to 
500 yr to magnitudes 8 to 8.5 in 2,500 yr; some gave 
nonspecific magnitude estimates of “great earth-
quake” with recurrence-interval estimates of 500 
yr and “moderate earthquakes” with recurrence 
interval of 100 yr.

The nonscience participants defined “experts” 
broadly and included scientists (nonspecific), en-
gineers (nonspecific), federal government agencies 
(USGS and U.S. Department of Energy), Kentucky 
Geological Survey geologists, and research univer-
sities (specifically, Murray State University). Two 
of these participants gave the name of a person 
they considered to be an expert, and five did not re-
spond to this question. Whether the response was 
general or specific, the underlying feeling was one 
of great trust in these experts. Among those with 
scientific backgrounds, the response was approxi-
mately the same: four participants did not respond, 
but the remaining 10 were much more likely than 
the nonscience participants to indicate at least 
one source of expert information (some general 
and some more specific), including seismologists 
or seismic consultants (nonspecific), geologists 
(nonspecific), engineers (nonspecific), architects 
(nonspecific), engineers with the American Asso-
ciation of State Highway and Transportation Offi-
cials, federal government agencies (USGS and U.S. 
Department of Energy), the Kentucky Geological 
Survey, and research universities (specifically, the 
University of Tennessee and St. Louis University). 
Five persons were specifically named as experts by 
their science-background peers.

Only one of the nonscience group claimed 
never to have seen a copy or a version of the na-
tional seismic hazard maps, but most had seen 
them at least once. Four had used the maps, or 
some derivative product of them, in their work. No 
one in this group claimed to understand the maps, 
however, just that the concentric rings indicated 
higher earthquake danger at the centers and lower 
danger as the rings expanded. Only a few indicat-
ed they were aware there was more than one map, 
although five indicated they questioned the valid-
ity of seismic-hazard maps for the New Madrid 
Seismic Zone. None claimed any knowledge of the 
vetting process for the maps or that the maps are 
reviewed and revised on a regular schedule.

All of the science-based participants had seen 
the maps, but only half (seven of 14) use them or a 
derivative product in their work. Only one partici-
pant claimed to trust the maps implicitly. Some of 
those who use the maps indicated they took other 
factors such as surface geology, underlying soils, 
other load sources (wind, thermal contraction), and 
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other earthquake source areas into consideration 
when determining earthquake hazard rather than 
relying implicitly on the national seismic hazard 
maps. Several of these participants indicated they 
were more likely to consider scenarios from de-
terministic seismic hazard analysis for individual 
projects than relying on the general PSHA scenar-
ios on which the maps are based. Most, however, 
accepted the science as fact, or as close to fact as we 
can get at the moment. They have been given a for-
mula for implementing the current local, regional, 
or federal policies, such as building codes, and they 
do not spend time questioning either the formulas 
or the underlying science. As a group, they do not 
worry about the difference between models and 
actual data. Only a few engineers know or care to 
know anything about the development process for 
the national seismic hazard maps. They are caught 
in a no-man’s land where their clients demand 
knowledge and expect absolute answers. Because 
engineers risk their livelihoods and reputations on 
their approval of construction plans, they calculate 
building and structural requirements based on en-
gineering design codes (such as American Society 
of Civil Engineers’ and American Association of 
State Highway and Transportation Officials’ stan-
dards), then fall back on the expertise behind those 
codes and the authority of current design policies 
if anything goes wrong.

The response to questions about earthquake 
preparedness tended to depend less on a science 
versus nonscience background and more on wheth-
er individual participants deal with the public on a 
mass basis or on an individual basis. For example, 
those in charge of health-care facilities or public 
emergency response or education tended to have 
well-defined organizational emergency response 
plans in place that are reviewed and revised on a 
regular basis. Many of these participants rely on 
the advice of experts since the underlying science 
is unclear or unavailable to them in a simple form. 
Emergency response is usually applied to emer-
gencies resulting from any natural hazard (flood, 
wind, fire, earthquake, ice, etc.); seismic hazard is 
not specifically addressed in most cases, but is just 
one of many hazard possibilities to be considered. 
One participant specifically asked why, if the seis-
mic hazard is so extreme, do government agencies  
not focus more on preparing for a large earthquake 

other than requiring earthquake-resistant struc-
tures. Some organizations also have plans in place 
for response to terrorism or other manmade sourc-
es (fire, large-scale accident, etc.). Those who deal 
with the public on an individual basis and those 
who do not deal with the public at all tend to either 
not know about emergency response or not have 
plans in place.

Science-based participants as a rule had little 
to say about earthquake preparedness since as a 
group they deal less with the public, although a 
few with responsibility for large facilities had spe-
cific hazard response plans in place. Individual 
participants may or may not have had personal 
preparations in order, but those whose work em-
phasized emergency preparedness tended to also 
have developed personal emergency plans.

Several participants indicated they had seen 
a surge in emergency preparedness following a 
severe ice storm in western Kentucky in 2009, al-
though the verdict was split about whether there 
can really be enough preparedness. Participants 
in both groups generally agreed that human be-
ings cannot prepare for every natural hazard: No 
amount of preparation will stave off every possible 
danger. Most participants were in agreement that at 
some point, society and individuals choose which 
dangers are of most concern to them, determine 
how best to protect themselves, and then live with 
the consequences. Several participants expressed 
that these decisions are paramount to intelligent 
living and that people should be accountable for 
their personal choices of living environments.

Concerns About Public Policy
There was a range of responses to questions 

about public policy. At one end of the spectrum 
were those who trust the experts and believe that 
public policies are in place for the general good, 
so those with less knowledge should not question 
them. At the other end of the spectrum were those 
who question whether the science justifies current 
public policies. If the science is flawed (over- or un-
derstated hazard, or uncertainty in models), then 
current policies may not be appropriate. Several 
participants would like better scientific informa-
tion to justify current public policy.

Public policy issues resulting from seismic-
hazard analysis were mostly related to building 
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codes and infrastructure engineering. Several par-
ticipants from both science and nonscience back-
grounds expressed concern that building codes 
are not regulated evenly, either within Kentucky 
or between Kentucky and surrounding states. In 
particular, the city of Paducah and McCracken 
County seem to have a better system for construc-
tion inspections than surrounding areas do. Many 
participants stated that companies or persons who 
do not want to incur the higher costs associated 
with seismic design and construction that will be 
enforced in Paducah and McCracken County sim-
ply go to a neighboring county or across the Ohio 
River into Illinois, where building codes are either 
less stringent or will not be enforced. One partici-
pant was careful to make clear that he was aware 
of this happening for residential buildings, but not 
for commercial buildings, which are more closely 
regulated.

A second policy concern was that federal 
agencies apply different standards, codes, or rules 
than local or State agencies do. Many federal agen-
cies have jurisdiction for their own building codes 
and hazard mitigation requirements, but these re-
quirements have to be met within the local areas 
where federal projects are built. One example was 
the Paducah Gaseous Diffusion Plant, operation of 
which is regulated by the federal Nuclear Regula-
tory Commission. Because of the current seismic-
hazard rating assigned to western Kentucky by 
the national seismic hazard maps, upgrading the 
existing facilities to meet federal hazard mitigation 
requirements has been deemed too costly, and the 
operation is to be relocated out of the area. Local 
government officials, businesspersons, and even 
engineers question whether the science supports 
this decision. They do not see compelling evidence 
supporting high earthquake hazard for the region, 
regardless of what the national seismic hazard 
maps show. The perception is that federal agencies 
are not concerned about local issues or how federal 
decisions affect local regions. There is strong local 
feeling that doing the research is not enough, and 
when the results are inconclusive, the scientists 
should communicate that clearly.

In addition, there was some local concern that 
federal government officials often put local areas 
in political limbo by not making decisions. When 
an issue is inconclusive, the matter is put on hold, 

awaiting further investigation, further funding, or 
even a better political climate before resolution. But 
this delay often hampers local business decisions. 
If a decision were made at the federal level, then 
local matters could progress; but a lack of decision  
hangs up the process.

Another concern voiced during the inter-
view process was that of appropriate representa-
tion. Because earthquakes happen less frequently 
in western Kentucky, there are fewer local experts 
who focus on them. This translates into less rep-
resentation at the federal level when issues arise. 
For example, because the American Association of 
State Highway and Transportation Officials codes 
are created by a voting process, states with more 
earthquake experience have more to say about the 
associated hazard, and their opinions are more 
likely to influence the code-development process. 
States with less exposure to seismic hazard trust 
the opinions and advice of experts from states that 
have more exposure, but states in which the hazard 
is assumed to be high but the recurrence of seismic 
events is low are therefore underrepresented dur-
ing building-code decisions.

A related issue is political or personal agen-
das, which many participants believe could lead 
to outcomes being manipulated in cases where 
the science was less than conclusive. Participants 
fell into two distinct categories: those who felt 
politics should have nothing to do with seismic-
hazard mitigation decisions, and those who felt 
that the two issues were unequivocally connected. 
One federal science representative who was very 
knowledgeable about the process used to develop 
and revise the national seismic hazard maps stated 
that the process takes into account the best science 
available at the moment and gives fair representa-
tion to both supporting and opposing views prior 
to the release of map updates. A State-level sci-
ence-based participant was concerned that policy 
gets muddied by people who want a particular 
outcome rather than “the truth,” and that some po-
litical decisions are driven by hidden agendas, not 
science. Another participant similarly commented 
that the issues are so complex that they are difficult 
for nonexperts to understand. For scientists and 
government officials, it is increasingly easy to ig-
nore the issues they do not want to discuss and just 
pick the perspective they like. A State-level public 
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official commented that how policy-makers feel 
about an issue sometimes has more to do with their 
decisions than actual facts about the issue. A pri-
vate-sector engineer responsible for site-response 
investigation for a federal project commented that 
there was some political push to have their inde-
pendent results match the federal expectations. A 
western Kentucky participant commented that it 
is not for policy-makers to influence the seismic-
hazard determination since they are not experts 
on the science. On the other side of the argument, 
several local businesspersons felt that if the science 
was not definitive, then any policy decisions based 
on it were arbitrary and certainly should take into 
consideration other factors, such as how policy de-
cisions based on that science would affect the local 
economy. Clearly, this interaction between science 
and policy is of key importance when the science 
is indecisive.

Taking responsibility for policy decisions was 
also mentioned as an area for concern. The gen-
eral consensus was that although most profession-
als who are affected by seismic-hazard mitigation 
policy would prefer less micromanagement, no 
one wants to be the person responsible for down-
grading the seismic-hazard rating. Because the sci-
ence is uncertain—we do not know enough about 
historical seismicity in western Kentucky or the 
potential for future seismicity—it is possible that a 
large or great earthquake will occur in or near this 
area. Even those who do not want to believe this 
generally acknowledge the possibility, in which 
case, no one wants to be the one to take personal 
responsibility for downgrading the federally sanc-
tioned seismic-hazard rating estimates. No one 
wants to be responsible if people die as a result of 
less stringent building requirements. The feeling 
was that taking precautions is correct, that if people 
are smart they learn from other people’s mistakes, 
and that the current status quo is the best that can 
be done right now. Another participant quipped, 
however, that we know the earth has been hit by 
meteors in the past, but we do not build for those 
conditions and we should not be required to build 
for seismic conditions that have such great inher-
ent uncertainty. These concerns for public policy, 
and ultimately public safety, must be considered 
against the very real economic cost of implement-
ing earthquake mitigation policies.

Concerns About Economic Development
Not all participants had preconceived opin-

ions about the relationship between seismic-haz-
ard mitigation and economic development, but all 
were able to think of some ways that seismic hazard 
could or did have an impact on social costs. Opin-
ions were split as to whether the costs were worth-
while. Some felt that any cost was justifiable if lives 
were saved. One participant commented that all 
the money we spend on education is of no worth 
if the buildings collapse on the students; he would 
rather throw the money away on the sensible in-
vestment of building reinforcement than live with 
the consequences if school buildings were built to 
a lower standard and lives were lost in a collapse. 
Others stated that the money being used to make 
buildings safer is not justified without some indi-
cation that there is a real risk of loss, of which they 
felt there was no evidence. There is no financial 
gain to the additional code requirements: A school 
built to the code costs more but is not safer if built 
to a higher seismic standard than needed; a house 
built according to the standards costs more but is 
not more valuable nor more desirable because it 
is built to too stringent seismic codes. These par-
ticipants were not aware of each other’s comments, 
but their concerns illustrate the scope of opinions.

Several participants with business interests 
in economic development for western Kentucky 
indicated that a current problem is the perception 
of putting a business in harm’s way. Many partici-
pants, both engineers and public officials, related 
experiences where businesses were unwilling to 
risk loss of customers or facilities in the event of a 
major earthquake. Each project development team 
has to decide how much risk it is willing to assume, 
in terms of money, time, and inconvenience. For 
example, a large automobile manufacturing com-
pany briefly considered building a manufacturing 
plant in Paducah but ultimately did not because the 
local earthquake and wind hazards were too high. 
The participant who relayed this anecdote stated 
he had never experienced either an earthquake or 
a tornado in the area and felt the perceived threat 
was worse than the actual threat, but that made 
no difference to the automobile manufacturer. 
The bottom line is that many investors will sim-
ply not consider establishing a business in a high 
earthquake-hazard zone, similar to not wanting to 
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build in a floodplain or in tornado alley. It is less 
risky simply to establish a business elsewhere. If 
the hazard rating is correctly evaluated, this is the 
best business decision. But if the high hazard rat-
ing currently assigned to western Kentucky is in-
appropriate, business opportunities are being lost 
as a result. Either way, the hazard evaluation pub-
lished on the national seismic hazard maps, wheth-
er correctly evaluated or not, has a direct impact on 
the local economy.

If a business already has a base in the area, 
it is a simple thing to stay as long as no changes 
are necessary. If, however, a larger facility must be 
built, or if a business from outside the area is con-
sidering relocating to the area, then the costs as-
sociated with building to a high seismic-mitigation 
standard must be considered. These costs include 
additional environmental studies and site assess-
ments, engineers and building consultants, build-
ing supplies, inspection/code enforcement, and in-
frastructure (roads, bridges, traffic improvements, 
etc.), plus the additional time to make all the nec-
essary arrangements and complete the additional 
work. More stringent mitigation policies require 
more time to comply, and time is money. Estimates 
of these additional costs ranged from 1 percent to 
20 percent by various participants. Some claimed 
that the costs were such a norm by now that no one 
paid them any attention; they were just part of the 
cost of doing business in western Kentucky. Oth-
ers claimed that the costs were a major deterrent to 
new business, and especially big business concerns 
that would require large capital investments.

Beyond the immediate set-up costs, business 
maintenance costs were also of concern. Earth-
quake coverage may be as much as 25 percent of 
the cost of residential insurance and 30 to 50 per-
cent of commercial insurance costs. All structures 
financed by local banks in western Kentucky are 
required to carry earthquake insurance to offset the 
high local investment ratios in case of loss. Other 
indirect costs include development of emergency 
management plans, support of emergency man-
agement personnel, and possibly insurance to cov-
er interruption of business, although these costs 
would also be incurred for other natural hazards 
and cannot be attributed solely to seismic hazard.

One concern expressed by several partici-
pants was that the region suffers from a lack of jobs 

that will draw educated young people. Local youth 
who complete a college education are unable to 
stay in the area because there are few jobs requir-
ing advanced education. As one participant put it, 
“And how many fast food places do you need?” 
(J. Cates, builder, personal communication, 2013). 
The lack of jobs for educated professionals also af-
fects the loss of jobs down the line as communities 
need fewer grocery stores, restaurants, gas stations, 
garbage collectors, schoolteachers, healthcare pro-
viders, and other infrastructure service employers 
and employees. Increased seismic hazard ratings 
for the region are perceived as the cause of this in-
ability to draw businesses, to maintain educated 
professionals, and therefore to support other com-
munity service employees.

Many participants were well aware that funds 
are limited. Whether in private or public coffers, 
there is only so much money, and each person and 
agency must use its resources to the best of its abil-
ity. Either overstated or understated seismic haz-
ard for the New Madrid Seismic Zone would lead 
to a misuse of funds in western Kentucky as per-
sons and public agencies conduct business daily. 
Several participants recalled implementation of the 
International Building Code in western Kentucky 
around 2002. The seismic policy had changed so 
severely that residential construction ground to a 
near halt while local agencies, engineers, and de-
sign consultants grappled with the best ways to 
implement the requirements in ways that were still 
affordable to family budgets. On a public level, 
projects must be juggled and adjusted to cover the 
higher seismic-mitigation requirements.

Although generally seen as having a negative 
economic impact, seismic-mitigation requirements 
also have positive economic aspects, according to a 
few participants. For example, one participant in-
dicated that by having State-level seismic-hazard 
mitigation plans in place, the commonwealth of 
Kentucky has access to additional federal emer-
gency funding if a state of emergency is declared. 
Another participant noted that cost savings to resi-
dential builders who went to adjoining states or 
counties might actually be negligible since prop-
erty taxes were often higher in surrounding areas. 
Yet another participant commented that although 
mitigation requirements increased building costs, 
the money spent sometimes went back into the lo-
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cal economy in the form of construction materials 
purchased and jobs created in both building and 
regulation industries. On the other hand, several 
participants indicated that they felt certain types of 
organizations, including engineering and environ-
mental consulting, often benefited economically 
from heightened earthquake hype and might in 
some cases promote or uphold high hazard ratings 
to suit their own interests.

In the end, the biggest economic concern had 
to do with the costs of implementing an inappro-
priate level of earthquake hazard mitigation. Some 
participants felt that in the current state of little to 
no seismic activity the cost was great to prepare for 
something that would not happen, but others felt 
that it was better to spend the required funds and 
have no regrets in case of a great earthquake. Pro-
ponents on both sides of this issue acknowledged, 
however, that we really have no way of knowing 
what will happen. Mankind cannot build or pre-
pare for every possible hazard, so at some point we 
make decisions and live with the consequences.

Earthquake Scenario Analysis
Earthquake scenario analysis is used to de-

termine the ground-motion hazards and result-
ing economic and life-safety impacts from specific 
earthquake scenarios. Earthquake scenarios (i.e., 
magnitudes, locations, and focal depths) were de-
termined from the available scientific literature. 
In combination with ground-motion attenuation 
models, these earthquake scenarios were used to 
generate point-source ground-motion hazard sce-
narios. The hazard scenarios were used to deter-
mine resulting economic and life-safety impacts 
using FEMA’s Hazus-MH software. Although 
fault-line scenarios would have been preferred, 
Hazus-MH does not include fault-line data for any 
area east of the Rocky Mountains. In other words, 
in order to analyze economic impact using Hazus-
MH, we could only generate and analyze point-
source hazard scenarios. We then compared these 
results from scenario analysis with observations 
from the Wenchuan earthquake.

Seismic Hazard Scenarios
A literature review was conducted to deter-

mine the estimated magnitudes, locations, and 
depths of the three main large earthquakes in the 

1811-12 New Madrid sequence. Sources included 
the USGS earthquake catalog (Petersen and others, 
2008) and several often-referenced older as well 
as newer publications (Nuttli, 1973; Johnston and 
Schweig, 1996; Hough and others, 2000; Bakun and 
Hopper, 2004; Cramer and Boyd, 2011; Hough and 
Page, 2011). Variables for the earthquake scenarios 
were limited to the following four categories:

1. Locations (latitude/longitude) of the 
1811-12 main shocks
• Dec. 16, 1811: 36.0, –90
• Jan. 23, 1812: 36.3, –89.6
• Feb. 7, 1812: 36.5, –89.6

2. Focal depths
• 10 km
• 20 km

3. Magnitudes (lower, middle, and upper 
best estimates for each historical event)
• Dec. 16, 1811: M 7.2, M 7.7, M 8.2
• Jan. 23, 1812: M 7.1, M 7.5, M 7.9
• Feb. 7, 1812: M 7.4, M 7.8, M 8.1

4. Ground-motion attenuation functions
• Atkinson and Boore’s (2006) revised 

attenuation function for eastern North 
America (denoted A&B 2006)

• The central and eastern United States 
combined ground-motion character-
ization model (denoted CEUS 2008), 
developed using weighted input from 
other attenuation functions (Federal 
Emergency Management Agency, 
2012b).

Combinations of these four variables resulted 
in a total of 36 earthquake scenarios (Table 2). In 
addition, in order to facilitate comparison between 
the USGS historical fault-line scenario (New Ma-
drid SW M 7.7 scenario) and the national seismic 
hazard maps, two additional hazard scenarios 
were created for the Dec. 16, 1811, location, M 7.7 
at 0 km depth, also using the two ground-motion 
attenuation functions listed above. Although an 
event at 0 km is physically impossible, these sce-
narios were created for this particular location and 
magnitude to bracket the 10-km-depth fault-line 
scenario with point-source scenarios at 20 km and 
0 km. Thus, we used 38 total point-hazard scenari-
os (Orton, 2014).

One additional scenario was created to use the 
USGS New Madrid SW M 7.7 scenario fault-line 
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data. This scenario was developed to model 
ground motion from the southwest fault seg-
ment of the 1811-12 earthquakes (the Dec. 16, 
1811, event) (D. Bausch, Federal Emergency 
Management Agency, personal communica-
tion, 2014) for emergency-management pur-
poses. This hazard scenario differs in several 
ways from the other 38 scenarios. First, it is for 
a fault-line hazard rather than a point-source 
hazard, so resulting contour maps show the 
northeast-southwest trend expected along 
the major fault strike. Next, the contour maps 
were created by a modeling team and subse-
quently input into Hazus-MH as a user-de-
fined scenario, rather than allowing Hazus-
MH to create ground-motion contour maps. 
This required that the hazard parameters of 
location (fault line), attenuation function, mag-
nitude, and depth be predetermined and spe-
cific to the supplied contour maps. The hazard 
scenario parameters cannot be modified in 
Hazus-MH without a new set of contour maps 
for the new scenario parameters. For the USGS 
data supplied, a magnitude-7.7 earthquake at 
10 km depth was modeled. The fault location 
incorporated points between 35.537, –90.39 
and 36.3, –89.5.

Scenario ground-motion maps were cre-
ated using Hazus-MH to depict estimated 
peak ground acceleration (PGA), 0.3-s seismic 
acceleration (SA 0.3), and 1.0-s seismic accel-
eration (SA 1.0) on soft rock for each of the 
38 point-source earthquake scenarios (Orton, 
2014). Models were run for earthquake depths 
of 0, 10, and 20 km below ground surface. In 
all cases, changes in depth for earthquakes of 
the same magnitude and location had no effect 
on the minimum or maximum ground-motion 
values, and therefore no effect on the contour 
maps. Whether this was the result of calcula-
tion functions in Hazus-MH or whether the 
shallow depth (0–20 km) is still near enough 
to the surface to have no effect on the ground 
motion of a particular earthquake is unclear.

For the point-source-hazard contour 
maps, each of the motion variables (PGA, 
SA 0.3, and SA 1.0) affected larger geographic 
areas and range of acceleration values with in-
creasing magnitude at each location, as expect-
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ed (Figs. 10–11). Maximum PGA values ranged 
from 1.45 to 3.31 g for the various models. Table 3 
shows the maximum values for all earthquake sce-
narios.

In addition, all ground-motion (PGA, SA 0.3, 
and SA 1.0) values and contours were consistently 
larger for models using the A&B 2006 attenuation 
function than for those using the CEUS 2008 com-
posite attenuation function for events of the same 
magnitude at the same location (Figs. 12–13). The 
A&B 2006 attenuation function is based on a sin-
gle-fault model, whereas the CEUS 2008 compos-
ite attenuation function gives weighted values to 
probabilities from various attenuation models. In 
the small number of models run for this study, the 
contours of SA 0.3 and SA 1.0 areas varied dramati-
cally depending on the attenuation model applied. 
These differences in the contour maps based solely 
on which attenuation function was used is a clear 
illustration of the uncertainty in earthquake hazard 
models.

The single-fault or line-hazard model, model 
ID SW Fault 1 (Fig. 14), differed significantly from 
the point-hazard models in several ways. First, the 
contour maps for the fault-line model were created 
and input into Hazus-MH for economic evaluation 
only. The model variables, including attenuation 
function, event magnitude, location, and depth, 
were all pre-set, so no direct comparison could be 
made of models by modifying single variable pa-
rameters. Hazus-MH was able to generate contour 
maps only for the purpose of assigning ground-
motion values to the various census tracts. These 
maps generally follow the contours of the input 
data sets, as expected, with slight variations to 
account for the differences between actual input 
contours versus size of individual census tracts. 
The census-tract–based contour maps incorporate 
blocks of area for a given ground-motion value, 
and therefore have blocky rather than smooth con-
tour boundaries. Since each census tract must be 
assigned a single value for each ground-motion 
parameter, the contours on the maps generated by 
Hazus-MH were either larger or smaller than the 
original contour boundary, depending on the size 
of a given census tract. Because these census-tract 
contour maps are basically only a restatement of 
the input contour maps provided by the USGS, 
they were not analyzed further.

In addition to the expected result of oblong 
rather than circular ground-motion contours for 
the fault-line scenario, the differences in maximum 
ground-motion values resulted in extreme varia-
tions between contour diameters and patterns. 
Although some of this difference can be attributed 
to the differences in attenuation models used, it is 
also possible that the fault-line model reflected ad-
ditional information about underlying geology and 
soils not included in the standardized Hazus-MH 
ground-motion contour maps. If so, the additional 
soils information should ultimately contribute to 
better-constrained model results.

Scenario Economic Analysis
Hazus-MH software was also used to gen-

erate a relative economic analysis for each of the 
seismic hazard scenarios. The software package 
includes default databases for each state contain-
ing estimates of building types within each census 
tract; locations of critical facilities such as police 
and fire stations, hospitals, schools, and utilities; 
and population data based on U.S. census figures 
(Federal Emergency Management Agency, 2012b). 
At the discretion of the user, these default databas-
es can be used during the economic analysis step, 
or the databases can be modified or replaced with 
more specific local data if they are available. For 
the purposes of this study, the included databases 
were used without modification so that analysis 
results were, to the best of our ability, consistent 
with results that would be generated by a federal 
agency.

Within Hazus-MH, a standard geographic 
study region was created containing 178 counties 
in seven states along the central New Madrid Seis-
mic Zone, set to calculate analyses at the census-
tract level for the finest possible display allowed 
by the software. This region was then used for all 
scenarios so that each resulting economic analysis 
would be calculated for a standardized geographic 
area. Figure 15 illustrates the region selected for 
the Hazus-MH analyses. For a list of the states and 
counties included in the base region, see Orton 
(2014).

After the base region was created, the region 
was then duplicated and a hazard scenario speci-
fied for each model. A historical epicenter event 
scenario was created indicating the appropriate 
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Table 3. Maximum ground-motion values from the Hazus-MH model.

Model ID Maximum PGA 
Value (g)

Maximum SA 0.3 
Value (g)

Maximum SA 1.0 
Value (g)

A 4026 72 10/20 2.308 3.914 4.222
C 4026 72 10/20 1.517 2.102 1.739
A 4026 77 00/10/20 2.809 4.649 5.150
C 4026 77 00/10/20 1.854 2.648 2.268
SW Fault 1 1.100 1.380 1.140
A 4026 82 10/20 3.308 5.263 5.839
C 4026 82 10/20 2.253 3.160 2.701
A 4027 71 10/20 2.210 3.760 4.022
C 4027 71 10/20 1.447 1.983 1.628
A 4027 75 10/20 2.607 4.365 4.799
C 4027 75 10/20 1.700 2.423 2.043
A 4027 79 10/20 3.011 4.914 5.463
C 4027 79 10/20 1.992 2.843 2.458
A 4028 74 10/20 2.506 4.217 4.612
C 4028 74 10/20 1.657 2.340 1.959
A 4028 78 10/20 2.910 4.785 5.312
C 4028 78 10/20 1.943 2.773 2.384
A 4028 81 10/20 3.210 5.154 5.728
C 4028 81 10/20 2.185 3.086 2.651
Models highlighted in light gray indicate the point-source hazard models and fault-
line model that correlate for general location, depth, and earthquake magnitude. 
Differences include the attenuation function and fault-line rather than point-hazard 
source. Models highlighted in pink indicate the most important scenarios for western 
Kentucky.

historical event location, attenuation function, 
magnitude, and depth for each model. Historical 
epicenter events east of the Rocky Mountains in 
Hazus-MH are all specified as point-source loca-
tions rather than fault-line hazard sources, so con-
tour maps expand circularly from the designated 
point source rather than in an oblong shape from a 
fault-line source.

Hazus-MH allows analysis of individual eco-
nomic factors, such as damage to buildings, infra-
structure, utilities, etc. For this study, an analysis 
of each hazard scenario was run for all possible 
analysis modules.

A Global Summary Report, a standardized 
report that Hazus-MH can generate from the re-
sults of any analysis, was generated for each haz-
ard analysis. It contains information about the 
hazard scenario parameters as well as summary 
information, including direct and induced damage 

to buildings, critical facilities, 
transportation routes, and util-
ity lifeline facilities; estimates of 
injuries and casualties based on 
building occupancy for various 
times of the day; and projected 
economic losses.

In addition to the 38 point-
source hazard scenarios, one 
additional economic analysis 
was run using the ShakeMap 
data supplied by the USGS 
for the New Madrid SW M 7.7 
Scenario. Economic analyses 
were run for all analysis mod-
ules for the fault-hazard event 
and a Global Summary Report 
was created as for the 38 point-
source hazard scenarios.

The Global Summary Re-
ports generated by Hazus-MH 
give a variety of estimated 
physical and economic results 
for each earthquake hazard sce-
nario. These reports were gener-
ated using only the background 
databases included with the 
Hazus-MH software; no modi-
fications were made to account 
for changes since the last data-

base updates or specific information for any locale. 
Physical estimates of results included damage to 
buildings, infrastructure, and utility systems, and 
human casualty and injury scenarios for three dif-
ferent times of day to account for general popula-
tion movements. Cost estimates included values of 
building, infrastructure, and utility system losses, 
and income and capital investment losses. The 
range of estimates of damages reflected the range 
of event magnitudes as well as the wide differenc-
es in attenuation-function results. The severity of 
A&B 2006 attenuation-function results shown on 
contour maps was similarly reflected in the physi-
cal and economic summary reports; A&B 2006 re-
sults consistently had much higher loss estimates 
than CEUS 2008 attenuation-function scenarios for 
events at the same locations and magnitudes. A se-
lection of Global Summary Report results has been 
included in Table 4.

Earthquake Scenario Analysis
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Report results for the single-fault-line model 
were incorporated with results for the point-source 
models. SW Fault 1 results were much closer to 
those using the CEUS 2008 attenuation function 
than to results using A&B 2006 for the same loca-
tion and magnitude event.

The study region of central counties in the 
New Madrid Seismic Zone has an estimated popu-
lation of 6,841,567 and 2,074,400 single-family resi-
dences. In the best-case scenario, human casualty 
estimates were as low as 70 deaths, whereas the 
worst-case estimate was 14,784 deaths. Casualty 
estimates were almost always higher in the midaft-

Earthquake Scenario Analysis

Figure 15. Area for each Hazus-MH economic analysis. See Orton (2014) for a list of states and counties in the study area.

1,000 500 0 1,000 km

250 500 mi500 0

N
200 100 0 200 km

50 100 mi100 0

AlabamaMississippi

Arkansas

Tennessee

Missouri

Illinois
Indiana

Kentucky

N

Table 4. Various statistical estimates from the Global Summary Reports for selected Hazus-MH scenarios. Values apply to the 
entire study region and have not been specified for smaller areas in the study region.

Model ID
Maximum 

PGA  
(g)

Maximum  
SA 1.0  

(g)

Fatalities 
(range)

Income and 
Capital Stock 

Losses  
(million dollars)

Transportation 
and Utility System 

Losses  
(million dollars)

Total Losses 
(million dollars)

A 4028 74 10/20 2.51 4.61 1,282–3,061 67,737.93 9,863.75 77,601.68
C 4028 74 10/20 1.66 1.96 109–244 7,208.23 3,503.92 10,712.15
A 4028 78 10/20 2.91 5.31 6,483–12,002 175,537.60 14,141.99 189,679.59
C 4028 78 10/20 1.94 2.38 403–862 24,406.58 5,492.91 29,899.49
A 4028 81 10/20 3.21 5.73 8,114–14,784 214,421.25 17,809.27 232,230.52
C 4028 81 10/20 2.19 2.65 670–1,482 36,963.08 7,219.36 44,182.44
A 4026 77 10/20 2.81 5.15 5,220–9,892 140,971.33 11,951.64 152,922.97
C 4026 77 10/20 1.85 2.27 364–840 23,309.79 4,623.73 27,933.52
SW Fault 1 1.10 1.14 720–1,176 34,194.85 9,203.49 43,398.34
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ernoon, and life-threatening injury estimates were 
higher in the evening. The lowest casualty and in-
jury estimates occurred during morning hours in 
every case.

In the best-case scenario, less than 8 percent 
of single-family residences sustained any damage, 
and only 1,753 (0.08 percent) were totally destroyed. 
In the worst-case scenario, however, as much as 
67 percent of single-family residences sustained 
some damage, and 182,782 (8.8 percent) were total-
ly destroyed. For potable water resources, the best-
case scenario estimated 20,299 of 2,634,125 house-
holds in the region would be without water service 
on day 1 (less than 1 percent), whereas the worst-
case scenario estimated 1,834,583 households (al-
most 70 percent) would be without water on day 1 
and 300,422 (greater than 11 percent) would still be 
without water service after 90 days.

In the best-case scenario, 95 percent of the re-
gion’s hospitals (196 of 205) were expected to be 
at least 50 percent operational on the first day of a 
modeled earthquake and no hospital was expected 
to be totally destroyed. The worst-case scenario, 
though, indicated total destruction of 151 of the 205 
hospitals in the region (approximately 74 percent) 
and an expectation that no hospital would be at 
least 50 percent functional on the day of the event.

Although no damage was expected to any of 
the region’s highway segments, highway bridges 
showed a high potential for damage. Of 21,414 
highway bridges in the study region, a minimum 
of 45 were expected to be totally destroyed, and 
a high estimate of 4,570 (greater than 21 percent) 
could be completely destroyed in the worst-case 
scenario.

Economic loss estimates included $1.2 to $46.2  
billion in income, $3.5 to $168.2 billion in capital 
investments (buildings, improvements, and con-
tents), $582 million to $4.7 billion in transportation 
system infrastructure, and $1.6 to $13.1 billion in 
utility-system infrastructure for the range of sce-
narios modeled for this study.

Economic analyses related to the Feb. 7, 1812, 
scenarios (event ID 4028) are the most important 
for this study since they relate to the model most 
likely to adversely affect western Kentucky. Con-
sidering only the Global Summary Reports for the 
two largest scenarios for this historical location 

(A 4028 81 10/20 and C 4028 81 10/20), the differ-
ences were as follows:

• For the modeled magnitude-8.1 earth-
quake, 670 to 14,784 deaths were estimat-
ed, depending on time of day and mod-
eled attenuation function.

• Between 14,102 and 182,782 single-family 
residences were expected to be complete-
ly destroyed over the entire study region, 
and between 27,447 and 187,554 more 
were expected to be extensively damaged 
and therefore uninhabitable.

• Potable water was expected to be unavail-
able for a minimum of 264,959 households, 
and potentially for 1.8 million households 
on day 1 of the event.

• Within 90 days of the original event, 4,864 
to 229,429 households across the study re-
gion were expected to be still without wa-
ter service.

• Between 47 and 151 of the region’s 205 
hospitals were expected to be completely 
destroyed, and possibly only two would 
maintain greater than 50 percent function-
ality on day 1 in the worst-case scenario.

• Of 21,414 highway bridges, at least 421 
were expected to be totally destroyed, and 
4,368 could be completely destroyed.

• Monetary losses included $9,641.59 to 
$46,234.31 million in income losses, 
$27,321.49 to $168,186.94 million in capital 
investment losses, $179.00 to $297.90 mil-
lion in transportation system infrastruc-
ture losses, and $5,535.56 to $13,100.27 
million in utility-system infrastructure 
losses.

These numbers were not broken down to show 
specific impacts to western Kentucky.

The 2008 Wenchuan Earthquake
The strong shaking from the Wenchuan earth-

quake was felt throughout China, as well as in Thai-
land and Vietnam in Southeast Asia. The quake 
was felt in Beijing, Shanghai, Taipei, and other ma-
jor cities more than 1,000 km away. The main event 
was well recorded by the National Strong Motion 
Observation Network System of China, which con-
sists of 460 permanent free-field stations and ar-
rays (Li and others, 2008). Ninety-three free-field 

Earthquake Scenario Analysis



32

stations were within rupture distances of 300 km, 
the closest one about 1.5 km distant (Lu and others, 
2010). The largest recorded peak ground accelera-
tion was 0.96 g near the epicenter. A preliminary 
study by Wang and Lu (2011) suggests that the 
ground-motion attenuation models for the central 
and eastern United States are similar to those for 
the Wenchuan area. Figure 16 compares ground-
motion observations from the Wenchuan earth-
quake with ground-motion prediction equations 
for hard rock for an M 7.9 earthquake in the central 
and eastern United States (Somerville and others, 
2001; Campbell, 2003; Atkinson and Boore, 2006). 
Thus, in terms of scenario hazard, ground-motion 
observations of the Wenchuan main shock can be 
compared with the scenario hazards generated for 
the New Madrid earthquakes.

Figure 17 is the recorded PGA contour map of 
the Wenchuan earthquake (Wang and others, 2010). 
It shows that the recorded PGA in the Wenchuan 
area ranges from 0.05 to 0.40 g, much less than for 
any scenario ground motion for the New Madrid 
area (Table 3). As shown in Table 3, the maximum 
PGA’s from the scenario earthquakes are all great-
er than 1.0 g. The lowest maximum PGA is from 
the SW Fault 1 scenario (Fig. 14), which has much 
higher PGA over a larger area. Thus, compared 
with the observations from the Wenchuan earth-
quake (M 7.9), all scenario hazards for the New 
Madrid Seismic Zone are overpredicted.

Figure 18 is a Google Maps comparison of the 
New Madrid and Wenchuan areas. As shown on 
the maps, the Wenchuan area has a much higher 
exposure (i.e., the population and built environ-
ment), with more than 80 million people living in 
the Sichuan Basin and more than 7 million people 
in the city of Chengdu. This is one of the main rea-
sons that more than 87,000 people were killed and 
370,000 were injured during the Wenchuan earth-
quake.

Discussion
General Knowledge of Earthquake  
Science and Policy Impacts

To establish the range of general knowledge 
about science and engineering practice in the New 
Madrid Seismic Zone as well as to identify local 
concerns in western Kentucky about the impacts of 
current science practice on public policy and the 

economy, we interviewed stakeholders in the re-
gion. These interviews were intentionally informal 
and variable in order to create an open forum for 
participants to express views that could not be ad-
equately addressed with a yes/no questionnaire, 
but also to avoid predetermined opinions or con-
clusions. Because not all questions were asked dur-
ing all interviews, or some questions were asked 
but not answered, and because not all survey pop-
ulations were evenly represented among the par-
ticipants, the responses may not represent a com-
plete view of the issues. Enough information was 
gathered, however, to begin building a framework 
for addressing the concerns of this research.

The interviews made clear that although 
concern for mitigation and safety was important, 
it was not the only concern of western Kentucky 
businesspersons and public officials. They were 
also concerned that the regional earthquake haz-
ard had been either over- or understated, and that 
there were both safety and economic costs associ-
ated with the discrepancy. Engineering and real 
estate development professionals had some sense 
that the methods used for creating the national 
seismic hazard maps do not return realistic results 
because of uncertainty in the underlying science. 
Although the participants knew about the national 
seismic hazard maps, they rarely understood the 
maps and often did not perceive the maps as an 
authoritative, trusted source for information about 
earthquake hazard potential.

On the federal level, there seemed to be little 
understanding of the impact that the scientific un-
certainty has at local levels, although federal em-
ployees were admittedly underrepresented, and 
we are not suggesting that interview results repre-
sent the position of the entire federal government. 
Current map science and methods have been pub-
lished by the federal government, however, and 
individuals and communities may use the infor-
mation at their own discretion. In addition, some 
tools for earthquake hazard education and analy-
sis and building design information have been de-
veloped by various federal agencies and are out-
lined in publications as well as available online for 
general use (U.S. Geological Survey, 2008d). Ex-
amples include the national seismic hazard maps, 
earthquake data, shake maps, scenario models, 
modeling software packages, earthquake probabil-

Discussion
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ity mapping tools, and a worldwide 
seismic design values calculation 
tool. Interview results make clear, 
however, that not enough of this in-
formation is making its way to the 
end users to allow them to have con-
fidence in the science. Because the 
stated purpose of the national seis-
mic hazard maps is to inform seismic 
design provisions for building codes 
and insurance rates (U.S. Geological 
Survey, 2008d), the information and 
data must be used appropriately and 
the limits of our knowledge must 
be communicated. Whether the cur-
rent national seismic hazard maps 
represent the best current science is 
debatable, but additional education 
of engineering professionals, public 
emergency management, and educa-
tion personnel would clarify the sci-
entific process, current practices, and 
uncertainty so that public policy, 
building codes, education, and plan-
ning are appropriate.

A second policy concern is that 
federal agencies apply different stan-
dards, codes, or rules than local and 
State agencies do. The effect is two-
fold. First, this double standard may 
allow the federal government to out-
source jobs to out-of-area contractors 
or labor forces, making these jobs 
unavailable to local workers. Several 
participants referred to instances of 
the U.S. Army Corps of Engineers 
applying its own standards, not lo-
cal building codes, and providing its 
own workforce. This practice is per-
ceived as being both an unfair ad-
vantage for project approval (“You 
can build something we are not al-
lowed to build because of local reg-
ulations”) and removing local jobs 
to outside labor pools (labor is per-
formed by nonlocal government em-
ployees or contractors). The second 
effect of different standards for fed-
eral agencies is that higher seismic 
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standards cause higher project costs, effectively 
pricing federal projects out of the region. The most 
well-known example of this is the higher standards 
required by the U.S. Nuclear Regulatory Commis-
sion for the Paducah Gaseous Diffusion Plant and 
the associated proposed but rejected uranium-en-
richment centrifuge. This project to develop a cen-
trifuge at an existing nuclear facility was denied as 
a direct result of the national seismic hazard maps 
estimating high seismic hazard for the Paducah 
area. Local perception is that the cost of building a 
plant to federal standards in the current location is 
so much higher than the cost of building elsewhere 
that the project is not feasible in western Kentucky. 
The difference between local and federal policies 
is therefore blamed for the direct loss of more than 
1,200 local jobs and the indirect loss of thousands 
more jobs in support industries and community 
services.

Scenario Seismic Hazards
The 38 point-source hazard scenarios were 

based on current scientific understanding of loca-
tions, magnitudes, and ground-motion attenua-
tions of great earthquakes in the New Madrid Seis-
mic Zone. These scenarios do not have associated 
probabilities of occurrence, but are strictly scenario 
event hazards. They are, in fact, specific cases of 
the potential earthquakes for the region and cover 
a range of possible earthquakes. The single-fault-
line hazard model is also a scenario for a specific 
event that was developed by the USGS seismic 
hazard mapping team and is considered to be simi-
lar to the Dec. 16, 1811, earthquake, based on cur-
rent information.

Table 5 compares the maximum PGA, SA 0.3, 
and SA 1.0 of minimum and maximum point-
source scenarios, the SW Fault 1 scenario, and 
the Wenchuan earthquake recordings. As shown 
in Table 5, a large 
range of ground 
motions could be 
produced from com-
binations of location, 
magnitude, and at-
tenuation model, and 
demonstrates the 
large uncertainties in 
the scientific input 

Discussion

Table 5. Comparison of maximum ground-motion values.

Model ID Maximum PGA 
(g)

Maximum SA 0.3  
(g)

Maximum SA 1.0  
(g)

A 4026 82 10/20 (M 8.2) 3.308 5.263 5.839
C 4027 71 10/20 (M 7.1) 1.447 1.983 1.628
SW Fault 1 (M 7.7) 1.100 1.380 1.140
Wenchuan (M 7.9) 0.950 2.370 0.360
national seismic hazard 
maps (2 percent in 50 yr) 1.960 3.520 1.690

models (parameters). Any ground-motion hazard 
map produced for the New Madrid Seismic Zone 
inherits a large uncertainty. Thus, the maps, includ-
ing all scenarios and the national seismic hazard 
maps, must be evaluated to determine the level of 
uncertainty; unfortunately, there is no instrumen-
tal record available for this evaluation. Histori-
cal intensity observations are available, however. 
Source parameters, magnitudes in particular, were 
estimated from intensity observations of historical 
events (Nuttli, 1973; Johnston and  Schweig, 1996; 
Hough and others, 2000; Bakun and Hopper, 2004; 
Cramer and Boyd, 2011; Hough and Page, 2011). 
These historical intensity observations should be 
used as one of the bases for evaluating ground-mo-
tion hazard maps, even though they are subject to 
subjective interpretation.

The first estimation of the modified Mercalli 
intensity distributions and magnitudes of the 1811-
12 sequence was by Nuttli (1973), based on recorded 
and reported effects throughout the eastern United 
States. Figure 19 shows the intensity distribution 
for the Dec. 16, 1811, earthquake (Nuttli, 1973). A 
body-wave magnitude of 7.2 was determined for 
this event (Nuttli, 1973), which is equivalent to a 
moment magnitude of 7.7. As shown in Figure 19, 
the maximum modified Mercalli intensity is about 
X at the epicenter. The same historical records 
used by Nuttli (1973) have been interpreted sev-
eral times since 1973, including by Johnston (1996), 
Johnston and Schweig (1996), Hough and others 
(2000), Bakun and Hopper (2004), Cramer and 
Boyd (2011), and Hough and Page (2011). Figure 20 
shows the intensity distribution for the Dec. 16, 
1811, earthquake, interpreted by Hough and oth-
ers (2000), and indicates that the maximum modi-
fied Mercalli intensity is about VIII at the epicenter. 
The estimated moment magnitude for the Dec. 16, 
1811, event is 7.2 (Hough and others, 2000). Com-
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Figure 19. Estimated intensities of the Dec. 18, 1811, New Madrid earthquake. From Nuttli, O.W., The Mississippi Valley earth-
quakes of 1811 and 1812: Intensities, ground motion, and magnitudes, Bulletin of the Seismological Society of America, 1973, 
v. 63, p. 227–248, ©Seismological Society of America.

pared with other estimates, those by Hough and 
others (2000) are at the lower end. The range of all 
modified Mercalli estimates for the epicentral area 
is between VIII and X. According to Wald and oth-
ers (1999), these intensities are equivalent to a PGA 

range of 0.3 to 1.2 g (Table 6). Even though these 
PGA estimates are rough, they are all lower than 
those predicted from scenario models (Table 3).

Records and intensity observations from the 
Wenchuan earthquake can also be used to evalu-
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ate the ground-motion hazard maps for the New 
Madrid Seismic Zone. Wang and Lu (2011) showed 
that the central and eastern United States and the 
Wenchuan area have a similar ground-motion at-
tenuation for distances greater than 20 km. Fig-
ure 16 shows that all three ground-motion at-
tenuation models (Somerville and others, 2001; 
Campbell, 2003; Atkinson and Boore, 2006) reason-
ably predict PGA for an M 7.9 earthquake at a dis-
tance greater than 20 km. All three models over-
predict PGA at distances less than 20 km (referred 
to as near-source), however. In general, ground 
motion increases as magnitude increases, espe-
cially for near-source locations. When magnitude 
reaches 6.5 to 7.0, however, ground motion no lon-
ger increases; this is referred to as ground-motion 
saturation (Boore and Atkinson, 2008; Campbell 
and  Bozorgnia, 2008). Recent research by Pezeshk 
and others (2011) confirms that the predicted 
ground motion is much lower when near-source 
saturation is considered (Fig. 21). Thus, current 
ground-motion attenuation models overpredict 
ground motion at near-source locations in the New 
Madrid Seismic Zone.

Figure 22 shows intensity observations from 
the Wenchuan earthquake, in which high intensi-
ties (greater than IX) are concentrated along the 
rupture fault (Figs. 8, 17) and in the area with PGA 
greater than 0.25 g. In other words, observed inten-
sities from the Wenchuan earthquake are consis-
tent with recorded ground motions. Thus, intensity 
observation can be used to infer the corresponding 
ground motion.

Thus, historical intensity observations and ob-
servations from the Wenchuan earthquake indicate 

that all the scenario ground-motion hazards are 
overpredicted in the New Madrid area, primarily 
because of the overprediction of ground motion by 
currently available models.

National Seismic Hazard Maps
Most stakeholders were unaware of the pro-

cess for creating the national seismic hazard maps. 
The maps were produced from a comprehensive 
consensus process involving many geologists, 
seismologists, engineers, and others (Frankel and 
others, 1996, 2002; Petersen and others, 2008). The 
first step was to build a database that reflects the 
current scientific understanding of earthquakes. 
Then input models were developed from the da-
tabase and used to generate seismic hazard curves 
on grids across the United States using probabilis-
tic seismic hazard analysis, a mathematical model 
developed by Cornell (1968). Figure 23 shows 0.2-s 
response acceleration hazard curves for Memphis, 
New Madrid, Paducah, and San Francisco from 
the 2008 national seismic hazard maps (Petersen 
and others, 2008). These curves provide a range 
of ground motion, from 0.001 to 5.0 g for a range 
of annual frequencies of exceedance, from 1.0 to 
0.00001 per year. The points on the curves corre-
sponding to annual frequencies of exceedance of 
0.0004 per year were chosen to produce the nation-
al seismic hazard maps (Figs. 2–3) (Petersen and 
others, 2008).

Although PSHA is the most widely used 
method for seismic hazard assessment, it is a pure-
ly numerical model without a physical or mathe-
matical basis, and its results are artifacts of a math-
ematical error (Wang, 2011; Wang and Cobb, 2012): 
In PSHA, the annual probability of exceedance (a 

Table 6. 
©1999 Earthquake Engineering Research Institute.
Perceived 
Shaking not felt weak light moderate strong very 

strong severe violent extreme

Potential 
Damage none none none very light light moderate moderate/

heavy heavy very 
heavy

Peak 
Acceleration 
(% g)

< 0.17 0.17–1.4 1.4–3.9 3.9–9.2 9.2–18 18–34 34–65 65–124 > 124

Peak Velocity 
(cm/s) < 0.1 0.1–1.1 1.1–3.4 3.4–8.1 8.1–16 16–31 31–60 60–116 > 116

Instrumental 
Intensity I II–III IV V VI VII VIII IX X+
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Figure 21. Comparison of PGA on hard rock developed by Pezeshk and others (2011), 
indicated by black solid line, and ground-motion models developed by Tavakoli and 
Pezeshk (2005), indicated by blue dashed line, and Atkinson and Boore (2006), indicated 
by red dotted line, for earthquakes with magnitude 5.0 (lower curve) and magnitude 7.0 
(upper curve). From Pezeshk, S., Zandieh, A., and Tavakoli, B., Hybrid empirical ground-
motion prediction equations for eastern North America using NGA models and updated 
seismological parameters, Bulletin of the Seismological Society of America, 2011, v. 101, 
p. 1859–1870, ©Seismological Society of America.

motion values from the Wen-
chuan earthquake. The PGA’s 
(Fig. 3) on the maps are also 
much higher than those in-
ferred from historical obser-
vations in the New Madrid 
Seismic Zone (Figs. 19–20). 
Thus, the national seismic 
hazard maps for the central 
United States overestimate 
the hazard.

Using these maps as a ba-
sis for the seismic provisions 
in building codes, insurance 
rate structures, risk assess-
ments, and other public poli-
cies is problematic. The high 
hazard valuation for the New 
Madrid Seismic Zone directly 
contributes to depressed eco-
nomic development in the 
area. Increased building costs 
and insurance rates are a di-
rect result of the high hazard 
rating. Some businesses are 
prohibited from building in 
the area because they cannot 
meet federally mandated seis-
mic requirements, and other 
businesses simply choose to 
go elsewhere to avoid bureau-

cratic red tape and risk of business loss. Fewer busi-
nesses in the area contributes directly to fewer jobs, 
resulting in a depressed economy in the region.

Much of the problem is about what we do not 
know. The scope of the uncertainties in the science 
used to develop the national seismic hazard maps 
should encourage us to reexamine the map mod-
els and hazard rating criteria to see if the science 
supports the end products: building codes and cur-
rent public policies regarding seismic design and 
earthquake risk. Not being able to agree on the size 
of historical regional earthquakes and a basic at-
tenuation model for the region is indicative of the 
uncertainty of the current science. When assign-
ing seismic hazard levels, consideration must also 
be given to the differences in size of geographic 
area, population densities, magnitudes of ground 
motion, and recurrence intervals of earthquakes 
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dimensionless quantity) is equated to the annual 
frequency or rate of exceedance (a dimensional 
quantity with the unit of 1/year). This error leads 
to the so-called ergodic assumption: “treating spa-
tial uncertainty of ground motions as an uncer-
tainty over time at a single point” (Anderson and 
Brune, 1999, p. 19). Even though the database and 
input models are scientifically sound, the hazard 
curves and national seismic hazard maps (Frankel 
and others, 1996, 2002; Petersen and others, 2008) 
are inaccurate and difficult to understand and use.

The national seismic hazard maps should be 
evaluated by comparing them with local histori-
cal observations as well as observations in a simi-
lar geologic environment, such as the Wenchuan 
area. As shown in Table 5, the ground-motion val-
ues shown on the national seismic hazard maps 
are quite high, twice as high as observed ground-
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clusive answers. Much of the problem, then, has to 
do with how the scientific and historical data we 
have are applied. Many people have looked at the 
final product—not only the hazard maps but also 
the derived building codes and emergency man-
agement plans—and questioned whether the sci-
ence actually supports the conclusions that have 
been drawn and the requirements that are in place. 
Local residents, businesspersons, and government 
officials want reassurance that their money, time, 
and effort are being spent on something that is of 
real value to their community.

Limited funds require us to choose projects 
carefully. We cannot protect everyone from ev-
erything. At some point, we must decide what is 
the best we can do at a cost we can afford. Local 

Discussion

Figure 22. Observed Chinese intensity of the Wenchuan earthquake. From China Earthquake Administration.
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between the central United States and California. 
Even if lower attenuation rates and higher ground-
motion magnitudes in the central United States 
make a single large earthquake a risk to a larger 
geographic area than one in California, the lower 
population in the central United States and longer 
recurrence interval for significant seismic events in 
the region should offset these factors. A model that 
considers the complete scope of these variables 
should reconsider assignment of seismic hazard 
levels in the New Madrid Seismic Zone to lower 
levels than those assigned to California.

Ultimately, we cannot prove that a large earth-
quake will or will not happen or in what timeframe 
such an event might occur. We do not have con-
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concerns that building code requirements are too 
costly or that the level of seismic hazard identified 
by federal agencies is overstated for western Ken-
tucky must be taken into consideration when de-
termining an appropriate response. Also harmful 
are the differences in local and federal standards, 
as well as the latitude allowed federal agencies to 
choose the projects to which to apply seismic stan-
dards. What is the level of risk the local community 
is willing to incur? Is there a consensus? Has there 
been enough education to ensure that people are 
making informed decisions? And can the federal 
government modify its hazard assessment without 
exaggerating the results either positively or nega-
tively in order to mitigate impacts on local econo-
mies?

Economic Impact Analysis
The stated purpose of the Hazus-MH software 

is “to produce loss estimates for use by federal, 
state, regional and local governments in planning 
for earthquake risk mitigation, emergency pre-
paredness, response and recovery” (Federal Emer-
gency Management Agency, 2012c). The software 
documentation also indicates that “uncertainties 
are inherent in any loss estimation methodology,” 
and that the range of uncertainty in Hazus-MH is 
“possibly at best a factor of two or more” (Federal 
Emergency Management Agency, 2012c). Factors  
contributing to the uncertainty include incomplete 
assessments of the built environment, changes in 
demographic databases, and changing economic 
parameters. These economic-factor uncertainties 
are in addition to the underlying scientific uncer-

Discussion

Figure 23. Selected hazard curves from the national seismic hazard maps: 0.2-s response acceleration hazard curves for 
Memphis (N35.15°/W90.05°), New Madrid (N36.25°/W89.50°), Paducah (N37.10°/W88.60°), and San Francisco (N37.80°/
W122.40°). From Petersen and others (2008).
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tainties involved in generating ground-motion 
contour maps discussed above. Using only default 
Hazus-MH databases, a single soil condition is as-
sumed for all analyses, although local geology may 
vary widely. All the inherent uncertainties lead to 
a large range of economic loss estimates for a New 
Madrid scenario earthquake: from $10 to $230 bil-
lion (Table 4). Considering that losses from the 
Wenchuan earthquake are approximately $110 bil-
lion and that New Madrid ground-motion hazards 
are overpredicted, a more realistic estimate for the 
New Madrid scenario would be in the range of $10 
to $50 billion.

Additional information and studies are need-
ed to improve the associated databases used in 
seismic hazard assessment. More accurate data 
will return more accurate results. Data on local soil 
conditions and specific locations of source faults 
would be required to minimize the ground-motion 
uncertainties, and specific physical inventory and 
demographic information would better constrain 
economic and damage estimates.

Ongoing economic impacts of mitigation re-
quirements can also be assessed via cost analysis. A 
long-awaited cost analysis of earthquake-resistant 
construction in the Memphis, Tenn., area was re-
cently released (National Earthquake Hazards Re-
duction Program, Consultants Joint Venture, 2013). 
The report concludes that construction costs to 
meet current national seismic resistance standards 
are approximately 3 percent more than standards 
to resist wind loads, and 1 percent more than cur-
rent design standards. West Tennessee and west-
ern Kentucky are in the same wind zone, Zone IV 
(Federal Emergency Management Agency, 2012d) 
and similar seismic ground-motion zones (U.S. 
Geological Survey, 2012), as well as being in a simi-
lar region of the central United States, so many of 
the cost-analysis principles can be assumed to also 
be correct for western Kentucky. These costs are 
very different from the estimates gleaned from this 
study’s interviews with design and building pro-
fessionals in western Kentucky, however, which 
indicated 1 to 20 percent cost increases for seismic 
mitigation requirements. On closer examination, 
the Memphis report only models costs for construc-
tion and does not address indirect building costs 
such as associated design fees for seismic require-
ments, additional time required to address permit 

and inspection requirements, or earthquake insur-
ance over the life of a building’s mortgage. This dif-
ference likely accounts for the extreme difference 
in mitigation requirement cost estimates between 
the Memphis report and the costs estimated by this 
study. A true cost analysis considering these and 
other indirect costs of meeting seismic mitigation 
requirements should be done to complement the 
Memphis analysis.

China Mitigation Policy
China has a nationally mandated plan in place 

for seismic design for buildings. It differentiates re-
gions of higher seismic hazard based on locations 
of faults and frequency of recurrence of earth-
quakes, as well as for types of building uses and 
occupancy levels. Critical structures such as hos-
pitals and schools are to be built to higher design 
standards than single residences or unoccupied 
structures. Some leeway is given for rural areas 
where building materials may be limited or where 
cultural traditions are strong, but whenever pos-
sible a better or higher standard than the minimum 
is encouraged. During the Wenchuan earthquake, 
the buildings that suffered the most damage were 
either not built to code requirements—because 
they predated requirements or were of shoddy con-
struction (Earthquake Engineering Research Insti-
tute, 2008)—or were in areas where the earthquake 
ground-motion effect was much greater than code 
requirements anticipated (Miyamoto and others, 
2009). Before the plan was put in place, implemen-
tation of building codes varied greatly and enforce-
ment at local levels was sometimes problematic, 
particularly during economic boom periods.

In the epicentral area for the 2008 Wenchuan 
earthquake, the design PGA for most cities is 0.10 
to 0.20 g (Chinese intensity of VII to VIII) (Table 7, 
Fig. 24). Figures 17 and 22 show, however, that the 
observed PGA was greater than 0.3 g in the epicen-
tral area. One factor contributing to the failure of 
structures was that the ground shaking was both 
much greater and much longer than anticipated 
(Free and others, 2008). The ground shaking sim-
ply exceeded the level of seismic design that was 
required for construction, so even buildings con-
structed to code were not strong enough. China’s 
design map is clearly not adequate for this seismi-
cally active area.

Discussion
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Table 7. Relationship between expected seismic intensity and acceleration of ground-motion design 
requirements from the national seismic design code of the People’s Republic of China (Ministry of 
Construction, People’s Republic of China, 2001).

Chinese Intensity VI VII VIII IX X
Equivalent PGA (g) 0.05–0.10 0.10–0.15 0.20–0.30 0.30–0.40 > 0.40

Discussion

Figure 24. Seismic hazard for the Wenchuan earthquake affected area showing design PGA. Stars indicate approximate loca-
tions of recent earthquakes. Modified from People’s Republic of China National Standard (2001).
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The Chinese national design ground-motion 
maps, like the U.S. national seismic hazard maps, 
were produced using the flawed PSHA (People’s 
Republic of China National Standard, 2001). But 
the Chinese design ground-motion value is that for 
a 10 percent probability of exceedance in 50 yr from 
the hazard curves (compared to a 2 percent prob-
ability of exceedance in 50 yr for the U.S. maps). 
The Wenchuan earthquake, as well as other re-
cent earthquakes in the same region (Fig. 24), have 
demonstrated that the Chinese design map does 
not serve the purpose of preventing future earth-
quake disasters, and may lead to a future disaster 
by underestimating seismic hazard in some areas.

Although the current seismic standard may 
not be high enough in the Wenchuan area, any ef-
fort to improve a building’s ability to withstand 
seismic force helps prevent collapse and saves lives 
(Free and others, 2008; Miyamoto and others, 2009). 
To this end, before the Wenchuan earthquake the 
Chinese government launched a campaign to pro-
mote seismic-resistant homes for farmers in rural 
areas by providing government subsidies (Wang 
and others, 2005). Many new homes were built in 
southeastern Gansu Province as part of this cam-
paign. As illustrated in Figure 25, the seismic-re-
sistant houses suffered little or no damage during 
the 2008 Wenchuan earthquake, but traditional 
unreinforced adobe houses suffered severe or total 
damage. Many communities that built a seismic-
hazard–resistant environment through appropri-
ate code requirements coupled with adequate 
enforcement and use of government assistance 
programs for particularly at-risk sectors sustained 
minimal damage.

Conclusions and 
Recommendations

Whether justified or not, the predicted extreme 
high ground-motion hazards for the New Madrid 
Seismic Zone and the resulting stringent seismic 
design requirements have an impact on communi-
ties in the New Madrid area, western Kentucky in 
particular. The perception in western Kentucky is 
that overstated seismic-hazard estimates have led 
to overly stringent building codes and other det-
rimental public policies, ultimately suppressing 
economic growth through increased building and 

insurance costs, general inconvenience, and fear of 
increased economic and safety risks.

Large uncertainties are inherent in the esti-
mation of earthquake parameters, ground-motion 
values in particular, for the New Madrid Seismic 
Zone. These uncertainties have led to a large range 
of estimates of the ground-motion hazards that 
could result from future earthquakes in the zone. 
Thus, any ground-motion hazard estimate or map 
must be evaluated to determine the level of un-
certainty by comparing the estimates to historical 
observations from the 1811-12 New Madrid earth-
quakes and observations from similar areas such 
as the Sichuan Basin of China. This study shows 
that most of the maximum ground-motion values 
for the scenario hazard are overpredicted, particu-
larly in the near-source area. These overpredictions 
are mainly the result of ground-motion attenuation 
models that do not account for near-source satura-
tion.

Although the national seismic hazard maps 
(for ground motion with 2 percent probability of 
exceedance in 50 yr) are not supposed to be the 
worst-case scenarios, they predict much higher 
ground-motion values than the best estimates from 
historical observations in the New Madrid Seismic 
Zone and recordings from the Wenchuan earth-
quake. The fundamental problem with the national 
seismic hazard maps is that they were produced 
from a scientifically flawed mathematical model: 
PSHA. In PSHA, the annual probability of exceed-
ance (a dimensionless quantity) is equated to the 
annual frequency or rate of exceedance (a dimen-
sional quantity with the unit of 1/year), and the re-
sults being used inappropriately. PSHA has no sci-
entific basis and results in ineffective, even wrong, 
mitigation policies. This is clearly demonstrated in 
the overly stringent seismic design requirements 
for the New Madrid area and insufficient seismic 
design for the Wenchuan area.

Caution will also be needed when future so-
cial and economic impacts are assessed for earth-
quake scenarios, because of the large uncertainties 
inherent in the Hazus-MH hazard scenario, build-
ing inventory, and model. As shown in this study, 
a large range of economic loss estimates of $10 to 
$230 billion resulted from a range of earthquake 
models. A more realistic estimate of economic 

Conclusions and Recommendations
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Figure 25. (a) A traditional adobe house and (b) a recently constructed seismic-resistant house after the Wenchuan earthquake. 
Traditionally built adobe houses suffered severe damage, but houses built to seismic-resistant standards under the government-
subsidized mitigation program sustained little or no damage. Photos © Zhenming Wang. Used with permission.

(a)

(b)
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losses from a large earthquake in the New Madrid 
Seismic Zone is in the range of $10 to $50 billion.

Development of effective and sound seismic 
hazard mitigation policies is challenging for the 
New Madrid Seismic Zone, in light of this uncer-
tainty. The process requires earth scientists, engi-
neers, public officials, and private citizens to work 
together closely. We recommend the following ac-
tions be taken to develop, adapt, and implement 
effective seismic hazard mitigation:

Research
1. Continue earthquake monitoring and re-

search. First and foremost, current monitoring 
of regional seismicity and research into caus-
ative mechanisms and paleoseismic studies 
must continue in order to increase the knowl-
edge base for the New Madrid Seismic Zone. 
New directions for research such as recent 
forays into monitoring and explaining strain 
through GPS data should continue to be devel-
oped to broaden our understanding of geosci-
ence principles. Research into seismic attenu-
ation functions should continue to narrow the 
uncertainty in ground-motion expectations for 
modeling purposes.

2. Continue to improve hazard assessment, as 
well as seismic risk assessment. The national 
seismic hazard maps as currently produced are 
not scientifically sound. Thus, there is an ur-
gent need to improve the maps and make sure 
that subsequent versions are based on sound 
science. Alternative ground-motion hazard 
maps should also be developed. FEMA’s Ha-
zus-MH software for economic analysis should 
continue to be improved, and documentation 
and training should be provided for its correct 
use. Hazus-MH should include more complete 
databases of soils geology, faults in the central 
United States, populations, and building types 
and distributions; improved attenuation mod-
els; and less uncertainty in mathematical cal-
culations to reduce the documented overstate-
ment of hazard.

3. Perform cost-benefit analysis. At a minimum, 
a cost analysis considering indirect costs of 
meeting seismic requirements should be done 
to complement the recent construction cost-
benefit analysis done for Memphis. Indirect 

costs may include design and permitting costs, 
additional wages for employee time required 
to comply with seismic design requirements, 
and required or desirable insurance.

Education
1. Improve the transfer of information to the 

public. As science becomes more complex, 
the public must rely more on experts to collect 
and interpret data and communicate informa-
tion in an unbiased manner. Federal agencies 
should improve the level of trust between the 
public and seismic experts with more transpar-
ent communication and more understandable 
and more available documentation of data, in-
formation, methods, and products. Scientists 
should understand how the data and informa-
tion affect the public and respond appropri-
ately to concerns about the underlying science.

2. Provide opportunities for additional educa-
tion for nonscientists. Federal, State, and local 
seismic experts should provide education in 
layman’s terms to the nonscience-based pub-
lic. Topics should include general earthquake 
information as well as information specific to 
geographic regions. Both certainties and uncer-
tainties should be clarified, along with the way 
in which uncertainties are incorporated into 
products such as hazard maps, building codes, 
and emergency preparedness plans. Both likely 
and worst-case scenarios should be communi-
cated, with emphasis given to explanation of 
probability.

3. Provide opportunities for additional educa-
tion for structural design and construction 
professionals. Federal, State, and local ex-
perts should provide continuing or targeted 
education for professionals such as engineers, 
architects, and builders regarding current sci-
ence. By working together, experts will better 
see the range of topics and concerns that might 
not be obvious when focusing on jurisdictional 
topics only. Topics should include known and 
unknown factors, level of certainty of current 
science, existing tools for seismic analysis, and 
appropriate uses. This recommendation could 
be worked into the requirement of some pro-
fessions for continuing education.
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4. Suggest appropriate emergency response 
plans and preparation activities. Although 
seismic hazard is considered high in western 
Kentucky, there are few guidelines for hospi-
tals and other care facilities for appropriate re-
sponse to seismic events. General emergency 
response plans are in place at all medical facili-
ties, but there is little or no understanding of 
a realistic scenario for an expected or potential 
earthquake, and therefore no way to adequately 
prepare for emergency response. On both State 
and local levels, providing probable scenarios 
for the aftereffects of earthquakes of various 
magnitudes with various sources would be 
wise. A range of scenarios would allow emer-
gency responders to develop appropriate plans 
for emergency management and response. The 
likelihood of aftershocks, the probability of dis-
ruption of local utilities or public services, and 
a realistic expectation of local buildings and in-
frastructure that would be destroyed or remain 
functional should all be considered. The U.S. 
Geological Survey’s Great ShakeOut website 
(www.shakeout.org) has many resources that 
could be modified for this purpose, but scenar-
ios must be somewhat customized to local con-
ditions for emergency responders to prepare 
appropriately.

Policy/Application
1. Revise the New Madrid Seismic Zone earth-

quake hazard on the national seismic haz-
ard maps. On the federal level, appropriate 
changes should be made to the maps for the 
central and eastern United States to account 
for uncertainties in the science. Common sense 
about earthquake magnitudes, locations, and 
recurrence intervals discredit the current maps, 
which indicate higher earthquake hazard in the 
New Madrid Seismic Zone than in the more 
highly seismic California fault zones. Although 
map documentation indicates the hazard levels 
for the central and eastern United States were 
reduced between the 2002 and 2008 map ver-
sions, later revisions have restored the hazard 
levels to very nearly the same level as on the 
2002 maps; neither current nor historic activity 
supports this analysis, however. If current haz-

ard levels are justifiable, the reasoning must be 
explained more clearly.

2. Open a forum for revisions to seismic require-
ments for State building codes. State and local 
building codes are under the jurisdiction of the 
building code adopted by the commonwealth 
of Kentucky, which has been modified from 
the International Building Code. Although the 
code has been developed by professionals, ob-
jections or problems may be encountered dur-
ing the application of code requirements. A 
forum for discussing problems and suggested 
changes to the building code should be estab-
lished for professionals tasked with imple-
menting code requirements.

3. Establish assistance for nonprofessionals for 
individual residential projects. The common-
wealth should help nonprofessionals obtain 
appropriate permits and approvals for resi-
dential construction projects. This recommen-
dation addresses concerns that private home-
owners have inadequate access to affordable 
design services for their building projects. Li-
censed engineers or other design professionals 
are reluctant to take on small single-residence 
projects, or associated fees are considered too 
high for personal budgets (compared to larger-
scale commercial projects with comparatively 
larger budgets), and local officials run the risk 
of conflict of interest for advising on individual 
projects. An avenue is needed to provide nec-
essary advice and services to citizens at afford-
able rates to maintain residential building.

4. Customize Hazus-MH for area-specific eco-
nomic analysis of potential hazards. In order 
to help State and local officials prepare for po-
tential large earthquakes, Hazus-MH scenarios 
should be customized with updated building, 
populations, and soils databases. Additional 
scenarios for fault hazards should be devel-
oped rather than relying on the minimal point-
source hazard scenarios included with the soft-
ware. Resulting scenario analysis using more 
specific local data will point out weak areas 
of local buildings and infrastructure and help 
State and local agencies determine where best 
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to assign available funds for reconstruction and 
emergency preparedness projects.

5. Be aware of worst-case scenarios, but plan 
and prepare for likely scenarios. State and lo-
cal agencies responsible for emergency plan-
ning and response should collaborate with 
each other and the public to prepare for likely 
events at all levels. Agencies should consider 
extreme events, but focus on common-sense 
self-help expectations for the general public. 
Public-school elementary programs should 
include regular instruction on appropriate re-
sponse to earthquakes.

As one participant stated, ultimately, in order 
for science to help communities, it must be more 
than applicable: It must be compelling (L. Peters, 
Secretary of Energy and the Environment, personal 
communication, 2013). It is to the benefit of profes-
sionals at all levels to make sure current science is 
both applicable and compelling.
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