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Conversion Factors
Inch/Pound to SI

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
SI to Inch/Pound
Multiply By To obtain
Length
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)

Initialisms and Abbreviations

CEUS Central and Eastern United States
EPRI  FElectric Power Research Institute
M magnitude

Mmax maximum earthquake magnitude
SCR stable continental region
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Earthquake Catalog for Estimation of Maximum
Earthquake Magnitude, Central and Eastern United
States—Part A, Prehistoric Earthquakes

By Russell L. Wheeler

Abstract

Computation of probabilistic earthquake hazard requires an estimate of Mmax, the maximum
earthquake magnitude thought to be possible within a specified geographic region. This report is Part A
of an Open-File Report that describes the construction of a global catalog of moderate to large
earthquakes, from which one can estimate Mmax for most of the Central and Eastern United States and
adjacent Canada. The catalog and Mmax estimates derived from it were used in the 2014 edition of the
U.S. Geological Survey national seismic-hazard maps. This Part A discusses prehistoric earthquakes
that occurred in eastern North America, northwestern Europe, and Australia, whereas a separate Part B
deals with historical events.

Introduction

Mmax

Computation of probabilistic seismic hazard for a region requires an estimate of Mmax, which is
the moment magnitude M of the largest earthquake that is thought to be possible within the region
(Chinnery, 1979; Coppersmith and others, 1987; Wheeler, 2009a,b). Mmax estimates are used in the
U.S. Geological Survey (USGS) national seismic-hazard maps (Petersen and others, 2008, and
preceding editions of the maps). Engineering groups modify the hazard maps into design maps for
incorporation into model building codes for residences and other low-rise buildings.

Mmax estimates are also utilized in site-specific hazard assessments for critical structures like
large dams and nuclear power reactors. Electric Power Research Institute (EPRI) and others (2012)
present a new methodology for reactor assessments in the Central and Eastern United States (CEUS:
east of the Rocky Mountains). Their report and this one used the same information on prehistoric
earthquakes in the CEUS. However, the different needs of our end-users required that EPRI and others
(2012) and I used different methods to evaluate some information (EPRI and others, 2012, p. 1-4).
Therefore, some of our M estimates for individual earthquakes differ. In addition, both EPRI and others
(2012) and I searched for published evidence of prehistoric earthquakes in North America east of the
Rocky Mountains. However, I also collected such evidence from western Europe and Australia.

In the sparsely seismically active CEUS, earthquakes large enough to be candidates for Mmax
are rare. In most parts of the CEUS, the historical earthquake record is shorter than the lengths of time
between occurrences of large earthquakes. Consequently, in most of the CEUS, Mmax cannot be
observed and must be estimated indirectly from large earthquakes that have occurred worldwide in areas
that are tectonically similar to the CEUS (Coppersmith and others, 1987; Coppersmith, 1994; Johnston
and others, 1994; Wheeler, 2009a,b).



Stable Continental Regions

Johnston (1989b) and Johnston and others (1994) developed the concept of stable continental
regions (SCRs), which are regions worldwide that have undergone tectonism similar to that which has
affected the CEUS. Kanter (1994) defined tectonic similarity in terms of four criteria. First, an SCR has
undergone “no rifting or major extension or transtension younger than Paleogene,” (Kanter, 1994, p. 2—
3) that is, since 23.0 Ma (Gradstein and others, 2004). Additionally, an SCR has not undergone orogenic
activity, deformation of orogenic forelands, or major anorogenic intrusive activity since the Early
Cretaceous Epoch, or since 99.6 Ma (Gradstein and others, 2004). Kanter applied these criteria to
Earth’s continental crust and outlined SCRs on every continent (Broadbent and Allan Cartography,
1994).

The North American SCR consists of the United States and Canada east of the Rocky Mountains
(Johnston and others, 1994). Wheeler and Frankel (2000) divided the CEUS part of the SCR into two
zones that have different assigned values of Mmax (Petersen and others, 2008). The craton zone
occupies the middle of the CEUS and is surrounded on the east and south by the extended margin. Most
of the extended margin underwent Mesozoic extension as the Atlantic Ocean and Gulf of Mexico
opened; the cratonward part of the margin underwent similar extension during Cambrian time as the
predecessor ocean of the Atlantic opened. Johnston (1989b, 1994) pointed out that historical SCR
earthquakes worldwide tended to reach larger magnitudes in extended margins than in cratons.
Accordingly, the USGS national seismic-hazard maps assigned the CEUS extended margin a larger
value of Mmax than the craton (Frankel and others, 1996, 2002; Petersen and others, 2008).

Purpose

The purpose of Part A is to describe the construction of a catalog of moderate to large known
prehistoric SCR earthquakes. Part B does the same for historical earthquakes. The combined catalog
allows estimation of CEUS Mmax, which will be discussed in a later paper.

Methods

General Considerations

The earthquakes most useful in constraining Mmax are independent, larger than any others that
might have occurred on the same fault or fault system, and well characterized, as described in the
following paragraphs. Numerous global catalogs list the instrumental seismicity of the world, so that
searching for all cataloged instrumental earthquakes of a specific type is straightforward, if tedious. In
contrast, I do not know of any comparable catalog of Earth’s known prehistoric earthquakes. Most
paleoseismic studies have been done in plate boundaries and other active continental crust, which are
more seismically active than SCR crust. Accordingly, in compiling this catalog, I sought out only
publications on SCR study areas that were already known to me or several colleagues. Those
publications led me to a few more study areas. As a result, the catalog is complete for SCR crust in
North America and Australia. Coverage of western Europe may be incomplete. The paleoseismic
literature of other regions was not searched at all.

The focus on Mmax means that foreshocks and aftershocks are excluded. Additionally, if two or
more large historical or prehistoric earthquakes occurred close enough together geographically that they
are likely to have broken the same fault or fault system, then the catalog lists only the largest or best
characterized earthquake. For example, large prehistoric earthquakes have been identified in the regions
around New Madrid, Central United States (Tuttle and others, 2002); Charleston, South Carolina



(Talwani and Schaeffer, 2001); and Kutch, India (Rajendran and Rajendran, 2001). However, the
historical earthquakes of 1811-1812 around New Madrid, 1886 near Charleston, and 1819 in the Kutch
area are better characterized than the prehistoric ones and are inferred to be about the same sizes. Thus,
Part B lists the historical earthquakes and this Part A does not list the prehistoric ones. In contrast, eight
prehistoric earthquakes in southern Illinois and southwestern Indiana are scattered over an area so large
that they probably did not occur on the same fault (Obermeier, 1998). The catalog lists them all.

The catalog includes only prehistoric earthquakes that are sufficiently well characterized to
constrain Mmax. Wheeler (2008) considered published descriptions of liquefaction fields and fault
scarps produced by prehistoric and historical earthquakes. He concluded that earthquakes of
approximately M6.5 or larger are likely to generate paleoseismic records that are extensive enough to
allow estimates of M, location, and age suitable for use in seismic-hazard assessments. Some smaller
earthquakes are known to have produced a few liquefaction features or short surface fractures over a
small area. Such sparse geologic records may serve only to establish a lower bound on Mmax. A
paleoseismologist may be unable to determine whether the sparse liquefaction features or fractures were
created by a small local earthquake or a large distant one (Obermeier, 1998).

Fault Scarps

If a prehistoric earthquake formed a surface rupture, M is typically estimated from coseismic
displacement, scarp length, or both. Scarp length is used as the independent variable in regression
equations that predict either M or the logarithm of the moment Mo (Wells and Coppersmith, 1994;
Leonard, 2010). I preferred the equation for log(Mo) as a function of scarp length that Leonard (2010,
bottom section of his table 5) developed specifically for dip-slip SCR faults for three reasons. First, the
regression equations of Wells and Coppersmith (1994) as a group are dominated by earthquakes that
occurred in plate boundaries and active continental crust. Second, the equations of Leonard (2010) and
those of Wells and Coppersmith (1994) predict similar M values for a given scarp length. Specifically,
the first four equations in table 2A of Wells and Coppersmith (1994) provide M estimates for reverse,
normal, and strike-slip faulting, and for all three faulting categories taken together. These M estimates
differ from those calculated from Leonard’s dip-slip equation by 0.1-magnitude unit or less for scarps
20-60 km long (table 1). This range of lengths corresponds to M6.5-M7.3. The differences are 0.3 or
less for scarps 10—120 km long, which corresponds to M6.0-M7.8. These are the M ranges of most
interest for estimating CEUS Mmax. Third, the equations of Leonard (2010) have the advantage of self-
consistency, in that they are “relations that enable seismic moment, fault length, width, area, and
displacement to be estimated from each other, with all these relations being consistent with the
definition of seismic moment” (Leonard, 2010, p. 1,971). I also followed the recommendation of
Leonard (2010, p. 1,985) and used his dip-slip equation for the few SCR strike-slip faults that are
compiled here.

Nontectonic processes can form escarpments that mimic tectonic scarps (McCalpin, 2009).
Accordingly, I only compiled lengths of those scarps that have been trenched at one or more sites to
expose a tectonic fault having enough slip to have formed the scarp. Estimation of Mmax from scarp
length implies that at least one earthquake broke the entire length of the scarp.

Estimation of M from displacement requires a measurement that is associated with a single
earthquake. The average of the cumulative displacement from two or more earthquakes is not a usable
estimate of Mmax unless other evidence demonstrates that all the earthquakes were of the same M.
Measurements of partially exposed displacements are not used, because they provide only a lower
bound on M.



Leonard (2010) does not list a regression equation for displacement. I used those of Wells and
Coppersmith (1994). If displacements have been measured for each of two or more earthquakes, the
largest value is used because it is likely to represent the largest earthquake. The regression equations
used are those for M as a function of average displacement (table 2B of Wells and Coppersmith, 1994).
Average displacement is used instead of maximum displacement because usually only one or a few
trench sites are studied on any given SCR fault. These few trenches are unlikely to sample the single
maximum displacement along the fault.

Dip-slip displacements for which there is reason to suspect a significant associated strike-slip
component are not used, because using the dip-slip component alone would cause underestimation of M.
For example, if the strike-slip component is much smaller than the dip-slip component, then the impact
on M of ignoring the strike-slip component is negligible. In contrast, if the two components are equal,
and if the strike-slip component were ignored, then total displacement and moment would both be
underestimated by 29 percent but M by only 0.1-magnitude unit. However, if the strike-slip component
were twice as large as the dip-slip component, then total displacement and moment would be
underestimated by 55 percent and M by approximately 0.2 units. For strike slip three times as large as
dip slip, the underestimation of total displacement and moment would be 68 percent, and M would be
underestimated by about 0.3-magnitude units. Of the trenched faults that are considered here, arguments
for significant strike-slip displacement were made only for the reverse North Hyden and Roopena faults
in Australia (Crone and others, 2003).

All of the faults for which I calculated M have measured scarp lengths. Four of the faults also
have measured single-earthquake displacements. For these four, M values from length and displacement
were combined in a weighted average, with weights set as the inverses of the variances of the M values
(Bevington and Robinson, 1992, p. 59; Johnston, 1996b, p. 647-648). Following these authors, the
standard deviation (M) of a combined M was calculated similarly (table 2).

I follow Wells and Coppersmith (1994), Johnston (1996c¢), and Leonard (2010) in giving 6(M) to
two decimal places; Johnston (1996a,b) give three places. In most cases the second decimal place is not
significant. It is provided solely to reduce round-off errors that would propagate through future
calculations that use o(M).

Johnston (1996b) observed that combining two or more M estimates and their standard
deviations in this way commonly results in a combined (M) that is smaller than the individual standard
deviations; table 2 shows examples. This result occurs because each individual M estimate is subject
only to its own constraints, which are represented by the estimate’s standard deviation. In contrast, the
combined M is subject to the constraints of all the individual M estimates. Therefore, the combined M
estimate has smaller uncertainty than any of the individual estimates. Part B discusses the matter in
more detail.

Paleoliquefaction Features

There are two main ways of estimating M from liquefaction features. First, the magnitude-bound
method is based on measuring the distance from the epicentral area of the liquefying earthquake to the
farthest known liquefaction feature that is attributed to the earthquake (Ambraseys, 1988). This distance
is then compared to other largest-liquefaction distances that have been measured for instrumental
earthquakes of known M (Ambraseys, 1988; Obermeier, 1998; McNulty and Obermeier, 1999; Olson
and others, 2005; Castilla and Audemard, 2007). Second, the geotechnical method involves measuring
and analyzing physical properties of individual liquefaction features (Green and others, 2005).
Obermeier (2009) and Tuttle and Hartleb (2012) discuss the uncertainties of paleoliquefaction data and
magnitudes estimated from them.



The Earthquake Catalog

Tables 3 and 4 summarize characteristics of the 26 fault scarps and liquefaction fields listed in
the catalog. The most recent surface ruptures along the faults, and formation of the liquefaction fields,
are late Pleistocene to late Holocene in age.

North America

Fault scarps

The four faults discussed below were reactivated most recently during 12.8—1.2 ka (table 3). The
left-lateral Meers fault in Oklahoma has a secondary component of reverse faulting and a measured
scarp length but no reported measurements of single-earthquake displacement. The normal Cheraw fault
in southeastern Colorado has measured vertical displacements for three prehistoric earthquakes in
addition to a measured scarp length. The Cheraw scarp is 45 km long, which implies M7.1 with o(M) =
0.14, whereas the displacement of 1.5 m predicts M6.9 with o(M) = 0.33. The two M estimates and two
o(M) estimates from the Cheraw fault were combined as summarized earlier in the “Methods” section to
give M7.1 and o(M) = 0.13 (table 2).

The Idalia Hill fault of southeastern Missouri is within a linear, northeast-trending zone of
mapped and trenched paleoliquefaction features, stream anomalies, faults that are exposed in trenches
and imaged in high-resolution seismic-reflection profiles, and aligned topographic lineaments (Baldwin
and others, 2006). Figure 1 of Baldwin and others (2006) shows that the zone is at least 91 km long. No
through-going scarp is evident in the figures or descriptions of Baldwin and others (2006). Individual
prehistoric earthquakes have been recognized and dated at three sites in the linear zone, but the dates are
too poorly constrained to demonstrate whether or not any of the earthquakes have ruptured more than
one of the sites (Vaughn, 1994; Harrison and others, 1999; Baldwin and others, 2006). However, within
the 91-km-long zone, two of the aligned topographic lineaments are continuous scarps 15-20 km long.
The 17-km-long scarp at the Idalia Hill site is the better characterized (Baldwin and others, 2004), and |
use this length to estimate M.

Similar to the discontinuous scarps along and near the Idalia Hill fault, collinear and en echelon,
northwest-facing topographic scarps form a linear, northeast-trending zone along 80 km of the southeast
margin of the Reelfoot rift in western Tennessee (Wyatt and Stearns, 1988; Cox and others, 2001).
Interpretations of shallow reflection profiles, electrical surveys, cores, and trenches show that the scarps
are underlain by late Quaternary faults that dip steeply both northwest and southeast (Cox and others,
2006). Some faults have their northwest sides uplifted, whereas other faults have the opposite throw.
However, unlike the 91-km-long zone containing the Idalia Hill fault, interpretations of maps of
aeromagnetic gradients, maps of depths to magnetic basement, and seismic-reflection profiles along the
southeastern margin of the rift show that the aligned scarps and late Quaternary faults of the rift margin
overlie a through-going, deep-seated fault zone (Hildenbrand and Hendrix, 1995; Parrish and Van
Arsdale, 2004). These authors concluded that the 80-km zone along the rift margin is underlain at depths
of 1-7 km by a continuous system of basement-cutting normal faults that dropped their northwest sides
down as much as 3 km. The normal-fault system is as wide as 10 km at the top of Precambrian
basement. Most of the faulting is of Cambrian age, and several of the faults were reactivated in Tertiary
transpression (Parrish and Van Arsdale, 2004). The presence of the continuous system of large basement
faults that had Tertiary reactivation implies the possibility that the entire 80-km zone could break in a
single rupture. Cox and others (2006) interpreted the surficial scarps and faults as a right-lateral fault
system 80 km long, and I use this length to estimate M.



Liquefaction Fields

Eight prehistoric earthquakes produced liquefaction features consisting mainly of sand dikes in
southwestern Indiana and southern Illinois during 12.0-2.0 ka (Munson and others, 1997; Obermeier,
1998; McNulty and Obermeier, 1999; Tuttle and others, 1999). M estimates from paleoliquefaction
fields come from the magnitude-bound or geotechnical methods, not regressions, and the estimates lack
regression-based values of o(M). Obermeier (2009) and Tuttle and Hartleb (2012) considered geological
and analytical sources of uncertainty in liquefaction-based M estimates. Tuttle and Hartleb (2012)
suggested that together the sources of uncertainty produce o(M) values of approximately 0.25- to 0.6-M
units. Judging from the size of an earthquake’s liquefaction field as measured from published maps, and
the number of sites reported to expose liquefaction features, I qualitatively assigned a standard deviation
to each paleoliquefaction-based M estimate (table 5) as follows.

The Vincennes liquefaction field far exceeds the seven others in size and number of reported
liquefaction sites. Both the largest liquefaction field and the largest number of exposures may cause the
Vincennes M estimate to be the least distorted by any local anomalies in sediment liquefaction potential.
Therefore, the Vincennes M may have the smallest (M) among the eight earthquakes, perhaps 0.25.
However, the Vincennes liquefaction field consists mainly of sand dikes, not sand blows (Obermeier,
1998). Tuttle and Hartleb (2012) pointed out that sand dikes can form in the subsurface but without
penetrating upward to the surface, so that the most distant dikes from the earthquake location can be
harder to recognize than the most distant sand blows. Accordingly, I assigned the Vincennes M an
uncertainty of 0.3.

There are two recent M estimates of the Vincennes earthquake. Green and others (2005) used
geotechnical measurements to estimate the Vincennes M as 7.5. Olson and others (2005) modified the
magnitude-bound method to match geological conditions of the Central United States and estimated the
Vincennes M as 7.1 to 7.3. In a 2007 conference paper and a 2009 workshop, Olson reported a revised
value of M7.5 with an uncertainty of 0.3 (Olson and others, 2007; EPRI and others, 2012, p. F-26; S.M.
Olson, written commun., August 17, 2012). After considering the results of Green and others (2005),
Olson and others (2007), and Tuttle and Hartleb (2012), I assigned the earthquake M7.5 and (M) = 0.3.

At the other extreme of liquefaction fields, the Iona and Elnora earthquakes each are known only
from a few sand dikes in one exposure. The most likely M for the earthquakes may be 6.0 (Munson and
others, 1997; Obermeier, 1998). This value was chosen to be slightly larger than the estimated threshold
M for producing liquefaction in the sediments of the exposures that contain the dikes (Obermeier,

1998). However, Obermeier (1998) noted that the true M could be smaller than 6.0 if the earthquakes
occurred at or near the liquefied sites, or much larger if they were distant. This large uncertainty points
toward a standard deviation of 0.6, the largest value suggested by Tuttle and Hartleb (2012). Such small
earthquakes provide only a weak lower limit on Mmax. However, I kept them for consistency, with the
lower M limit of the catalog of historical earthquakes that Part B of this report describes.

Between these two extremes are five other liquefaction fields (table 5). All five fields cover
areas much smaller than that of the Vincennes field and have a small fraction as many reported
liquefaction sites. Therefore, lower M values calculated for these five fields reflect the influence of local
geologic and hydrological anomalies more than the Vincennes M does. The Vallonia, Martinsville,
Shoal Creek, and Springfield liquefaction fields cover areas within a factor of two of each other. The
Skelton field is a factor of four to seven larger than those four fields. Accordingly, I assigned o(M) of
0.4 to the Skelton M and 0.5 to the other four M values.

The Mmax zone within which the Vincennes earthquake occurred is uncertain. In the Central
United States, the extended-margin Mmax source zone protrudes northeastward into the craton Mmax
zone (Wheeler and Frankel, 2000; Wheeler and Cramer, 2002; fig. 1). The epicentral area of the



earthquake is presumed to have been at or near a cluster of the largest liquefaction features that
Obermeier (1998) attributed to the earthquake. This cluster is in the craton zone, about 20 km north of
the northern end of the Wabash Valley fault system. The fault system is part of the extended-margin
Mmax zone. However, the rupture zone of the M7.5 earthquake would have been approximately 80 km
long (Leonard, 2010). Therefore, the earthquake rupture could have started in either the craton or the
extended margin. The rupture could have propagated from either zone into the other. For these reasons,
the Mmax zone to which the earthquake should be assigned is not obvious.

The Wabash Valley fault system does not crop out. It is known from mine, well, and geophysical
data (Nelson, 1995). These subsurface data show that offset across the faults decreases northward (Bear
and others, 1997). The northward decrease in offset implies that the ability to detect the northern end of
the fault system using the subsurface data may be limited. Therefore, the fault system may extend
farther north than is recognized. Accordingly, the earthquake could have occurred either in the Wabash
Valley fault system and the extended margin or within the craton on an unknown fault system, with
almost equal likelihood. Furthermore, Johnston (1989b, 1994), Petersen and others (2008), and this
report’s companion Part B show that large earthquakes tend to be more common historically in the
extended margins of the world than in cratons. Despite the location of the epicentral area in the craton, I
assigned the earthquake to the extended margin because of the earthquake’s M; the presence,
orientation, and proximity of the Wabash Valley fault system; and the likelihood that the fault system
extends farther north than has been mapped.

This report excludes several paleoseismic studies of confirmed or probable liquefaction features
(table 6). Those studies have not yet constrained M narrowly enough for use in estimating Mmax.



Figure 1.  Geologic and paleoseismic setting of the Vincennes prehistoric earthquake. Location of earthquake
from Wheeler and others (1997). Rest of figure modified from Wheeler and Cramer (2002). Shaded area in
southwest corner of map represents Mesozoic and Cenozoic sediments and sedimentary rocks of Mississippi
embayment. Craton (C) and extended margin (EM) source zones defined by Wheeler and Frankel (2000).
Reelfoot rift, Rough Creek graben, and Wabash Valley fault system are in EM.



Europe

Fault Scarps

Publications on three faults in western Europe describe trenches that demonstrate tectonic
movement and scarp lengths that are well enough described to support M estimates (figs. 2 and 3; tables
3 and 4). The most recent ruptures along the scarps occurred 14.5-0.5 ka. Seven other western European
faults and other features lack demonstrated tectonic movement, have poorly described scarp lengths, or
are not in SCR crust (figs. 2 and 3; table 6).
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this analysis for reasons given in table 6. EC, El Campo fault; LTR, Lower
Tagus River valley; MG, Markgrafneusidle fault; MR, Mino River terraces.
Other excluded faults are in LRG (figure 3).

Figure 2.  Fault scarps and other features in part of western Europe.
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Figure 3.  Selected fault scarps in the lower Rhine graben. Traces from Camelbeeck and others (2007). Two
unlabeled faults bound the lower Rhine graben.

The Vilarica fault of northern Portugal underwent left-lateral strike slip in cratonic SCR crust
(Rockwell and others, 2009). Rockwell and others (2009) trenched the fault at two sites and mapped its
scarp as 75 km long. As noted earlier in the “Methods” section, the scarp length of the strike-slip fault
may be converted to M and o(M) best with the dip-slip SCR equation of Leonard (2010) (table 4).

The Bree fault is a normal fault within the lower Rhine graben in northeastern Belgium. The
Rhine graben is actively extending (Camelbeeck and others, 2007), but Kanter (1994) considered it SCR
crust because most of the extension is older than the Neogene Subperiod (see earlier section on “Stable
Continental Regions”). The largest vertical displacement measured on the Bree fault is 1.25 m, and the
scarp length is 11.5 km (Camelbeeck and others, 2007). The displacement implies M6.8 with (M) =
0.33, whereas the scarp length predicts M6.1 with 6(M) = 0.14. As described in the “Methods” section,
the M estimates from scarp length and displacement were combined with the method of Johnston
(1996b) to give M6.2 with o(M) = 0.13 (table 2).
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The north-striking Basel-Reinach fault of southern Switzerland is exposed north of the east-
trending thrust faults and associated folds of the Jura province of the Alps (Ferry and others, 2005). The
Jura is a young deformed orogenic foreland. Thus, the Jura is active continental crust instead of SCR
crust (Broadbent and Allan Cartography, 1994; Kanter, 1994). The south end of the Basel-Reinach scarp
is approximately 1 km north of the exposed thrust front of the Jura. Ferry and others (2005) suggested
that the fault extends farther southward, under the thrust sheets. Therefore, the Basel-Reinach fault is in
transitional SCR crust, which Johnston (1994) defined as SCR crust within 40 km of an SCR edge (table
4). The Basel-Reinach scarp is 8 km long (Meghraoui and others, 2001). In addition, the largest vertical
displacement measured on the fault is 1.0 m (Camelbeeck and others, 2007). The scarp length implies
MS5.8 and 6(M) = 0.14. The displacement implies M6.8 and o(M) = 0.33. These two estimates were
combined into M6.0 and o(M) = 0.13 (table 2).

Excluded Features

Table 6 lists several fault scarps that are too poorly characterized to calculate M, are not clearly
of tectonic origin, have no active fault that has been studied in a trench or other exposure, or are not in
SCR crust.

Long fault scarps in northern Sweden indicate that a sequence of large late-glacial earthquakes
occurred during the early Holocene (Lundqvist and Lagerback, 1976; Morner, 2004, 2005). The burst of
large-M seismicity has been attributed to release of accumulated stress as the Fennoscandian ice sheet
melted and the crust rebounded (Lundqvist and Lagerback, 1976; Johnston, 1989a; Muir Wood, 1989).
However, this rapidly changing tectonic environment no longer exists (Muir Wood, 1989). Accordingly,
I excluded these earthquakes from estimation of Mmax.

Australia

All Australian scarps listed in tables 3 and 4 have reported lengths from which M has been
estimated. All the scarps have been trenched. All had their most recent surface ruptures in 83—8.6 ka.

Only the Lake Edgar scarp also has a displacement measurement that meets the criteria listed
earlier under “Fault Scarps™ in the “Methods” section (table 2). Clark and others (2011a) summarized
geologic and geophysical information that indicate the Lake Edgar fault may be within a fragment of
reactivated Proterozoic cratonic crust. The fragment is surrounded by the much larger Australian
extended margin. Accordingly, I assigned the fault to the extended margin (fig. 4). Like the Cheraw,
Bree, and Basel-Reinach faults, the Lake Edgar fault has both a measured scarp length (26.6 km) and a
measured largest single-earthquake displacement (3.1 m). The length predicts M6.7 and o(M) = 0.14,
whereas the displacement implies M6.7 and o(M) = 0.50, for combined values of M6.7 and o(M) = 0.13
(table 2).

In addition to the Lake Edgar fault, only the Waratah fault is in extended-margin crust. Five of
the 11 Australian faults shown on figure 4 are within the craton: North Hyden, Lort River, Dumbleyung,
Roopena, and Cadell.
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Figure 4.  Selected prehistoric fault scarps of Australia. Modified from Broadbent and Allan Cartography (1994)
and Clark and others (2011b).

The Burra, Milendella, Mundi Mundi, and Wilkatana—Depot Creek faults are in the Sprigg
orogeny domain of Clark and others (2011b). The domain is undergoing rapid east-west shortening that
creates north-striking active faults, faulting-generated topographic relief, and as much as 200 m of net
offset (Clark and others, 2011b). Clark and others (2011b) suggest that the faulting is driven by plate
motions that began 10-5 Ma; Clark and others also note that no other part of the Australian craton has
such rapid neotectonic deformation. Nonetheless, Clark and others (2011b) retain the domain within the
craton instead of assigning it to the extended margin.
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Conclusions

This report lists 26 prehistoric SCR earthquakes that were recognized from liquefaction fields or fault
scarps. A more systematic search of the paleoseismic literature for other SCRs might find more
scarps. Clark and others (2011b) found many scores of possible fault scarps throughout Australia by
combining digital elevation data with image-processing software. A similar search of the Great
Plains of the United States and Canada might be similarly successful.

For calculation of M from scarp length, I preferred the equation of Leonard (2010) for SCR dip-slip
instead of the equations of Wells and Coppersmith (1994, their table 2A). The reasons were

described earlier in “Fault Scarps” in the “Methods” section. In addition, the Wells and Coppersmith

equations underpredict M compared to Leonard’s equation (table 1). The underprediction increases

with M, so the choice of equations from Leonard (2010) or Wells and Coppersmith (1994) will have
the largest effect on M for the large earthquakes that are the most important for Mmax estimation. It
is advisable to use Leonard’s equation for work with SCR earthquakes.

All of the 26 prehistoric earthquakes have reported scarp lengths, but only four of them also have
reported single-earthquake displacements (table 2). The table shows that M from displacement
differs from M from scarp length by 0.0-1.0 M units. However, because displacement M has much
larger standard deviations than scarp-length M, when both M estimates are combined for individual

faults, then the M difference decreases to 0.0—0.2. Standard deviations of the combined M values are

0.1-M unit smaller than those of the corresponding scarp-length M. These comparisons suggest that

if scarp length and displacement are both reported for a particular prehistoric earthquake, then it may

be worth calculating M from displacement in order to combine it with M calculated from scarp
length, thereby reducing 6(M). Displacement M by itself may be too imprecise to use without an
accompanying scarp-length M.

Acknowledgments

I thank D. Clark, A.J. Crone, K.M. Haller, A.C. Johnston, M. Leonard, S.M. Olson, and M.P.
Tuttle for discussions, advice, and preprints. Johnston kindly provided copies of his digital maps of the
world’s stable continental regions. Reviews by K.M. Haller, R.W. Briggs, and J.L. Slate improved the
manuscript.

13



Table 1. Differences in magnitudes estimated from equations of Wells and Coppersmith (1994) and Leonard (2010).

[L, scarp length in kilometers (km); L10, magnitude M calculated from the equation of Leonard (2010, his table 5) for dip-
slip faulting in stable continental regions; WC(R), M calculated from the equation of Wells and Coppersmith (1994, their
table 2A) for surface-rupture length formed by reverse faulting and similarly for WC(SS) (strike-slip faulting), WC(N)
(normal faulting), and WC(AII) (all three faulting styles grouped together)]

L10- L10- L10- L10-
L (km) L10! WC(R)  WC(SS)  WC(N)  WC(AI)
10 5.99 023 029 009 025
20 6.49 010 -013  -0.09 0.10
30 678 2002 003 -0.03 001
40 6.99 0.03 0.04 0.01 0.05
50 715 0.08 0.09 0.05 0.10
60 728 0.11 0.13 0.08 0.14
70 739 0.14 0.17 0.10 0.17
80 7.49 0.17 0.20 0.12 0.20
90 758 0.19 023 0.14 023
100 7.65 021 0.25 0.15 0.25
110 772 023 0.28 0.17 027
120 778 0.25 0.30 0.18 0.29
130 784 026 031 0.19 031
140 7.90 0.28 033 0.20 033
150 7.95 0.29 0.35 021 034
160 7.99 030 036 022 036
170 8.04 032 0.38 023 037
180 8.08 033 0.39 0.24 0.38

'L10 equations use L in meters, whereas WC94 equations use L in kilometers.
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Table 2. Magnitudes M and their standard deviations o(M) from faults having measurements of both scarp length L and vertical displacement D.

[Each Ref field cites sources of preceding one or two entries in that row. All faults are normal except steeply dipping Lake Edgar reverse fault. M(L) is M
calculated from L and similarly for (L), M(D), and (D). If two or more D values are reported for a fault, largest is used as probably representing largest
earthquake. Most stable continental region faults are trenched at one or very few sites. The trenches are unlikely to sample maximum D along the fault.
Accordingly, regression equation of WC94 (their table 2B) for M(average D) is more appropriate than the one for M(maximum D). Last two columns list
combined M and its 6(M) for each fault (see text). Standard deviations given to two decimal places here and in later tables to reduce round-off errors (see text);
km, kilometers]

Fault name Locale L (km) Reft  M(L) o(L) Ref' D(m) Ref®' M(D) o(D) Ref M oM
Cheraw Colorado, U.S.A. 45 c97 7.1 0.4 LIO 15 C97 69 033 WCY% 7.1 0.13
Basel-Reinach ~ Switzerland 8 MOl 58 0.14 L10 1.0 FO5 6.8 033 WC9% 6.0 0.13
Bree Belgium 11.5 co7 6.1 014 L10 125 C07 6.8 033 WC9% 62 0.13
Lake Edgar Tasmania, Australia 26.6 COl11 6.7 0.14 L10 3.1 COl1l1 6.7 050 WC9% 6.7 0.13

'C07, Camelbeeck and others (2007); CO11, Clark and others (2011a); C97, Crone and others (1997); FO5, Ferry and others (2005); L10, Leonard (2010);
MO1, Meghraoui and others (2001); WC94, Wells and Coppersmith (1994).
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Table 3. Selected prehistoric earthquakes in stable continental regions: Descriptions.

[Named feature is the landform that was studied. Scarps have been trenched to identify an underlying tectonic fault, which
may have slipped in more than one earthquake. Each liquefaction field consists of mapped sand dikes that are all attributed to
a single earthquake. Skelton and Vincennes liquefaction fields each straddle the Illinois-Indiana boundary. Age refers to the
earthquake inferred to have formed the scarp or liquefaction field. If a scarp formed in two or more earthquakes, age refers to
the youngest. If the cited reference gives age as a range, the midpoint is listed. Ka, thousands of years before present. Each
Ref field cites sources of preceding one or two entries in that row. Latitude and longitude refer to scarp midpoint, trench
location, or most intensely liquefied part of a liquefaction field]

Feature name Locale Age (ka) Ref1 Latitude  Longitude Ref!
North America
Cheraw scarp Colorado 8 C97 38.250°N 103.429°W  C97
Elnora liquefaction field Indiana 2.0 098, M97 38.883°N 87.119°W  M97
Idalia Hill scarp Missouri 12.8 B06 36.837°N  89.921°W  B04
Iona liquefaction field Indiana 4.0 098, M97 38.528°N 87.419°W  M97
Martinsville liquefaction field Indiana 6.0 098, M97 39.508°N 86.300°W  M97, 098
Meers scarp Oklahoma 1.2 CL90 34.781°N  98.467°W  CWO00
Shoal Creek liquefaction field Illinois 6.5 T99 38.638°N  89.586°W 098
Skelton liquefaction field Indiana 12 098, M97 38.371°N 87.742°W  M97, 098
SE Reelfoot rift margin scarp  Tennessee 2.2 C06 35.643°N  89.786°W  C06
Springfield liquefaction field  Illinois 6.6 MO99 40.074°N  89.392°W  MO099, 098
Vallonia liquefaction field Indiana 395 098, M97 38.841°N 86.100°W  M97,098
Vincennes liquefaction field Illinois 6.1 098, M97 38.717°N 87.750°W  M97, 098
Europe
Basel-Reinach scarp Switzerland 0.5 FO05 47.484°N 7.591°E F05
Bree scarp Belgium 5.5 Co7 51.077°N  5.615°E MO0
Vilarica scarp Portugal 12.8 RO9 41.210°N  7.189°W RO9
Australia
Burra scarp South Australia 83 Q06 33.758°S  139.094°E  Cl11
Cadell scarp New South Wales 20 MI12 35.963°S 144.893°E  Cl12
Dumbleyung scarp Western Australia 8.6 EROS 33.184°S  117.692°E Cl11
Lake Edgar scarp Tasmania 18 COl11 43.029°S  146.345°E  Cl12
Lort River scarp Western Australia 9.7 EROS 33.480°S 121.224°E  Cl12
Milendella scarp South Australia 14.8 Cl1 34.609°S  139.238°E  Cl11
Mundi Mundi scarp New South Wales 59.3 Q06 31.823°S  141.210°E Cl12
North Hyden scarp Western Australia 20 C08 32.279°S  119.268°E  Cl12
Roopena scarp South Australia 28.5 C03 32.866°S 137.382°E Cl2
Waratah scarp New South Wales 38 G09 38.770°S  146.056°E  Cl11
Wilkatana-Depot Creek scarp ~ South Australia 30 Q06 32.116°S  137.956°E Cl11

'B04, Baldwin and others (2004); B06, Baldwin and others (2006); C03, Crone and others (2003); C06, Cox and others
(2006); C0O7, Camelbeeck and others (2007); C08, Clark and others (2008); C11, Clark and others (2011b); C12, D. Clark
(written commun., August 15, 2012, which updates the appendix of C11); CO11, Clark and others (2011a); C97, Crone and
others (1997); CL90, Crone and Luza (1990); CW00, Crone and Wheeler (2000); ER08, Estrada-Roldan (2008); FOS, Ferry
and others (2005); G09, Gardner and others (2009); M00, Meghraoui and others (2000); M12, McPherson and others (2012);
M97, Munson and others (1997); M0O99, McNulty and Obermeier (1999); 098, Obermeier (1998); Q06, Quigley and others
(2006); R09, Rockwell and others (2009); T99, Tuttle and others (1999).
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Table 4. Selected prehistoric earthquakes in stable continental regions: Analyses.

[Named feature is the landform that was studied. Scarps have been trenched to identify an underlying tectonic fault, which
may have slipped in more than one earthquake. Each liquefaction field consists of mapped sand dikes that are all attributed to
a single earthquake. L, scarp length; leaders (--), not a fault scarp; M, moment magnitude of the earthquake required to
produce the named feature; 6(M), standard deviation of M; Type, tectonic setting of the feature according to Johnston and
others (1994); Mmax zone, the North American source zone of Petersen and others (2008) that is a tectonic analog to the
setting of the named feature; Distance, kilometers between feature’s location (table 3) and nearest SCR (stable continental
region) boundary. “Text” refers the reader to a discussion in the text. Each Ref field cites sources of preceding one or two
entries in that row; km, kilometers]

Feature name L (km) Ref! M Reft  o(M) Reft Type? Mmaxzone® Distance (km)
North America
Cheraw scarp 45 CWO00 7.1* Text 0.13' Text SCR C 131
Elnora liquefaction field -- -- 6.0 M97 0.60° Text SCR C 1,094
Idalia Hill scarp 17 B04 6.4 L10 0.14 L10 SCR C 900
Tona liquefaction field -- -- 6.0 098 0.60° Text SCR C 1,053
Martinsville liquefaction field -- -- 6.2 005 0.50° Text SCR C 1,145
Meers scarp 37 CW00 69 LI10 0.14 L10 SCR EM 440
Shoal Creek liquefaction field -- -- 6.5 MO0O99 0.50° Text SCR C 1,073
Skelton liquefaction field -- -- 6.7 005 0.40° Text SCR EM 1,036
Southeast Reelfoot rift-margin scarp 80 C06 7.5 LI10 0.14 L10 SCR EM 753
Springfield liquefaction field -- -- 6.5 MO0O99 0.50° Text SCR C 1,230
Vallonia liquefaction field -- -- 6.3 005 0.50° Text SCR C 1,085
Vincennes liquefaction field -- -- 7.5 Text 0.30 Text SCR  Text 1,067
Europe
Basel-Reinach scarp 8 MOl 6.0 Text 0.13* Text TI EM 4.9
Bree scarp 115 C07  62* Text 0.13* Text SCR EM 484
Vilarica scarp 75 R09 7.4 L10 0.14 L10 SCR C 287
Australia
Burra scarp 57.2 Cl12 7.2 LI10 0.14 L10 SCR C 417
Cadell scarp 80 M12 7.5 L10 0.14 L10 SCR C 535
Dumbleyung scarp 357  Cl12 6.9 LI10 0.14 L10 SCR C 357
Lake Edgar scarp 26.6 C12 6.7"  Text 0.13* Text SCR EM 185
Lort River scarp 40 ERO8 7.0 LI10 0.14 L10 SCR C 253
Milendella scarp 54 Cl11 7.2 LI10 0.14 L10 SCR C 348
Mundi Mundi scarp 98 Text 7.6 L10 0.14 L10 SCR C 702
North Hyden scarp 32 Cl11 6.8 LI10 0.14 L10 SCR C 420
Roopena scarp 29.5 Cl11 6.8 LI10 0.14 L10 SCR C 428
Waratah scarp 37.2 Cl11 6.9 LI10 0.14 L10 SCR EM 357
Wilkatana-Depot Creek scarp 59 Cl1 7.3 LI10 0.14 L10 SCR C 524

1BO4, Baldwin and others (2004); C06, Cox and others (2006); C07, Camelbeeck and others (2007); C11, Clark and others
(2011b); C12, D. Clark (written commun., August 15, 2012, which updates the appendix of C11); CW00, Crone and Wheeler
(2000); EROS, Estrada-Roldan (2008); L10, Leonard (2010); M01, Meghraoui and others (2001); M12, McPherson and
others (2012); M97, Munson and others (1997); MO99, McNulty and Obermeier (1999); O05, Olson and others (2005); 098,
Obermeier (1998); R09, Rockwell and others (2009).

*SCR, within a stable continental region and more than 40 km from its nearest boundary; TI, within a stable continental
region but 40 km or less from the nearest boundary.

3C, craton of Petersen and others (2008); EM, extended margin of Petersen and others (2008). Also, see text.
*From table 2.

From table 5.
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Table 5. Estimated standard deviations of magnitudes of prehistoric liquefying earthquakes, lllinois and Indiana.

[Listed in increasing order of area of liquefaction field. Each liquefaction field consists of mapped sand dikes that are all
attributed to a single earthquake. Each Ref field cites source of preceding entry in that row. Sites are those at which the cited
reference reports liquefaction features, most of which are sand dikes. M, (M), moment magnitude and its standard
deviation, respectively. Km, kilometers]

Liquefaction field State Area (km?) Ref!  No.of sites2  Ref! M o(M)
Elnora Indiana 0’ 098 1 MM96 6.0 0.60
Tona Indiana 0’ 098 1 MM96 6.0 0.60
Vallonia Indiana 1,9934 098 16 MM96 6.3 0.50
Martinsville Indiana 2,3244 098 5 MM96 6.2 0.50
Shoal Creek Illinois 2,916* MO99 21 MO99 6.5 0.50
Springfield Illinois 3,383* MO99 14 MO99 6.5 0.50
Skelton Half in Illinois, half in Indiana 13,760" 098 8 (16) MM96 6.7 0.40
Vincennes Two-thirds in Illinois, one-third in Indiana  51,378* 098 49 (147) MM96 7.5 0.30°

'MM96, Munson and Munson (1996); 098, Obermeier (1998); MO99, McNulty and Obermeier (1999).

*Munson and Munson (1996) tallied numbers of sites having recognized sand dikes throughout Indiana, including eight
attributed to the Skelton earthquake and 49 assigned to the Vincennes earthquake. I do not know of any similar tally for
Illinois. To estimate numbers of sites liquefied in both States by the earthquakes, I considered the fraction of each
liquefaction field that is in Indiana. Then I doubled the Indiana tally for the Skelton earthquake and tripled the tally for the
Vincennes earthquake to obtain the figures in parentheses.

*Earthquake is known only from sand dikes in a single exposure. M6.0 was chosen as slightly larger than the estimated
threshold for liquefaction of the sediments in the exposure.

*Areas estimated from maps of liquefaction fields in Obermeier (1998) and McNulty and Obermeier (1999).

’See text.
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Table 6. Excluded features.

[Ref field cites source or sources that describe feature. L, scarp length; D, single-earthquake displacement, M, moment
magnitude; SCR, stable continental region]

Feature Locale Ref! Reason for exclusion
North America

Liquefaction features Charlevoix, Quebec TAI10 Unknown upper bound on M.

do Toronto, Ontario TD10 do

do Marianna, Arkansas TM10, TO06 do

do St. Louis, Missouri T12 do

do Arkansas and Louisiana CGO08, CO04, T12 do

do Newbury, Massachusetts ~ TS91 do

do Central Virginia OM98 do
Hovey Lake fault Kentucky CO08, CO09, W05 L, D highly uncertain.

Europe

Geleen fault Belgium C07, VA08, VB09 L highly uncertain.
Geleen fault The Netherlands C07, HO3, HO5, VA0S Tectonic origin disputed.
Peelrand fault The Netherlands VB02 L, D highly uncertain.
Rurrand fault Germany C07, L01, VVO1 Faulting history unclear.
Markgrafneusiedl fault  Austria D05, DH10, DH11, H11, HIO5 In orogen too young to be SCR.
El Camp fault Spain B92, M0Ola, MO1b In crust extended too recently to be

SCR.

Mino River terraces Portugal and Spain Vi2 Tectonic origin not shown.
Tagus River Valley Portugal BO12, CB04, CV06 No active fault trenched.
Asia
Eupcheon fault South Korea K11 In crust extended too recently to be

SCR.

1B92, Bartrina and others (1992); BO12, Besana-Ostman and others (2012); C07, Camelbeeck and others (2007); CB04,
Cabral and others (2004); CG08, Cox and Gordon (2008); CO04, Cox and others (2004); CO08, Counts and others (2008);
CO09, Counts and others (2009); CV06, Carvalho and others (2006); D05, Decker and others (2005); DH10, Decker and
Hintersberger (2010); DH11, Decker and Hintersberger (2011); HO3, Houtgast and others (2003); HOS5, Houtgast and others
(2005); H11, Hintersberger and others (2011); HIOS5, Hinsch and others (2005); K11, Kim and others (2011); LO1, Lehmann
and others (2001); M01la, Masana and others (2001a); MO1b, Masana and others (2001b); OM98, Obermeier and McNulty
(1998); T12, Tuttle and Hartleb (2012); TA10, Tuttle and Atkinson (2010); TD10, Tuttle and others (2010b); TM10, Tuttle
and others (2010a); TO06, Tuttle and others (2006); TS91, Tuttle and Seeber (1991); V12, Viveen and others (2012); VAOS,
Vanneste and others (2008); VB02, van den Berg and others (2002); VB09, Vanderberghe and others (2009); VVO01,

Vanneste and Verbeeck (2001); W05, Woolery (2005).
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