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PREFACE

The sequence of earthquakes during 1811-12 in the New Madrid region has been a
seismological enigma, and the potential damage and loss of life that a repetition of these
earthquakes might cause has been ignored by most people. The earthquakes have been
an enigma because they occurred in a part of the country generally described as the stable
interior of a continent. The potential hazards of a repetition of them are commonly not
realized because much of the country was undeveloped and unsettled in 1811-12; conse-
quently, the earthquakes did not cause the massive amount of damage possible should a
similar sequence occur in the near future.

However, recent increased public, Federal, and State awareness of the potential earth-
quake hazard in the New Madrid, Mo., and contiguous regions has prompted initiation
of a variety of geological, geophysical, and geochemical studies at a scale never before at-
tempted in the Central United States. Prior to about 1973, most investigations related to
earthquakes in the region were made by faculty and students of St. Louis University using
only small financial resources. In 1973, new regional gravity and aeromagnetic surveys
were started by the USGS (U.S. Geological Survey). In 1974, the USGS funded St. Louis
University to establish a seismographic network to record and locate small earthquakes in
the New Madrid region, and about a year later the USGS started
geologic investigations

In 1976, the NRC (Nuclear Regulatory Commission) funded a six-State cooperative
project involving both State and university communities as principal investigators. The
principal objective of the cooperative project is to conduct investigations that will con-
tribute to the seismic-hazard assessment of nuclear power plants that might be affected by
a large earthquake in the New Madrid region.

Because a wealth of data has been acquired in the past few years, it seems propitious
and timely to publish a collection of this information, rather than having it dispersed in
many journals. The intent of this Professional Paper, therefore, is to publish, in one
volume, reports of both the USGS and other investigations that represent the present state
of knowledge of the seismicity and geology of the New Madrid region. Some of the results
of earthquake investigations in the New Madrid region have provided valuable informa-
tion for other geologic interests. For example, the inferred rift described in this volume,
and reports that preceded the present study, is of interest to petroleum companies
because of the possibility that thick sections of sedimentary rocks may occur within the
rift. Plutons inferred in the subsurface and chemical and mineralogical data from ig-
neous rocks penetrated by drill holes suggest the possibility of mineralization more
widespread than outcrops indicate.

We believe that the studies reported in this volume are major advances toward under-
standing the nature of earthquakes and earthquake hazards in the Midcontinent region.
Earthquake investigations in this region have in the past been assigned a low priority as
compared with those in the West. Now at last, as indicated by the following papers, the
importance of potentially destructive earthquakes in a region of high population density
has been acknowledged and a much higher priority has been assigned to the study of
earthquakes in this region.

We also believe that advances which have been and are continuing to be made in the
New Madrid region are due as much to the manner in which the investigators have
cooperated and shared their knowledge as to the talents of individual investigators. Most
complex geological problems require a multidisciplinary approach for their efficient and
rational resolution. The results of the investigations of the New Madrid region are a good
example of an integrated multidisciplinary effort to resolve a long-standing, complex
geological and seismological problem.
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Wood cut of scene of the great earthquake in the West (P-220 in Our First Century: One Hundred Great and Memorable Events, 187 7). Published with per-
mission of Historical Society of Missouri, Columbia.
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Overview and Discussion

By F. A. MCKEOWN
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OVERVIEW AND DISCUSSION 3

600-700 years (Nuttli, 1974; Russ, 1979; Russ, this volume)
compared with about 100 years for large earthquakes on the
San Andreas fault. The 500- to 600-year difference in recur-
rence intervals for an exposure time of 100 years reduces the
probability of exceeding a given level of ground motion by a
factor of two to three (K. Shedlock, oral commun., 1980).

Another disturbing aspect of earthquakes in the New
Madrid region is that their causes and the geologic structures
on which they occur are not understood. Furthermore, much
of the knowledge available from study of earthquakes in
Western United States does not seem applicable to study of
earthquakes in the New Madrid region. One case of inapplica-
bility is the profound difference between rates of tectonic de-
formation in seismically active regions of Western United
States and rates of deformation in the New Madrid region. For
example, the rate of movement in historic time along the San
Andreas fault zone is 2-3 cm per year. In contrast, the rate of
movement during the last 100 m.y.(million years) across a
fault zone that appears to be associated with some earthquakes
in the New Madrid region is less than 0.008 mm per year. Most
areas of high seismicity and large earthquakes around the
world are found where movement between oceanic and conti-
nental plates is occurring, and rational explanations can,
therefore, be given for the occurrence of the earthquakes.
Within continental plates of the United States, the cause of
localization and the crustal or mantle driving forces of earth-
quakes are still largely an enigma. However, seismologic, geo-
physical, and geologic data acquired since about 1974 have
begun to provide earth scientists with enough information to
advance reasonable explanations of at least the localization of
earthquakes in the New Madrid region. Explanation of the
driving forces however, is speculative.

The history of earthquakes in the New Madrid region has
been adequately described by a number of investigators. (See,
for example, Fuller, 1912; Nuttli, 1973a.)

Fuller’s account is the most descriptive and best documen-
ted. It has served as the basic document for subsequent investi-
gators’ studies of the New Madrid region. Restating much of
the detail that is already in the literature is unnecessary. A very
brief description of some of the effects is appropriate,
however, and emphasis on the effects and features of the New
Madrid sequence of earthquakes that now appear to be more
significant than early investigators recognized is warranted.

According to Fuller’s account, three major shocks occurred:
December 16, 1811; January 23, 1812; and February 7, 1812
(Fuller, 1912). Nuttli (1973a) provided evidence from a study
of intensity information which indicates that the first shock
was located about 100 km southwest of New Madrid near
Marked Tree, Ark. This location is supported in part by the
distribution of sand blows (Heyl and McKeown, 1978), as in-
dicated on figure 2. The last large shock, on February 7, 1812,
is presumed to have been in the vicinity of New Madrid. This
shock is reported by Nuttli to have been the largest of the three
principal shocks. Sand blows, however, are not nearly as abun-
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FIGURE 2. Distribution of sand blows produced by the 1811-12 earthquakes

dant or as large in the vicinity of New Madrid as they are to the
southwest. During the time between the three principal
shocks, many other smaller shocks occurred, some of which
were felt in places as distant as Washington, D.C.; Baltimore;
and other cities along the East Coast. It seems likely, therefore,
that all of the large and most of the smaller shocks occurred
under the area of most abundant sand blows. Most of the cur-
rent seismicity, as detected by the St. Louis University network
which has been in operation since 1974, is also largely confined
to the area of sand blows. This may be further confirmation of
the source zones of the 1811-12 sequence.

Three facts are preeminent about the New Madrid se-
quence of shocks: (1) the great distances at which they were felt
and caused damage, (2) the great number of shocks that ap-
parently were of large size (as indicated by reports of effects
and the great distances at which they were felt), and (3) the
long period of time over which they occurred.

The great distance at which earthquakes were felt and caus-
ed damages has been explained by low attenuation of seismic
waves (for example, Nuttli, 1973b; Evernden, 1975). The
reason for low attenuation in regions of Central and Eastern
United States has not been explained rigorously by physical
models but is well recognized and makes estimation of the size
of earthquakes in these regions a subject of controversy.

The large number and long aftershock sequence of large
shocks seem well documented, but no explanations have been
offered in the literature for these effects. Not only did many
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relatively large shocks occur for several months in the New
Madrid area, but the seismic activity apparently migrated nor-
thward and continued for at least 2 years. For example, small
shocks were felt almost daily at Saline Mines, formerly called
United States Saline, Ill., for 2 years (Fuller, 1912). Some of
the most severe of these shocks were felt in Kaskaskia, Ill., and
along the Wabash River. Whether these shocks were related to
the shocks near and south of New Madrid cannot be proved.
No similar long sequence in southern Illinois has occurred,
however, since the United States Saline shocks in 1812-14.

The detailed accounts of historic seismicity (Nuttli, this
volume) and present day seismicity (Stauder, this volume) pro-
vide more precise descriptions of the effects, size, and distribu-
tion of earthquakes in the New Madrid region than earlier
reports. Their work indicates that damaging earthquakes in
the region are commmon. That more damage was not caused
by the pre-1900 shocks is probably attributable to the fact
that much of the region did not have large towns or cities close
to the epicentral areas. Even today the areas of most intense
seismic activity are rural. However, the increasing size and
number of moderate-sized cities such as Memphis, Tenn., Lit-
tle Rock, Ark., and Paducah, Ky., and of towns serving farm-
ing communities such as Sikeston, Mo., Dexter, Mo.,
Paragould, Ark. and Forrest City, Ark., make the potential
damage much greater than it was 50-150 year ago.

The recording and analysis of present-day seismicity, as
reported by Stauder, have provided, for the first time, an in-
dication of specific zones of seismic activity which are
presumably related to specific fault zones. More detailed loca-
tions of zones are given in the study of seismicity in the New
Madrid, Mo.—Reelfoot Lake, Tenn., area conducted by
O’Connell and others (this volume). Their results are based on
data from a net of 19 seismometers spaced less than 5 km
apart. The results indicate that the seismicity is occurring on
several short north- and northwest-striking fault zones. The
geologic characteristics of the zones of seismicity and their ex-
tent, however, must be resolved by a variety of earth science
disciplines.

The first subsurface information indicating that the seismic
activity is associated with a rift about 70 km wide and more
than 200 km long is provided by the gravity and aeromagnetic
studies of Hildenbrand and others (1977), and Hildenbrand
and others (this volume). The extent of the rift to the
southwest is not yet known. A northeastern extension of it to
the Wabash Valley is postulated by Braile and others (this
volume). The deep-crustal and upper- mantle properties of
the rift have been described by Austin and Keller (this
volume); their model of the structure is consistent with models
of other intraplate rifts throughout the world. Swanberg and
others (this volume) identified a thermal anomaly in the New
Madrid region, but the limited spatial extent of the anomaly
indicates that it is not related to an upper-mantle source as
might be expected in an active rift zone. The lack of evidence

of active rifting is one of several enigmas that compound the
difficulty in explaining the driving forces of the earthquakes.

Studies of deformation are reported in this volume. Russ
demonstrated, using geomorphic methods, that an elongate
composite uplift of the surface occurs over the zone of most fre-
quent seismic activity in the vicinity of New Madrid, Mo.
Most of the uplift, known as the Lake County uplift, is younger
than 6000 years B.P. and parts of it formed between 200 and
2000 years B.P. Crone and Brockman (this volume), using
results of seismic-reflection profiling as reported by Hamilton
and Zoback (this volume), determined that the deformation of
the buried Paleozoic surface in the Lake County uplift area is
concordant with the surface uplift. No serious efforts have yet
been made to attempt prediction of earthquakes in the New
Madrid region. However, the study of radon-isotope emana-
tion by Steele and others (this volume) is a first step in assessing
the usefulness of the emanation method for predicting earth-
quakes.

The reader may find some differences in interpretation of
the same or similar data among the various investigators who
have contributed to this volume. This is to be expected when
the geologic complexity and imperfect knowledge of the region
are considered.

In the following parts of this introductory chapter, an at-
tempt will be made to integrate much of the recent earth-
science information reported in subsequent chapters with
earlier information and to present a generalized description of
the tectonic environment of New Madrid seismicity. In addi-
tion, the implications of earthquake source zones associated
with intraplate rifts will be discussed.

GEOLOGIC HISTORY

The geologic history of the New Madrid region or parts of it
has been described by a number of investigators from a variety
of perspectives. (See, for examples, Fuller, 1912; Stearns and
Marcher, 1962; Caplan, 1954; Grohskopf, 1955; Ervin and
McGinnis, 1955; and Heyl and Brock, 1961.) Until the past
few years when studies related to earthquakes were started by a
number of investigators, most previous work, except that of
Fuller, was related to mineral deposits in the Ozark Moun-
tains, southern Illinois, and western Kentucky; water
resources in the Mississippi Valley; and flood control in the
valley. The monumental work on the Mississippi Valley by
Fisk (1944) and later mapping of the upper part of the valley by
Saucier (1964,1974) and Smith and Saucier (1971) give details
of the Quaternary history of the embayment. More recently,
Russ (this volume) has started detailed studies of river terraces
and geomorphic features to search for evidence of Holocene
regional deformation.

On cursory examination, the geology (fig. 3) of the central
and lower Mississippi Valley area appears relatively simple.
Actually it has been and still is an area with very active and
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complex geological processes that probably started as early as
the late Precambrian and have continued intermittently to the
present. Knowledge of Precambrian events is inferred mostly
from rocks in the St. Francois Mountains of the Ozark uplift,
where thick extensive subalkaline to peralkaline rhyolitic tuffs
were deposited about 1.2 b.y. (billion years) ago
(Anderson,1970; Bickford and Mose, 1975; Kisvarsanyi, 1976;
and Kisvarsanyi, 1980). Alkaline granites were emplaced
about the same time. Precambrian igneous activity ended in
the area with intrusion of gabbro and diabase dikes. This ig-
neous activity is believed to have been accompanied by epeiro-
genic uplift and the formation of the “Reelfoot Rift” (Ervin
and McGinnis, 1975).

The area of the present Mississippi Embayment subsided in
early Paleozoic time, and a basin called the Reelfoot Basin
(Schwalb, 1971) formed with a center of deposition in the
vicinity of western Kentucky and southeastern Missouri.
Clastics followed by carbonates were deposited in Middle and
Late Cambrian time. By Silurian time the center of deposition
of the Reelfoot Basin had migrated northward and merged
with the southward-migrating Illinois Basin. Late Paleozoic
and Mesozoic uplift of the Reelfoot Basin resulted in forma-
tion and later erosion of the Pascola arch between the Ozark
Dome and Nashville Dome. The uplift apparently continued
until Late Cretaceous time as no younger Mesozoic sediments
have been found, and the arch apparently was emergent until
the Early Cretaceous. On the basis of reconstruction of the
stratigraphic section, Stearns and Marcher (1962) estimated
that at least 2.5 km and as much as 4.5 km of rocks were erod-
ed from the arch before subsidence started in the Late
Cretaceous. This subsidence and accompanying deposition of
predominantly clastic rocks continued into the Pleistocene
and probably the Holocene. Subsidence may have been occur-
ring about 6000 years B.P. when the Mississippi and Ohio
River systems changed from a braided to a meandering system
in the northern part of the Mississippi Embayment (Saucier,
1974). Certainly much of the alluvium that fills the eastern
lowlands of the Mississippi Valley was deposited during the in-
terval from about 20,000 to 6000 years B.P. (Saucier, 1974).
Interpretation of this deposition being related to subsidence
becomes a problem beyond the scope of this paper, however,
because it requires detailed consideration of climatic changes
and of the effect of sea-level changes on stream gradients and
loads. A rough comparison of rates of deposition since Late
Cretaceous time is shown in figure 4.

Deposition of sediments, largely of marine origin (Stearns,
1957), in the Mississippi Embayment was clearly most rapid
during the early Tertiary, which presumably indicates the
greatest rate of subsidence. The high rate of deposition of con-
tinental sediments calculated for the Quaternary Period may
indicate an increase in subsidence, but, as stated above, sea-
level and other changes may have had major effects on rates
and amount of deposition of alluvium in the valley of the
Mississippi and Ohio rivers.

FAULTS

This discussion of faults is separated from geologic history
because of their direct importance to earthquakes (fig. 3). The
fundamental questions to be answered in any study of the loca-
tion and cause of earthquakes in a particular region are (1)
where are the seismically active faults, and (2) what is the past
and present rate of movement of them. Extensions of the ques-
tions include consideration of the structural regime in which
the faults occur, their length, and their mode of displacement.

SURFACE FAULTS

The amount and history of faulting are not well known
because of cover by Quaternary sediments and because detail-
ed geologic mapping has not been done in much of the area.
The faults shown in the generalized map of the region (fig. 3)
are inadequate for comprehensive tectonic analysis. Even
more detailed compilations have limitations. As Heyl and
McKeown (1978) stated, for a more detailed map than is
shown in figure 3, most of the eastern Ozark Mountains, most
of western Tennessee, and most of southwestern Illinois have
not been mapped in detail, whereas western Kentucky and the
Fluorspar district of southern Illinois have been. Comparison
of the geologic structure among the areas is, therefore, not
justified. The New Madrid fault zone of Heyl and Brock
(1961) is suggested in part on the basis of the zone of northeast-
trending faults in southeastern Illinois. The trend, distribu-
tion, and abundance of faulting in southwestern Illinois,
however, are not known owing to lack of enough detailed
mapping.

Some gross inferences of major structural trends can be
made, particularly from a regional perspective. Major faults
such as the Palmer and Sims Mountain faults in the Precam-
brian and Paleozoic rocks of the St. Francois Mountains trend
predominantly west and northwest. The largest fault or fault
zone in the northeastern part of the Ozark uplift is the Ste.
Genevieve fault zone, which is part of the 38th parallel linea-
ment of Heyl (1972). The fault apparently had post-Devonian
movement and possibly post-Mississippian movement on it. In
contrast to the northwest strike of major faults, the trend of
diabase dikes in the St. Francois Mountains is predominantly
north (Gibbons, 1972). As noted by McKeown (1978), this
trend is coincident with the strike of most nodal planes in
focal-mechanism solutions of Street and others (1974).
Whether or not this coincidence in trends is causally related is
controversial, but the trend of diabase dikes is certainly in-
dicative of a structural grain related to major deep-seated
crustal stresses during the late Precambrian.

The northeast-trending faults in southern Illinois and
western Kentucky offset Mississippian and Pennsylvanian
rocks. They form a broad zone but, as mentioned above, their
western extent is unknown. Displacement on them is as much
as about 150 m, but none of the faults appears to be a major
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FIGURE 3. — Generalized fault map of the New Madrid region showing plutons, approximate rift boundaries, and epicenters of earthquakes detected from
July 1974 to June 1977.

structural feature. As noted by Heyl and McKeown (1978), minate at shallow depths (Bristol, 1975). More recent inter-

they appear to be tensional faults related to anticlines, and pretations of drill-hole data by Bristol and Treworgy (1979)
some of them in the Wabash Valley fault system may ter-

show that the major faults in the system probably extend to
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basement, which is 3.6~4.3 km below sea level. They also

show, as Bristol did earlier, that some faults die out with

depth.

Most of the youngest faults strike northeast and offset Ter-
tiary gravels (Lafayette Formation of former usage), whose age
is controversial. These gravels are generally considered to be
Pliocene (Potter, 1955), but some evidence suggests a Miocene
age (W. W. Olive, written commun., 1978). Recently, Russ
(1979) reported more than 3 m of offset of strata in Holocene
alluvium near the base of a scarp on the west side of Reelfoot
Lake. The tectonic significance of this fault is not clear,
however, and the reader is referred to Russ for details.

SUBSURFACE FAULTS

Recent exploration of the New Madrid region by gravity,
magnetic, and seismic-reflection-profile methods has tremen-
dously advanced knowledge of the tectonic framework of the
region. The first significant information on deeply buried
geologic structure has resulted from the gravity and aeromag-
netic surveys started under the leadership of Martin Kane, of
the USGS, in 1973. Maps (Hildenbrand and others, 1977) and
reports (Hildenbrand and others, this volume) show and
describe a major subsurface rift extending from the vicinity of
New Madrid, Mo., southwestward at least as far as the latitude
of Memphis, Tenn. The northeastern extent is not known. By
analogy with rifts in other parts of the world, particularly east
Africa, an abundance of faults may be inferred within the rift.
Available reflection profiles, however, do not show an abun-
dance of faults that offset post-Paleozoic rocks (Zoback, 1979;
Zoback and others, 1980; Hamilton and Zoback, this volume).
Very few reflections from below the surface of the Paleozoic
rocks occur in these profiles, however, and so the amount of

faulting in Paleozoic rocks is not well known. Only two of the
profiles have reflections below the Paleozoic surface. These
profiles were obtained along lines in the southern part of the
current zone of seismicity and cross the zone in two places.
Zoback and others (1980) interpreted the profiles as showing a
fault zone with a vertical offset of about 1 km in rocks of
Paleozoic age. In addition, they interpreted several small faults
that offset the Paleozoic surface with a cumulative vertical
displacement of about 50 m over a distance of 9 km. The zone
of small faults overlies the large fault zone, and both zones are
coincident with the northeast-trending zone of seismicity.
Because of the differences in the character of the seismic
signature of the deep reflectors on both sides of the inferred
large vertical offset and the relatively small vertical displace-
ment of the Paleozoic surface, an interpretation of some lateral
movement across the zone is permissible. Such an interpreta-
tion is compatible with focal- mechanism studies of Hermann
and Canas (1978). No unambiguous geologic evidence of
lateral movement is known; however, large (tens of kilometers)
movement can be precluded from stratigraphic relationships in
the Pascola arch area. Some investigators (Grohskopf, 1955;
Marcher and Stearns, 1962) have constructed pre-Cretaceous
subsurface geologic maps of the area. The drill-hole control for
these maps is poor, but it is adequate to define the gross
distribution of Paleozoic rock units. The continuity of the units
across the inferred rift does not suggest lateral movement.

Many small faults that offset the Paleozoic surface and rocks
of Paleocene and Eocene age occur locally in the Reelfoot Lake
area. Most of the faults cannot be correlated from one profile
line to another. A notable exception is the Cottonwood Grove
fault, defined and described by Zoback and others (1980). This
fault and subparallel faults are part of a small northeast-
trending fault system that appears to be on a projection of the
zone of seismicity along the axis of the rift. The system is about
3 km wide and 12 km long. However, neither epicenters nor
nodal planes of seismic events in the vicinity of the fault system
parallel the northeast trend of the system. Any relation bet-
ween structural and seismic trends is at best equivocal.

Prior to the inferred delineations of subsurface faults from
the reflection-profile data, the trends of epicenters reported by
Stauder and others (1976) and Stauder and others (this
volume) indicated the direction of seismically active faults or
fault zones. The longest trend extends for about 100 km from
Marked Tree, Ark., to about Caruthersville, Mo. Whether the
epicenters that define this trend are all related to a single long
fault or a zone of subparallel short faults along the axis of the
rift cannot be determined from any available data. The fact
that this trend is the longest, is along the axis of the rift, and is
coincident with the linear zone of sand blows caused by earth-
quakes in the New Madrid sequence of 1811-12 suggests that
it is related to a fault zone with the potential of having the
largest earthquakes in the region. This trend is not, however,
indicative of the structural complexity in the region. The
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seismological and geophysical data northeast of Caruthersville
in the vicinity of Reelfoot Lake provide insight into some of
this complexity. The trend of epicenters (Stauder and others,
this volume) indicates a north-northwest structural zone that
extends from near Dyersburg, Tenn., to near New Madrid,
Mo., where it bifurcates into an east-west branch and a nor-
theast branch. The branches occur approximately on edges of
the Bloomfield pluton (Hildenbrand and others, this volume).
Some of the more recent locations of earthquakes between
Dyersburg and New Madrid suggest that the north-northwest
zone may comprise an en echelon northwest- trending zone of
faults. Recent work by O’Connell and others (this volume)
shows northwest and north trends in seismic data acquired
from a portable network of 19 stations in the area.

In summary, even though more geophysical, seismological,
and geologic data are available for the area of currently most
frequent seismic activity than for any other area in the region,
exact delineations of seismogenic faults cannot yet be made.
The reader is referred to references cited earlier in this section
for more detailed information on subsurface structure as infer-
red from geophysical and seismological data. Many of these
data indicate the presence of many relatively small bodies of in-
trusive rocks. As these bodies of rock appear to have some rela-
tion to the location of some seismic activity and are probably
genetically related to repeated faulting and minor doming,
they may be of considerable significance to understanding the
seismic activity. Details of the relation of structure to intrusive
masses are given in Zoback and others (1980) and Hamilton
and Zoback (this volume).

INFERRED CHARACTERISTICS OF
SEISMICITY ASSOCIATED WITH RIFTS

As the available evidence strongly indicates that the seismici-
ty in the New Madrid region is associated with an ancient in-
traplate rift, a brief review of the evidence and an analysis of
the possible significance of the rift to characteristics of seismici-
ty are appropriate. It is unnecessary here to review the possible
causes and timing of the rift and its relation to other possible
rifts and tectonic events in Central and Eastern United States.
An excellent overview of these topics has been given by Hinze
and others (1980). In addition, the reader is referred to Burke
and Dewey (1973), Ervin and McGinnis (1975), Hoffman and
others (1974), Lidiak and Zietz (1976), and Rankin (1975) for
extensive discussion on and inferences about the location and
development of rifts. Perhaps more relevant to discussion of
the relation of seismicity to rifts are the data and concepts given
by Kumarapeli and Saull (1966). They argued convincingly
that the St. Lawrence Valley is a rift zone initiated in the
Mesozoic Era that may extend to the midcontinent region.
Further, they attributed current seismicity to the rift system. In
a later paper, however, Kumarapeli (1976) modified some of
the concepts presented in 1966. One of the chief criticisms of

the 1966 paper was that the St. Lawrence rift system is not cur-
rently an active extensional feature (Voight, 1969). Results of
in situ stress measurements presented by Voight indicate that
the region is under high horizontal compressive stress. This
observation of the current state of stress does not invalidate the
importance of Kumarapeli’s concepts of the distribution and
ages of the St. Lawrence rift system, or of the mineral
assemblages and seismicity associated with it.

That the rifts tend to be located along old structural
elements is widely recognized. (See Sykes, 1979, for a review of
evidence of reactivation of rifts.) It is significant to note that
the east coastal area of the United States, which was involved
with continental rifting in the Mesozoic, is today under com-
pression (Zoback and Zoback, 1980). Therefore, arguments
about whether a rift is currently in a state of compression or
extension are not necessarily relevant to explanations of why
earthquakes occur in rifts. What is relevant is that rifts are ma-
jor breaks in the crust that have properties more favorable for
the occurrence of earthquakes than adjacent less broken parts
of the crust.

Recognition of young or old rifts is of value to earthquake
studies because it helps to differentiate faults in a region that
extends to hypocentral depths of earthquakes from faults that
may or do not extend to depths of more than a few kilometers.
Recognition of rifts and an association of earthquakes with
rifts are important steps in attempts to understand the location
of earthquakes within continental plates. However, in concert
with this knowledge, efforts must be made to explain physi-
cally why earthquakes are more likely to occur in rifts than in
adjacent areas. Rigorous physical explanations cannot be
given yet, but several qualitative geologic explanations will be
given in subsequent paragraphs. Explanation of earthquakes
occurring in rifts may not only provide a basis as to why earth-
quakes occur where they do but also provide a possible basis to
estimate limits both on location and on source dimensions of
earthquakes in rifts. Explanations of earthquakes associated
with plate boundaries in Western United States, particularly
California, can be made; and these, along with empirical
data, are used to estimate source dimensions, size of earth-
quakes, zones of potential seismic activity, and so forth. The
tectonic environment of intraplate earthquakes in Central and
Eastern United States, however, is poorly known, and some
knowledge commonly used to describe and evaluate earth-
quakes in Western United States does not appear to be rele-
vant to studies of earthquakes in Central and Eastern United
States. Discussion of earthquake sources and dimensions in
this chapter, therefore, will be limited to the tectonic regime
of the New Madrid region and comparison with similar
regimes elsewhere in the world. The features of the regime
that need to be considered as a basis for estimating limits on
earthquake source dimensions and their physical
characteristics are (1) abundance, dimensions, and mode of
displacement of faults in and adjacent to intraplate rifts; (2)
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rates and kind of deformation occurring now or in the recent
past; and (3) physical characteristics and distribution of rocks
in rifts.

CHARACTERISTICS OF FAULTS IN RIFTS

The abundance of, dimensions of, and mode of displace-
ment on faults in the buried rift of the New Madrid region may
never be known in detail but may be postulated by analogy
with exposed rifts. According to interpretations of the aero-
magnetic and gravity data presented in this volume, major rif-
ting occurred in the late Precambrian or Early Cambrian. As
delimited by offsets of the aeromagnetic basement, the rift is
about 70 km wide and more than 200 km long. Relief on the
aeromagnetic basement is about 2 km. The bounding fault
zones have not been observed on the seismic-reflection profiles;
however, the profile lines did not extend far enough towards
the boundaries of the rift to detect the zones for certain. An ax-
ial zone of faults and probably intrusives has been identified in
reflection profiles southwest of Blytheville, Ark. (Zoback and
others, 1980). The northeastern and southwestern extent of the
zone is not known from available geophysical data. As a north-
eastern trend of seismicity that extends from Marked Tree,
Ark., to about Caruthersville, Mo., seems to be associated
with the axial zone, the zone may extend equally as far.
Reflection-profile data show faults of the Paleozoic surface, but
they are not particularly abundant and offsets are small. For
example, a cumulative offset of the Paleozoic surface of only 50
m occurs within a distance of about 9 km across the axial zone.

Studies of exposed active or recently active rifts in east Africa
(for example, Baker and others, 1972; Bailey, 1974; Barberi
and others, 1974; and King, 1970) provide examples of the
characteristics of faults and igneous rocks in rifts that may be
similar to the rift in the New Madrid region. These studies also
show, however, that rifts are quite complex and are varied
enough so that generalizations could be misleading. Neverthe-
less, it is reasonable to cite features of the East African rifts as
models for the New Madrid region. Where exposures are
good, detailed mapping shows an abundance of faults within
rifts (for example, Baker and others, 1972, figs. 11 and 12).
King (1970, p. 203) noted for the East African Rift System the
”...extraordinary intensity of faulting (ranging from Tertiary
to Recent) within their limits and the almost complete absence
of faults outside.” The rift in the New Madrid region,
therefore, may have an abundance of faults at a depth below
the top of the aeromagnetic basement, which presumably
represents Precambrian or Lower Cambrian igneous rocks,
that would have been involved in rifting. By analogy, if east
African-rift-type faults are present, they will typically be seg-
mented, intersecting, and en echelon; their lengths will com-
monly range from a few to about 15 km. In addition, King
(1970) has observed that the tectonic and igneous activity
migrates with time towards the center of rifts. It is reasonable
to expect, therefore, that the axial zone of a rift may be the

most disrupted and long-lasting zone of weakness. If so, it is
not surprising that some of the current seismicity in the New
Madrid region is along an inferred axial zone of the rift.

Rifts are the result of extensional tectonics. Causes of the ex-
tension are controversial, and the reader is referred to Bailey
(1974) for review of some of the controversy. It is not contro-
versial that faults within an active rift predominantly have nor-
mal dip-slip displacement. As mentioned earlier in this
chapter, however, the mode of displacement of faults initially
formed in a rift may change in accordance with changes in the
state of stress. The strike-slip and reverse fault mechanisms
reported by Herrman and Canas (1978) for modern earth-
quakes in the New Madrid region reflect the current state of
stress on faults in an ancient rift.

RATES OF DEFORMATION

As was briefly stated in the introduction to this chapter, the
rate of movement on faults in the New Madrid region is pro-
foundly less than the rate of movement on faults in an active
plate boundary system or the rate of movement of oceanic rifts.
A wide range in rate of fault slip can be calculated in the New
Madrid region, but the rates are all low relative to plate-
boundary motion. If the 50-m cumulative vertical displace-
ment of the Paleozoic surface across a width of 9 km, reported
by Zoback and others (1980), is assumed to have occurred in
the last 50 m.y., the rate of displacement is 0.001 mm/yr.
Another example is the 80-m vertical displacement on the Cot-
tonwood Grove fault, reported by Zoback and others (1980).
The total offset on this fault likely occurred in the last 50 m.y.
However, even if it is assumed to have occurred in the last 10
m.y., the rate is only 0.008 mm/yr. The largest rate of
displacement may be deduced from the work of Russ (1979).
He reported at least a 3-m vertical offset of alluvium exposed in
a trench near Reelfoot Lake in the last 2,000 years. This is a
rate of 1.5 mm/yr. All of these calculated rates of displacement
are more than an order of magnitude smaller than the 2-3
cm/yr horizontal movement measured along the San Andreas
fault. Another comparison of rates of fault slip can be made
using information from the Basin and Range province provid-
ed by R. C. Bucknam (oral commun., 1980). Rates of struc-
tural relief that may be presumed to have occurred on faults
range from 0.2 to 0.4 mm/year in a time range of 10°-107
years. On a shorter time scale, movement on the Wasatch
fault ranges from 1.1 to 1.7 mm/yr during the last 10* years.

Deformation by warping (uplift or subsidence) of large
areas of the land surface, however, is also an order of
magnitude different for the New Madrid region when com-
pared with the southern California uplift. Russ reports a 10-m
vertical displacement of the Lake County uplift area in the last
6,000 years, which is 1.6 mm/yr. Most of the uplift could have
occurred in the last 2000 years, which would be a maximum
rate of 4.8 mm/yr. In contrast, uplift and subsidence rates of
the southern California uplift are on the order of 1-3 cm/yr
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(Castle and others, 1976).

Another comparison of rate of tectonic deformation within
rift zones is given by Bailey (1974) and Baker and others
(1972). Bailey, citing other authors, reported extension rates
of 0.1 and 0.5 mm/yr for the Rhine and Kenya rifts, respec-
tively. Similarly, Baker and others reported maximum exten-
sion rates of 0.4-1 mm/yr for rifts in Ethiopia, Kenya,
Turkana, and Tanzania. As emphasized by Bailey, the rate of
extension of intracontinental rifts is more than an order of
magnitude less than the rate of extension of oceanic rifts,
which suggests that they are fundamentally different struc-
tures.

In view of the above examples of rates of various kinds of
tectonic deformation, it is not surprising that surficial
evidence of deformation associated with historic earthquakes
in the New Madrid region is lacking.

A deduction from the above data may be that the large
earthquakes (the 1811-12 sequence) were deeper than
postulated on the basis of attenuation studies (Nuttli, 1975b)
or that the source dimensions are smaller (Evernden, 1975).
Either circumstance would very likely preclude rupturing of
the surface or even offset of deeply buried Paleozoic rocks and
explain the lack of surface rupturing during the 1811-12 se-
quence of earthquakes.

CHEMICAL AND PHYSICAL
CHARACTERISTICS OF ROCKS IN RIFTS

The great abundance of alkalic rocks in or associated with
rifts is well documented. The fact that assemblages of these
rocks have unique chemical and physical characteristics and
originate in the upper mantle or lower crust makes any zone
that has an abundance of them of particular interest to a variety
of earth-science specialists. Interests include questions related
to the fields of economic geology and mineralogy and, of im-
portance to this discussion, the possible effect that assemblages
of alkalic rocks may have on the location of earthquakes. The
abundance of such rocks in or associated with the rift in the
New Madrid region can only be inferred. As all oﬁtcrops and
samples of rock from drill holes immediately adjacent to or
within the Reelfoot rift are alkalic, it is reasonable to infer that
an abundance of such rocks occur in the subsurface. The best
known occurrences of alkalic suites of rock in the region occur
at Magnet Cove, Ark. (Erickson and Blade, 1963), and in the
Little Rock, Ark., bauxite district (Gordon and others, 1958).
Earlier Williams (1891) described all of the known occurrences
of igneous rocks in Arkansas, all of which are alkalic. These
alkalic rocks occur in petrologically complex plutons that are
part of the northwest side of the Reelfoot rift; they range from
felsic to mafic varieties of alkalic rocks. The Magnet Cove
Complex includes carbonatite, which is common in areas of
rifting. Exploration drill holes for oil in Tennesse and Missouri
have penetrated syenite, lamprophyre, and mica peridotite
(Kidwell, 1951). Syenite was penetrated by a drill hole over the

Covington pluton about 80 km north of Memphis, Tenn,
Lamprophyre and mica peridotite were penetrated in drill
holes in southwestern Tennessee and southeastern Missouri.
As noted by Hildenbrand and others (this volume), these oc-
currences of alkalic rocks range from Permian to Cretaceous in
age. Interpretations of seismic-reflection profiles (Zoback and
others, 1980; Glick, this volume) suggest Tertiary intrusive ac-
tivity. This range in age of alkalic intrusive rocks along the
boundaries of a Precambrian or Early Cambrian rift is indica-
tive of renewed rift tectonics.

The characteristics of alkalic rocks that may affect the loca-
tion of seismicity are their origin in the upper mantle or lower
crust; their original, very high content of volatiles; and their
wide range in mineralogic composition. Convincing argu-
ments and data support the view that alkalic rocks are derived
from the upper mantle or lower crust (for example, Bailey,
1974). Bailey also stated (p. 155), “Abnormal enrichment in
volatiles and alkalies is the keynote of rift magnetism.” The
wide range in mineralogic composition is well documented in
the study of the Magnet Cove area by Erickson and Blade
(1963); it requires the interpretation that the elastic moduli
and density of the rocks also range widely. These characteris-
tics, as they may relate to earthquakes, are discussed in the
next section.

POSSIBLE SIGNIFICANCE OF
ALKALIC-ROCK
CHARACTERISTICS TO SEISMICITY

In addition to the fact that alkalic rocks have deep-seated
origins and therefore must have penetrated through deep frac-
tures in the crust to reach shallow crustal levels, they prompt
suggesting a speculative hypothesis that is relevant to seismicity
in rifts. Briefly, the hypothesis presented in this section is that
the volatile content of rocks in the rift of the New Madrid
region was or is still high enough to make them particularly
weak because of increased porosity and (or) high pore pressure
compared with rock