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GLOSSARY

ATTENUATION OF INTENSITY--The fall-off of seismic intensity with distance from
the epicenter. In regions where the intensity attenuation 1s low,
such as the central United States, damaging intensities extend to
much greater distances from an epicenter than they would, for
example, in California, where intensity attenuation is higher.

BODY WAVES--Seismic waves that travel through the earth. There are two kinds
of body waves, P waves and S waves. The P wave, sometimes called
the "primary wave" because it travels faster and arrives first, is a
compression-rarefaction vibrating in the direction of propagation.
The S wave, sometimes called the "secondary wave" because it arrives
after the P wave, is a shear wave vibrating at right angles to the
direction of propagation.

EPICENTER--The location on the earth's surface directly above the focus of an
earthquake,

EPICENTRAL AREA--Area surrounding the epicenter, usually the isoseismal of
highest intensity.

FAULT--A fracture or fracture zone in the earth. Earthquakes are caused by
ruptures along faults. A fault may exist at depth and not break the
surface when it ruptures.

FELT AREA--The entire area over which an earthquake is reported felt. See
also "isoseismal map”.

FOCAL DEPTH--The depth of focus of the earthquake beneath the surface of the
earth.

FOCUS--The center, or source, of an earthquake below the surface. Also called
the hypocenter.

HYPOCENTER~-The focus.

INSTRUMENTAL EARTHQUAKE--An earthquake whose vibrations were recorded by
instruments, or seismographs.

INSTRUMENTAL EPICENTER--The epicenter calculated by using the time of the
vibration recorded on seismograms. It usually corresponds to the
area of highest intensity.

INTENSITY SCALE--An arbitrary ranking of the effects produced by an earthquake
on people, structures, and the ground. The intensity value is
denoted by a Roman numeral in the Modified Mercalli (M.M.) Intensity
Scale (See Appendix 1). The maximum intensity, denoted by Iy, is
the most severe of these effects, and occurs, usually, near the
instrumental epicenter.
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ISOSEISMAL MAP--A map on which assigned inteunsities for a single earthquake
have been plotted and contoured. Examples are figures 2, 4, 5, and
6. The contour lines are called "isoseismals”. The innermost
contour (highest isoseismal) is the epicentral area, and usually
includes the instrumental epicenter. Epicenters for pre-
instrumental earthquakes are usually placed at the location of the
highest known intensity report. The outermost isoseismal encloses
the "felt area” of the earthquake.

LIQUEFACTION--The sudden transformation of soil into a fluid. Repeated
earthquake vibrations can cause a loose, water-saturated sand to
suddenly loose all of its shear strength or internal friction
resistance and collapse. 1If the released water can find an outlet
to the surface, continuing vibrations can then pump water and sand
out of the ground. When this water and sand spouts from a single
hole it is called a "sand blow"; it may also seep out of the ground
along loung fractures or cracks. This phenomenon was widespread in
the central Mississippi Valley during the 1811-1812 New Madrid
earthquakes (figure 3), and the sand deposited at that time may
still be seen in aerial photographs (figure 45).

mb—-Body—wave magnitude. See "magnitude”.
MS—-Surface—wave magnitude. See "magnitude”.

MAGNITUDE--An instrumental measure of the size of an earthquake, or of the
total amount of energy released at the source of the earthquake.
Several different magnitudes may be calculated from the amplitudes
of the seismic vibrations recorded by a seismograph. The two most
common ones worldwide are my, derived from the body-wave vibrations,
and Mg, derived from the surface-wave vibrations. Magnitude is
popularly referred to as "Richter magnitude" because the first
magnitude scale was developed by Charles F. Richter.

PRE~INSTRUMENTAL EARTHQUAKE--Any historical earthquake that occurred before
the development of seismographs. Epicenters for such earthquakes
are usually placed at the site of the highest known intensity
report, or on the trace of an active fault near that report (when
such a fault is known). Magnitudes of pre-instrumental earthquakes
are usually estimated from: 1) the maximum intensity, I,; 2) the
felt area; or 3) the attenuation of intensity with distance as
determined from an isoseismal map.

SAND BLOW--See "liquefaction™.
SEICHE--A wave created on the surface of an enclosed body of water. Seiches

caused by seismic waves may occur hundreds of kilometers from the
epicenter.
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SEISMICITY--The areal distribution of historical earthquakes. Figure 7 shows
the geographical distribution of the historical seismicity of the
Mississippi Valley. The catalog of these events also gives their
distribution in time.

SEISMIC WAVES—-The disturbances propagated outward from the focus of an
earthquake. They cause the vibrating or rolling or swaying motions
observed at sites far from the epicenter. Seismic waves that travel
through the earth are called "body waves”. Those that travel along
the earth's surface are called "surface waves”.

SEISMIC ZONE-—An area of intense local seismicity. The microseismicity of the
New Madrid seismic zone (figure 8) implies the location of the
buried fault.

SEISMOGRAM-—-An instrumental record of earthquake vibrations. Information
obtained from seismograms includes arrival times, amplitudes, and
periods of seismic waves. These measurements are used to calculate
the magnitude of the earthquake and the location of the hypocenter,

SEISMOGRAPH--An instrument to record earthquake vibrations. The record of the
vibrations is a "seismogram”.

SURFACE WAVES--Seismic waves that travel only along the surface of the earth,
WAVE AMPLITUDE—--Height of a wave crest above the base line.
WAVE LENGTH--Distance between succeeding wave crests.

WAVE PERIOD--Time for the passage of one complete wave cycle.
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ESTIMATION OF EARTHQUAKE EFFECTS ASSOCIATED WITH LARGE EARTHQUAKES
IN THE NEW MADRID SEISMIC ZONE

By Margaret G. Hopper and S. T. Algermissen
ABSTRACT

Estimates have been made of the effects of a great earthquake (M_ = 8.6,
o = XI), a large earthquake (MS = 7.6, I, = X), and a moderate earthquake (Ms
6.7, I, = IX) hypothesized to occur anywhere in the New Madrid seismic
zone. The estimates are based on the distributions of observed intensities
associated with the earthquakes of 1811-12, 1843 and 1895, although the
effects of other historical shocks are also considered. The resulting
composite type intensity maps for each magnitude are believed to represent the
upper levels of shaking likely to occur. A composite intensity map shows a
more widespread distribution of effects than would result from a single
earthquake of the chosen magnitude, say 8.6, because the distributions of
effects were plotted for magnitude-8.6 earthquakes that could occur anywhere
from the northern to the southern end of the seismic zone, and the maximum of
the resulting intensities was chosen for each point on the map. Specific
intensity maps have also been developed for seven cities near the epicentral
region taking into account the most likely distribution of site response in
each city., Intensities found for the magnitude-8.6 shock are: IX for
Carbondale, Ill,; VIII and IX for Evansville, Ind.; VI and VIII for Little
Rock, Ark.; IX and X for Memphis, Tenn.; VIII, IX, and X for Paducah, Ky.;
VIII and X for Poplar Bluff, Mo.; and VII, VIII, and IX for Saint Louis, Mo.
Intensities found for the Mg = 7.6 and 6.7 shocks are one and two intensity
units lower, respectively. On a regional scale, intensities are found to
attenuate from the New Madrid seismic zone most rapidly on the west and
southwest sides of the zone, most slowly on the northwest along the
Mississippi River, on the northeast along the Ohio River, and on the southeast
toward Georgia and South Carolina. Intensities attenuate toward the north,
east, and south in a more normal fashion. Known liquefaction effects are also
documented.
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INTRODUCTION

by Margaret G. Hopper

The New Madrid seismic zone is the site of some of the largest historical
earthquakes in the conterminous United States, the 1811-1812 series. It is
also the most seismically active area in the central United States. Since an
earthquake with a maximum Modified Mercalli (M.M.) intensity greater than IX
has not occurred in the area since 1895 (see Appendix 1 for a description of
the Modified Mercalli intensity scale), and not one equivalent to the 1811-
1812 sequence since 1812, the people of the region are generally neither
expecting nor prepared for a damaging earthquake. There are many older
buildings of unreinforced brick that are known from experience in areas of
frequent earthquakes to represent a considerable risk. If these structures
were located in an area with more frequent large earthquakes, they would have
been damaged long ago and perhaps removed. Many people in the Midwest are
unaware of the damage potential of a large earthquake. Although the
occurrence of the New Madrid earthquakes is widely known, they are regarded
only as interesting curiosities,

The New Madrid seismic zone has been the focus of a considerable amount
of scientific research in recent years. Important publications with
particular relevance to this study include a number of papers by Nuttli (1973,
1974, 1979, 1981, and 1982), Street (1981 and 1982), Street and Nuttli (1984),
the U.S. Geological Survey Professional Paper on the New Madrid region
(McKeown and Pakiser, 1982), the MATCOG (Mississippi-Arkansas-Tennessee Coucil
of Governments) study (M & H Engineering and Memphis State University, 1974),
and the recent book on earthquake risk for the New Madrid region by Liu
(1981). Studies on ground effects during the New Madrid earthquakes include
those by Russ (1979) and Obermeier (1984). Considerable research has been
done in the city of Memphis, including the MATCOG report mentioned above, a
study by Sharma and Kovacs (1980) of Purdue University, and by Nowak and
Morrison (1982) of the University of Michigan.

The objectives of the present study are: 1) to estimate the magnitude
and location of an 1811-type earthquake (surface-wave magnitude M_=8.6), a
large earthquake (M_=7.6), and a moderate earthquake (M_=6.7), 2) to estimate
the levels of damaging ground motion (in terms of Modified Mercalli
intensities) throughout the Midwest resulting from these simulated
earthquakes, 3) to estimate the intensities at each of the seven
representative cities studied individually (see figure 1), 4) to assess the
potential for liquefaction in the area of intensity IX M.M. and above, 5) to
review pertinent aerial photography to find the distribution of sand blows,
and 6) to find areas of lower intensities, both regional and in the seven
cities, based on damage patterns of previous earthquakes and on local geology.

Similar studies in other areas have been prepared for FEMA and its
predecessor agencies. They include reports on San Francisco (Algermissen and
others, 1972), Los Angeles (Algermissen and others, 1973), Puget Sound (Hopper
and others, 1975), and Salt Lake City (Rogers and others, 1976). While this
report is similar in purpose and design to those studies, in method and scope
it is necessarily different. The method varies from the previous reports
because of the different geologic and seismic setting, particularly the low
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Figure 1.--Map showing the seven cities evaluated in this report. Also shown
(triangles) are localities of the epicenters of the large historical
earthquakes discussed in this report.

40°.

35°



attenuation of seismic energy in the midcontinent, which results in unusually
large damage areas. This report does not include specific damage estimates,
as did the earlier studies.,

A previous interim report prepared for FEMA during this project (Hopper
and others, 1983) is superceded by this report,
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HISTORICAL SELSMICITY OF THE MISSISSIPPI VALLEY

By Margaret G. Hopper
EARTHQUAKES OF 1811-1812
During the winter of 1811-1812 four great earthquakes occurred in the
Mississippi Valley each having body-wave magnitude my, above 7.0 (see table 1

and figure 2). There have been no other earthquakes larger than these within

TABLE 1.-—Relative sizes of the 1811-1812 earthquakes

[Intensity estimates from Nuttli (1981), magnitude estimates from
Street and Nuttli (1984), and epicenter estimates from D. P.
Russ (oral commun., 1983) and Street (1982). Leaders (-—-)
indicate no data]

Date Local time I Ms my Epicenter
Lat N. Long W.

1811 Dec. 16 2:15 a.m. XI 8.6 7.2 35.8° 90.3°
1811 Dec. 16 8:15 a.m. -— -—— 7.0 36.0° 90.0°
1812 Jan. 23 9:00 a.m. X-XI 8.4 7.1 36.2° 89.8°
1812 Feb. 7 3:45 a.m. XI-XII 8.7 7.3 36.5° 89.6°

the conterminous United States during historical times. Their magnitudes are
comparable to those of the largest California earthquakes, and, because of the
low attenuation of seismic intensities in the eastern and central United
States, their felt areas are much larger than similar magnitude California
shocks. These earthquakes were felt with intensity greater than or equal to V
M.M. (that is, enough to cause alarm; see Appendix 1 for the entire Modified
Mercalli scale) over approximately 2,500,000 km“, which includes the entire
eastern United States (Nuttli, 1973). The area of intensity VII (mainly
architectural damage) and greater covers parts of Illinois, Indiana, Ohio,
Kentucky, Tennessee, Alabama, Mississippi, Louisiana, Arkansas, and

Missouri. Because of the low population density in 1811, the effects of these
earthquakes west of the Mississippi River are not known, but they can be
estimated. From this study and others it is clear that large parts of Kansas,
Oklahoma, and Texas were shaken at the intensity-V level.

The maximum intensities of the four 1811-1812 earthquakes range from X to
XII (see table 1). 1In the epicentral area of the first shock (December 16,
1811, 2:15 a.m.), the St. Francis River area of northeastern Arkansas, a lake
was uplifted and drained, while other places subsided as much as 12 feet (3.7
m) (see figures 2 and 3). Sand and other materials were thrown from fissures
or cracks in the swampland. The greatest disturbance occurred along the
Mississippi River betwecen Islands 30 and 40 along the Tennessee-Arkansas
border north of Memphis (Nuttli, 1973). According to Fuller (1912, p. 10),
"Great waves were created, which overwhelmed many boats and washed others high
upon the shore, the return current breaking off thousands of trees and
carrying them out into the river. High banks caved and were precipitated into
the river, sand bars and points of land gave way, and whole islands
disappeared.” Uplifted areas caused ponding or waterfalls along the

Mississippi. Landslides were extensive along the river banks as far up the
Ohio River as Indiana, but particularly severe along the Chickasaw Bluffs on
5
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Figure 2.--Isoseismal map of the December 16, 1811, (2:15 a.m.) earthquake, in
northeast Arkansas (first major shock of the New Madrid series). After
Nuttli (1981). Arabic numbers represent assigned Modified Mercalli
intensities for individual locations; Roman numerals, the intensities for
the isoseismals. Maximum intensity for this earthquake is XI. No
information is available with which to complete the isoseismals on the west
side. There are assigned intensities for only two of the seven cities in
this study: the IX at Fort Pickering near what is now Memphis and VII-VIII
at Saint Louis. Since the isoseismal lines are not very well constrained by
the data, they give only an approximation of the intensity at any given
place. Within the IX isoseismal lie Memphis, Paducah, and Poplar Bluff;
within the VIII, Carbondale and perhaps Little Rock; within the VII,
Evansville and St. Louis.
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the Mississippi River north of Memphis. The roads between New Madrid and
Arkansas were made impassable by the earthquake. The area of marked earth
disturbances extended from Cairo to Memphis and from Crowley's Ridge to
Chickasaw Bluffs.

The people in the epicentral area in 1811-1812 were able to survive as
well as they did only because of their lifestyle. There were only about 5000
people living in the area of intensity X and greater, and they occupied light,
wood—-frame structures, the kind least susceptible to earthquake damage.
Transportation was by horse, boat, and foot, and most escaped on foot; the
small population was able to feed itself after the earthquake by hunting wild
geese (Nuttli, 1981).

In addition to the four main shocks, there were numerous aftershocks,
fifteen of them quite strong (table 2). All 19 of the above shocks were
strong enough to be felt at Washington, D.C., and awaken sleepers at night
(Nuttli, 1981). Moreover, Jared Brooks of Louisville, 200 miles (320 km) from
the epicentral area, counted 1,874 shocks felt at Louisville from December 16,
1811 until March 15, 1812 (Nuttli, 1973 and Fuller, 1912 p. 33).

TABLE 2.——Aftershocks of the 1811~-1812 New Madrid earthquakes

[From Nuttli (1981) and Street and Nuttli (1984)]

I, MS Number

X-XI1 >8 4

IX-X 7-8 5
VIII-IX 6~7 10

There is little available information on the 1811-1812 series for the
seven cities in this study. Using Nuttli's (1981) isoseismal map of the 181l
(December 16, 2:15 a.m.) earthquake (see figure 2), Carbondale is in the VIII
area; Evansville, the VII area; Little Rock, off the map; Memphis, the IX
area; Paducah, the IX area; Poplar Bluff, the IX area; and Saint Louis, the
VII area. Nuttli (1973) assigned a IX at Fort Pickering, near what is now
Memphis, and a VII-VIIT at Saint Louis. Street (1982) assigned VII, VI-VII,
and VIII at Saint Louis for the 1811 (December 16, 2:15 a.m.), 1811 (December
16, 8:15 a.m.), and 1812 (February 7) shocks, respectively.

The isoseismals for the 1811 (2:15 a.m.) earthquake, figure 2, are quite
smooth and generalized. This is a result of the limited amount of historical
data for this earthquake and its distribution over the eastern United
States. No information at all is available west of the vicinity of the
Mississippi River. Even less is known about the distribution of effects of
the other three large shocks in the sequence. Recent work by Street and
Nuttli (1984) shows totals of 84, 40, 52, and 45 locations having assigned
intensities for the four principal 1811-1812 shocks, respectively. Those
intensities are unevenly distributed, being predominately located along the
Ohio and Mississippi Rivers and a few other settled areas of the East Coast.
Therefore no attempt was made to contour an isoseismal map from them. In
order to estimate what the distribution of intensities for such future large
shocks might be, another source of intensity information is necessary.
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OTHER LARGE EARTHQUAKES IN THE REGION

Significant information is available for three other central U.S. shocks,
which are all smaller than the four large shocks of the 1811 series, but have
magnitudes (mb) greater than 5.5 (see table 3). All three were damaging
earthquakes. These earthquakes supply more detailed information in areas
where there is little or no 1811 data. Their isoseismal maps are shown in
figures 4, 5, and 6.

TABLE 3.--Relative sizes of large earthquakes in the area

[Estimates from M. G. Hopper and S. T. Algermissen (1980
and unpub., data, 1980), Coffman and Cloud (1970), and
Nuttli (1981)]

Date Io my Epicenter
1843 Jan. 05 VIII 6.0 Near Memphis, Tenn.
1895 Oct. 31 IX 6.2 Charleston, Mo.
1968 Nov. 9 VII 5.5 South—~central Illinois,

The two largest of these earthquakes, (1843 and 1895) were chosen as the
basis for the simulated earthquakes developed in this study. They occurred
near the south (1843) and north (1895) ends of the New Madrid seismic zone.
Since it is assumed that the simulated earthquakes in this study might occur
anywhere in the New Madrid seismic zone, the locations of these two shocks are
ideal for the simulations. Moreover, the greater availability of intensity
data for the 1843 and 1895 earthquakes, compared to the 1811-1812 sequence,
makes possible the more detalled isoseismals that are necessary for the
simulations. Although smaller than the 1843 and 1895 shocks, the 1968
earthquake located north of the New Madrid seismic zone is also discussed here
because of its excellent data set, including assigned intensities at all seven
of the cities considered in this report.

The information available for each of the seven cities considered in this
study for the 1811-1812, 1843, 1895, and 1968 earthquakes is summarized in
table 4. The table shows the distances from the epicenters to each city and
the assigned intensities in the cities where that information exists. Since
there are no records from any of these cities except Saint Louis in 1811-1812
(most of the cities didn't yet exist, except for Saint Louis and Fort
Pickering near Memphis), the isoseismal area (from the Nuttli, 1981,
isoseismal map for the first 1811 shock) within which a city lies is noted
instead of an intensity value assigned on the basis of actual earthquake
effects. Intensities near the seven cities are also noted for some of the
1811 locations. Isoseismal areas, rather than assigned intensities, are also
given when necessary for the other earthquakes in table 4.

The three large earthquakes for which there is much available information
will now be considered in more detail. They are (1) January 5, 1843, near
Memphis, Tennessee (figure 4), (2) October 31, 1895, Charleston, Missouri
(figure 5), and (3) November 9, 1968, southern Illinois (figure 6). Their
effects on the seven cities studied in this report are discussed below. More
detailed information can be found in Appendices 2-8 at the end of this report.
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and Poplar Bluff, the VI isoseismal.
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