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LIQUEFACTION EVIDENCE FOR ONE OR MORE STRONG HOLOCENE
EARTHQUAKES IN THE WABASH VALLEY OF SOUTHERN INDIANA
AND ILLINOIS, WITH A PRELIMINARY ESTIMATE OF MAGNITUDE

By S.F. OBERMEIER,' J.R. MARTIN,? A.D. FrankiL,! T.L. Youp,? P.J. Munson,* C.A. MunsoN,* and
E.C. Ponp?

ABSTRACT

We have discovered hundreds of planar, nearly vertical sand- and
gravel-filled dikes that we interpret to have been caused by
earthquake-induced liquefaction in the Wabash Valley of southern
Indiana and Illinois. These dikes range in width from a few centimeters
to as much as 2.5 meters. The largest dikes are centered about the
general area of Vincennes, Ind.; they decrease in size and abundance to
the north and south of this area. Preliminary studies indicate that it is
highly possible that many, if not all, of the dikes were formed by a
single large earthquake that took place in the Vincennes area sometime
between 1,500 and 7,500 years ago. The severity of ground shaking
required to have formed the observed dikes far exceeds the strongest
level of shaking of any earthquake in the Central United States since
the 1811-12 New Madrid earthquakes. Our engineering-seismologic
analysis, based on comparison of liquefaction effects with those of
historic earthquakes in the Central and Eastern United States, indi-
cates that the moment magnitude of the prehistoric earthquake was on
the order of 7.5.

INTRODUCTION

Many small and slightly damaging earthquakes have
occurred throughout the region of the lower Wabash
River valley of Indiana and Illinois during the 200 years
of historic record. Seismologists have long suspected that
the Wabash Valley seismic zone (a weakly defined area
of seismicity delineated by Nuttli (1979), inset in fig. 1)
could be capable of producing earthquakes much
stronger than the largest of record (m, 5.8, M, 5.5;
Hamilton and Johnston, 1990). No Pleistocene faults
have been discovered in the region. However, because
strong earthquakes in the central and eastern parts of
the United States usually do not produce surface fault-
ing, other paleoseismic effects must be used to detect
prehistoric earthquakes. For this purpose, a search for

Manuscript approved for publication, October 5, 1992.
1U.8. Geological Survey.

2Virginia Polytechnic Institute and State University.
3Brigham Young University.

*Indiana University.

earthquake-induced paleoliquefaction features was initi-
ated in 1990 and continued in 1991 (Obermeier and
others, 1991; Munson and others, 1992). The search has
been mainly in the lower Wabash River valley and its
tributaries and, to a lesser extent, in the lower Ohio
River valley.

The Wabash Valley seismic zone contains the Wabash
Valley fault zone, which is made up of numerous north-
easterly trending normal faults. Many studies have
shown the age of these Wabash Valley faults to be
post-Pennsylvanian and pre-Pleistocene (Bristol and
Treworgy, 1979). A much older generation of normal
faulting, which possibly is related to the initial opening of
the New Madrid rift complex, may extend into basement
rocks beneath the Wabash Valley fault zone and beyond
the fault zone throughout much of southwestern Indiana
(Sexton, 1988). Some researchers suggest that the deep-
est earthquakes are related to the reactivation of the rift
complex (Taylor, 1991). Historical earthquake epicenters
are rather scattered and do not show good correspon-
dence with known geologic structures. Overall, the seis-
motectonic setting is poorly known.

The Wabash River valley (fig. 2), which lies along the
central axis of the Wabash Valley seismic zone, provides
a very good environment for formation and preservation
of liquefaction features. Alluvium in the valley as thick as
10 to 30 m lies on bedrock at many places. The valley
contains extensive expanses of low, late Pleistocene
terraces (glaciofluvial braid-bar deposits, mainly gravel
and gravelly sand) into which are inset slightly lower
Holocene flood plains (point-bar sediments, mainly sandy
gravel, gravelly sand, and sand). The larger rivers have
meandered back and forth over a relatively wide belt
throughout the Holocene and have left behind deposits of
various ages. The sand and gravel deposits of both braid
bars and point bars are normally overlain abruptly by 2
to 5 m of fine-grained (sandy silt to clayey silt) alluvium,
which is made up mainly of overbank deposits. Bordering
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RESULTS 3

the valley at the level of glaciofluvial deposits and
slightly higher are extensive plains of fine-grained depos-
its (mainly silt and clay, but sand locally) that were laid
down in slack-water areas during glaciofluvial alluvia-
tion. The water table appears to have been relatively
shallow (<3 m deep) over large parts of the valley during
much of the time following glaciofluvial alluviation, on
the basis of the depth of weathering profiles (leaching of
carbonates and B-horizon development) in the sandy and
silty alluvium. This combination of meandering rivers, a
relatively shallow water table, and the presence of
widespread, thick, clean (no clay) sand deposits at shal-
low depths with an overlying fine-grained cap has pro-
vided an excellent opportunity for liquefaction features
to form in response to strong earthquake shaking
throughout much of the Holocene.

Discussed below are results of our search for liquefac-
tion features, our reasons for interpreting these features
as earthquake induced, and our interpretations of the
epicentral region and strength of the earthquakes that
produced the features. Information in this report is
based on data available in February 1992.

RESULTS

More than 200 dikes formed by liquefaction and several
sills have been found in Holocene point-bar, late Pleisto-
cene glacial outwash, and late Pleistocene slack-water
deposits. Figure 1 shows the locations we searched, sites
where dikes were discovered, and the size of the largest
dike observed at each of the sites. Nearly all sites shown
on figure 1 have more than 1 dike, and many sites have
more than 10. Almost all the outerops searched were in
actively eroding banks of rivers, but a few sand and

<4 FIGURE 1.—Areas that were searched for liquefaction features,
sites where liquefaction features (dikes and sills) were discovered,
and maximum dike widths. Sites having dikes are labeled with
capital letters; size of bullet indicates largest dike width. A
continuous search of Wabash River banks was made from the
confluence with the Ohio River northward to the limit shown on
the map; a continuous search of White River banks was made from
the confluence with the Wabash River eastward to the limit shown
on the map. The banks along the Wabash and White Rivers in most
places overlie moderately liquefiable sediments. Outerop quality
was highly variable but was generally good along the Wabash
River, except for the 25-km-long portion noted on the map.
Outcrop quality was generally very poor along the White River
because of extensive bank slumping. Sites of localized searching
are denoted by symbols in the explanation. Quterop quality at sites
of localized searching along the Ohio River was excellent, and even
small dikes would have been detected. Sites in the southern part of
the study areas, where dikes might have been induced by the
1811-12 New Madrid earthquakes, are designated with question
marks. Dike width shown on the figure is the width measured at
least 1 m above the base of the dike; where the base of the dike was
not exposed, the listed width was the maximum observed.

gravel pits and banks of recently excavated ditches were
searched also.

DESCRIPTION OF FEATURES

Virtually all features that we interpret as having a
seismically induced liquefaction origin are planar sand- or
sand-and-gravel-filled dikes that are vertical to steeply
dipping and connect to a sediment source at depth (fig.
3). The dikes cut through the low-permeability cap that
overlies thick source strata of silty to gravelly sand (and
possibly sandy gravel). Many dikes extend upward as
much as 4 m above the source zone. Sediment has vented
from the dikes at many places to form “sand blows,” but
many smaller dikes pinch out before reaching the sur-
face, and erosionally truncated dikes are also fairly
common. Large quantities of gravel (maximum diame-
ters as great as 4 em) were vented from many dikes. Dike
widths (measured at least 1 m above the source bed)
exceed 30 cm at 11 sites and exceed 60 cm at 4 sites. The
maximum observed width was 2.5 m. Sidewalls of many
dikes are parallel, especially at larger dikes. The grain
size of an individual dike filling can be any one of the
following: silty fine sand, sand, sand with a small amount
of gravel, gravel with a trace of sand, or gravelly sand
containing as much as 10 percent silt and clay. Many
dikes contain clasts of sidewall material that were trans-
ported upward. The sediment within the dikes is almost
everywhere structureless, except that some of the elon-
gate gravels and clasts derived from sidewall material
tend to be oriented vertically. Where gravel or coarse
sand is present, there is generally a fining upward
sequence of coarsest material. Within many dikes there
are sharply defined, vertically intertwined and intersect-
ing zones containing distinctly different grain sizes.
Sometimes the zones can be traced to different source
strata at depth.

Sediment vented from the dikes produced sand blows
that are as much as 40 m wide. Thicknesses of 0.15 to 0.2
m are not unusual near the vent. Most sand blows fine
upward significantly in the vicinity of the dike and
become finer laterally, especially if gravel was vented.
Still, gravels as large as 2 em in diameter can be traced
as far as 5 m from a vent. At sites where many sand
blows are present, the sand-rich blows are generally
much larger than those more gravel rich, in terms of
volume of sediment vented onto the ground surface.

Only eight sites having sills were observed in our
study. Sills generally branch steeply upward and irreg-
ularly from the main dike and crosscut stratigraphic
horizons. At a few sites though, the sills are subhorizon-
tally extensive. Boundaries of the sills are sharply
defined and usually show little or no evidence of weath-
ering after their formation. Sand blows, in contrast, are
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RESULTS 5

underlain at the base by a paleosol, and the vented
sediments have at least some evidence of pedogenic
alteration (see fig. 5).

At widely scattered sites we have observed the source
strata that provided sediment that flowed into the dikes.
(A prolonged drought caused the water table to be
extremely low during our period of fieldwork, so we were
able to view these strata, which would otherwise have
been submerged.) The most finely grained source stra-
tum is a silty fine- to medium-grained sand that has a
trace of clay. Most source strata are much coarser and
contain at least some pebbles. Gravel is a common
constituent. Site RF has exceptionally coarse source
deposits that contain as much as 60 percent gravel (fig.
4).

The vented sediments at sites bordering the Wabash
River generally are buried beneath a 1- to 3-m thickness
of overbank deposits. On slightly elevated terraces,
where flooding is rare, the vented sediments have been
incorporated into the surface soil. Figure 5 shows soil
relations for sand blows vented onto ground surfaces at
sites ranging from frequently to rarely flooded. Also
shown are our tentative interpretations of stratigraphic
and age relations. The principal basis for determination
of the age of the surface onto which sand blows vented is
discussed in the following section.

AGES OF FEATURES

Munson and others (1992) examined 24 liquefaction
sites along the lower and central Wabash River and the
White River and concluded, on the basis of the strati-
graphic and pedological characteristics of the sites and
archaeological and radiometric dating, that most, if not
all, of the liquefaction features in those areas resulted
from a strong earthquake that occurred sometime
between 1.5 and 7.5 ka. An additional 11 sites, discov-
ered along Skillet Fork and lower Embarras River in
southeastern Illinois (fig. 1), are similar in characteris-
ties; their locations and maximum dike sizes suggest that
they resulted from the same event. Additionally, at one
of the Illinois sites (WC) the dikes were erosionally
truncated by a later stream channel, and a small log in
the fill of this channel and directly above the dikes has
been radiocarbon dated as 2.25+0.07 ka (ISG-2191).

4 FIGURE 2. —Generalized locations, within the study area, of major
fluvial and slack-water deposits near the Wabash and Ohio Rivers.
Dotted areas show locations of late Wisconsinan outwash sand and
gravel and Holocene alluvial silt, sand, and gravel, with subordi-
nate amounts of clay. Shaded areas show locations of late Wiscon-
sinan slack-water deposits, which are mainly clay and silt, and,
locally, sand. Map units taken from Gray and others (1991).
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FIGURE 3. —Diagrammatic vertical section showing the general char-
acteristics of buried sand- and gravelfilled dikes with their vented
sediments along the Wabash River. Source beds are Holocene
point-bar deposits or late Wisconsinan braid-bar deposits overlain by
much finer overbank sediment. The sediments in source beds
beneath dikes show evidence of flowage into dikes. At many places,
the gravel content and size decrease upward in dikes. The extreme
upper portion of a dike often is widened and shows evidence of
ground shattering. The column on the right side of the figure
contains pedological descriptions.

Pedological data argue for some antiquity for the
liquefaction features throughout the area, for there is
typically a moderately to strongly developed B horizon
either in sediments in the dikes, in sand-blow deposits,
or in sediments overlying sand blows (figs. 3 and 5). By
comparison, there is no discernible B-horizon develop-
ment in sediments vented during the earthquakes of
1811-12, in the New Madrid area. Only three sites in the
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Wabash Valley seismic area (SR I, SR II, SH), all with
dikes that pinch out beneath the zone of weathering, and
all located southwest of the confluence of the Wabash
with the Ohio River and nearest the 1811-12 New
Madrid earthquakes’ epicentral region, are possibly of
1811-12 origin.

The strongest argument that favors all of the Wabash
Valley features having been generated by a single earth-
quake is the stratigraphic positions of the sand blows at
the sites. At none of the sites have we observed venting
upon more than a single paleosurface. Many of the sites
are in Holocene flood-plain settings where multiple epi-
sodes of sedimentation and soil development have pro-
duced one to three discernible paleosurfaces (as well as
the modern surface). Engineering and geologic studies
have shown that liquefaction often recurs at or near the
same places for earthquakes that are both closely and
widely separated in time (Kuribayashi and Tatsuoka,
1975; Youd and Hoose, 1978; Youd, 1984; Saucier, 1989;
Obermeier and others, 1990; Tuttle and others, in press).
If earthquakes separated in time caused the Wabash
Valley dikes, it would be anticipated that dikes would
have vented at various stratigraphic levels at the sites, in
a manner similar to that illustrated in figure 6. Although
we have observed at several sites ambiguous indications
that liquefaction possibly occurred multiple times (such

magnitude 7.3 Borah Peak, Idaho, earthquake (Andrus and others,
1991). The stratum at Whiskey Springs appears to have the coarsest
deposits, worldwide, that are documented to have liquefied, flowed,
and formed sand blows.

as dikes containing sharply defined zones having differ-
ent grain sizes), such occurrences might be explained by
strong aftershocks.

A single large earthquake is also suggested by the
concentration of exceptionally large liquefaction dikes
(>60 cm wide) along the Wabash River from Site RF
southward as far as Site CF, a distance of about 35 km,
The span of exceptionally large dikes may well extend
farther southward, but there is an absence of outcrops
from Site CF almost to Site PB, a distance of more than
25 km, If the single large earthquake hypothesis is
correct, very large features also should have formed in
the lowermost portion of the White River valley. Large
features have been found in this lowermost portion at
only one site. However, outerops are so limited in both
number and length along this river that a statistically
meaningful characterization of sizes and abundance of
liquefaction features is not yet possible.

An alternative mechanism that might explain the
apparent synchronism and the distribution of the lique-
faction features in the Wabash Valley would be that
scattered strong earthquakes occurred throughout the
region at approximately the same time, comparable to
the situation in which four exceptionally (M,,> about 8)
strong earthquakes occurred over a 3-month period in
the New Madrid area in 1811-12. That mechanism is
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FIGURE 5.—Vertical section showing schematic relations for largest  sand content. The highest concentration of sand and pebbles is on the
(widest) dikes and associated vented sandy materials at three sites, paleosol surface. Presence of the pedo-mix zone represents passage of
ranging from frequently flooded (Site VW) to infrequently flooded time before burial by overbank deposits. The paleosol surface onto
(Site PB) to rarely flooded (Site GR). Also shown are locations and  which sediments vented has an estimated age of 4 to 7 ka that is based
tentatively estimated ages of paleosurfaces and soil deseriptions. primarily on radiometric and archaeological data. At Site VW, the
Width of vented sediments is as much as 40 m and is much larger contact having the age of 1 to 3 ka is estimated on the basis of
than depicted. (Sketch and soil interpretations provided by Leon R.  archeological and pedological data. At Site PB, the inceptisol below the
Follmer and Wen-June Su, Illinois State Geological Survey.) Pedo-  sand blow is estimated to be 7.5 ka on the basis of radiometric data. At
mix zones have sand-rich cores of vented sediments containing minor  Site GR, the age of the present surface is estimated to be 10.5 to 12 ka
silt and clay; this zone is surrounded by a zone of increasingly lower  on the basis of geological and archaeological data.

Designations for the B horizon are described below:

B B horizon, the zone of alteration below topsoil or main root zone in soil profiles that shows color and
morphological changes in comparison to original material (parent material). B-horizon soil normally
appears as a relatively uniform zone of blocky aggregates in loose or compact form.

Bg The gleyed variation of B horizon that is dominated by gray colors and indicates seasonal or
permanent wetness.

Bt B horizon variation that has evidence of clay accumulation (clay skins).
Bx B horizon variation that is brittle and very hard when dry and softens upon wetting.

B(ox) B horizon variation that shows evidence of oxidation; other features such as Bt or Bx are usually
weak or absent or are not designated.



8 HOLOCENE EARTHQUAKES IN THE WABASH VALLEY OF SOUTHERN INDIANA AND ILLINOIS

[ ol

Vented sand

Overbank silt

T
T

T

Paleosol

o

->.]0 to several| -
meters _ |

Overbank or channel deposits,
silt or clay

.o 0. Sourcesand. ..

FIGURE 6.—Vertical section showing anticipated relation of dikes and vented sediments from recurrent earthquake-induced liquefaction at an
alluviating site. (No comparable relations were observed in the Wabash Valley.)

being considered as our research continues, but it is to be
noted that the 1811-12 earthquake pattern is very
unusual among historically known earthquakes.

ORIGIN OF FEATURES

Criteria that we use to interpret an earthquake origin
to the dikes and sand blows in the Wabash Valley are
discussed in Obermeier and others (1990) and must sat-
isfy the following points.

1. The features should have sedimentary characteris-
tics that are consistent with earthquake-induced
liquefaction origin; that is, there must be evidence of
an upward-directed, strong hydraulic force that was
suddenly applied and was of short duration.

2. The features should have sedimentary characteris-
tics that are consistent with historically documented
observations of the earthquake-induced liquefaction
processes.

3. The features should occur in ground-water settings
where suddenly applied, strong hydraulic forces of
short duration could not be reasonably expected
except from earthquake-induced liquefaction. In par-
ticular, such settings should be extremely unlikely
sites for artesian springs.

4. Similar features should occur at multiple locations
that preferably are at least within a few kilometers
of one another and have similar geologic and ground-
water settings. Where evidence of age of the event is
present, it should support the interpretation that the
features formed in one or more discrete, short epi-
sodes that individually affected a large area and that

the episodes were separated by long time periods
during which no such features formed.

On the basis of these four criteria, the physical char-
acteristics of the dikes in the Wabash Valley are consis-
tent with what would be expected from a seismically
induced liquefaction origin. These characteristics and the
physical setting in which the dikes developed are
described in the following section. Because mechanisms
other than earthquakes can produce similar features, we
also discuss alternative mechanisms in their formation
and compare characteristics that would be expected from
earthquake sources and alternative sources.

EVIDENCE FOR SEISMIC ORIGIN

Because a detectable vertical offset of sedimentary
beds that make up the fine-grained caps cut by the dikes
is rare, any ground movement associated with genera-
tion of the dikes must have been almost entirely horizon-
tal. The presence of large dikes, many having parallel
walls throughout the height of the dike, further indicates
that the fine-grained caps moved laterally. On the basis
of our many widespread field observations of flowage
features in the source zones, we conclude that the lateral
movement normally took place on thick strata of clean to
slightly silty sand, gravelly sand, or sandy gravel. All
these relations are typical of the mode of ground failure
(lateral spreading) caused by earthquake-induced lique-
faction. These features in the Wabash Valley are strik-
ingly similar to dikes and lateral spreads generated by
liquefaction during the 1811-12 New Madrid earth-
quakes (Obermeier and others, 1990; Leffler, 1991). The
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only notable difference between dikes and sills in the
Wabash Valley and liquefaction effects of the 1811-12
earthquakes is that sills are commonplace in the epicen-
tral region of the 1811-12 earthquakes but are excep-
tional in the Wabash Valley.

An earthquake-induced liquefaction origin for the
dikes of the Wabash Valley is interpreted because of the
following aspects, when considered in combination.

1. The dikes widen downward or have walls that are
parallel.

2. Dikes are linear in plan view and exhibit strong
parallel alignment in local areas.

3. The dikes vented large quantities of sandy sediment
to the surface as sand blows.

4. Material in the dikes fines upward and was trans-
ported upward.

5. Bedding in some source beds is homogenized, and
contacts with overlying fine-grained sediment are
highly convoluted in some places.

6. Flow structures that project upward from the source
zones of sand or sand and gravel into the bottom of
the dikes can be observed in some places.

7. Some dikes occur in flat and elevated landforms that
are located many hundreds to thousands of meters
from any steep slopes that might have existed at the
time of formation of the dikes. These sites are
unlikely to have experienced high artesian pressures
or nonseismic landsliding.

8. Other nonseismic mechanisms that could have pro-
duced similar features are not plausible, as we
discuss in the following sections.

9. The size and abundance of the dikes along the
Wabash River, which is the area where data are
most complete, generally decrease with increasing
distance from a central region of large dikes (fig. 1).

All these aspects of the dikes, including a core area of
exceptionally large dikes, can be observed in the 1811-12
New Madrid earthquakes’ epicentral region, which has a
physical setting similar to that of the Wabash Valley.

SCEISMIC VERSUS ALTERNATIVE ORIGINS

The following sections discuss in detail some charac-
teristics of liquefaction-induced features that would be
expected from a seismic origin and why artesian condi-
tions, nonseismic landsliding, sudden lowering of the
river level, and other nonseismic mechanisms have been
considered and eliminated as sources of the dikes.

ARTESIAN CONDITIONS

Because elimination of significant nonseismic artesian
pressures as a cause of liquefaction is important to our

arguments, we have developed a simplistic soil mechan-
ics analysis that constrains the artesian pressures
required to cause nonseismic lateral spreading in the
Wabash Valley. At many sites, dikes formed in areas
where the vertical change in height of the ground surface
was no more than 1 to 2 m over horizontal distances
greatly exceeding 200 m (0.5 to 2 percent). For such
gentle slopes to have failed by a nonseismic mechanism,
artesian pressures are required to have been so high as
to permit essentially no soil strength in the failure zone of
granular material beneath the fine-grained cap; such a
condition would reduce effective stress in the failure zone
to zero. Zero effective stress requires that the artesian
head must approach twice the thickness of the fine-
grained cap above the failure zone. (This statement is
based on the assumption that the wet unit weight of
capping sediment is nearly double the unit weight of
water.) The cap thickness is normally in the range of 2 to
4 m and varies from 1.5 m to probably more than 5 m.
Therefore, the artesian head must necessarily have
approached 1.5 to 5 m in height above the ground
surface, depending on cap thickness at the site.

Two independent forms of evidence are presented to
determine the possible role of nonseismic artesian condi-
tions in formation of dikes and sand blows. Both mor-
phology of the features and characteristics of the physical
settings are discussed.

MORPHOLOGY OF THE DIKES AND SAND BLows

Locally, some of the dikes widen into a shattered zone
in their upper 0.1 to 0.2 m, just beneath the point at
which sediment vented to the surface. This shattered
zone is in the A and B horizons of the weathered soil that
was at the ground surface at the time of venting. The
coarsest materials (gravels) that were vented onto the
paleosurface are often concentrated into or very near the
basal portion of the sand blows (fig. 3). Near-surface
shattering and upward fining of vented sediments are
consistent with observations related to venting of sedi-
ments to the surface throughout the epicentral region of
the 1811-12 New Madrid earthquakes. These character-
istics are also consistent with forceful ejection of water
and vented sediments during the early stage of venting,
whereas forceful ejection during the early phase of
venting would not necessarily be expected from artesian
springs. Numerous dikes at widespread locations are
filled with gravel that is surrounded by little or no finer
sized material throughout the height of the dike. The
gravels commonly range from 1 to 2 cm in diameter. This
coarseness also attests to very forceful flow through the
dikes.

The observation that the dikes in the Wabash Valley
are approximately linear and subparallel in plan view
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also corresponds with the form of earthquake-induced
liquefaction features produced by large historic earth-
quakes elsewhere. Figure 7 is an aerial photograph
showing long fissures and individual sand blows that
formed as a result of liquefaction during the 1811-12 New
Madrid earthquakes. The long fissures on the aerial
photograph are underlain by vertical sand-filled dikes
that are very similar to those in the Wabash Valley.
Even the individual sand blows, where formed on a
clay-rich cap, are generally underlain by vertical, planar,
sand-filled dikes of small width and substantial length in
the horizontal plane (Obermeier, 1989, p. B50-B51), just
as those of the Wabash Valley.

Figure 7 also shows how the fissure patterns are
controlled by the local geologic setting. Seismically
induced fissures have a strong tendency to form along
the tops of and to be parallel to the scrolls of point-bar
deposits, even at large distances (>1 km) from the
stream channel (Fuller, 1912; Obermeier, 1989). Also,
liquefaction-induced fractures tend to parallel the stream
channel on both sides of the stream. Figure 8 shows the
close relationship between the dikes and the morphology
of point-bar deposits along the Wabash River. We found
at least 10 places along the Wabash River where the
dikes are parallel to the scrolls of the point bars and at
the time of their formation were far back (>200-300 m)
from banks of the river channel. Both strike and location
of the dikes are consistent with lateral spreading that
results from earthquake-induced liquefaction.

The morphology of the dikes in the Wabash Valley also
presents evidence against nonseismic artesian pressures
as the causal mechanism. Significant nonseismic artesian
pressures should cause venting at isolated spots rather
than venting as long, linear, parallel features; that this
manifestation of venting at isolated spots should be
expected is demonstrated by the formation of sand boils
(a sand boil is a nonseismically induced feature) near the
levees of the lower Mississippi River, from Cairo, Ill.,
southward. Kolb (1976) has described the effects of
flooding and the resulting artesian pressures beneath
levees in the area. During high flooding, when artesian
pressures are significant, features form that are
described as “pin boils” and “pot holes.” Kolb describes
pot holes as large as 2 m in diameter and 1 m deep.
Personnel at the U.S. Army Corps of Engineers, Mem-
phis, Tenn. (written commun., 1989), have excavated
into one of these artesian-induced pot holes and found
that horizontal bedding extended well down into the
throat, much below the original ground surface. This
bedding apparently formed as sand and organic sediment
fell into the open crater. If significant localized artesian
pressures had been commonplace in the Wabash Valley,
we would expect to see many of the same sorts of filled
craters. We have found no filled craters; therefore, an

absence of high artesian conditions through the Holocene
is strongly indicated.

The sand boils along the Mississippi River originated
from water flowing through erayfish holes and root holes,
according to Kolb (1976). Great numbers of vertical,
tubular crayfish burrows are also present in the Wabash
Valley, which should have allowed formation of spring-
induced sand boils if artesian pressures had been
present. We have observed several tubular dikes filled
with clean sand in the Wabash Valley, but only in very
low swamps. We have found no tubular dikes that
approach being filled with clean or silty sand or gravelly
sand in the general vicinity of the planar dikes in the
Wabash Valley. Therefore, we conelude that only insig-
nificant artesian pressures through time could have
contributed to formation of the dikes and that the
maximum artesian pressures present in the vicinity of
the dikes could not have approached a pressure head
equal to the vertical effective stress applied by the
low-permeability cap.

ROLE OF TOPOGRAPHY AND GEOLOGY ON GROUND-WATER CONDITIONS

We have also considered the possibility that significant
artesian pressures originated from entrapment of water
beneath the fine-grained cap as the ground water flowed
from elevated areas. We feel that this possibility can be
eliminated at many sites. The situations at Site PB (in
point-bar deposits) and Site GR (in braid-bar deposits)
are illustrative. These sites have nearby entrenched
stream valleys or abandoned channels nearby that should
have bled off any significant artesian pressures. The caps
are also so thin and silty at these sites that seepage
through the caps, as the water moved downslope, prob-
ably would not have permitted significant buildup of
artesian pressure. A more detailed description of each of
these two sites follows.

Figure 9 shows an aerial photograph, topographic
map, and vertical section along a portion of the Wabash
River banks where the Site PB dikes are present. These
dikes have been bracketed as having formed between 1.5
and 7.5 ka (this is the site shown as fig. 2 in Obermeier
and others, 1991). We do not know if the dikes formed
when the Wabash River occupied the meander loop north

FIGURE 7.— Vertical aerial photograph of a portion of the Manila, »
Ark., 7.5-minute orthophotographic quadrangle. The photograph
shows long fissures through which sand vented (light-colored linear
features) and also shows individual sand blows (light-colored spots)
formed by liquefaction during the 1811-12 New Madrid earthquakes.
These features formed in latest Pleistocene braid-bar deposits and
younger Holocene point-bar sediments. Note how fissures formed
parallel to the scrolls of point-bar deposits.
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Liquefaction is produced mainly by upward propaga-
tion of shear waves from bedrock to the ground surface,
and so any estimate of earthquake magnitude must
account for (1) bedrock motions and their amplification in
unconsolidated or soft sediments above bedrock and (2)
liquefaction susceptibility. After these have been
accounted for, the span and sizes of liquefaction features
can be calibrated to magnitude by two methods: (1) the
Liquefaction Severity Index method (LSI of Youd and
Perkins, 1987; Youd and others, 1989) and (2) scaling to
the outer limit of sand blows (Youd, 1991). The LSI
method is a measure of horizontal displacement caused
by lateral spreading as a function of distance from the
epicenter and is based on lateral spread movement being
largest where earthquake shaking is strongest, other
factors being equal. The technique of scaling to the outer
limits of sand blows is simply a comparison of the spans
of sand-blow development.

Sufficient data are available in the Wabash Valley to
place lower bounds on the areal distribution of sand
blows and lateral spread displacements. The north-south
distance over which we have discovered sand blows
(from Sites OC to MA) from what we suspect to be a
single earthquake is at least 175 km (the sand blows at
Site OC are not small, so the span is larger), and the
east-west span (from Sites NT I to AL) is at least 105
km. Near the central part of the span of sand blows is the
region of largest dikes, where dikes are as wide as 0.7 to
2.5 m. Vertically planar dikes having widths exceeding
15 em throughout the height of the dike occur from Sites
OC to BR, some 160 km apart. Actual maximum hori-
zontal displacement at a Wabash Valley site probably
exceeds a single dike width because (1) it is very likely
that we did not always observe the single largest dike in
the vicinity of a given site (dike width is largely affected
by proximity to stream banks, and some of our liquefac-
tion sites were probably far from streams) and (2) almost
all sites having a large dike have numerous parallel
smaller dikes nearby, so the total horizontal movement
might be more closely approximated by the sum of dike
widths. Alternatively, it can be argued that the dikes
were widened in large part by sand and gravel abrading
the clay-rich sidewalls, but that process does not explain
the observation that the widths of large dikes are nearly
constant in plan view and that sidewalls are often verti-
cally parallel.

Liquefaction susceptibility of sand is closely related to
the Standard Penetration Test (SPT) blow-count number
(a common geotechnical engineering test), which is
largely a measure of grain packing. A greater than 1 m
thickness of loose sand deposit at a shallow depth (2 to 10
m), located where the water table is within a few meters
of the ground surface, is generally highly susceptible to
liquefaction and to formation of dikes and sand blows. In

the Wabash Valley, our limited data show that loose
sands having blow counts as low as 6 and 7 are suffi-
ciently abundant to have a major influence on the
regional pattern of sand-blow development. Blow counts
of 4 or less appear to be rare. At several widely scattered
paleoliquefaction sites in the Wabash Valley, the water
table appears to have been within 2 m of the ground
surface at the time of the earthquake, because the water
table was probably at least as high as the bottoms of the
dikes when they formed. Therefore, we suspect that the
liquefaction susceptibility was relatively high at many
places when the dikes formed but not as high as sands in
other sedimentary environments. (Sands having consid-
erably lower blow counts, and therefore higher suscep-
tibility, are common in beach-dune complexes such as
those of coastal South Carolina.)

At Wabash Valley liquefaction sites, the uppermost
bedrock is nearly flat-lying, thick, Pennsylvanian indu-
rated shale and sandstone. Thickness of flat-lying sedi-
mentary rocks above Precambrian igneous rocks is about
3,000 to 4,000 m (Bushbach and Kolata, 1990). Sand and
gravel usually less than 30 m thick lies on bedrock. We
have used a stochastic simulation (using the method of
Boore, 1983) of bedrock accelerations and have estimated
the amplification of these accelerations in the upper part
of the sand and gravel column by using the linear
propagation model in the program RATTLE, which con-
siders vertical propagation of surface waves. (Our calcu-
lations are based on an M, 6.5 event. Results for
frequencies greater than 0.5 Hz are unaffected by mag-
nitude; therefore, the actual magnitude is of very minor
importance for our purpose.) A stress-drop value of 100
bars has been used in accordance with the recommenda-
tion by Boore and Joyner (1991). Amplification in the soil
column is estimated for three quality factor (@) values
(10, 15, and 20), which are thought to encompass the
range of reasonable values. Table 1 shows the input
parameters. Table 1 also lists the ranges and average
values of peak and root-mean-square (rms) amplification
of bedrock accelerations for the six random number seeds
(stochastic simulations). An amplification between 2 and
3 is shown to be most likely.

We have also used the nonlinear program SHAKE (see
table 3) to estimate how much the stochastic peak
acceleration in bedrock is amplified in the soil column.
(Representative shear-wave velocity data were provided
by D.L. Eggert of the Indiana Geological Survey and
W.R. Eckhoff of Ball State University.) For the SHAKE
analysis, the frequency range was restricted to a maxi-
mum value of 25 Hz, because higher frequencies in soil
generally transmit a relatively small amount of energy.
We initially estimated a damping factor of 10 percent for
the soil eolumn, but the procedure in SHAKE for ensur-
ing strain compatibility reduced the damping values to
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TABLE 1.—RATTLE results for amplification of horizontal accelera-
tion in soil with respect to bedrock in the Wabash Valley

[My, = 6.5, hypocentral distance = 15 km, frequency band = 0.05-50 Hz, A o =
100 bars; bedrock t* (traveltime divided by @ for near-surface bedrock) = 0.01]

TABLE 2.—RATTLE resulls for amplification of horizontal accelera-
tion in soil with respect to bedrock near Charleston, Mo.

[My, = 6.5, hypocentral distance = 15 km, frequency band = 0.05-50 Hz, A o
=100 bars, bedrock t* (traveltime @ for near-surface bedrock) = 0.01]

Material properties

Material properties

Stratum Density  Shear-wave Quality

and depth (m) (g/em®)  velocity (m/s) factor (Q)
Sand, 0-10....... 2.0 150 10, 15, 20
Sand,10-30 ...... 2.0 300 10, 15, 20
Bedrock, >30.... 2.5 3,000 2,000

Amplification factors obtained by using 6 random number seeds
for each @ value

Peak rms
@ (sand) acceleration acceleration
amplification amplification
ratio ratio
10....0000eiane.. 1.9-2.9 (avg. = 2.1) 2.0-2.6 (avg. = 2.3)
15 . .00, 2.0-3.5 (avg. = 2.4) 2.4-2.9 (avg. = 2.6)
20 ... 2.2-3.9 (avg. = 2.7) 2.6-3.2 (avg. = 2.9)

generally less than 3 percent. The amplifications have
been calculated by selecting two peak threshold acceler-
ations at the surface, where small liquefaction features
should be formed (we are concerned only with formation
of small liquefaction features at the outer limits of the
span of liquefaction features), and then calculating the
associated bedrock accelerations. The input bedrock
motions, based on six random time series, were the same
set used in the RATTLE analysis (linear propagation).
Surficial peak accelerations of 0.08 g and 0.10 ¢ were
used. Table 3 shows that the ratio is essentially insensi-
tive to these acceleration values and to the procedure,
and an amplification of about 2 is indicated. A similar
analysis showed that the RATTLE and SHAKE proce-
dures are not very sensitive to the range of shear-wave
velocity and shear modulus values that are reasonably
possible in sandy alluvium.

We now compare Wabash Valley liquefaction effects
with those elsewhere. The areal distribution of sand
blows induced by the four strongest New Madrid earth-
quakes (m,~7.0 to 7.4, M,~7.8 to 8.3; Nuttli, 1979;
Johnston, 1992) is very poorly known, but the maximum
span of liquefaction features for the strongest of those
earthquakes (m;,~7.4, M,_,~8.3) certainly far exceeds
what we have found in the Wabash Valley. The span for
what we presume to have been caused by the strongest
earthquake (M,~8.3, on Feb. 7, 1812) appears to have
been on the order of 500 km. This distance is based on
observations of sand blows on the flood plain of the
Mississippi River near St. Louis, Mo., and also in the
lowermost Wabash Valley (Youd and others, 1989). We
believe it likely that liquefaction susceptibility and bed-
rock amplification were relatively comparable at and

Stratum Density  Shear-wave Quality
and depth (m) (g/em®)  velocity (m/s) factor (Q)
Sand, 0-10....... 2.0 150 10, 15, 20
Sand, 10-38...... 2.0 300 10, 15, 20
Sand and clay,

38-148 ......... 2.0 330 20
Sand and clay,

148-258 ........ 2.0 667 50
Bedrock, >258... 2.5 3,000 2,000

Amplification factors obtained by using 6 random number seeds
for each @ value in the upper 38 m of sand

Peak acceleration rms acceleration

Q (sand) amplification ratio amplification ratio

10 ...t 1.2-1.9 (avg. = 1.5) 1.5-2.0 (avg. = 1.8)
15000, 1.4-2.1 (avg. = 1.7) 1.7-2.1 (avg. = 1.9)
20 ... 1.5-2.2 (avg. = 1.8) 1.7-2.2 (avg. = 2.0)

near these two river valley sites during the 1811-12 and
Wabash Valley earthquakes. Therefore, this comparison
of spans suggests that the strongest 1811-12 earthquake
far exceeded the magnitude of any earthquake that
produced the liquefaction features in the Wabash Valley
(see table 5).

The 1895 earthquake of Charleston, Mo. (m;,~6.2,
M,,~6.8; Nuttli, 1979; Johnston, 1992), located in the
New Madrid seismic zone, is the only earthquake that is
known to have produced sand blows in the Central
United States since the 1811-12 New Madrid earth-
quakes. The diameter of the region of reported sand
blows and minor liquefaction effects was about 16 km
(Powell, 1975); Powell describes liquefaction effects
mainly in the meizoseismal region and east and south of
this region, so it is likely that some liquefaction sites to
the north and west were not noted. Still, because the
nearby Mississippi and Ohio Rivers are bordered with
sediments highly susceptible to formation of sand blows,
and because thousands of people were living along these
rivers in 1895 (Cairo, IlL., is about 15-20 km from the
epicenter) and did not report liquefaction features, it is
unlikely that the actual diameter of distribution of sand
blows much exceeded twice the reported span of 16 km,
or 32 km. Our preliminary investigations using the
programs RATTLE (tables 1 and 2) and SHAKE (tables 3
and 4) suggest that surface ground motions for an
earthquake of given magnitude are amplified only
slightly to moderately higher in the Wabash Valley
relative to the 1895 Charleston earthquake epicentral
region (table 5). Therefore, the large 175- by 105-km area
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TABLE 3. —SHAKE results for amplification of horizontal acceleration
in sotl with respect to bedrock in the Wabash Valley

My = 6.5, maximum frequency = 25 Hz, A o = 100 bars]

TABLE 4. —SHAKE results for amplification of horizontal acceleration
in soil with respect to bedrock near Charleston, Mo.
[My = 6.5, maximum frequency = 25 Hz, A o = 100 bars]

Material properties Material properties
. Shear
Stratum and Density Shear-wave nslggilrusl Szri;u&?nd ??:;l%y S(l:l‘i)ili;w(z/‘;) modulus’
depth (m) (g/em®) velocity (m/s) 2 P & ¥ (kg/em®)
(kg/em®)
Sand, 0-10........ 2.0 150 460 Sand, 0-10....... 2.0 150 460
Sand, 10-30....... 2.0 300 1,835 Sand, 10-38...... 2.0 300 1,835
Bedrock, >30 ..... 2.5 3,000 - Sand and clay,
......... 2. 2,220
Amplification factors for 6 random number seeds, for peak Sii:ilii d day 0 330
acceleration at ground surface = 0.08 ¢ 148-958 .. 2.0 667 9,065
Bedrock, >258. .. 2.5 3,000 -
Peak Peak ecrock
Seed no. acceleration acceleration Amplification Amplification factors for 6 random number seeds, for peak
at top of at ground ratio acceleration at ground surface = 0.08 ¢
bedrock (g) surface (g)
Lovieiiinnennen 0.047 0.080 1.7 Peak Peak )
2 038 083 2.9 Seed 10 acceleration  acceleration Amplification
T .048 085 1.8 ’ at top of at ground ratio
4o, .04 085 1.9 bedrock (g)  surface (g)
LS .034 078 2.3
6. 037 079 21 Toeiiinnns 0.060 0.082 1.4
— 2 .064 .083 1.3
average: 2.0 8 i 086 .084 1.0
Amplification factors for 6 random number seeds, for peak 4o .086 .084 1.0
acceleration at ground surface = 0.10 ¢ 2 .074 .082 1.1
6 i .068 .076 1.1
Peak Peak Amplification average: 1.2
Seed zo. acceleration acceleration rati
ceeeratio atio Amplification factors for 6 random number seeds, for peak
L 0.047 0.100 21 acceleration at ground surface = 0.10 g
2 i .057 .098 1.7
| 2 .052 .098 1.9 Peak Peak
S .059 .095 1.6 Seed 1o acceleration  acceleration Amplification
- .050 .106 2.1 : at top of at ground ratio
B .049 .098 2.0 bedrock (9) surface (g)
average: 1.9 ST 0.081 0.104 1.3
/R .084 .100 1.2
Value for 10™* % shear strain. 2 2 112 .098 9
S .098 .103 1.1
of sand blows in the Wabash Valley, combined with the [ 5............... .100 097 L0
presence of very large dikes in the core area, suggests | 8- 106 098 2
that prehistoric shaking in the Wabash Valley greatly average: 1.1

exceeded that of the 1895 Charleston earthquake.

A rough comparison of liquefaction effects can also be
made with the 1886 earthquake of Charleston,
S.C.(m,~6.7, M,~7.5; Nuttli and others, 1979;
Johnston, 1992), whose epicenter was near the ocean.
The Charleston area is in the stable continental region
and presumably for a given earthquake magnitude has
similar source dimensions and bedrock shaking charac-
teristics to a typical intraplate earthquake (A.C.
Johnston, Memphis State Univ., oral commun., 1991).
Observers at the time of the 1886 earthquake noted
numerous liquefaction features, notably “craterlets,”
that formed in the 30- by 50-km meizoseismal region
(Dutton, 1889). Dutton also reported that craterlets

Value for 10™* % shear strain,

formed over a region about 100 km in diameter centered
about the epicenter. Widely scattered, much smaller
craterlets and small sand-filled dikes may have formed
much beyond the 100-km diameter. Very small, appar-
ently liquefaction-induced features were reported up to
100 km from the epicenter, northeastward along the
coast (Youd and others, 1989). Very small features that
appear to have an 1886 earthquake origin have been
found by Obermeier (unpub. data, 1986) along the coast
at a site about 100 km southwest of the epicenter, and
medium-sized features have been reported at the same
site by Amick and others (1990). No 1886-vintage lique-
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TABLE 5.— Comparison of liquefaction effects with factors controlling liquefaction for earthquakes in the Central and Eastern United States

Maximum span
of sand blows
(diameter about

A
Liquefaction
susceptibility

Maximum span for
lateral spread move-
ment of 0.15 m

Earthquake
source

Earthquake magni-
tude relative to sin-
gle Wabash Valley

B
Amplification of bedrock
acceleration

Combined effect of
A and B relative to
Wabash Valley

epicenter) paleoearthquake
Wabash Valley >175 km Probably >160 Locally high (SPT Likely moderate - -
km blow counts as amplification (factor
low as 6-7) of 2-3 as per RAT-
TLE, or 2 as per
SHAKE)
New Madrid, Probably about ? Locally high Same as above along  About same along Much higher
Mo., Feb. 7, 1812  500-550 km Mississippi and these valleys
(my ~ 7.4, My, Wabash River valleys
~8.3)
Charleston, Mo., Probably <40 km ? Locally high, Likely moderate ampli- Likely slightly Much lower
1895 (my, ~ 6.2, (16 km reported) especially along  fication (factor of to moderately
M, ~6.8) rivers 1.5-2 as per RAT- higher

Charleston, S.C., Probably on the  ~140 km (calcu-

Locally extremely Likely slight amplifica- Likely slightly

TLE, or 1.15 as per
SHAKE)

Likely same
order of magni-
tude

tion or attenuation higher

1886 (my, ~ 6.7, order of 200250 lated from Youd high near coast
M~ 17.5) km (100 km and others, (SPT blow
reported) 1989) counts as low as

0-2)

faction features have been found farther southwestward
along the coast, despite extensive field searching. There-
fore, along the coast the span of liquefaction features
appears to be about 200 km or a little more. This span is
very probably a maximum distance, because no liquefac-
tion features were reported very far inland from the
epicenter (away from the coast) despite the presence of
extensive wet lowlands underlain by loose sands that are
not far inland from the epicentral area. Because there
has been no direct evidence of faulting found at the
surface, the location of the 1886 earthquake fault remains
controversial. The principal axis of the meizoseismal
region, and presumably the major rupture for the 1886
earthquake, was oriented about 30 degrees from the
coast (Plate XXVII, Dutton, 1889). However, the lack of
liquefaction features in fluvial sediments at large dis-
tances along the strike of the meizoseismal area indicates
that the extent of liquefaction measured on the coast is
not an underestimate caused by directivity or effects of
the focal mechanism. Thus the extent of sand blows
appears to be similar for the Wabash Valley and the 1886
Charleston earthquakes.

The largest horizontal movement associated with a
lateral spread in the 1886 Charleston earthquake epicen-
tral region was 2.5 m (Youd and others, 1989), which is
the same as the width of the largest dike that we have
found in the Wabash Valley (at Site ER). The span of
lateral spread movement for Charleston also appears
comparable for movement of 15 em (6 in). Youd and

others (1989), by interpreting historical accounts of lig-
uefaction effects, have derived mathematical relations
between lateral spread movements as a function of
epicentral distance (LSI relations) for the 1886 Charles-
ton earthquake and estimate a span of about 140 km for
15-em movements. In the Wabash Valley, movements of
at least 15 em appear to have taken place from Sites BR
to OC, a span of 160 km.

In summary, both the criteria of span of sand blows
and lateral spread movement show comparable liquefac-
tion effects in the Wabash Valley with those of the 1886
Charleston earthquake. Other factors to consider for
evaluating magnitude are liquefaction susceptibility and
amplification of bedrock shaking. The South Carolina
coastline has abundant deposits that are extremely sus-
ceptible to liquefaction and flow. Martin and Clough
(1990) found that 1-m-thick, uniformly sorted, fine sand
deposits having blow counts of 2 or less, with the water
table at the ground surface, are common near the coast.
(In the Wabash Valley, sands are much more poorly
sorted, and blow counts less than 6 are not common.) For
loose sands (having blow counts less than about 10) there
is an approximately linear, one-to-one relation between
earthquake accelerations and blow count for initiation of
liquefaction in loose sands (see, for example, fig. 4-68 in
National Research Council, 1985). Thus the threshold
acceleration is on the order of three or more times higher
for Wabash Valley sands than for those in coastal South
Carolina.
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Near the epicentral regional (within 50 to 100 km),
earthquake accelerations in coastal South Carolina were
probably attenuated as they progressed upward from
bedrock through the 1-km thickness of semilithified,
pre-Quaternary Coastal Plain deposits, according to
studies by Chapman and others (1990). They estimate
that the peak acceleration at the base of Quaternary
deposits is on the order of two-thirds the value of
bedrock acceleration at an epicentral distance of 60 km
and is proportionally higher with increasing distances.
(Chapman and others used a 1-km thickness of Tertiary
sediments along the coast; a quality (@) value of 20 and
shear-wave velocity of approximately 1 km/s were
assigned to these deposits, with a stress-drop value of
100 bars.) We believe that this @ value of 20 is too low for
the Tertiary sediments; using a @ of 50 for these sedi-
ments suggests that there is only minor change between
accelerations in bedrock and in the base of Quaternary
deposits. Unpublished studies by Martin (1990) show
that in the 10- to 20-m thickness of Quaternary deposits
along the coast, accelerations from the underlying pre-
Quaternary Coastal Plain sediments are changed either
slightly or not at all. Overall, it appears that bedrock
motions were not changed much at the ground surface
along the coast at distances exceeding 50 km from the
epicenter.

The combined factors of bedrock amplification (minor
change in amplification or attenuation) and liquefaction
susceptibility (extremely high) in coastal South Carolina,
when compared to those that produce liquefaction fea-
tures in the Wabash Valley (moderate to slight amplifi-
cation and high liquefaction susceptibility), appear
approximately equal for earthquakes of equal magni-
tudes. Therefore, relatively equal spans of sand blows
and lateral spread movements in the two regions suggest
that earthquake magnitudes were about the same.

We next make an estimate of the magnitude of the
single Wabash Valley earthquake by using a graphical
procedure for scaling to the outer bound of sand blows. A
theoretical and philosophical basis for the technique
developed by Youd and Perkins (1978) shows that a
unique bound of liquefaction effects should exist for a
given tectonic setting, if other factors are fixed. Data
from the 1895 earthquake of Charleston, Mo., and the
1811-12 New Madrid earthquakes, presented in figure
11, are used for our analysis.

Figure 11 is a plot (modified from Ambraseys, 1988)
comparing moment magnitude versus epicentral distance
to the farthest liquefaction features; the bound by
Ambraseys for shallow-focus earthquakes is shown also.
According to Youd (1991, p. 129-130), the data appar-
ently include all effects of liquefaction, including minor
fissures and small sand blows, and “Ambraseys’ points
for intermediate depth earthquakes generally lie well

beyond the bounds for shallow-focus events, indicating
that intermediate-depth earthquakes may generate lig-
uefaction to larger distances than shallow events.” Fig-
ure 11 contains data mostly from intraplate and crustal
earthquakes in the Western United States and Japan but
also includes data from areas of lower attenuation. The
farthest distance to sand blows for the intermediate-
depth 1988 Saguenay earthquake is seen to extend
beyond Ambraseys’ bound.

Figure 11 shows, in addition, the data points for the
farthest reported sand blows of the 1811-12 earth-
quakes. These liquefaction features formed during the
month of February, which is normally in the season when
the water table is very high (and therefore most likely to
produce sand blows), although we have no weather data
for that time. Epicentral distances for the 1895 Charles-
ton, Mo., earthquake are shown as 16 and 20 km. The 16-
km distance represents what is thought to be an upper
limit from the epicenter on the basis of reported effects.
The 20-km distance is from the epicenter to the town of
Cairo, Ill., located along the banks of the Ohio River
where no sand blows were reported, and therefore is an
absolute upper limit.

We now address the relation of the 1895 Charleston,
Mo., liquefaction data to the 1811-12 New Madrid lique-
faction data and to the Wabash Valley liquefaction data.
Wabash Valley seismicity tends to originate at a greater
depth than does seismicity in the New Madrid seismic
zone, but hypocentral depths of strongest earthquakes in
both the New Madrid seismic zone and in the Wabash
Valley are less than about 10 to 20 km (Gordon, 1988). On
this basis, both areas qualify as sources for shallow-focus
earthquakes. Regional stress fields (northeast-
southwest compression) and major fault zones are ori-
ented similarly in the Wabash Valley and in the New
Madrid seismic zones (W.L. Ellis, U.S. Geological Sur-
vey, oral commun., 1992), although locally there are
significant variations in stress orientation. Therefore, it
is reasonable to assume that earthquakes in both regions
have similar shaking characteristics at the source and
that liquefaction effects will be bound by the same line,
providing that an accounting is made for the factors of
amplification of bedrock motions and liquefaction suscep-
tibility. Bedrock shaking is amplified less in the Charles-
ton, Mo., area than in the Wabash Valley, according to
our analyses made with the programs RATTLE and
SHAKE (shaking is amplified less by factors of about 1.25
and 1.7, respectively). Where farthest liquefaction takes
place, bedrock shaking amplitude decays inversely pro-
portional to distance from the earthquake source as a
result of geometric spreading. Because of the high @ of
the crust, anelastic and scattering losses are small over
this distance. In the Wabash valley, an earthquake in the
Wabash Valley of equivalent magnitude to the 1895
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farthest liquefaction feature. (Modified from Ambraseys, 1988.)
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Charleston, Mo., earthquake would cause equivalent
shaking (and farthest liquefaction, for the condition of
equal liquefaction susceptibilities) at epicentral distances
1.25 and 1.7 times greater (according to RATTLE and
SHAKE, respectively) than it would around Charleston,
Mo. In the Wabash Valley, the equivalent distance from
the 1895 Charleston epicenter to Cairo, Ill., is 25 km (20
kmx1.25, RATTLE analysis) and 34 km (20 kmXx1.7,
SHAKE analysis). These data points are shown on figure
11.

We previously argued that the susceptibilities of the
most liquefiable sediments are reasonably comparable in
the Charleston, Mo., and Wabash Valley areas. The most
suseceptible sediments in both regions are recent river
deposits. In addition to having similar depositional proc-
esses, the grain-size gradations of the most susceptible
sediments are about the same, thicknesses of capping
sediments are commonly comparable, and the water
table is always very shallow at many places. Therefore,
the susceptibility of the most liquefiable deposits is
approximately the same for our purpose of evaluating the
relations between earthquake magnitude and the span of
sand blows.

The next concern is the shape of the line on figure 11
connecting the corrected 1895 Charleston, Mo., earth-
quake data to the 1811-12 earthquake data point (the
250-km distance). A straight line connecting the points
probably represents an extreme upper limit. Most likely,
the shape is similar to Ambraseys’ bound. The straight
line intersects the epicentral distance to the farthest
Wabash Valley liquefaction sand blows (89 km) at
moment magnitudes of 7.5 and 7.7. Curved lines yield
moment magnitudes of about 7.4 to 7.5.

This graphical analysis leads us to the same conclusion
that we arrived at by our comparison of the span and
lateral spreading movements of Wabash Valley liquefac-
tion features with those of the 1886 Charleston, S.C.,
earthquake: it is likely that an earthquake having a
moment magnitude of about 7.5 struck the Wabash
Valley. Thus, completely independent methods of evalu-
ation yield the same result. We emphasize, though, that
these estimates of magnitude assume a normal intraplate
stress drop (100 bars) and typical focal depth (10 to 20
km) and are therefore best viewed as tentative and
subject to change with future studies.

CONCLUSIONS

1. The dikes in the Wabash Valley are interpreted to be
of earthquake origin, on the basis of the following
evidence.

a. The dikes have characteristics that are generally
consistent with dikes produced by earthquakes else-

where in a similar geologic setting and, in particular,
with the meizoseismal region of the 1811-12 New
Madrid earthquakes.

b. We have found no field evidence, of the sort that
should be commonplace, to support nonseismic ori-
gins for dikes in the Wabash Valley, such as artesian
conditions or landslides.

c. The field settings in which the dikes formed at
almost all sites shown in figure 1 are not conducive
to formation of significant artesian conditions that
can induce nonseismic lateral spreading landslides.

d. In addition, there are only rare, localized occur-
rences of small dikes in the Ohio River valley, just
south of the lower Wabash Valley, and the ability to
produce landslides and liquefaction features appears
comparable in the Wabash and Ohio River valleys.

e. Mechanisms such as sudden lowering of the river
level, weathering, or frost action do not explain the
characteristics and distribution of dikes in the
Wabash Valley.

2. It is highly possible that virtually all the dikes were
formed by a single large earthquake that took place
between 1,500 and 7,500 years ago.

3. The epicenter of the strongest -earthquake(s)
appears to have been in the general vicinity of
Vincennes, Ind.

4. The strength of earthquake shaking that formed the
dikes in the Wabash Valley far exceeds historic
levels of shaking in this area and far exceeds the
level of shaking and magnitude of the 1895 Charles-
ton, Mo., earthquake (m,~6.2, M, ~6.8).

5. If all the dikes in the Wabash Valley are from a
single earthquake, the magnitude appears to have
been on the order of that of the 1886 Charleston,
S.C., earthquake (m,~6.7, M,~7.5).

6. More field research should provide insight into the
origin of the dikes, should clarify whether the lique-
faction features are the result of a single earthquake
or multiple events, and should provide a better
estimate of the magnitude of the earthquake that is
believed to have caused the features.
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