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Preface

The greatest sequence of earthquakes in the history of the United States occurred
in the winter of 1811-1812 in New Madrid, Missouri. To commemorate the importance of
these earthquakes, 150 scientists, professors, teachers, students, engineers, emergency
planners, and private citizens attended a symposium on the "New Madrid Seismic Zone"
at the Southeast Missouri State University in Cape Girardeau, Missouri, April 27-28,
1984, The purpose was to discuss these earthquakes and the geology, geophysics, and
seismicity of the central Mississippi Valley area and to identify the increase in knowledge
during the past decade.

The papers appearing in this open-file report were presented at the symposium
which was held in conjunction with the annual meeting of the Missouri Academy of
Sciences in Cape Girardeau. The symposium was sponsored by the Missouri Academy of
Sciences and the U.S. Geological Survey (USGS). The symposium was organized by Otto
Nuttli of Saint Louis University. Donald H. Froemsdorf, President-Elect of the Academy
and Dean of the College of Science and Technology of Southeast Missouri State
University, and Walter W. Ilays and Paula L. Gori, Office of Earthquakes, Volcanoes, and
Engineering of the USGS, provided assistance for the symposium and published this
document.

Sponsorship of the symposium by the USGS represents one of the first activities
conducted under the new USGS's "Regional Earthquake Hazards Assessment" eleinent of
the National Earthquake Ilazards Reduction Program. The objectives of the element are:

1) Compile and synthesize geologic and geophysical data needed for evaluating
the earthquake hazards of ground-shaking, ground failure, surface fault
rupture, and tectonic deformation and for assessing the risk in broad
geographic regions containing important urban areas.

2) Foster an environment for implementation, creating partnerships and
providing high-quality scientific information that can be used by local
- governments to devise and implement loss-reduction measures, such as
building codes, zoning ordinances, and personal preparedness.

The Regional Earthquake IHazards Assessment element has five interrelated
components. They are:

1) Information Systems--The goal is to produce quality data along with a
comprehensive information system, available to both internal and external
users for use in earthquake hazards evaluations, risk assessment, and
implementation of loss-reduction measures.

2) Synthesis of Geological and Geophysical Data for Evaluation of Earthquake
Hazards--The goal is to produce synthesis reports describing the state-of-
knowledge about earthquake hazards (ground shaking, surface faulting,
earthquake-induced ground failure, and tectonic deformation) in the region
and to recommend fufure research to increase the state-of-knowledge
required for the creation and implementation of loss-reduction measures.

3) Ground Motion Modeling——The goal is to produce deterministic and
probabilistic ground-motion models and maps of the ground-shaking hazard
with commentaries on their use.
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4) Loss Estimation Modeling—The goal is to devise economical methods for
acquiring inventories of structures and lifeline systems in urban areas, to
create a standard model and commentary for loss estimation, and to produce
loss and casualty estimates for urban areas.

5) Implementation—The goal is to foster the creation and implementation of
hazard-reduction measures in urban areas, providing high-quality scientific
information that can be used by local government decisionmakers as a basis
for calling for change.

Research focusing on one or more of the five components is presently being conducted in
the following areas:

1) Wasateh front, Utah 6) Mississippi Valley

2) Southern California 7) Puerto Rico

3) Northern California 8) Charleston, South Carolina

4) Anchorage, Alaska 9) Buffalo-Rochester area, New York
5) Puget Sound, Washington 10) Boston area, Massachusetts

In each area, the research is performed by using the resources of the USGS's internal and
external program (the external program is implemented through grants and contracts
awarded annually following a program announcement). The goal is to achieve maximum
synergism of State, local, and Federal resources. Strategies for this element are to
foster strong partnerships with universities, local government agencies, other State and
Federal agencies, and the private sector, as well as to strengthen existing programs and
partnerships. Another strategy is to take advantage of earthquakes, postearthquake
investigations, past research studies, and other activities.

Walter W. Hays

Office of Earthquakes, Volcanoes
and Engineering

U.S. Geological Survey

Paula L. Gori

Office of Earthquakes, Voleanoes
and Engineering

U.S. Geological Survey

Otto W. Nuttli

Department of Earth and
! Atmospheric Sciences

Saint Louis University
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EVALUATION OF THE SYMPOSIUM ON THE NEW MADRID SEISMIC ZONE
by
Paula Gori
U.S. Geological Survey

Reston, Virginia 22092

At the conclusion of the one-and a-half day symposium on the New Madrid
Seismic Zone, held in Cape Girardeau, Missouri, on April 27-28, 1984,
participants were asked to evaluate the meeting, rating the value of the
discussions and activities and the benefits to them and their organization.
The symposium was designed to define the ground-shaking and ground failure
hazards in terms of the geology, geophysics, and seismicity of the New Madrid

Seismic Zone.

Responses were elicited on a five-point scale, 1 and 2 representing the
lowest level of agreement, 3 moderate agreement, and 4 and 5 highest agreement
(see Figure 1). Since not all respondents answered all the questions,

percentages are based only on those who submitted evaluations (see Figure 2).

Evaluations returned by 51 participants indicated that the symposium was
successful in meeting its goals. Eighty-six percent of the evaluators thought
that the symposium did a "good to excellent" job of defining the geology of
the New Madrid Seismic Zone. Ninety-four percent thought that the symposium
did a "good to excellent" job of defining the geophysical parameters of the
New Madrid Seismic Zone, and 92% of the evaluators thought that the symposium
did a "good to excellent" job of defining the seismicity of the zone. Eighty-

eight percent of the evaluators thought that the symposium did a "moderate to
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excellent" job of defining the nature and extent of ground failure hazards.
Clearly, the participants valued the technical information presented at the

meeting.

Evaluators also felt that the symposium benefited them and their
organization. Ninety-four percent agreed that the symposium provided new
sources of information and expertise that could be used in the future, and 98%
agreed that the symposium established better understanding of the extent of
the earthquake ground-shaking and ground failure hazards in the Central United

States.

To determine which activities were viewed as the most useful, in the
communication process, participants were asked to rate formal presentations,
follow-up discussions, informal discussions, and materials such as notebooks
and abstracts. Formal presentations were rated very highly, with 76% of the
evaluators giving a "good to excellent" rating and 18% giving a "moderate
rating." Discussions following formal presentations were rated less favorably
with 43% giving a "high rating" and 49% a "moderate rating." This rating
documents the fact that insufficient time was programmed for questions and
discussion. Since no time was set aside for breaks, informal discussions
during breaks and after hours were given relatively "low marks" with 66% of
the evaluators giving "moderate to high" ratings. Clearly, the notebooks
containing abstracts of the presentations wWwere considered valuable by the

evaluators, with 844 rating them as "good to excellent."

The importance attached to this symposium is shown in the response of 98%

of those submitting evaluation that they would, knowing what to expect, attend



a similar meeting. The same percentage of the respondents strongly agreed
that future meetings should be planned to continue the work initiated at this

symposium.

Individuals were given an opportunity to make comments and to criticize
the symposium. The goal was to receive constructive suggestions of ways to
improve future meetings. Many respondents took the time to personalize their
suggestions. Most comments were enthusiastic about the subject matter and
many of the presentations. However, a large number of evaluators commented on
the apparent lack of preparations on the part of some speakers. Also the lack
of an adequate sound system and the uncomfortable temperature and layout of

the meeting facility detracted from the quality of many of the presentations.

Many of the participants noted that the symposium was an enriching
educational experience, notable for the diversity of the subject matter and
quality of research. Many felt that additional symposiums (or meetings) on
the same subject as well as related subjects would be well attended,
especially those dealing with engineering and design implications and

emergency response and land-use planning issues in the Central United States.
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Evaluations of the Symposium by Individual Participants
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Use the remaining portion of this page and the back if necessary for comments and

criticisms of the symposium and suggestions on how other meetings of this type

might be improved.
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Evaluation of the Symposium by Percentages of Participants
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NEW MADRID SEISMIC ZONE,
PART I: HISTORICAL REVIEW OF STUDIES
and
PART II: CONTEMPORARY STUDIES BY THE U.S. GEOLOGICAL SURVEY
by
F. A. McKeown
U.S. Geological Survey
Denver, Colorado 80225

INTRODUCTION

This paper is a revision of a paper given by me at the New Madrid Seismic
Zone Symposium at Cape Girardeau, Missouri, on April 27, 1984 and entitled
"New Madrid Seismic Zone: Overall perspective and significance of studies."
Because of the wide range in content of the Cape Girardeau version and

resultant disparity in tenor of the subjects described in it, a clear division
in the subject matter seemed necessary. This revision therefore is divided

into two parts and is in essence two reports. The first part is an historical
review of studies published before 1983; the second part is a review of
studies recently completed or still in progress by U.S. Geological Survey

personnel.

PART I: HISTORICAL REVIEW OF STUDIES

INTRODUCTION

The earliest description by a geologist of the effects of the New Madrid
sequence of earthquakes was that of Sir Charles Lyell (1849). His desecription
of the effects, some 38 years after the earthquakes, was probably as detailed
and accurate as could be made. It contained little, however, that was useful
in deciphering the geologic structure to which the earthquakes might be
related. This was to be expected of much of the descriptive material by
eyewitness accounts and by later observers. These old accounts have proved
invaluable, however, to the construction of isoseismal maps such as by Nuttli
(1973), Stearns and Wilson (1972) and Street (1982). It was not until 100
years after the earthquakes that Fuller (1912) suggested physically reasonable



explanations of many phenomena associated with the earthquake. His report

contained not only much descriptive material, cited from the literature and
from personal observation, but also a geologically plausible explanation of
the origin of the earthquakes. The two most popular explanations until then
were that the earthquakes were related to volcanism or electricity. Fuller

recognized the importance of faulting and suggested the following origin.

"The best evidence of origin is that afforded by the distance to
which the vibrations were felt. It does not seem possible to
conceive of a shock originating in soft embayment deposits being
transmitted to the hard rocks and thence across the Appalachians
to the Atlantic Coast on the east and across the central coal
basin to Chicago, Detroit, and Canada. The fact that the shocks
were strongly felt at these localities seems to point conclusively
to a deep-seated origin in rigid rocks. A faulting in the hard
Paleozoic rocks seems, therefore, to be the only probable

explanation."

Considering how little was known in 1912 about earthquake source zones
and seismic waves Fuller's reasoning and explanation show remarkable
insight. He also recognized that most of the disturbance from the earthquakes
was in a linear zone, which in his terminology was the centrum. This linear
zone is now well recognized from seismicity and geophysical studies. Lastly,
he recognized, as we now do, the great amount of damage that could be caused

by a repetition of the New Madrid sequence of earthquakes.

An important concept about the relationship of seismicity to an inferred
major geologic structure in the central United States was suggested by Wollard
(1958). 1In a discussion of the Mississippi Valley earthquakes he noted an
alignment of them extended to the St. Lawrence River valley and suggested that
a major "structural break" was related to the earthquakes. If such a
structural break did exist and was related to earthquakes, it would have a
great impact on assessments of seismic risk in central and northeastern United
States. More recent data, however, do not support the existence of a

continuous major structural break.



In a study of the Illinois-Kentucky mining district, Heyl and Brock
(1961) suggested that the district was at the intersection of two major fault
zones. One of these they defined as the New Madrid fault zone extending from
near Vincennes, Ind., southwest to beyond New Madrid, Mo. The other is the
Rough Creek-Shawneetown fault zone, which Heyl later incorporated into the
38th Parallel Lineament (1972). The evidence used to define the New Madrid
zone is the northeast-trending faults in the Wabash valley area and in the
Illinois-Kentucky mining district, which, if projected southwestward, is
coextensive with the northeast alinement of epicenters in the northern
Mississippi embayment. This concept of the New Madrid fault zone is a
plausible explanation of a seismogenic structure particularly because
earthquakes in the Wabash valley area seemed to be associated with the Wabash
valley fault zone., Data now available, however, show that the earthquakes in
the Wabash valley and the New Madrid area are related to a much more complex

structural framework than a single fault zone.

In the 1960's, interpretations of geologic and geophysical data were not
made in terms of plate tectonics or in terms of rifts if the area under study
was in a so-called stable continental interior. However, the concept of an
incipient rift in the upper Mississippi embayment was recorded at a meeting of
the Society of Economic Geologists at the United Nations, New York, N.Y., on
March 10, 1966 (White, 1967). The purpose of the meeting was to discuss the
latest knowledge of the origin of lead-zinc-barite-fluorite deposits in
carbonate rock. In response to a question about the possibility of there
being a rift in the embayment, A. V. Heyl of the U.S. Geological Survey
suggested on the basis of the distribution of alkalic rocks and a gravity high
that perhaps an incipient rift was present in the embayment (White, 1967, p.
382). This concept, according to Heyl, was based in large part on an
unrecorded interpretation of gravity data by the late Henry R. Joesting (1966)
of the U.S. Geological Survey. Joesting's interpretation of the gravity high
in the embayment was that it indicated that the earth's crust had thinned and
that dense mantle material had upwelled to produce the gravity high (A. V. Heyl
and L. E. Cordell, U.S. Geological Survey, oral commun., 1984). This
interpretation of relatively scant gravity data is much the same as current
interpretations of more recent and much more detailed gravity, magnetic, and

seismic data.



That earthquakes in the New Madrid region may be related to a rift system
similar to those in east Africa was suggested by Kumarapeli and Saull (1966).
Part of their argument was similar to that of Wollard, namely that an alignment
of epicenters runs from New Madrid to the St. Lawrence Valley. They included
other evidence such as highly alkalic igneous rocks, diatremes, and carbonatites
that are abundant in and near intracratonic rifts. Some or all of these features
are common to the St. Lawrence Valley area, the Illinois-Kentucky mining
district, igneous rock penetrated by exploratory oil test wells in the
Mississippi embayment, and the Magnet Cove mining district of Arkansas. They
also noted that the dimensions of the proposed rifts in North America are similar
to those of most rift valleys worldwide. The rift system proposed by Kumarapeli
and Saull in 1966 was imaginative, and had considerable merit, but was severly
criticised. One of the most severe criticisms was that the St. Lawrence region
is now under compression and not extension as they had proposed (Voight, 1969),
and therefore contemporary earthquakes in the region could not be the results of

an extensional stress regime that would cause rifting. In a subsequent paper,
Kumarapeli (1976) recognized that seismicity in the region may be the result of

release of compressional stresses on faults in an old rift system. This is a
concept that is well accepted today for many seismically active areas, including

the New Madrid region.

In 1973 the concept of a buried rift in the upper Mississippi embayment
gained more stature when Burke and Dewey (1973) proposed that a triple junction
was located near Jackson, Miss., during late Paleozoic time. They suggested that
two of the arms of this junction became spreading centers and formed a
continental edge. The third arm failed to spread and was thought to extend
northward into the continent and to have become the Mississippi embayment. It
should be remembered that until about 1974 very little geophysical data was
available for the embayment that could provide a basis for interpreting
subsurface structure. Furthermore, the data that did exist was generally not
interpreted in the context of plate tectonies. Ervin and McGinnis (1975) were
among the first to make a rigorous effort to integrate plate tectonic concepts
with available geologic and geophysical data. They outlined the development of a
rift, which they named the Reelfoot rift, that started in early Paleozoic time.
Their interpretation of the available data was a major contribution to concepts

and initial understanding of the structural history of the embayment. Briefly,




they proposed arching and rifting of the crust as the result of mantle upwelling
in late Precambrian time. This was followed by isostatic subsidence in early
Paleozoic, uplift in middle Paleozoic and Mesozoic times, and rift reactivation
and intrusions in late Mesozoic time. Much new data have been acquired and
interpreted since this structural history was proposed, but no fundamental

changes in the concept have been made.

As indicated in the text of this paper thus far, concepts of the geologic
framework of the New Madrid seismic zone evolved without much of the kind of data
needed to define deep subsurface structure to which earthquakes may be related.
Financial support from the Earthquake Hazards Reduction Program of the U.S.
Geological Survey starting in 1974, and from the Nuclear Regulatory Commission
starting in 1976, provided the means to undertake multidisiciplinary studies on a
scale never before possible in the New Madrid region. Impetus for the studies
came from the growing awareness of the great amount of damage and probable loss
of life should an earthquake sequence like that of 1811-12 occur today. Earlier
Fuller (1912, p. 110) and a few other individuals had recognized this risk, but
the means, expertise, and public interest were not adequate to initiate large
scale projects. In order to mitigate the risk, more detailed understanding of
the seismicity and geology of the region was needed. Seismic networks were
established. Gravity surveys, aeromagnetic surveys, and a variety of geologic
studies were conducted. And most recently, seismic exploration methods were
used. As a result, the geologic framework with which the New Madrid earthquakes
are associated is now well, though not perfectly understood. Also, estimates of
the recurrence intervals have been made and the source mechanisms of the
earthquakes are reasonably well known. The new data have provided a basis for
revising source zones from which probabilistic estimates of ground motion can be
made (Algermissen and others, 1982). Much of the new data have been published in
scientific journals, in U.S. Geological Survey Professional Paper 1236, and in
NUREG publications of the NRC. A detailed summary of these published data is not
within the scope of this paper nor is it appropriate. Some of the most
significant results in these studies are briefly stated below; all are described
more fully in several chapters in Professional Paper 1236 (McKeown and Pakiser,
1982).
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1) Aeromagnetic and gravity data indicate a buried rift in the upper
Mississippi embayment about 70 km wide, more than 200 km long, and with
2-3 km of structural relief.

2) More than 90 percent of contemporary earthquakes in the region occurs

along an axial zone within the rift.

3) A northeast extension of the rift in the Wabash valley region has been

proposed.

4) Geomorphic studies indicate Holocene uplift and faulting in the Reelfoot
Lake area. Of most significance, these studies also indicate a
recurrence interval of about 600 years for earthquakes large enough to
produce ground motion great enough to liquefy sand in the alluvium of

the New Madrid region.

5) Seismicity studies show right lateral strike-slip movement on northeast-
trending faults and reverse movement on northwest-trending faults; from
these mechanisms the maximum principal stress is inferred to be oriented
east-west. This stress direction is about 90° from that which produced
the rift.

SIGNIFICANCE OF NEW MADRID SEISMIC ZONE STUDIES

It is appropriate in this part to consider the significance of New Madrid
seismic zone studies. Hundreds of manyears and millions of dollars have been
expended to reach the present level of understanding of New Madrid seismicity and
application of this understanding to assesments of seismic hazard. The results
and importance of this large expenditure is commonly not recognized by society
for several reasons, apathy probably being formost. This is understandable
because the lack of any large earthquakes in the region since the 1811-12 series
quite naturally dulls societies perception of the damage and loss of life that

would occur should a similar series occur in the near future.

It is worthwhile to consider some of the benefits to various segments of
society that have resulted, or may yet result, from studies related to the New

11



Madrid seismic zone. Of most importance to everyone is the information on
recurrence intervals of earthquakes and the extent of the active seismic zone,
both of which are needed to make justifiable assessments of seismic hazards.
Until about 1979 no strong arguments could be made for what the recurrence
interval of large earthquakes in the New Madrid region might be. The current
estimates of 600-700 years based independently on seismologic and geologic data
may have a large uncertainty. If data were available to make additional
estimates of recurrence intervals they very likely would show a greater range in
time. Nevertheless, prior to these estimates no defensible arguments could be
given for statements that a New Madrid type sequence of earthquake could occur

within any particular range of time.

The problem of delimiting the extent of the active seismic zone is probably
resolved better than the question of recurrence intervals. Interpretation of a
rift and recognition that most seismicity in the New Madrid region occurs within

the rift provides a strong argument to delimit the 1likely extent of the
seismically active zone.

Of less tangible importance, the manner in which the New Madrid seismic zone
studies were conducted is worthy of note. They are an excellent example of the
value of large-scale, multidisciplinary efforts. The concept of a buried ancient
rift in the upper Mississippi embayment had been suggested by several
investigators when very little information was available. Strong support for, if
not absolute proof of the rift, however came only after acquisition of a large
amount of data and application of new techniques. Further, the close association
of seismicity with the rift could only be recognized after operation of a
seismographic network designed to improve greatly the accuracy of epicenters.
These and results from other disciplines demonstrated the importance and
effectiveness of large scale multidisciplinary efforts. No one discipline or
small-scale effort could possibly be expected to provide the amount and kind of

information needed to make defensible judgments on seismic hazards.

In addition to the importance of the New Madrid seismic zone studies to
hazard assessments, the studies have been synergistic and of considerable
importance to several fields of earth science. An academic perspective is that

they have resulted in developing a fairly detailed understanding of a major

12



crustal structure that was at best a tentative hypothesis less than 20 years
ago. The post-Cretaceous subsidence and depositional history of the Mississippi
embayment had been reasonably well known for many years; the pre-Cretaceous

history, however, was largely speculative.

As a serendipitous and synergistic byproduct of studies of the New Madrid
seismic zone by the governmental and academic communities, a major effort by the
0il industry was undertaken to explore for oil and gas reservoirs in the rift.
Exploration in the Upper Mississippi embayment for oil and gas has been done very
sporadically since about the late 1920's with little geologic bases for the
location of exploratory drill holes. After the Reelfoot Rift was defined from
aeromagnetic and gravity surveys, several individuals and companies in the oil
industry recognized that the rift probably contains clastic rocks with the
potential of being reservoirs for oil or gas. The results of their
explorations have not been made public and the exploration activity has

stopped. It is reasonable to expect new activity however if the price of oil and
gas rise as they most surely will in the long term. Release of only a small part

of the very large amount of seismic reflection surveying and some deep drilling
information conducted by the oil industry, in turn, provided much general
knowledge about crustal structure and some detail of the structural
characteristics of the longest part of the most active seismic zone west of the

Basin and Range province.

PART II: CONTEMPORARY STUDIES BY THE U.S. GEOLOGICAL SURVEY

INTRODUCTION

Since about 1982 studies related to seismicity in the New Madrid region have
been as diverse as earlier studies but funding, therefore effort, has been
decreasing. The symposium on the New Madrid seismic zone, sponsored by the
Missouri Academy of Sciences and the U.S. Geological Survey (USGS) is the first
ma jor attempt to bring together a collection of papers that describe most of the
latest information and concepts on the New Madrid seismic zone. These papers are

given in this volume and it would be redundant to summarize their contents. 1In
addition to these papers, it seems appropriate to include in this volume a brief
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description of some studies in progress by USGS investigators that is quite

relevant to the New Madrid seismic zone.

The first two studies to be described below are incomplete and have as a
primary objective the detection of small amounts of crustal deformation in areas
of several tens to hundreds of square kilometers. These two studies utilize
level line data from the National Geodetic Survey (NGS) and digitized stream
profile data., A third study involves the interpretation of seismic reflection
profile data collected using marine methods on the Mississippi River. The
principal objective is to locate geologically young faults. Part of this study is

published and another part is nearly complete.

The fourth study has just been started and is the interpretation of about
320 km (200 mi) of seismic reflection profile data acquired recently for the area
from near Caruthersville, Mo., to near Marked Tree, Ark. The tentative
interpretations made to date in this study will be discussed in greater detail
than any other study reported herein because of their direct relevance to the

geologic characteristics of a large part of the New Madrid seismic source zone.

LEVEL LINE STUDY

The use of level line data is fraught with uncertainties and problems.
Nevertheless, in areas where crustal strain must be changing as indicated by the
occurrence of earthquakes, it may be helpful to examine the level line survey
data available from the National Geodetic Survey (NGS) to detect significant
changes in vertical strain. Accordingly, Richard Dart of the USGS has compiled
all pertinent level line data in and around the Upper Mississippi embayment for
the period from 1888 to 1981, Differences in elevations along most lines are
small; a few have differences in elevation that appear to be significant but
refraction and rod errors have not been applied. One of the largest rates of
change in elevation within the embayment occurs along a line from New Madrid,
Mo., to Markham, Tenn., which is on the Lake County uplift (Russ, 1982). The
rate of change in elevation along this line is 80 mm/yr up towards Markham, and
qualitatively agrees with geologic observations. A line from Clinton, Ky., in
the highlands east of the embayment, to New Madrid, Mo., via Markham, Tenn.,
indicates that the Lake County uplift area is subsiding at a rate of about 100
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mn/yr relative to the highlands but 80 mm of this subsidence is between Markham
and New Madrid, which is consistent with the change along the New Madrid-Markam

line.

A line 62 km long surveyed in 1935 and again in 1940 along Highway 8 between
Steelville and Mineral Point in central Missouri appears to have a significant
change in elevation in association with a fault zone (fig. 1). A change of 70 mm
along 12 km of this line occurred within 5 years. The relatively high rate of
change in elevation and its relationship to a fault zone suggests recent fault
movement. The relatively long distance, 12 km, over which the displacement along
the level line occurred, however, makes a relationship to faulting suspect.

Field examination of benchmarks still in place proved them to be in stable ground
and none appeared to have been reset because of road repairs,'realignment or
other reasons. Several other factors need to be considered in any interpretation
of the displacement. One factor is that the Viburnum trend of lead-zinec
mineralization crosses the zone of displacement. Another factor is that in the
course of field inspection of the benchmarks it was noted that silicification of
the limestone bedrock is much greater along the level line on the up side of the
displacement than along the line where the displacement is downward., A third
factor is that solution of limestone in the Ozark Mountains, where the level line

is located, is a major phenomenon (for example, Harvey, 1982).

The available data are not adequate to support any explanation of the
displacement. The author's speculation however is that it may best be explained
by solution of limestone and that the amount of solution may be controlled by the
amount of silicification of the limestone which may be related to mineralization

along the viburnum trend.

The level line data must be examined for the effect of refraction and rod
error. It seems unlikely, however, that the 70 mm change in elevation can be
attributed to refraction error. This error is largely a function of topographic
relief and is generally conformable with topography. The changes in elevation

and topography in figure 1 do not suggest such conformability.
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STREAM PROFILE STUDY

The author initiated this study in an effort to search for some geomorphic
anomaly that could be related to the enigmatic central Arkansas earthquake swarm
(Johnston, 1982). The scope and detail of the study gradually increased so that
a number of scientists have made major contributions to it. In early stages of
the study Bonny Askew and Michael McGrath did much of the computer programming.
In later stages Meridee Jones Cecil managed nearly all of the computer work and
has been involved with interpretation of the data, which is far from complete.
In addition, contributions from E. E. Glick and Boyd Haley of the USGS provided
detailed geology along nearly all of the stream profiles. The objective of the
study is to identify areas of several hundred square kilometers with recent
uplift or subsidence. Courses and elevations of 70 streams longer than 10 km in
one hundred ninety-two 7 1/2-minute quadrangles were digitized. From these data
plots were made of: stream courses, profiles in Cartesian and semilog
coordinates, stream gradient indices (Hack, 1973), first derivatives of slope,
and an innovative measure of erosion named pseudohypsometric value. Also, a

subenvelope map was plotted.

Two examples of the products derived from the digitized stream courses and
elevations are shown in figures 2 and 3. Figure 2 is a gray-tone scale plot of
stream gradient index values that have been smoothed in their distribution by a
gridding program. The actual values were calculated for each reach of a stream
between every contour interval, regardless of the size of the interval. In
general, most contour intervals were 20 feet. The figure shows that a greater
area in the Salem Plateau has a high stream gradient index value than in the
Boston Mountains and Ouachita Province. Figure 3 is a contour map of stream
gradient index values, but the values are for the whole stream. That is, the
total length of a stream is treated as a single reach, and only one value is
calculated for the whole stream. The figure also shows the distribution of
epicenters for the period June 29, 1974, through March 28, 1981, and the location
of the epicentral area of the central Arkansas earthquake swarm which started in
January 1982 (Johnston, 1982). At the present stage of interpretation no
significance is attached to the distribution of epicenters in the Salem Plateau
area. Interpretation of the data are not complete but some tentative conclusions

include the following.
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1) Streams on the Salem Plateau commonly have steeper gradients and their
profiles are less concave than streams draining the Boston Mountains and
Ouachita physiographic provinces even though the Salem Plateau has

lower elevation and less relief than the latter provinces.

2) The largest size of material in stream beds controls stream gradients
much more than the rock type eroded by a stream. This observation is
consistent with other studies of stream gradients (Hack, 1957) and

with some theories of erosion (Shulits, 1936).

3) Meandering reaches of streams, particularly on the Salem Plateau,
commonly have the steepest gradients, which is contradictory to most
observations and theory of the meandering process. One explanation
could be that in the Salem Plateau gradients have continued to
increase since the meanders first developed, which was probably

during the Tertiary Period.

4) Streams draining the Salem Plateau enter the Mississippi embayment
lowlands at a much higher elevation relative to Pleistocene base
level than streams draining the Boston Mountains and Ouachita
provinces. This suggests that the Salem Plateau has not been eroded
as deeply as the other provinces and has been uplifted more recently
to account for the steeper gradients of the Plateau streams.

A number of the quantitative measures of stream profiles suggests that
the Salem Plateau may be rising relative to surrounding areas since the
Tertiary Period. Many variables must still be considered, however, before
quantitative differences in the stream profile data can be confidently related

to tectonic acitivity.

MISSISSIPPI RIVER REFLECTION PROFILE SURVEY

The principal investigators of this study are A. J. Crone, D. P. Russ,
Kaye Shedlock, and S. T. Harding. The principal results of the Mississippi
River seismic reflection profile survey between Osceola, Ark., and Wickeliffe,

Ky., are the! identification of a number of faults in the shallow subsurface
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clearly offset Tertiary sediments; a few appear to offset alluvium of
Pleistocene and possibly Holocene age. Vertical offset on all of the faults
identified to date is less than 10 m with the exception of the southwestern
extension of the Cottonwood Grove fault (Shedlock and Harding, 1982), first
identified in a seismic reflection profile survey in the Ridgely, Tenn., area
(Zoback and others, 1980).

SEISMIC REFLECTION PROFILES IN THE NEW MADRID SEISMIC ZONE

The recently purchased seismic reflection profile lines were selected
mainly to show a major zone of structural disruption in the middle of the
Reelfoot rift. The disrupted zone had been recognized on earlier reflection
profiles to coincide with the seismicity (Zoback and others 1980; Hamilton
and Zoback, 1982) but its extent could not be determined based on the limited
amount of profiling available from the earlier surveys. Also, inspection of a
large amount of the available reflection data prior to purchasing showed
clearly that the zone could be delimited. The zone is of great importance
because nearly all of the contemporary seismicity between Marked Tree, Ark.,
and Caruthersville, Mo., a distance of about 100 km, is within or very close
to the boundaries of the zone. Furthermore, the greatest density of sandblows
produced by the 1811-12 earthquakes overlies the subsurface position of the
disturbed zone (fig. 4). The coincidence of contemporary seismicity,
sandblows, and the disturbed zone strongly indicate a common genetic
relationship. Because of this coincidence, delimiting and inferring the
nature of the disrupted zone in the interpretation of the profiles is of first
priority. A short report on interpretation of the profile data is in
preparation for publication in Geology. The large amount of seismicity north
of the disrupted zone (see index map on fig. 4) is not discussed herein,
because no new data for the northern area have been acquired since the reports
by Zoback and others (1980) and Hamilton and Zoback (1982). A summary of some
of the principal results described in the report for Geology and some
speculation by the author of this paper on the significance of igneous rocks

in the zone follows.

Several reflectors below the eroded top of the Paleozoic section of rocks

have been identified on the basis of cuttings and geophysical logs of
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exploratory drill holes, and on the basis of depth of magnetic basement shown
by Hildenbrand and others (1979). The two deepest and most important drill
holes were located about 12 km southwest of Osceola and about 13 km southwest
of Blytheville in Mississippi County, Ark. A brief description of the rocks
penetrated by the drill hole near Blytheville has been published by Denison
(1983). Preliminary examination of cuttings from both holes has been made by

E. E. Glick (U.S. Geological Survey, oral commun., 1984).

Because of erosion of nearly all of the Paleozoic rocks during uplift of
the Pascola arch in the northern part of the area for which reflection
profiles were obtained, only a few of the deepest reflectors can be mapped
throughout all of the area. South of about lat 35045', the four most useful
reflectors are from the magnetic basement (MB), the middle (MC) and the top
(TC) of an unnamed sequence of carbonate and clastic rocks, and the base of a
carbonate sequence (BC), which may be the base of the Knox Megagroup. North
of this latitude the BC reflector cannot always be identified.

In addition to the lack of continuous reflectors throughout the Paleozoic
section of rocks, mapping of the disrupted zone is complicated by differences
in structural characteristics within the zone. Locally the MB reflector
occurs discontinuously and nearly horizontally through the zone, (fig. 5),
particularly near the north and south ends of the zone. At places, midway
between the ends of the disturbed zone, the MB reflector is absent in the zone
and its attitude may be nearly horizontal or dipping downward as it approaches
the zone. The downward dip is presumably caused by low velocity material
above the reflector. Reflectors above the MB are commonly warped into an
antiform (figs. 5 and 6); generally, the magnetic basement is not involved in
the antiform except on one profile where it is warped upward (fig. 6). Only
the MB reflector was used to map the disrupted zone as shown in figure 4.

Orgins considered for the disrupted zone are speculative as are the
reasons for why the longest epicentral trend of earthquakes in the New Madrid
region is coincident with the surface projection of the zone. Some
characteristics of the zone which may be clues to an explanation are as

follows.

23






- DISRUPTED ZONE >

e N .“"l-‘.ﬂ"’!;}{
Zx :%a&uffﬁgﬁﬂw‘;
4 e
A e e

Sl

e A e e

TWO - WAY TRAVEL TIME (SECONDS)

N

N
"

":" Ve Y Lt
- B9 . 4 o
ey 5
¥y
g s N §
R SRR

Figure 5.--Part of a seismic-reflection profile about 10 km north of Marked
Tree, Ark., showing discontinuity and warping of reflectors used for
mapping the disturbed zone. Warping of the Paleozoic surface, top of the
Cretaceous and reflectors from Tertiary sediments are also shown.

Warping of these post-Paleozoic sediments is not common to most
reflection profiles. MB, magnetic basement; MC and TC, middle and top of
unnamed carbonate and clastic rocks; BC, base of carbonate sequence; PZ,
Upper Cretaceous-Paleozoic contact; K, Tertiary-Upper Cretaceous contact.

20

7)



Reflectors below the magnetic basement, which range in depth from about 3
to 15 km, are generally continuous beneath the zone without the same great
disruption and warping of these horizons above the magnetic basement. The
warping of beds over but not below the disturbed zone suggests that it is
caused by intrusion of some material. Diapiric ridges of salt, anhydrite, or
of shale have been considered, but available data from aeromagnetic and
gravity surveys, logs of drill holes, and interval velocities calculated from
the reflection profile data do not support a salt or shale diapiric origin of
the warping. Intrusion by magma of felsic composition in the form of
laccoliths, sills, or some irregular subhorizontal body into sedimentary rocks
above crystalline rocks seems the most likely cause of warping of Paleozoic
and younger rocks. No available data preclude this explanation of warping; no
direct evidence is known, however, to prove the existence of such intrusives

in the center of the rift.

Below the MB in many of the profiles across the disrupted zone is a
sequence of reflectors that also indicate layered rocks with a thickness
ranging from about 1/2 to more than 1 km. The reflection profiles outside of
the rift boundary do not indicate a layered sequence of rocks below the MB.

It is unlikely that sedimentary rocks would occur below MB and as the layered
rocks do not produce strong magnetic anomalies, basalt flows can probably be
precluded. The layered rocks below MB are, therefore, inferred to be a
sequence of voleaniclastic rocks with a felsic composition. The extrusion of
such rocks is common during and following the tumescent stage of the crust
that precedes a collapse to form calderas or rifts (see for example, Baker and
others, 1971; Smith and others, 1961). It is quite possible that eruption and
deposition of lava flows, ash flows and ash falls occurred in the pre-Reelfoot
rift area at about the same time as the same kind of eruptive activity was
occurring in the St. Francois Mountains some 150 km to the northwest, about
1.4 m.y. B.P. This interpretation is similar to that of Hildenbrand and
others (1982) who suggest that a number of thermotectonic events occurred in
the Central Province during the period 0.55-1.5 m.y. B.P.

Reflections from above the MB indicates a layered sequence of rocks as

might be expected from sediments deposited early in the formation of the rift
(fig. 5).
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If the inferred explanation of warping of Paleozoic sedimentary rocks is
correct, the age of many of the inferred intrusive rocks in the disrupted zone
is much younger than the initial development of the rift. This conclusion is
evident from the fact that Cambro-Ordovician (500 b.y. B.P.) sediments are
warped wherever they overlie the disrupted zone, and provides an estimate of
the maximum age of the inferred intrusive activity. The youngest age for this
activity is pre-Late Cretaceous because rocks of this age are not warped, nor
is the Paleozoic surface on which they were deposited warped.

In very general terms, the reason for earthquakes occurring primarily
within the disrupted zone may simply be that the zone is more highly fractured
and weaker than adjacent parts of the crust. This is too simplistic an answer
however, and is relevant to a problem common to nearly all faults or fault
zones with seismic activity. In brief, the problem is why is one fault or
fault zone seismically active in a region and another is not active. The

following reasoning and speculation might be considered.

If earthquakes are related in some way to highly fractured zones
containing intrusive rocks, like the disrupted zone in the middle of Reelfoot
rift, the rift boundary zones may also be expected to be seismically active.
These zones on reflection profiles are also interpreted to be highly fractured
over widths of several kilometers and appear to have intrusive rocks in
them, Aeromagnetic and gravity data clearly show small plutons along the
boundaries of the rift, particularly along the northwest boundary (Hildenbrand
and others, 1982). The principal difference between the boundary zones and
the disturbed zone is the composition of the igneous rocks as indicated by the
aeromagnetic data. The plutons along the boundary zones are mafic; the
intrusives in the disrupted zone are interpreted to be felsic because they do

not produce strong magnetic anomalies.

Another difference between the boundary and disturbed zones, which may be
relevant to the cause of seismicity, is the history of each. The disrupted
zone has had a long history of igneous and fault activity. If the
interpretation of volcaniclastic rocks below the MB is correct, igneous
activity, and certainly some contemporaneous faulting, probably started before
development of the rift. Reflection profiles show deformation and intrusives

in and outside of the disrupted zone during Cambrian and Ordovician times,
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locally during Cretaceous and possibly Tertiary times. Further, as stated
above, most of the igneous rock emplaced during early development of the rift,
and apparently concentrated near the axis of the developing rift, was likely
to be alkalic felsic or rhyolitiec in composition. In contrast the boundary
zone is highly fractured but does not appear to have the abundant evidence of
felsic rocks but has mafic rocks, which were injected as small plutons, dikes,

or sills during the Permian and Cretaceous long after development of the rift.

In summary, therefore, the disturbed zone has probably had a long history
of felsic igneous activity and faulting from late Precambrian to Tertiary time
whereas the boundary zones formed later, during the main development of the
rift, with mafic igneous activity starting no earlier than late Paleozoic

time.

Given these contrasting environments in different parts of the Reelfoot
rift, several lines of argument could be hypothesized to explain the cause of
earthquakes in the rift. 1In addition to the highly fractured condition of the
disrupted-zone, factors that should be considered are the gross difference in
physical properties including the possibility of higher porosity, hence,
weaker rock, and the possibility of higher radiogenic heat production and
consequent thermal stress in felsic rocks compared to the mafic rocks in the
boundary zone. Elaboration on these speculations, however, is beyond the

scope of this report.
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ABSTRACT

Contemporary accounts of the central Mississippi river valley
earthquakes that occurred during the winter of 1811-1812 are used
to examine the four principal shocks, several of the stronger after-
shocks, and the effects of the earthquakes along the Mississippi
river.

The principal shocks on December 16, 1811 destroyed the Mis-
sissippi river settlements of Big Prairie and Little Prairie, while
the principal shock on Feb. 7, 1812,destroyed New Madrid and created
two temporary falls in the Mississippi river. The effects of these
shocks are well documented over an extensive area by the accounts

of several travelers along the Mississippi river.
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INTRODUCTION

The earthquake sequence that began on December 16, 1811 and
continued for at least a year thereafter, in what 1s now southeast
Missouri and northeast Arkansas, 1s the greatest sequence of earth-
quakes ever to have occurred in the recorded history of eastern
North America. The major earthquakes of this sequence, of which
there were at least four, were felt as far away as Hartford, CT to
the northeast, Charleston, SC to the east, and New Orleans, LA to
the south. They caused ground failure (i.e., fissuring, sandblows,
slides, subsidence, etc.) over an area of 48,000 square kilometers
(an area slightly less than the state of West Virginia) that en-
compasses portions of six states; temporarily obstructed the flow
of the Mississippi river in two places; and created innumerable
navigational hazards on both the Mississippi and Ohio rivers for
hundreds of kilometers. In addition, the earthquakes destroyed the
Mississippi river settlements of New Madrid, Little Prairie and Big
Prairie (located on the south side of the mouth of the St. Francis
river) and caused minor structural damage to buildings as far away
as Cincinnati, Ohio to the east, and St. Louis, Missouri to the
north.

Due to the lack of inhabitants and the types of structures
in use in the region at the time of the earthquakes, however, few
deaths were reported. The population of New Madrid in 1810 was

somewhat less than one thousand inhabitants, while that of Little
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Prairie consisted of approximately twenty families and Big Prairie
probably half that number. As summarized by Penick (1976), the
only deaths generally reported as resulting from the_earthquakes,
are three individuals in and near New Madrid, six Indians who were
in the vicinity of caving banks along the St. Francis river, a
drowning on the White river in Arkansas, and a missing boy in the
St. Francis swamps. A settler in New Madrid reported (The Lexing-
ton [KY] Reporter; Feb. 1, 1812) several individuals were injured
by the earthquakes of Dec. 16, 1811, but that no one had been
killed. The principal reason there were so few casualties in the
settlements is the fact that nearly all of the inhabitants lived
in log cabins that proved to be very resilient to ground motions
(Berry, 1908).

On the other hand, several travelers along the Mississippi
reported seeing empty canoes and rafts drifting, and assumed that
many of their fellow travelers had been drowned. This is difficult
to evaluate, since it was not uncommon for travelers to abandon
their river craft for the supposed safety of the land (Latrobe,
1835), and it is likely that many of the empty canoes and rafts
seen drifting along on the river were either deliberately abandoned
or had broken loose from their moorings along the collapsing banks.
Still, it is likely that several individuals did drown in the river,
particularily as a result of the largest shock on February 07, 1812
earthquake that so severely disrupted flow of the Mississippi river
and created two falls in the general vicinity of New Madrid. 1Indeed,
Fr. Joseph who was traveling with Firmin La Roche (Shoemaker, 1928)

mentions seeing several bodies of drowned persons in the Mississippi River.
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There have been numerous papers written on the earthquakes that
occurred during the winter of 1811-1812 in the central Mississippi
river valley. Some of the more notable ones are the newspaper com-
pilations by an anonymous author (1812) and Mitchill (1815), the
observations and summary of effects of the earthquakes in the Ohio
river valley by Drake (1815), the detailed study of epicentral region
by Fuller (1912), and the body-wave magnitude scaling of the earth-
quakes by Nuttli (1973).

The purpose of this paper is to presenﬁ a review of the prin-
cipal facts of the earthquakes. 1In this context, a brief summary of
the major earthquakes, the stronger aftershocks, and the first-hand

observations along the Ohio and Mississippi rivers are given.

MAJOR EARTHQUAKES

Four major earthquakes occurred during the 1811-1812 sequence.
Two occurred on Dec. 16, 1811 at 2:15 A.M. (all times are based on
local times) and 8:15 A.M., one on Jan. 23, 1812 at 9 A.M., and one
on Feb. 7, 1812 at 3:45 A.M. Based on the distribution of Modified
Mercalli (MM) intensities similar to those shown in Figures 1 thru
4, Nuttli (1973) and Street (1982) estimate mbLg magnitudes of 7.2,
7.0, 7.1 and 7.3 for the four events respectively. The abbreviations
F and NF used in the figures indicate "felt" and "not felt'". The
"+" signs following the MM intensities in the figures are used to
indicate a MM intensity value midway between the value shown and the

next higher value.
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DEC. 16, 1811
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Figure 1.--The geographical distribution of the MM intensities for the central
Mississippi river valley earthquake at 2:15 A.M., December 16, 1811,
(taken from Street, 1982, which modifications).
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Figure 2.--The geographical distribution of the MM intensities for the central
Mississippi river valley earthquake of 8:15 A.M., December 16, 1811,
(taken from Street, 1982, with modifications).
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Figure 3.--The geographical distribution of the MM intensities for the central
Mississippi river valley earthquake of Jan. 23, 1812 (taken from Street,
1982, with modifications).
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Figure 4.--The geographical distribution of the MM intensities for the central
Mississippi river valley earthquake of February 7, 1812, with
modifications).
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An important fact about the 1811-1812 earthquake sequence, with
respect to seismic hazard analysis, is the extent of the area in
which ground failure occurred. One hundred years after the earth-
quakes, Fuller (1912), did a detailed investigation of the meizo-
seismal area of the events, and outlined a 48,000 square kilometer
area for which there was evidence of various types of ground failures
(i.e., sand blows, slumping, landslides, fissures, etc.). Figure 5
is a slightly modified version of Fuller's work; the area within the
dashed contour, what Fuller denotes as the area of disturbances, has
been eﬁtended a short distance up the Wabash river valley on the
basis of the work by Berry (1908).

Within the principal area of disturbances, indicated in Figure
5 by the shaded zone, large fissures, extensive and large sand blows,
slumping and landslides, subsidence and uplifting, and caving of the
river banks occurred as a result of the earthquakes. Many of these
phenomena are also described in eye-witness accounts by individuals
who were traveling down the Ohio and Mississippi rivers, and by
settlers at Little Prairie and Big Prairie (see Figure 6a for the
locations of these two settlements). At Little Prairie, for example,
Fletcher (Wilson's Knoxville [IN] Gazette; Feb. 10, 1812), and a
letter in the Kentucky Reporter (pub. in Lexington, KY; Feb. 1, 1812)
and others describe the extensive ground failure that occurred in
and nearby the settlement of Little Prairie during the earthquakes
of Dec. 16, 1811. They tell of fish being left out of water on what
once was lake and river bottoms, of large chasms and sand blows, of

buildings tilting due to differential settling, and of trees being
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Figure 5.--Map showing the extent of the area of ground failures; shaded zone
is the principal area of liquefaction, landslides, etc. (taken from
Fuller, 1912, with modifications).
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Figure 6a.--Map of the Mississippi river from Island 1 through Island 66,
indicating geographical locations and island number (taken from Cramer,
1814). The underlined last names of individuals indicated on the figure
refer to their locations on December 16, 1811, and February 07, 1812.
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nearly submerged below the water's surface. At Big Prairie Mrs.
Martha Eastwood (Joint Collection) tells of wide crevices, numerous
sand blows, large trees being uprooted and extensive flooding.

Besides the general destruction and extensive ground failures
within the shaded area of Figure 1, there are several.reports of
ground failures elsewhere. Twenty miles above New Madrid, it is
reported in the American Statesman (pub. in Lexington, KY; Mar. 3,
1812) that sand blows and extensive flooding resulted from the Dec.
16, 1811 earthquake. Speed (Pennsylvania Gazette; Mar. 18, 1812)
tells of seeing sand blows at Fort Massac on the Ohio rvier in
southern Illinois, and as previously mentioned, Berry (1908) tells
of sand blows and fissuring in White County, Illinois along the
Wabash river.

The settlements of Little Prairie and Big Prairie were destroy-

ed by the earthquakes of Dec. 16, 1811, whereas the settlement of

New Madrid was destroyed by the earthquake of Feb. 07, 1812 (Robert

McCoy; see Joint Collection).

AFTERSHOCKS

In addition to the four major earthquakes, there were hundreds
of aftershocks felt as far away as Louisville, KY (McMurtrie, 1819),
and Cincinnati, OH (Drake, 1815); and many of these were significant
events in their own right. Table I, Section A, is a compilation of
a few of those aftershocks that have been documented as being felt
throughout the Ohio river valley and southeastern United States.
The bases for the table are the newspaper accounts compiled by Street
(1980), and summaries by McMurtrie (1819) and Drake (1815). Five of

these shocks, those on Dec. 16, 1811 (at 3 A.M.); Dec. 17, 1811;
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TABLE 1.

Principal aftershocks: dates, times, and

localities that reported the events.

Date
Day-Mo-Year

16 Dec.

16 Dec.

17 Dec.

07 Feb.

10 Feb.
11 Feb.
B.

16 Dec.

16 Jan.

23 Jan.

27 Jan.

04 Feb.

07 Feb.

1811

1811

1811

1812

1812

1812

1811

1812
1812

1812

1812

1812

Aftershocks of the 1811-1812 Felt As Far East
As The Atlantic Seaboard

Time (EST)

3 AM.

10 A.M.

Nooa

10:40 P.M.

4 P.M.

6 A.M.

Localities Reporting The Aftershock

Augusta (GA), Chillicothe (OH)
Cincinnati (OH), Frankfort (KY),
Knoxville (TN), Louisville (KY),
Mount Gilead (KY)*, New Bourbon
(MO)**, st. Louis (MO), and Savan-
nah (GA). .

Cincinnati (OH), Columbia (SC),
Fort St. Stephens (AL), New
Bourbon (MO), and St. Louis (MO).

Charleston (SC), Chillicothe (OH),

Cincinnati (OH), Columbia (SC),
Fort St. Stephens (AL), Georgetown

" (SC), Louisville (KY), Meadville (PA),

Marietta (OH), Natchez (MS), New
Bourbon (MO), St. Louis (MO), Savan-
nah (GA), Wheeling (WV), and Zanes-
ville (OH).

Augusta (GA), Dayton (OH), Knoxville
(TN), Lancaster (OH), Louisville (KY),
Mount Gilead (KY), Newbern (NC), New
York (NY), Richmond (KY), and
Wheeling (WV). .

Charleston (SC), Cincinnati (OH),
Louisville (KY).

Charleston (SC)- and Cincinnati (OH).

Aftershocks of the 1811-1812 Sequence Felt
Throughout The Mid-West

.7:15 AM,

11 P.M.

11 P.M.

9 A.M.

5 P.M.

8 P.M.

Chillicothe (OH), Cincinnati (OH),
Louisville (KY), and New Bourbon (MO).

Cincinnati (OH) and Lexington (KY).

Lexington (KY) and Louisville (KY).

Cincinnaci (OH), Dayton (OH),
Louisville (KY), Mount Gilead (KY),
Newport (KY), Wheeling (WV), and
Zanesville (OH).

Cincinnati (OH), Columbia (SC),
Louisville (KY), Marietta (OH),
Mount Gilead (KY), and Zanesville
(OH) .

Cincinnati (OH), Dayton (OH), Knox-
ville (TN), Lancaster (OH), Louis-
ville (KY), Mount Gilead (KY),
Richmond (KY), and Wheeling (WV).

*Mount Gilead (KY) - located three miles north of Hodgenville,

KY.

**New Bourbon (MO) - a former small settlement of French

Royalists located two miles south of Ste. Genevieve, MO.
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Feb. 07, 1812 (at 10:40 P.M.); Feb. 10, 1812; and Feb. 11, 1812,
were felt as far east as the eastern seaboard of the United States.

The aftershock at 3 A.M. on Dec. 16, 1811, was felt as far east
as Augusta and Savannah, éA, as well as to some degree in several
other central and eastern United States cities (see Table 1). The
6.2 mbLg magnitude southeastern Missouri earthquake of Oct. 31, 1895
is described by Nuttli (1974) as being an intensity III (MM) event
in Augusta. Since the two earthquakes were about equally severe at
Augusta, and were felt over approximately the same area, the Dec. 16,
1811 aftershock at 3 A.M. is probably a magnitude 6 to 6% mbLg event.

The aftershock on Deé. 17, 1811 wa; felt in Charleston, SC where
it is described as lasting less than thirty seconds. It was sensibly
felt by those in their houses but not by those on the streets, and
caused hanging articles to vibrate; i.e., an intensity ITI (MM) at
Charleston, SC. By way of comparison, the 6.6 mbLg (Nuttli et al,
1979) Charleston, SC earthquake of Aug. 13, 1886 is described by
Bollinger and Stover (1976) as being an intensity IIIMM event at New
Mardid, MO - reciprocity suggesfs that the two events are approximately
equal in magnitude. The Dec. 17, 1811 earthquake, which also stopped
clocks in Natchez (an epicentral distance of 510 kilometers) was
reported as being severe at Georgetown, SC (an epicentral distance
of 1,020 kilometers), and was described by Bradbury (1819), who was
traveling down the Mississippi river, as a violent shock that greatly
agitated the trees and river.

Another strong aftershock that can be somewhat documented is the
one that was felt at approximately 10:40 P.M. on Feb. 07, 1812. This

aftershock was felt as far away as New York city (an epicentral dis-
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tance of 1,430 kilometers), is described in Louisville, KY as being
"severe to tremendous', as being '"smart" at Dayton, OH and Augusta,
GA, as being '"felt by many" in Newbern, NC, as.''frightening children"
in Wheeling, WV, and as of being of 'considerable violence' in Knox-
ville, TN. This aftershock is not specifically mentioned in the
Charleston, SC newspaper accounts of the earthquakes, but since it
was felt in both Georgia and North Carolina, it was probably also
felt in Charleston. Regardless, since the earthquake was felt as
far away as New York city and is widely collaborated elsewhere, it
too was probably on the same order of magnitude as the Charleston,
SC earthquake of Aug. 31, 1886.

The aftershocks that occurred on Feb. 10, 1812 at 4 P.M. and Feb.
11, 1812, were also felt in Charleston, SC, where they were described
as being '"slight". At Louisville, KY the Feb. 10, 1812 aftershock
was described as being '"smart", while at Cincinnati, OH it.was de-
scribed as being a 'gentle vibration'". The magnitudes of both
aftershocks are probably slightly less than that of the previous two,
and more likely were on the order of the 1895 Charleston, MO earth-
quake's magnitude, 6.2 mbLg.

The aftershock listed in Section B of Table 1 were felt through-
out most of the Ohio river valley and; in some instances, were reported
as being felt as far east as Columbia, SC and Wheeling, WV. Based on
the felt areas of the 1886 and 1895 earthquakes referenced above,
and the south-central Illinois earthquake of Nov. 09, 1968 (Gorden
et al, 1970), the aftershocks listed in section B are probably on the

1
order of 5% to 6 mbLg magnitude earhtuqakes.
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The aftershocks listed in Table 1 are but a very few of the total
number known to have occurred. In addition to those listed in the
table, there are several other aftershocks that are reported in var-
ious eastern cities, but which are not included in the table since
they could not be collaborated as being felt elsewhere. In addition,
Brooks (McMurtrie, 1819) chronicled 191 other aftershocks that Nuttli
(1973) classifies as MM intensit& IT at Louisville, KY. Based on
recent earthquakes, for which there are available both instrumental
and intensity data, southeastern Missouri earthquakes that are felt
in Louisville generally have a mbLg magnitude of 5.2 or greater.

Therefore, in summary with respect to the aftershocks, it can
be concluded that between Dec. 16, 1811, when the first earthquake
occurred, and March 15, 1812, when ﬁrooks stopped recording the after-
shocks, four earthquakes of magnitude 7 mbLg or greater occurred, at
.least six aftershocks of magnitude 6.2 to 7.0 mbLg occurred, and at
least 197 aftershocks of magnitude 5.2 and 6.2 mbLg occurred.

EFFECTS ALONG THE MISSISSIPPI RIVER

Some of the most dramatic eye-witness accounts of the 1811-1812
earthquakes are the observations noted by travelers going down the

Ohio and Mississippi rivers during the winter of 1811-1812.

Eye Witness Accounts of the Earnthquake of Dec. 16, 1811

On the eveining of Dec. 16, 1811, Charles Latrobe (1835) was
aboard the steam boat 'New Orleans' that was tied up on the Ohio
river a short distance upriver from the present site of Owensboro,

KY; Firmin La Roche, Fr. Joseph, and others (Shoemaker, 1928) were

49



on a boat tied up eight miles above New Madrid along the west bank

of the Mississippi river; John Wiseman (New Madrid Record; Joint Col-
lection) was on a boat tied up near New Madrid; an aﬁonymous travler
(Farmer's Repository; Feb. 28, 1812) was on a boat moored to a sand-
bar 10 miles above Little Prairie; James Fletcher (Wilson's Knox-
ville Gazette; Feb. 10, 1812) was on a boat tied up at Little Prairie;
.William Pierce (New York Evening Post; Feb. 11, 1812) was on a boat
tied up along the Mississippi river 116 miles below the mouth of the
Ohio - i.e., near island 20; Captain John Davis (Otsego [NY] Herald;
Mar. 28, 1812) was on a béat tied to island 25; and John Bradbury
(1819) was on a boat tied up to an island in the Mississippi

river - most likely island 34. Superimposed on Figure 6a are

the approximate locations of the various travelers on the night of
Dec. 15, 1811.

In general their accounts agree that the most extensive ground

failures associated with the two major shocks on Dec. 16, 1811, and
their immediate aftershocks, occurred along the Mississippi river
beginning a few miles above New Madrid, MO to a point mid-way between
Devil's Elbow and Fort Pickering. Less severe ground failure phe-
nomena were observed along the Ohio river as far up river as a point
somewhere between present day Henderson and Owensboro, KY (Latrobe,
1835), and as far south along the Mississippi river as the mouth of
the St. Francis river. The following is a brief summary of their
observations; as indicated previously, Figures 6a and 6b illustrate
the geographic locations along the Mississippi river mentioned in

the summary.
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On board the steamboat 'New Orleans' that was tied up on the
Ohio river a short distance above the present day site of Owensboro,
KY, Latrobe did not feel the Dec. 1l6th earthquakes. vThe first time
that those on board became aware of something unusual was when they
landed on the Indiana side of the Ohio river opposite of Yellow
Banks (Owensboro, KY) to take on a load of coal. While loading the
coal, squatters in the area told them about the strange noises and
shaking felt that morning.

On tﬁe 16th and 17th the steamboat continued its journey down
the Ohio, during which time those on board frequently witnessed
large portions of the shore falling into the river. On the second
day (the 17th) they observed trees in the forests being shaken,
and numerous trees obstructing the channels in the Ohio. Late that
night they tied up to an island in the Ohio that was within sight of
the Mississippi river. During the night they felt several after-

shocks that were strong enough to jar loose articles on board the boat.

Eight miles above New Madrid on Dec. 16th, La Roche witnessed
trees and banks falling into the river, and described how the boat
he was on was pushed Qpriver by a great wave for a distance of about
one mile before the river returned to its normal flow. He also
described the death of one of his crewmen, a man named Ben, who was
killed by a falling tree as they were landing at New Madrid later
that morning. The falling tree also severely damaged their boat,
but La Roche's crew apparently decided that they were better off on

the river than remaining in New Madrid where houses were on fire,
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the ground was badly cracked (fissures), and small earthquakes were
continually being felt. Latrobe arrived at New Madrid on Dec. 18th
aboard the 'New Orleans', and likewise mentions seeing many fissures
in the settlement.

About twenty miles below New Madrid (or ten miles above Little
Prairie) the anonymous traveler was tied up on a sandbar near island
13. The writer of the letter described seeing trees and banks.caving
into the river, large trees being snapped in two by the violence of
the earthquakes, and seeing trees being torn up by their roots. And
while this was happening on shore; he described large bodies of water,
logs, etc. being thrown above the river to the height of several feet
in places. The traveler also described the Mississippi rvier as
rising 18 inches immediately after the first shock; he w#s afraid of
being stuck on the sandbar and consequently sounded the water level
beneath his boat at regular intervals throughout the night. On the
morning of Dec. 16th, he got underway and arrived at Little Prairie
shortly thereafter, where he was told that the fourth shock (the
second major event; i.e., the one at 08:15 on the morning of the 16th)
had destroyed that settlement.

James Fletcher, who had arrived at Little Prairie on the evening
of the 15th, was most impressed by the many fissures and sand blows
that developed in the nearby vicinity of that settlement. The largest
fissures he observed were 8 to 10 feet in width, and exhibited dif-
ferences in elevation between the two sides by as much as 12 feet.
Fletcher also observed sand blows and described them as spouting water

and sand out of the earth to a height of eight or ten feet.
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William Pierce's boat was tied up along the left bank of the
Mississippi river in the vicinity of island 20 on the evening of
Dec. 15th. He reported seeing a large oak tree snap in two by the
violence of the earthquake, of seeing water, sticks, mud, etc. being
spouted into the air, extemsive caving of the river banks, and tre-
mendous explosions resembling discharges of artillery. The second
major earthquake on the morning of the 16th caused still more ex-
tensive caving of the river banks, and Plerce witnessed water, mud,
sticks, etc. spouting into the air fo heights of thirty feet above
the river. During the day of the 16th, he reported an almost con-—
tinuous seriles of aftershocks between the first event shortly after
2 A.M. and daylight.

Shortly after dawn on the 16th, the boat Pierce was on casted
off from the river bank, where it had been moored the night before,
and floated 52 miles downriver before tying up to some willows at
the extremity of a partially sunken island (probably somewhere in
the vicinity of island 51). Throughout the day the aftershocks con-

tinued, and Pierce described them as . a continued series of

shocks, attended with innumerable explosions like the rolling of

thunder; the bed of the river was incessantly disturbed, and the
water boiled severely in every part.'" The effects of the after-
shocks along the river banks were no less alarming; the river banks
were continuously caving in, and large trees were being whipped back
and forth with many being uprooted. Pierce's boat remained tied up

to the island for two days (i.e., the 17th and 18th of December). On
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the island itself, Pierce found many sand blows - the largest being
63 feet in circumference, 16 feet deep, and having extruded chunks
of material weighing from 15 to 20 pounds for distancés up to 160
measured paces.

Based on his own observations, Pilerce stated that the worst
destruction along the Mississippi river, due to the Dec. 16th earth-
quakes and their aftershocks, was along that stretch of the river
from Bayou River to a point just down river from Devil's Elbow.

The greatest destruction he observed was in the vicinity of Flour
Island.

About 17 miles down river from Pierce, Captain John Davis, in
company with forty other boats, was on a boat that was tied up to
island 25. At the time of the first shock, he casted off and
anchored on the right (west) side of the island where his boat re-
mained until daylight. During the early morning hours, they exper-
ienced fifty additional shocks which greatly shook the boats.
Shortly after 7 A.M., an aftershock occurred that Davis described as

causing the islands, boats and mainland to become . . perfectly
convulsed"; trees twisted together; the earth in all quarters sinking
- thirty to forty acres of mainland falling into the river; and
torrents of water "issuing" from the center of island 25 and‘running
down its side. That afternoon, after floating thirty-five miles
down river ir five hours, his boat landed at the lower end of Flour

Island. During their ordeal, Davis mentioned the sinking of three

boats by logs, but does not mention any loss of life.
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Down river from Davis, on Dec. 16, 1811, John Bradbury was on
a boat moored to a small island (possibly island 34) at the head
of Devil's Race Ground. The earthquake shortly after 2 A.M. caused
vast portions of the river banks to fall into the river, trees to
fall, and the river to be agitated as if by a severe storm. By
daylight Bradbury had counted 27 aftershocks, the river was rising
rapidly, and it had been decided to push off into the Devil's Race
Ground. At 11 A.M. they experienced another severe shock that
violently shook the trees, caused large portions of the river banks
to collapse into the river, and greatly agitated the river. On the
17th of Dec. at noon, while (approximately) in the vicinity of
island 40, they felt a severe shock of a very long duration. On
the 18th, in the vicinity of Council Island, they felt a violent
earthquake that threw a great number of trees into the river.

In summary with respect to the accounts by the travelers going
down the Mississippi river on Dec. 16, 1811, the only inconsistency
between the different accounts is the southern limit of the damaged
area. Bradbury places the southern limit of the damaged area as is-
land 53 (Council Island), the anonymous traveler places it at island
57, while La Rache claims to have seen cracks in the river banks
forty to fifty miles south of the mouth of the Arkansas river

(approximatley island 80).

Eye Witness accounts of the Earnthquake of Feb. 07, 1812
The only available first-hand account of the effects of the Feb.

07, 1812 earthquake along the Mississippi river is that of Mathias

M. Speed (Pennsylvania Gazette; Mar. 18, 1812). On the evening of
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Feb. 6th, Speed's boat, in company with another, was tied up to a
willow bar on the west bank of the Mississippi river opposite island
no. 9 (see Figure 6a). At about three o'clock in the morning the
travelers were awakened by the violent agitation of the boat and a
tremendous noise reminiscent of the constant discharge of heavy
cannon. At the same time the river began to rise, swells (nearly
large enough to sink the boat) developed, and trees began to fall
into the river. They cut loose the boats and drifted until daylight,
at which time they found themselves four miles down river near the
head of island 10. A short time later, while app?oaching New Madrid,
the two boats still lashed together went over a falls, described by
Speed as being about equal to height to those on the Ohio (i.e., the
falls on the Ohio river near Louisville, KY).

Speed describes New Madrid, MO as being deserted, almost all of
the buildings in ruins, and the elevation of the town as being sunk
12 to 13 feet. While at New Madrid (Speed remained there from the
7th to the 12th of February), he meet a number of other travelers who
had ascended the Mississippi and who had encountered a similar rapids
7 miles below the town.

Shaler (Mitchill, 1815) relates a second-hand account of the
Feb. 7th earthquake as told to him by the patron (?) of a river boat.

On the morning of the 7th, the patron's boat was tied to the river

bank thirteen miles above New Madrid when the earthquake struck shortly
after 3 AM. At the time of the shock the mooring cables were cut,

and the boat began drifting down river. At about daylight, a short
distance above New Madrid, the boat passed over a falls that he (the

patron) estimates to have been about six feet in height. Of the 30
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boats he was aware of that attempted to pass over the falls, only two
succeeded and many boatmen lost their lives in the river. Upon ar-
riving at New Madrid, he found the settlement wrecked and being con-
tinuously shaken by aftershocks. Nonetheless, since another falls
had formed eight miles below the town, he was forced to remain at
New Madrid for five days before the lower falls had worn away suf-
ficiently for the boat to pass over. The boat patron reported feel-
ing aftershocks as far south as Flam Island (location - unknown).
Due to the similarities in the accounts, it is quite probable
that Shaler either related to Mitchill a version of Speed's e?peri—
ences, or an account of a crew member of his or the other boat that

Speed mentioned being lashed together on the morning of Feb. 7th.
Genernal Observations Along the Mississippd

Soon after the cessation of the major earthquakes in the central
Mississippi river valley, two other travelers moving down river wrote
lengthy and detailed accounts of their observations. The first of
these, the letter by James McBride (1910), was written on April 1,
1812 and is based on his observations while barging barrels of flour,
whiskey and prok down the Ohio and Mississippi rivers in early March.

McBride told of seeing the effects of the earthquakes soon after

entering the Mississippi, and of experiencing several considerable
shocks every few hours for a distance of one hundred miles above and
below the settlement at Little Prairie. He also told of a totally

destroyed and abandoned Little Prairie, at which place he disembarked

57



and walked inland for a distance of two miles. In every direction
along his walk he observed the ground to be badly broken by fissures,
some almost too large for him to leap. In one area ﬁe also noted
several sand blows ranging in diameter from 5 to 30 feet. In addi-
tion, he saw trees that had been split from their bases upwards to
a height of 12 feet, with the two halves separated at the base by as
much as 3 feet. Along the river, he saw badly cracked river banks,
trees that had been broken in two, and acres of ground with ttées
still standing sunken well below their former level (as evidenced in
some instances by trees with only their very tops remaining above the
water).

Another first-hand account describing the cummulative effects
of the earthquakes along the Mississippi river is that of Stephen
Austin (1924), which is based on the log he wrote in May of 1812
while traveling down the Mississippi river from St. Louis, MO. At
Cape Girardeau, MO, Austin described the earthquakes as having been
very severe, judging from the fact that every chimney was either
thrown down or cracked, and two partially completed brick buildings
were wrecked. Further down river, Austin observed badly shattered
river banks beginning at a point about twenty miles above New Madrid:
he descirbed the settlement as being shattered, and repeated a ver-
sion of the account written by Shaler to Mitchill (1815) of many lives

being lost among the boats that went over the falls in the Mississippi

river above New Madrid shortly after the major earthquake on the morn-

ing of Feb. 7, 1812.
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SUMMARY

Numerous papers and articles have been written on various aspects
of the central Mississippi river valley earthquakes that occurred dur-
ing the winter of 1811-1812. This paper is a review of what the
authors belleve to be the principal facts of the earthquakes; the major
earthquakes, the stronger aftershocks, and the extent and severity of
the ground failures.

By comparing the felt reports for some of the stronger aftersh&cks
that were felt along the eastern seaboard of the United States to more
recent earthquakes, mbLg magnitudes of six aftershocks are estimated
to be on the order of 6.2 to 7.0. The magnitudes of 197 other after-
shocks that were felt as far east as Louisville, KY are estimated to
be in the range of 5.2 and 6.2 mbLg'

The four major earthquakes, along with the principal aftershocks,
occurred over a period of time involving 3% months. Suc¢h a continua-
tion of significant earthquake activity is in itself a major problem

for the recovery of an area devastated by the initial shocks.
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ABSTRACT

Early and middle Cambrian sediments in the New Madrid area are restricted to
two down-faulted structures, the Reelfoot Rift and the Rough Creek Graben. Both
of these trenchlike features were apparently subjected to continued growth
faulting, and they served as loci of sedimentary depocenters through the early
Paleozoic. By Silurian time the depocenter had migrated northward to southern
I1linois, where it probably remained until at least late Mississippian time.
Late Mississippian and Pennsylvanian strata are preserved only in basinal parts
of the New Madrid region, but many individual rock units appear to thicken

southward to their truncated edges in southern Illinois.

Although the Ozark Uplift was covered by Paleozoic sediments from time to
time, it has been a relatively positive feature since late in the Precambrian.
The Nashville Dome, a southern extension of the Cincinnati Arch, was also a
relatively positive feature in the region. The dome furnished almost no sedi-
ments to the New Madrid area, and in fact, was covered by shallow seas throughout
most of the Paleozoic Era. The Pascola Arch, which was uplifted about 12,000
feet after Pennsylvanian deposition, created the southern margin of the Illinois
Basin. The arch was eroded to a broad base level by late Cretaceous time and

subsided into the Mississippi Embayment.
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INTRODUCTION

In order to discuss stratigraphy of the New Madrid area without becoming
immersed in details of correlations, facies relationships, and local names, it is
necessary to combine units of similar rock types into major rock-stratigraphic
units. The stratigraphic units are discussed here chronologically, but they are

mapped on the basis of their gross lithology (Fig. 1).

This report draws freely on work released as contractors' reports by
participants in the New Madrid Seismotectonic Study sponsored by the U.S. Nuclear

Regulatory Commission. A review of this research was compiled by Buschbach

(1983). Discussions of the Paleozoic rock units are summarized from a detailed
report of the geology of the New Madrid area by Schwalb (1982). The regional

aspects of some of the major rock-stratigraphic units in the region were

discussed in reports for the National Petroleum Council study in Future Petroleum .
Provinces in the United States. Those studies were published by American

Association of Petroleum Geologists as Memoir 15 (Cram, ed., 1971). From those
studies the stratigraphy of the Eastern Interior Region of the United States was

summarized by Buschbach (1971).

GEOLOGIC SETTING

The dominant tectonic features that exerted an influence on sedimentation in
the New Madrid area are the Illinois Basin, the Cincinnati Arch, the Mississippi
Embayment, and the Ozark Uplift (Fig. 2). Other features that also had

significant effects on sedimentation in the area but were somewhat more
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restricted in time or in geographical extent, were the Reelfoot Rift, the Rough

Creek Graben, and the Pascola Arch.

The Illinois Basin is a spoon-shaped structure filled with more than 14,000
feet of Paleozoic sediments. The Cincinnati Arch is a broad uplift that
separates the Illinois Basin from the Appalachian Basin. At its southern
extension the arch includes the Lexington and Nashville Domes. Although the
Cincinnati Arch apparently furnished no sediments to the New Madrid area, this
positive structure influenced sedimentation throughout much of Paleozoic time.
The Mississippi Embayment is a southward-plunging trough filled with Cretaceous
and Tertiary sediments. The Ozark Uplift stood as a positive feature when
Cambrian sediments first covered the area, but it subsided and was covered by
Cambrian and early Ordovician sediments. By the beginning of middle Ordovician
time the Ozarks again became a positive feature, and the crest of the uplift was

not covered by significant deposits until middle Mississippian time and again in

Pennsylvanian time. Throughout its long history as a positive element, the Ozark

Uplift provided the source for only minor amounts of sandstone and shale in the

New Madrid area.

The Reelfoot Rift and the Rough Creek Graben appear to be genetically
related and were probably formed contemporaneously late in Precambrian or early
in Cambrian time. At the base of the sedimentary succession both depressions
contain several thousands of feet of clastic rocks dated or suspected of being
middle and possibly early Cambrian age. These sediments appear to be restricted
to the down-faulted structures in the area. Both of these trenchlike features
have shown evidence of reactivation and have served as the loci of later

sedimentary depocenters where total thicknesses of 15,000 to 20,000 feet of
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sediments are present. The area of the Reelfoot Rift includes the Reelfoot Basin
(Cambrian and Ordovician) and the Mississippi Embayment (Cretaceous and
Tertiary); the area of the Rough Creek Graben includes the Moorman Syncline

(Pennsylvanian-Permian).

The Pascola Arch is a circular uplift located between the Ozark Uplift and
the Nashville Dome. The uplift, which occurred during the interval between the
end of Pennsylvanian time and early in late Cretaceous time, caused the erosion
of an estimated 12,000 feet of Paleozoic sediments from its crest (Fig. 3). In
the New Madrid area, the coarse chert pebbles in the Tuscaloosa Formation of
early late Cretaceous age are the only sediments present that resulted from the

erosion of this uplift. Presumably most of the clastic material eroded from the

Pascola Arch is incorporated in pre-late Cretaceous Mesozoic sediments of the

Mississippi Embayment.

PRECAMBRIAN SURFACE

The top of Precambrian igneous rocks in the New Madrid area represents a
ma jor unconformity between the 1- to 1 1/2-billion-year-old Precambrian rocks and
the overlying Cambrian sediments. The crystalline rocks were subjected to
subaerial erosion, and a terrain with pronounced topographic relief was
devloped. As much as 1,500 feet of relief existed in the area of the Ozark
Uplift, and more than 500 feet of relief is documented for hills and ridges in
the Illinois Basin area. The Sparta Shelf appears to have stood as much as 1,000
feet above a low area to the east. Stream gradients were apparently steep enough
to cause the removal of erosional debris because there has been no appreciable

accumulation of a regolith or detritus zone in the region.
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Precambrian rocks crop out in the St. Francois Mountains of the Ozark

Uplift, where they have been extensively studied (Kisvarsanyi, 1976).

The unconformity at the top of the Precambrian igneous rocks is overlain by
sedimentary rocks of various ages. In the Reelfoot Rift and Rough Creek Graben
areas, the first sediments were probably of early Cambrian or Precambrian age.
Early Cambrian sediments deposited on the eastern and southern edges of the
ancestral Nashville Dome probably came from a different source than did the
sediments in the New Madrid area. In the areas north of the Rough Creek Fault
Zone and in the vicinity of the Ozark Uplift the basal sediments are late
Cambrian in age. The tops of the highest Precambrian hills were probably covered
by sediments at the end of Cambrian time, and the thickness of cover on
Precambrian rocks at that time ranged from a few hundred to several thousands of

feet,

To construct a map showing the configuration of the top of Precambrian
rocks, we plotted the relatively small number of datum points, projected
structural trends downward from shallower and better explored horizons, and
considered the information gained from various geophysical surveys in the area.
The map presented here (Fig. 4) was based on observations of surface exposures
(in the Ozarks) and a considerable amount of drilling information, and therefore
probably predicts, within reasonable limits, the elevations of Precambrian rocks
in the areas of the Ozark Uplift, much of the lllinois Basin, and the Nashville

Dome.
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The Rough Creek Graben, bordered on the north by the Rough Creek Fault Zone,
is clearly an ancient graben or half-graben with the basement rocks dropped down
sharply to the south. Post-Pennsylvanian movement along the Rough Creek Fault
Zone, however, is chiefly down to the north. The southern flank of the graben is
less well-defined; it is drawn along the Pennyrile Fault Zone because those
faults seem to be in about the right place with displacement in the right
direction. Maximum depths to the Precambrian in the lowest part of the Rough

Creek Graben could exceed 20,000 feet.

The Reelfoot Rift is vaguely indicated by. the minus 15,000-foot contours
from the Ouachita front northeastward to the southern flank of the Pascola
Arch. Total depth to igneous rocks, types of igneous rocks, and age of sediments
at the base of this trough are not known. Recent drilling in Mississippi County,
Arkansas, confirms the depth of 15,000 feet to igneous rocks, and on the basis of
aeromagnetic and siesmic studies, depths of 20,000 feet appear reasonable in the
deeper parts of the rift zone. Local seismic reflection surveys have detected
deep layered reflectors in the rift, and the possibility that lava flows are
interbedded with Precambrian sediments at the base of the sedimentary section in

the central part of the rift cannot be ruled out.

Probably the least predictive part of the interpretation shown in Figure 4
is in the area of the Pascola Arch: portraying the intersection of a linear
trough that was dropped downward at least 15,000 feet with an arch that was later
uplifted about 12,000 feet poses a real challenge. The data are sparse, so there
is a tendency to smooth the gradients when contouring. It is, however,
anticipated that unmapped faulting contributed significantly to complex
structural adjustments in the area, and as more data become available the local

gradients will be determined to be much steeper than suggested here.
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LOWER CAMBRIAN

Sedimentation began as a basal sandstone on the flanks of the Nashville
Dome, which lapped onto the dome from the east and possibly from the south.
Shale and sandy shale with some carbonates overlie these sands; reddish color-
ation is typical of this section. These clastic rocks are believed to be

equivalent to the Rome of Appalachian outcrop.

A large graben (Reelfoot Rift) formed in the Mississippi Embayment, trending
northeasterly into southern Illinois. A similar graben of smaller dimensions
(Rough Creek Graben) formed, trending easterly from southern Illinois into
western Kentucky. Deep wells in southern Illinois and western Tennessee
encounter early sediments of unknown age. The Mermet Sandstone of Johnson
County, Illinois, which may be of only local extent, was deposited as fluvial
deltaic or pediment fans southward of the east-west trending Rough Creek fault
scarp. Dolomite and siltstone of pre-late Cambrian age in Lake County, western
Tennessee, may represent the first marine sediments in the Reelfoot Rift. Total
thickness and exact age of early sediments is unknown, and they do not crop
out. Houseknecht and Weaverling (1983) described adetrital unit at least several
hundred feet thick near the axis of the Reelfoot Rift. The unit is reported to
grade from arkosic sandstone in the north to a basinal shale southward. They
correlate the detrital unit with the Rome (lower Cambrian) Formation of the

Appalachian area.
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MIDDLE CAMBRIAN

Limestone and shale of Conasuaga age overlie "Rome" sediments in the
Appalachian area and thin to zero on the northern rim of Nashville Dome. Thick
shale accumulated in the Rough Creek Graben while crystalline basement rock
remained partly exposed to the north and south. Dolomite deposition in northern
Mississippi and eastern Arkansas may be of middle Cambrian age; this dolomite
rests on a varied terrain of granite and metamorphic rocks probably exposed to
erosion during earlier Cambrian time. Near the axis of the Reelfoot Rift,
Houseknecht and Weaverling (1983) found a carbonate unit more than 1,000 feet
thick overlying their lower Cambrian detrital unit. They correlated this
carbonate with the Conasuaga (middle Cambrian) Formation of the southern
Appalachians. The Reelfoot Rift and Rough Creek Graben nearly filled with
sediment by the end of middle Cambrian time, and growth faulting probably

deepened these troughs during most of the early to middle Paleozoic Era.

UPPER CAMBRIAN

Deposits of limestone (since altered to dolomite in the Appalachian area),
lap onto the Nashville Dome. Mt. Simon (Lamotte) Sandstone accumulated in the .
Ozark and central Illinois regions, where they rest on basement rock. Mt. Simon
(Lamotte) Sands extend southward and overlie Mermet Sandstone in southern
I1linois. The Mt. Simon Sandstone, present in northwestern Tennessee, rests on
older carbonate rock in the Reelfoot Rift, but laps onto basment rocks on either
side of the graben. The basment apparently remained exposed along the eastern
end of the Rough Creek Fault Zone and created a large shadow zone in which no Mt.

Simon sand accumulated. A transition zone at the top of the Mt. Simon grades
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into the base of Eau Claire and Bonneterre limestone and dolomite, which
accumulated as thick carbonate banks of oolites with some sandstone incursions in
the Ozark Region. The Eau Claire-Bonneterre oolitic carbonate was deposited
north of the Rough Creek Graben in southern Illinois and in the Missouri Ozark
region as a shallow water facies, while Bonneterre shale accumulated in the deep
water of the Rough Creek Graben and Reelfoot Rift in western Tennessee and
southeastern Missouri, and extended into eastern Arkansas and northwestern
Mississippi. The bordering faults of the old grabens continued to be displaced
as growth faults which deepened the grabens and allowed the accumulation of
thickened marine sediments of shale and siltstone (Fig. 5). Whether this clastic
material was washed over the oolitic limestone banks flanking the graben areas or
had a source from the south and southwest cannot be determined, but the northward
coarsening of the Eau Claire Formation to sand and siltstone would indicate a

source from that direction.

The Franconia Formation of Illinois is a southward-thickening unit of silty,
glauconitic, and argillaceous sandstone with increasing amounts of dolomite
toward the south. It is equivalent to the Elvins Group of Missouri and extends
eastward into Kentucky where it is primarily dolomite with small amounts of black
shale., In Kentucky it lacks the characteristic glauconite of areas to the north
and west. In southern Illinois and western Kentucky the Elvins Group and
Franconia Formation are included in the Knox Megagroup. Oolitic cherts and
relict oolite structures in the dolomite indicate that the original lithology was

predominantly an oolitic limestone of shallow water deposition.
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Figure 5. Thickness of pre-Knox sediments.
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CAMBRIAN-ORDOVICIAN KNOX MEGAGROUP

The Knox Megagroup, a lower Ordovician and upper Cambrian carbonate unit,
underlies sedimentary cover between outerops in the Appalachian area and outcrops
in Missouri around the Ozark Uplift. From east to west this unit in the
subsurface gradually increases from about 1,000 to over 7,000 feet in thickness
(Fig. 6). The maximum thickness occurs in the Reelfoot Basin of the upper
Mississippi Embayment, although the entire section of Knox has been beveled by
erosion over the Pascola Arch. West of the Mississippi River the thick Knox
section extends into the Arkoma Basin and is called Arbuckle, which, in general,

is correlated westward with the Ellenburger of Texas and Oklahoma.

In most areas the Knox has been subjected to subaerial erosion, and this
surface represents one of the major unconformities within the Paleozoic
sediments. The unconformity delineates the upper limit of the Sauk Sequence.
Above the unconformity are sandstones, such as the St. Peter, and shale, lime-
stone, and dolomite of middle Ordovician age. The Everton Dolomite partly covers
the Knox unconformity in western Kentucky, Missouri, Arkansas, and southern

Illinois. The Everton is included with the Knox on the isopach map (Fig. 6).

The original lithology of the Knox was shallow-water limestone containing
very minor amounts of sand, shale, and chert. Most of the limestones were
oolitic and probably rather porous, but dolomitization and replacement chert
destroyed much of the original texture and porosity. The oolitic character of

the formations is well-preserved in the cherts, and where dolomitization is not

complete, the relict structure of oolites can be seen in sample cuttings. In the
Ozark region there are abundant nonsilicified algal deposits and numerous sandy

zones.
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Figure.-6. Thickness of Knox Megagroup.

80



The following characteristics of the Knox (based on data from wells drilled

in the upper Mississippi Embayment area) are useful in defining formational

units:

The upper Cambrian formations are the Eminence-Potosi-Elvins Group, which
may have a combined overall thickness of more than 4,000 feet. These
formations are dolomite containing less chert than the overlying
formations and a decrease in sand and chert downward. The lower part of
the section is nonsandy and has almost no chert. The typical glauconitic
zones of the Elvins disappear basinward, and noclear distinction has been

made between the formations where they are unusually thick.

The Gasconade (Oneota) is very cherty dolomite that contains floating
sand, but there is a decrease in the sandiness from the overlying
formation. The basal member of the Gasconade is the Gunter Sandstone,
which also is used to define the base of the Ordovician system. Maximum

thickness of the formation is 700 feet,

The Roubidoux is a very sandy, very cherty dolomite and dolomitic
limestone containing an abundance of both oolitic and sandy chert.
Sandiness is noted at the top and bottom of the formation, which may

reach 500 feet in thickness.

The Jefferson City contains oolitic limestone, and the formation has

usually been only moderately dolomitized; its maximum thickness is about

500 feet.
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5. The Smithville-Powell-Cotter may attain a thickness of 2,000 feet where
it has not been removed by erosion. It is represented by dolomite and
dolomitic limestone having occassional sandy zones and minor amounts of

chert. Limestone is present through much of this section in Arkansas.

MIDDLE ORDOVICIAN

Although included with the Knox in some areas, the Everton Dolomite overlies
the major unconformity at the top of the Knox in much of the study area. The
Everton is a sandy dolomite generally lacking chert, and it is not known to be
oolitic. The Everton was deposited in a restricted sea that lapped onto Knox
carbonates to the east and north; subaerial erosion continued to bevel the Knox
in exposed areas farther north while the Everton was being deposited. The
Everton is unconformably overlain by the St. Peter Sandstone, which is a more
widespread formation that overlaps the Everton and covers the unconformity on top

of the Knox to the north.

The St. Peter is composed predominantly of quartz sand with well-rounded and
frosted grains. The sand is fine to medium grained and well-sorted, and
throughout the region it lacks significant amounts of c¢lay or shale., The St.
Peter Sandstone is 100 to 200 feet thick in the northern part of the New Madrid
area (Fig. T), but is thin or absent to the east in Indiana and Kentucky where

emergence continued to expose the Knox at that time.

The middle Ordovician carbonates that overlie the St. Peter represent a

Wwisespread marine invasion throughout the Midwest. These Trentonian and Black
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Figure 7. Thickness of St. Peter Sandstone.
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Riveran carbonates are assigned to the Ottawa Megagroup. Recent studies have
shown that the upper units of this megagroup are of Cincinnatian (late Ordovi-
cian) age. The Ottawa thickens southward to about 1,400 feet at the north edge
of the Mississippi Embayment (Fig. 8); erosion has removed it from the Pascola
Arch. The megagroup contains many persistent, widely traceable carbonate

units. Volcanic activity, believed to be located to the east, produced numerous
ash falls that have been preserved as metabentonites. The Ottawa consists
chiefly of limestone that grades locally to dolomite, especially in the lower
formations. Over much of its extent, the lower part of the Ottawa contains some

silt, sand, and anhydrite.

UPPER ORDOVICIAN

The Maquoketa Group includes the relatively shaly strata of Cincinnatian
(1ate Ordovician) age. The base of the Cincinnatian is difficult to establish in
western parts of Kentucky and Tennessee because of the interfingering of shale
and carbonate facies. In that area the isopach map (Fig. 9) includes some shaly
strata that have been assigned a middle Ordovician age. The Maquoketa is about
200 feet thick in much of Illinois. In Indiana and Kentucky it thickens
regularly eastward from 300 to 900 feet. The Maquoketa is absent by erosion over
the Pacola Arch, the Nashville Dome, and the Lexington Dome. The Maquoketa
consists chiefly of silty and dolomitic or calcitic shale containing some
prominent limestone units; locally it contains beds of silty sandstone (Thebes
Sandstone Member). The proportion of carbonate rocks increase southeastward,
and in central Tennessee the upper Ordovician rocks are composed primarily of

shaly limestone.
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Figure 8. Thickness of Ottawa Megagroup.
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Ordovician sedimentation ended with shallowing and partial withdrawal of the

seas, which created an unconformity of low relief.

SILURIAN AND DEVONIAN

Virtually quartz sand-free Silurian carbonates were deposited throughout the
region during a widespread marine advance that apparently had submerged clastic
source areas. Thick carbonate banks surrounded the Illinois Basin except to the

south, and bioherms developed in front of and on these banks.

Starved basin conditions existing during Silurian time in Illinois resulted
in thin deposits in deep-water areas, and some marked facies changes occurred

between contemporaneous deposits. Gradual subsidence seems to have been the only

tectonic activity during the Silurian.

Cayugan (upper Silurian) and lower Devonian sediments that filled the
starved basin are mostly sand-free limestone and dolomite. Some of these beds
were extensively altered to chert in the northern part of the Mississippi

Embayment, but the source of the silica is not known.

The end of early Devonian time was marked by pronounced uplift and
reactivation of many local features. Sources of quartz sand were exposed, and
the beginning of middle Devonian time is marked by the first widespread occur-
rance of mature sandstone and sandy limestone since the middle Ordovician.
Dolomite and limestone are the principal rock types deposited during the balance

of middle Devonian time.
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The carbonate rocks of the Silurian System are combined with those of early
and middle Devonian age to form the Hunton Megagroup. The Hunton has a maximum

thickness of more than 1,800 feet in southern Illinois (Fig. 10).

Before deposition of the New Albany Shale Group (upper Devonian and lower
Mississippian) another erosion surface developed on exposed rocks around the
margins of the Illinois Basin. The seas then advanced in the most widespread
inundation since Ordovician time. The various unconformities merge beneath the
New Albany Shale toward the basin edges and other uplifted features, bringing the
New Albany Shale in contact with strata as old as Champlainian (middle

Ordovieian).

MISSISSIPPIAN

Subsidence continued during Mississippian time with shale and siltstone
deposition predominant in the early part of the period, and limestone deposition
dominant toward the middle of the period. The shale, siltstone, and carbonate of
the upper Devonian and the lower and middle Mississippian have been combined to
make a single mapping unit; these strata reach a maximum thickness of more than
2,200 feet in southern Illinois (Fig. 11). They are absent by erosion over the

Pascola Arch and the Nashville Dome.

Cyclic deposition of alternating beds of sandstone, shale, and limestoneis
typical of upper Mississippian strata. From a northeastern source, clastic

sediments were carried by a southwestward-flowing river system across the
I1linois Basin (Swann, 1964). Almost all of the 20 or so individual upper

Mississippian formations thicken southward to their truncated edges in southern
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Figure 10. Thickness of Hunton Megagroup (Silurian-Lower and Middle Devonian).
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Figure 11. Thickness of Upper Devonian - Lower and Middle Mississippian.
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I1linois and western Kentucky. Total thickness of upper Mississippian strata in

southern Illinois is more than 1,400 feet (Fig. 12).

PENNSYLVANIAN AND PERMIAN

Southwestward-flowing streams incised a vast drainage pattern on
Mississippian and older strata, which was subsequently buried by Pennsylvanian
clasties., Coal, the chief economic mineral of the Illinois Basin, was formed in
vast amounts, although coal beds represent less than 1 percent of the
Pennsylvanian sedimentary column. Sandstone and shale are the major lithic types
of Pennsylvanian strata; limestone constitutes only a minor portion. Something
marine limestone and coal seams can be traced over large portions of the Illinois

Basin. The thickest Pennsylvanian succession preserved north of the Pascola Arch
is located just south of the Rough Creek Fault Zone in western Kentucky and in
fault blocks within the fault zone (Fig. 13). Slightly more than 3,200 feet of
Pennsylvanian strata occur in Union County, Kentucky (Smith and Smith, 1967), and

include an almost continuous section of the very youngest Pennsylvanian.

In a down-dropped fault block within the Rough Creek Fault Zone, beds of
lower Permian age have been identified (Douglas, 1979) on the basis of the study
of fusulinids. All Paleozoic deposits younger than lower Permian are believed to

have been entirely removed by erosion from the region.

The Illinois Basin remained opened to the south during Pennsylvanian time
and was subjected to repeated marine flooding. Thinning of Pennsylvanian strata

occurs over some anticlinal structures, but slow subsidence seems to have been

the principal tectonic activity. Permian sediments were presumably deposited
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Figure 12. Thickness of Chesterian (Upper Mississippian).
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Figure 13. Thickness of Pennsylvanian sediments.
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Figure 14. Thickness of Cretaceous-Tertiary sediments
(Estimated from configuration map of the base of

Cretaceous compiled by R. Stearns, 1981).
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over at least a portion of southern Illinois and western Kentucky, but their
thickness can only be surmised from the rank of the Pennsylvanian coal seams,
which indicate a previous depth of burial by 4,000 feet of sedimentary cover

(Damberger, 1971).

CRETACEQUS AND TERTIARY

A long hiatus occurred between the last Paleozoic sedimentation in the New
Madrid area and the first Mesozoic deposits of Cretaceous age. During this time,
a great amount of tectonic activity took place and changed the structural
configuration of the region. From early Permian to late Cretaceous the

sedimentary history of the New Madrid area is unknown. This interval is probably

represented by uplift and erosion, and any sediments deposited have been

completely removed. Drilling in the area indicates that a karst topography

developed on the land surface; the sink holes were later filled with upper
Cretaceous and younger sediments. The Tertiary and Cretaceous sediments are
mostly sand and clay, but they include some lignite and impure limestone. The
strata thicken southward from southernmost Illinois and are about 3,300 feet

thick near Memphis, Tennessee (Fig. 14).
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USE OF EARTH RESISTIVITY AND GRAVITY WITH DRILLING
FOR SHALLOW EXPLORATION IN THE REELFOOT LAKE REGION
by
Richard G. Stearns
Vanderbilt University

Nashville, Tennessee

INTRODUCTION

In the New Madrid earthquake area, geological features are generally
concealed, and so must be investigated by drilling, excavation, and
geophysics. Earth resistivity is useful to investigate the extremely shallow
subsurface (1 to hundreds of feet). Gravity, which is more commonly used
mainly for deeper investigations (1000s of feet), can also focus on geology
near the surface. Both techniques are related to information obtained from
drill holes. Perhaps more important is their utility when related to each
other.

Earth Resistivity

For earth resistivity, precision is reasonably good at shallow depths;
equipment is inexpensive and easy to maintain; operators can be trained in a
few hours under the eye of an experienced operator; and contrasts in
resistivity correlate well with geological situations (faults, channels,
inclined layers). Although deep penetration remains difficult, faults and
features at the surfacc are well defined; and this shallow focus is important,
because other techniques that probe deeper are not as readily or cheaply
focused near the surface (reflection seismology). Field work, calculation and
curve matching are laborious, but benefits seem to justify the effort. One of
the more successful techniques (Barnes Layer profiling) uses the most

straightforward calculations and a minimum of subjective interpretation.
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Gravity

Gravity can also be focused on shallow depth, but at the expense of
covering a small area with considerable effort in measuring elevations,
placing observation points close together, and special handling of the
meter. Gravity will also be shown to be useful with wider spacing (half a
mile or so or more) to point up areas of potential faulting. This is possible
in the New Madrid area because of the convenient great density change at the
Paleozoic Mesozoic surface about half a mile down (from about 2 to over 2.6
gm/cm ).

The Study Area (Figure 1)

The study area is on the Mississippi River alluvial plain and Loess Hills
upland away from the river to the east. It is all underlain by unconsolidated
sediments. Sufficient density and resistivity contrasts exist to give good
definition, particularly between light conductive clay and denser resistive
sand regardless of age.

EARTH RESISTIVITY

Earth Resistivity Values

Differences in resistivity permit the subsurface to be explored. In the
study region unconsolidated sediments are partly or fully saturated with fresh
water. Values vary considerably but are generally related to sediment size.
Clay has a low resistivity; sand has a high resistivity. Table 1 lists some
values determined in this investigation.

The values at Chickasaw Bluffs were determined by applying the electrodes
to surface outcrops and measuring resistivity in situ. Those on the
Mississippi River alluvial plain at Reelfoot Scarp were measured on samples

taken by hand auger.
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Figure 1- Geographic features in the study area in northwest
Tennessee. Reelfoot scarp at 36 25'N 1s the site of
much of the detailed surveys and drilling. The last
investigation was made 5 miles south of Ripley just
off this map.
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TABLE l.--Resistivity values for nearsurface
Materials in the study area

Chickasaw Bluffs at the I-155 Lennox-Big Boy Intersection
(3694.55'N, 89029.82'W)

Material A Apparent Resistivity (ohm-feet)

alluvial topsoil (Recent 100-150
at foot of bluffs)

loess (Pleistocene) 100-130

sandy gravel not saturated 250-1000
(Pliocene Lafayette Fm.)

water saturated gravel 250-350
(Pliocene Lafayette Fm.

carbonaceous siltstone 70-115
(Eocene Jackson? Fm.)

gray stiltstone 120-~140

(Eocene Jackson? Fm.)

Chickasaw Bluffs at the Samburg Gravel Pit
(36929,27'N, 89°17.14'N)

Material Apparent Resigtivity (ohm-feet)
vellow loess (Pleistocene) 150-170
reddish brown loess 60-70
(Pleistocene)
red loess (Pleistocene) 70-100
gravel (Pliocene Lafayette Fm) 200-500
clay (Eocene Jackson? Fm.) 20-30
Mississippi River Alluvial Plain. Five Auger Holes at
Reelfoot Scarp (360255'N, 89926.5'W)
Material (All Recent Alluvium) Apparent Resigtivity (ohm-feet)
Sand 355-970
Sandy Silt 128-150
Clayey Silt 82-105
Silty Clay 44-104
Clay 12-36°

100



Main Techniques

General

The three general techniques for surface measurements involve varying one
of these three factors--location, azimuth, and electrode spacing--while
keeping the other two constant or fixed. All three techniques were tried in
this study; they all yielded worthwhile results. An empirical system, known
as Barnes Layer profiling also turned out to be particularly useful. The
reader is referred to standard works on resistivity such as those by Zohdy, et
al. (1974) and Orellana and Mooney (1966) for background.

Profiling - Variation of Station Location

This consists of taking measurements at successive locations while
keeping the azimuth and the electrode spacing constant. The variations of
resistivity in such a profile are due to lateral changes in resistivity.

Sounding - Variation of Electrode Spacings

For this technique, measurements are made by varying the electrode
spacing while keeping the azimuth and the location constant. Increasing the
spacings of the current electrodes will give rise to a large proportion of
current penetrating deeper in the ground. The variation of resistivity along
with the electrode spacing allows the approximate determination of thickness
and depth of each electrically distinctive layer. This technique assumes the
ground consists of horizontal layers each having an even thickness, and this
is more or less true in most situations.

Circle Sounding - Variation of Azimuth

This technique (Zohdy, 1970) consists of taking measurements in different
azimuths while keeping the center of the electrode array at the same place.

Values are plotted on polar coordinate paper. Comparison of these with
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Zohdy's theoretical polar plots allows the location and trend of a
discontinuity (perhaps a fault) to be determined.

The Barnes Layer Technique (Barnes, 1954)

This empirical method is used to construct vertical resistivity sections
along a line of soundings. This method turned out to be exceptionally
useful. It is based on two concepts: first, the earth may be approximated as
a stack of horizontal resistors, and total resistance of the resistors in
parallel can be computed by summing the reciprocals of the resistance of in-
dividual resistors. The second premise is that the thickness probed is equal
to the Wenner A spacing, and this is not true. All that is true, is that a
fraction of the current is confined to a calculable depth. Consequently, the
technique is theoretically useful only for a qualitative approximation of
lateral changes in cases where lateral changes are likely to be more
meaningful than thicknesses (for example, a steep fault). Practically it
works; in the study area the depth of probing is coincidentally approximately
equal to the A Wenner electrode spacing.

Test of Geologic Situations and Resistivity Techniques

Resistivity Profile across an 0ld Mississippi River Channel

An example profile is across an abandoned channel in the Ridgely
Quadrangle (Saucier, 1964). It was designed to test profiling using a
variable spacing of electrodes; the wider the spacing, the deeper the
penetration (See Figure 2). As expected, high irregular resistivity values
correspond to the natural levee beside the river channel. More homogeneous
low values mark the channel, Note that resistivity is sensitive to A
spacing. At the old levee higher values corresponding to wider spacings

indicate a deeper high resistivity (probably natural levee fine sand) deposit.
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Figure 2 - Abandoned river channel profile south of Reelfoot
Lake. Natural levee deposits, being sand and silt, have
a higher resistivity than clay in the channel. 1In the
channel resistivity of the clay is constant and low
regardless of electrode spacing. On the old levee wider
spacing gives higher resistivity showing more sand at
depth, and more mud at the surface. From Stearns et al.,

1982, Fig. 9.
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Profiling and Mapping at Reelfoot Scarp

Geology and Background--Reelfoot Scarp at the eastern edge of the

Tiptonville Dome drops eastward about 25 feet across a distance of about 500
feet. Tiptonville dome, the high side of the scarp, is an earthquake related
feature, a region of localized uplift (Stearns, 1979; Russ, 1982). At the
time this project was undertaken (1976-77), it was not certainly known whether
the scarp marked a surface fault (it does). Here we made a series of parallel
resistivity profiles for a map. Later, in conjunction with drilling, we made
numerous soundings, and circle soundings.

Profile--First, a profile over a mile long was made perpendicular to the
scarp on which irregular high resistivity values occurred on high ground west
of the scarp, changing abruptly to low regular values to the east. This is
typical of a natural levee flanking a clay plug, as just shown.

Alternatively, the low ground to the right (east) could be sunk and covered by
low resistivity flood deposited fine silt and clay (it is).

Resistivity Maps--Surveying continued for a series of parallel profiles

to be contoured as a map. An example from several made at Reelfoot Scarp is
Figure 3. The main significance of this is that the map pattern made manifest
the old channel that cuts across the scarp. High resistivity marks the levee
and low resistivity the clay plug. The levee is abruptly subdued at the scarp
where it is buried beneath low resistivity material to the east. This does
not prove faulting, but it does prove the offset of the channel at the scarp.

Surface Electric Soundings as Estimators of Subsurface Sections

General--Because clay and sand, that make up most of the nearsurface
deposits in the study region, contrast strongly in resistivity, soundings
should have a maximum chance to correctly predict subsurface sections. We

made surface soundings (example on Figure 4) and compared results with a
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Figure 3 - A resistivity contour map made from 19 parallel
E-W profiles using a Wenner array with A spacing of 30
feet, The irregular high values to the west are on
Tiptonville dome, and Reelfoot Scarp is the boundary
with lower and more constant values to the east. To the
east fine grained low resistivity recent flood deposits
have buried such features as an o0ld channel and levee that
arcs across the map from lower right toward upper left.
Burial results in an exponential decrease in resistivity
contrasts. From Stearns et al., 1982, Fig. 12.
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Figure 4 - A field sounding curve at Reelfoot Scarp.
Curve matching gives four layers from this: the shallow-
est three are shown on the next figure. From Stearns
et al., 1982, Fig. 21.
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geoelectric column made by measuring resistivity of samples from hand auger
holes, also some instances of electric logs of rotary-drilled holes. Results
were mixed, and appear to depend on the electrode array: Wenner array
sounding matched somewhat better than Schlumberger.

Schlumberger Soundings--These were compared two ways. Six holes were

drilled by rotary at Reelfoot Scarp and resistivity was logged by a single
point electrode. This allows thickness, but not resistivity, to be

compared. Using depth to the base of a persistent clay layer for comparison,
we found that for only 2 of the 6 holes did Schlumberger soundings predict
depth within 25%. Others had errors up to 8_fold! For eight auger hole sites
we measured resistivity of samples and made Schlumberger soundings (Figs. 4,
5). In these cases we were able to compare soundings with corresponding
geoelectric measured sections using comparisons of Dar Zarrouk curves as
recommended by Zohdy (1974). For these we obtained an average error of 31 +
21% error in resistivity. For depth estimators to the base of the top 2
layers we obtained errors of 24 + 24%, At Reelfoot Scarp in 5 auger hole
sites we obtained thickness estimates that differed from auger hole
measurements by 27 + 21%, about like the Dar Zarrouk curve comparisons.
Because of instrumental limits, we had to move the inner electrodes a lot
during soundings. This requires nearly as much effort as Wenner soundings.

Wenner Soundings--These are compared one way only, that is by thickness

of layers at Reelfoot Scarp at 6 auger hole sites. Here the average error is
29 + 33%, not much different from the statistical accuracy of Schlumberger
soundings at the same sites. Because we had to move all the electrodes a lot
anyway, and because the same Wenner array data can be used for the Barnes

Layer system, we prefer Wenner over Schlumberger.
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Figure 5 - Auger geoelectric section compared with curve match
layers interpreted from theAUG-09 sounding. The deepest
high resistivity layer is not shown, because we did not
auger that deep. A meaningful rough comparison is evident '
in this case, but others gave a poorer correspondence.

From Stearns et al., 1982, Fig. 22. '
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Circle Soundings as a Tool to Locate Faults

Circle soundings could yield information on both the location and the
strike of faults if material of contrasting resistivity is juxtaposed across a
steep boundary (Zohdy, 1970). To make the sounding, spacing of electrodes, in
a Schlumberger array, is kept constant, and the electrodes are rotated about
the array center. A series of circle soundings were made at two localities at
the foot of Reelfoot Scarp where faults were known. These localities are at
the site of the USGS-Vanderbilt trench and the site where the rotary test
holes and hand auger holes were drilled. The 6 Test Holes were drilled in
April 1977 before the trench was dug, since faulting was suspected because of
abrupt lateral change in resistivity. Here there is about 20 feet of offset
of layers between drill holes about 100 feet apart. Two months later, a fault
was unearthed in the USGS-Vanderbilt trench about 2000 feet to the north in
the same topographic position at the foot of the scarp. It was hoped that
cirecle soundings would be verified by the observed fault in the trench, and so
be used to locate the suspected fault in the line of drill holes, and they
did.

The first trial was at the trench where we took measurements in 2
circles. We would like to have made more circles and taken more readings per
circle, but the temperature was so cold that we had to penetrate frozen soil
with a star drill and batteries weakened fast. The second test was run under
better conditions near the test wells where we took measurements every 15
degrees in four circles. In both cases a solution was obtained from Zohdy's
type curves. Figures 6 and 7 show the results. Faults were, in fact, located
by this technique. There is, however, a distressingly small variation of
resistivity with azimuth at the test well site, but here fault offset is small

and so small changes are to be expected.
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Figure 6 - Circle soundings on either side of the fault
at Reelfoot Scarp unearthed in the USGS-Vanderbilt
trench. The two soundings were 100 feet apart. The
right one is east of the fault, and more than 42
feet away; the left one west of the fault, and more
than 42 feet away. These combined distances locate
the fault as shown below. This position is within
10 feet of its observed position in the trench. From
Stearns et al., 1982, Figs. 30 and 31.
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Figure 7 - Circle sounding diagrams at the Test well site.
Top left is 100 feet east of an inferred fault. Top
right is still east but close to the fault. Bottom left
is about 50 feet west of the fault. Bottom right is
about 100 feet west of the fault which probably strikes
a bit east of N-S. Interpretation of this is made by
comparison with type “Shapes" published by Zohdy (1974).
Detailed drilling in fact proved this fault to be at
about 590 E, a location consistent with all distance
limits from all the circles (See Fig. 8 for the loca-
tion at D-D'). From Stearns et al., 1982, Fig. 28.
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Reelfoot Scarp Test Hole Area -- A Combined Test Using Drilling, and

Resistivity

General--In 1978 and 1979, while structure at the foot of Reelfoot Scarp
was being investigated by closely spaced shallow hand auger holes (located on
Figure 8), resistivity data were also acquired. Resistivity results,
particularly of Wenner soundings and use of the same electrical observations
to construct a Barnes Layer cross section gave an excellent match to drill
holes.

Fifteen hand auger holes were drilled. At the sites of all of the holes
Wenner array soundings were made; at 12 sample resistivity was measured, and
at 7 Schlumberger soundings were made. The Wenner array is the most useful
way to make surface electrical observations here, because the same readings
can be used for Barnes Layer profile calculations, and layer interpretation
from curve matching.

As a result of this exercise, five techniques can be compared:

1) drill holes from which lithology and a standard geologic cross section
is drawn;

2) measured sample resistivity from which "Electric Logs" are constructed
on a cross section;

3) Barnes layer profile through the line of holes for direct comparison
with the geologic and "Electric Log" cross sections; and

4) series of geoelectric sections from curve match of Soundings.

The Site--The site is line C-C' of Figure 8 at the foot of Reelfoot
Scarp. The terrane is nearly flat here rising only 6 feet across a distance
of 400 feet. This line crisscrosses the line along which three of the earlier
Test Holes were drilled. It is also the line on which cirecle soundings were

centered. Recall that a possible fault is located here between wells 1 and 2,
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Figure 8 - Location of the auger holes and resistivity
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present there though small.
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based on a resistivity profile and circular soundings as well as apparent
offset in the wells.

Line DD' close to the No. 1 well marks a line of closely spaced hand
auger holes where a fault was clearly demonstrated after this survey was
completed (Stearns, 1980).

General Results--The results will be presented with the Barnes Layer

profile first, then the soundings, and last, the "truth" of auger hole
lithology and resistivity; this is the order in which future investigations
should be made. During the actual field operations, holes were drilled soon
after surface resistivity observations were made. We had the lithologic
information in some cases, before calculation, plotting and electrical
interpretation was done.

Barnes Layer Section (Fiqure 9) --The section is dominated by a low

resistivity zone (clay) descending eastward from a position nearly at the land
surface at location 420 but 10 to 20 feet deep at location 700. There is also
a high resistivity layer at the land surface that increases from little or
nothing at location 520 to a considerable thickness from 580 eastward. A high
resistivity layer at depth (sand) lowers eastward with a distinct "hump" at
location 470. Theoretically, this is supposed to show vertical and lateral
changes with no representation of accuracy for depths. However, all of these
features turn out to be not too far off in depth, as well as being real.

Wenner Soundings (Fiqure 10)--These are related to the Barnes Layer

section in that they used the same data from the same electrode arrangement.
The line of soundings shows the same features as did the Barnes Layer section
with some variations. It is much more laborious to construct this section
than to construct the Barnes Layer section, and it is interesting that (in

this case) it conveys no more information.
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Auger Hole Resistivity--The sample resistivity (Figure 11) section shows

.a low resistivity layer (clay) close to and essentially parallel to the land
surface from location 300 to location 500 from where it drops eastward. As it
drops, a higher resistivity section appears, thickens to location 600, then
continues eastward as an even layer at the land surface. At depth, a high
resistivity layer (sand) roughly maintains a 10-foot depth eastward to
location 520 where it drops off eastward. Note that the low resistivity layer
is very close to the land surface from location 440 to location 500. This is
a detail correctly predicted by the Barnes Layer and Wenner Sounding sections.

Auger Hole Lithology--Lithology (Figure 12) is closely related to

resistivity. Clay is the low resistivity material with sand and silt having
high resistivity. There is no clear difference in resistivity of silt and
sand. All of the sample details are consistent with the Barnes layer

profile. An interesting detail is the sand dike picked up by the Barnes Layef
Profile at U70 which we dug into with a shovel and drilled.

GRAVITY

General

Gravity information is useful in interpretation of shallow geological
features in the region, at depths ranging from the land surface (faults, clay-
filled old Mississippi River channels), to the configuration of the Paleozoic-
Cretaceous boundary 2000 feet or so below the land surface.

As is generally true, gravity data alone have a limited utility, but
interpretation is enhanced when combined with other information. 1In the study
area, data from drill holes and earth resistivity can be related to gravity.

Density of lithologic units must be known or estimated to use gravity
variation for geologic interpretation. Table 2 shows densities of units in

the study region.
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Figure 12 - Lithology encountered in the auger holes.
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of the base of the clay. Dots are sand; horizontal
lines are clay; wavy lines are silt. From Stearns
et al., 1982, Fig. 37.
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TABLE 2.--Density Values in tha Study Area
(From Stearns, et al., 1984, Table 1)

Average
Generalized Description or Estimated
Stratigraphic of Measured Lithologies Density
Unit (Number of Samples of (¥ standard
Reported Densities) Deviation)
Alluvium (including ancient upland alluvium)
High Plasticity “Fat" plastic clay (3) 1.86 t 0.06
Clay :
Low Plasticity “Stiff" silty clay (40) 1.93 + 0.08
Clay
Silty Sand Silty sand to poorly 1.98 ¥ 0.08
sorted sand (1l1)
Clayey Sand Clayey sand (8) 2.00 ¥ 0.10

2.32 calculated

Clean Sand Water-bearing sand or

gravel (no sample) as 80% quartz,

20% water
Loess Sandy, clayey, silt (74) 1.89 Y o0.13
Jackson Gray-blue sandy clay (24) 1.98 ¥ o0.12
Claiborne and Interbedded clay, silt, 2,01 * 0;10
Wilcox sand (33)
+

Porter's Creek Low-plasticity clay under- 1.95 - 0.14
Clay and Clayton lain by a thin sand (35) ‘
Owl Creek Sandy clay (4) 2.03 ¥ o.16
Cretaceous other Mainly sand (2) 2.07 Yo.11
than Owl Creek
Knox Dolomite Dolomite (4) 2.76 ¥ 0.03
Pre~Knox Siltstone Dolomitic or Calcareous 2.65 1 (esti-

Granite Basement

siltstone (no sample)

Gtanite (no sample)

118

mated from
gamma-gamma
density 1log)

2,65 (esti-
mated from
density log)




The northwest corner of Tennessee and adjacent Arkansas and Missouri
(23 7-1/2 minute quadrangles) was surveyed through 1981 using about 1200
stations spaced about 1 mile apart. More detailed surveys were made at
Reelfoot Scarp. The larger anomalies reflect density contrasts within
Paleozoic and older rocks, but some small or narrow anomalies must have a
shallow origin or young expression. A more detailed survey employing closely
spaced stations (100 to 2000 feet) was made at Reelfoot Scarp and vicinity for
the purpose of investigating structure.

Reelfoot Lake Area Survey

The survey is summarized by Figure 13, the Bouguer gravity anomaly map of
the 22 quadrangle area. Among the features shown on this large scale map that
deserve special mention as candidates for shallow structures are:

1. At and north of Caruthersville, Missouri, there is an imperfect but
striking correspondence between directions of individual reaches of
the Mississippi River, and the trends of contours of gravity
anomalies. This suggests that shallow features (perhaps faults)
relating to deeper density contrasts (perhaps fault blocks) control
courses of the Mississippi River north of 36°051 .

2 The Tiptonville dome and related high ground there is a positive
gravity anomaly, indicating uplift here of dense Paleozoic rocks.

3. A northeast-trending 1 mile wide negative anomaly extends through
Bogota for about 10 miles to Cat Corner. At Cat Corner there is a
northwest-trending scarp offsetting the Chickasaw Bluff line. It is
interesting that this area coincides with numerous earthquakes. The
northeast-trending gravity trough through Bogota to Cat Corner may
well be a graben or half graben. East of the Bogota-Cat Corner

gravity trough, there is a (2 x 5 mile) positive gravity anomaly.
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This anomaly coincides with a positive magnetic anomaly, and may mark
a mafic pluton at a depth of a mile or less.

Reelfoot Scarp Area

General

This is the same area where the detailed earth resistivity was done.
Faulting and vertical uplift are known here (Fisk, 1944; Stearns, 1979; Russ
et al., 1978; and Russ, 1982). Also, many holes have been drilled to 300 feet
or more, so gravity modeling can be related to, and accounted for, by known
features.

At Reelfoot Scarp (Figure 14), a 3 x 3 mile area has been surveyed with a
variable spacing. Within this there are six lines of closer spaced stations,
100-500 feet apart. Here, the high ground west of the scarp (Tiptonville
dome) generally has anomaly about 0.5 milligal higher than the low ground east
of the scarp (Reelfoot Lake basin). As viewed closely, the middle third of
the scarp follows a lesser gravity nose having an amplitude of about 0.2
milligals.

Density Models Based on Drill Hole Lithology and the Gravity

Field at Reelfoot Scarp

The high precision survey data can be compared (Stearns, 1991) with
gravity using a model based on real lithology penetrated in shallow drill
holes., Densities from Table 2 were used to construct models based on
lithology encountered in the shallow drill holes that penetrated both a recent
channel and Holocene and Eocene units offset by faults within 300 feet of the
land surface. Figure 15 shows the lines in relation to the channel and
scarp. Figure 16 shows the density model and calculated anomaly of about 0.1

milligal for the channel alone. Figure 17 shows the density model of the
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Figure 14 - Gravity anomaly map of the Reelfoot Scarp area. Near Estes
pond the scarp coincides with a minor gravity nose. This nose reflects
a graben that will be modeled on Figure 17 using closely spaced stations
on the east-west survey lines. From Stearns et al., 1984, Fig. 1l1.
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Figure 16 - Gravity anomaly of the Estes Pond Channel:
Top - Lithologic and density section based on drill
hole lithology and Table 1l; Below - Gravity anomaly
generated by this section. From Stearns, 1981.

Fig. 17.
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channel combined with a graben of down-faulted sand underlying the east side
of the scarp with the calculated anomaly on top. For comparison, the observed
anomaly for the nearby North Estes Pond survey line is shown on the bottom of
Figure 17. The calculated anomaly is generally similar, but disagrees in some
respects. The similarity is believed to be significant, particularly because
the model is not a cut and try version but a single construction from drill
data.

This exercise shows that gravity data can be rationalized to a
significant degree with details of near-surface geology. 1t encourages a
continued use of gravity as an exploration tool.

EXPLORATION FOR YOUNG FAULTS USING GRAVITY AND EARTH RESISTIVITY

Introduction

Offset in drill holes, earth resistivity abrupt lateral changes, and
gravity anomaly lateral changes all relate to faulting. Knowing this, it was
decided to exploit these relationships and attempt to explore for faults.
Gravity and existing drill hole information should be useful to cover a
relatively extensive area. Earth resistivity was to be used as a follow-up
means to precisely locate shallow faults in any limited area indicated as
likely to be faulted by the gravity or drill hole data. Finally, test
drilling was to be used for a verification of the fault location. This
project is a test of a combined method to search for faults, and an attempt to
apply the method on the Loesscovered upland away from the Mississippi River
Alluvial Plain. It turned out that water well data did not lead us to a
fault, but gravity followed by earth resistivity did, and test holes verified
it.

A northeast trend of gravity anomalies was discovered in 1980 near Ripley

in Lauderdale County in the general vicinity (but a bit east) of the rift edge
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lighter clay.

It is due to denser sand downfaulted against

From Stearns, 1981,
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inferred by Hildenbrand and others in 1977. Lauderdale County was the center
of active exploration for Lignite, and hearsay information was that there is
little elevation change of lignite beds near the Mississippi River, but some
irregularity (maybe facies change or faulting) complicates correlations in
Henning-Ripley area. Accordingly, we extended the survey south of Ripley to
include the Henning area in the Ripley South quadrangle.

Gravity Survey and the Fault

General

A fault was discovered east of Henning. It was located by gravity
mapping followed by an earth resistivity survey. After the initial discovery,
additional gravity stations were set which allowed a comparison of gravity
with earth resistivity in detail.

Ripley South Quadrangle

This quadrangle was mapped in somewhat more detail (98 stations) than our
usual 60 stations per quadrangle. The anomaly map (Figure 18) is
characterized by a strong northeast gradient off the Covington Pluton. A nose
east of Henning (at about 35°u0'N and 89°47'W) led to the fault. We
manipulated the gravity data to make a second derivative map (Figure 18).

A second derivative map emphasizes smaller features, and the notion was
to search for narrow sharp anomalies that could result from faulting at (or
above) Paleozoic depth, which here is about half a mile. Maybe faults
offsetting Paleozoic extend to the surface, maybe not. The positive between
two negatives, in the southeast quadrant of the map where the heavy line is
drawn, was an obvious candidate as were anomalies near Ripley at the north
center of the map.

The smaller target areas were examined to see where sufficiently long

resistivity surveys would be feasible. It turned out that the area of the
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heavy line (about 35°40'N and 89°UT'W) was the most convenient area. Here a
single farm field extended for nearly a mile. Elsewhere, small lots, the
likelihood of buried utilities, and thick woods made earth resistivity survey-
ing difficult. This "path of least resistance" is the heavy line on Figure 18
where a fault was discovered.

Earth Resistivity

Because earth resistivity closely located the fault at Reelfoot Scarp, it
was hoped that here too this technique might pinpoint a fault, if present. It
was hoped that clays, sands and silts known to be present would provide the
contrast, and that a fault, if present, would offset sufficiently thick layers
far enough to provide lateral contrasts. The Wenner array that worked best at
Reelfoot Scarp was employed to get information for a Barnes Layer Profile (for
a preliminary cross section) and for Wenner curves (to estimate electrical
depths more reliably).

Figure 19 summarizes the results. On the top panel, the Barnes Layer
section suggests even layering for the top 100 feet or more from stations 1 to
6, but a near surface offset between 6 and 7. The Wenner soundings, shown in
the middle panel, are consistent with this (as is to be expected in view of
the fact that they use the same data). A fault was interpreted between
stations 6 and 7. The bottom panel is an estimated lithologic section, made
before drilling, interpreting the apparent electrical layers in terms of the
lithology to be expected from our earlier experience. The middle panel is
used as the ruling interpretation of layer depths, to predict throw (estimated
to be anywhere from 75 to more than 100 feet).

Interestingly, the resistivity line completely crossed both flanks of the
second derivative gravity "ridge" (Fig. 19); on the west side faulting within

100 feet of the surface is indicated by resistivity; on the east side it was
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not. However, faulting between stations 2 and 3 at a depth of 200 feet or
more looks possible. So far, the exploration process was a success; gravity
located several possibilities: of two tested by earth resistivity (each side
of the gravity ridge), one appeared to be faulted within 100 feet or so of the
land surface.

Drilling The Fault

Two drill holes were placed on either side of the inferred fault--one at
resistivity station 5, the other close to resistivity station 9. These sites
were selected some distance apart for access with a minimum of damage in a
field where crops were planted. The results prove the offset. Actually, it
is possible that a monocline is present, rather than a fault, but the offset
sense is identical to that of an actual fault.

Figure 20 shows the two drill holes with lithology and down hole electric
logs. The eastern (right) hole is down, but the exact offset is subject to
.interpretation (36-71 felt) and may be greater for deeper layers than for
shallow layers.

Relation to Gravity

Additional gravity stations were set parallel to the line of earth
resistivity stations to see whether a detailed correspondence exists. Figure
21 shows the results. Anomaly increases on the down side of the fault. This
may be due to clay (less dense) being closer to the land surface on the up
side of the fault. Such clay was encountered below the lignite section in
both of the holes.

This gravity section is significant for two reasons. First, it indicates
a detailed correspondence here between gravity and near surface structure.
Second, it shows that the fault has a 0.5 milligal anomaly, big enough to

overcome survey problems relating to a loose meter dial.
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SUMMARY AND CONCLUSIONS

Earth Resistivity

Surface earth resistivity was successful in probing to a shallow (plow
layer to 100 feet or so) depth in Mississippi River alluvium; and somewhat
deeper (to about 30.0 feet) in Loess and Eocene of the upland. Profiling,
Barnes Layer sections, Wenner soundings, and circle soundings proved useful.
Wenner soundings are preferred, because data can be used for Barnes Layer
profiles.

Features of abandoned river channels (a central low resistivity clay
'plug' and lateral high resistivity, sandy natural levees) were readily
located and mapped by profiling. Faults were located by combinations of
techniques including profiling, Barnes Layer profiling and circle soundings.
Faults were closely located within 10 feet or less by circle soundings.

Resistivity columns were made by measuring the resistivity of samples
from small diameter auger holes. At the sites of these measured columns,
surface soundings gave layer thickness estimates within 25 to 30% of measured
thickness.

Gravity

Owing to a strong density contrast between the 2000-foot deep boundary
between dense Paleozoic rock and light younger unconsolidated material, many
details of the larger gravity field originate from that depth. Also, many
relate to near surface structure, because Paleozoic depth structures extend to
a shallow depth. For example, Mississippi River bends north of 36°05' relate
closely to gravity anomaly, likely due to faults cutting the Paleozoic surface
and extending into younger materials, maybe to the land surface.

The relationship of gravity anomaly and geology within 300 feet of the

land surface was demonstrated at Reelfoot Scarp by correspondence between
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observed anomaly and anomaly calculated by density models using observed drill
hole lithology as a density basis (clay of about 1.9 gm/cm3 contrasted with
sand of about 2.2 gm/cm3). The density models included faulted Eocene and a
clay-filled channel of an abandoned course of Mississippi River.

Gravity Plus Resistivity and Discovery of a Fault

A search for faults was made using gravity as a preliminary
technique to cover an entire T-1/2 quadrangle search area, followed by a
Barnes Layer resistivity profile, which pinpointed a fault across a narrow
elongated second derivative gravity anomaly. A line of Wenner Soundings
correctly predicted the sense of offset of the fault (down to the east), and
approximately predicted the throw (36-71 feet measured by drilling vs. 75-100
feet plus estimated from earth resistivity).

The fault was discovered on loess-covered upland near the east edge of
Reelfoot Rift, whereas earlier tests were made on the Mississippi River
alluvial plain. Most of the New Madrid region is underlain by these
materials. The position of the fault near the east edge of the buried
Reelfoot Rift may open the possibility that the entire width of the rift could

have been reactivated after Upper Eocene time.
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INTRODUCT ION

In September 1980 the United States Geological Survey conducted a seismic
refraction investigation of the northern Mississippi Embayment. Thirty-four
shots from nine shot points were recorded along a series of profiles oriented
parallel to and across a Precambrian rift which has been inferred from gravity
and magnetic data. This study provided the highest resolution to date of
crustal structure in this area by virtue of the number of crossing profiles

and the relatively close station spacing along the profiles.

The major results of the seismic refraction study have been reported by

Ginzburg and others (1983) and Mooney and others (1983). Our purpose is to
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critically review these results, emphasizing the remaining uncertainties and
distinguishing those aspects of the interpretation which are required by the
data from those that are merely consistent with it. Our intent is to clarify
the constraints that seismic refraction studies provide on the structure,

composition and evolution of the embayment.

In describing details of the crustal structure we note that there are
uncertainties in the interpretation of seismic refraction data which arise
from several sources. First, although traveltime and amplitude anomalies
observed in refraction data often provide evidence for more subtle structures,
all of the published seismic interpretations in the area describe the crust in
terms of discrete layers separated by abrupt velocity discontinuities., While
this is a useful description of the gross structure, it only approximates the
actual structure of the earth where uneven and transitional boundaries are
common. Secondly, the quality of seismic refraction data is strongly
dependant on the ambiant noise level, shot point efficiency, recovery rate of
records, and other factors. The Mississippl embayment has long been known as
a 'poor data' area due to the high noise levels in this broad sediment ary
trough. Finally, due to the limited lengths of the profiles in the recent
studies, the deeper layers are mainly evidenced by secondary arrivals
(wide-angle reflections) which vary in quality. Subjective judgements are
therefore sometimes required for the interpretation of the arrivals from these
layers. Fortunately, these judgements are strongly constrained by comparing
the interpreted structure along profiles where they cross and requiring that

the depths and velocities agree at these points. Assuming in the present case
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that the seismic method is accurate to 10%, there will be errors as large as 3
km at a depth of 30 km. Detailed discussions of the subjective aspects of the
interpretation of seismic refraction data are presented by Ansorge and others,

1982 and Mooney and Prodehl, 1984,

In the discussion below we will refer repeatedly to specific seismic
refraction profiles from the recent work. The nomenclature for referring to
individual profiles is by the terminal and central shot point (SP) numbers,
e.g., profile 2-3-4, where the first mentioned shot point is at the origin.
The northeast-southwest trending profile 1-3-5-6 is referred to as the axial
profile, profile 8-2 as the west flank profile and all others are considered
cross profiles (figure 1). We begin by summarizing the available
seismological data and then discuss the overall structure beginning at the

surface and proceeding with depth to the upper mantle.

PREVIOUS STUDIES OF THE CRUST AND UPPER MANTLE OF THE CENTRAL US

The earliest seismic refraction studies of the crustal structure of the
central US were reported by McCamy and Meyer (1966), Stewart (1968), and
Warren (1968) (fig. 2). Together, these studies indicate a difference in
crustal structure within and outside of the embayment., Outside of the
Mississippi embayment, in central Missouri and central Tennessee, Stewart
(1968) and Warren (1968) report crustal velocities that are "nommal” for a

stable continental area, i.e., a 22 km thick upper crust with a velocity of
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Figure 1.
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Seismic Refraction Profiles in the Area of the Mississippi Embayment
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6.1 km/s overlying a 18 km thick lower crust with a velocity of 6.6 km/s (fig.
2)., The profile of McCamy and Meyer (1966) was recorded on the west flank of
the embayment and indicated, in addition to layers with velocities of 6.1 and
6.6 km/s, high-velocity 7.3 km/s layer at the base of the crust., Stewart
(1968) also interpreted a lower crustal 7.3 km/s layer in southern Missouri on
a profile 200 km northwest of the profile of McCamy and Meyer (1966). The
presence of this layer was confirmed by more recent seismic measurements
obtained from the interpretation of local earthquake traveltimes (Mitchell and
Hashim, 1977), from the dispersion of Rayleigh waves (Austin and Keller,
1982), and from the more recent seismic refraction data which we review here

(fig. 1).

The basal crustal layer identified by McCamy and Meyer (1966) was cited as
evidence for the origin of the embayment as a rift by Ervin and McGinnis
(1975). They modelled the regional gravity data by thickening this layer
beneath the embayment, thereby forming a "fossil rift cushion”. The
hypothesis of a rift origin of the embayment was strongly supported by the
identification, in an analysis of aeromagnetic data by Hildenbrand and others
(1977), of an upper crustal graben. The interpretation of the embayment as a
late-Precambrian rift has been thoroughly discussed (e.g., Ervin and McGinnis,
1975; Kane and others, 1981; McKeown, this volume) and is not reviewed here.
In the present paper we refer to the embayment rift when we mean the entire
crustal section, and to the embayment graben when we mean the basement

structure.




CRUSTAL STRUCTURE

The recent seismic refraction studies of Ginzburg and others (1983) and
Mooney and others (1983) show that the crustal structure of the embayment
consists of six primary layers. The Cretaceous and Cenozoic deposits are
characterized by a compressional wave velocity of 1.8 km/s and overlie
Paleozoic carbonate and clastic sedimentary rocks (5.95 km/s) (fig. 3). Along
the axis of the embayment graben, Paleozoic rocks are underlain by rocks with
a substantially lower velocity (modelled as 4.9 km/s) which are presumed to be
clastic sediments filling the graben (fig. 4). Crystalline basement has a
velocity of 6.2 km/s and the lower crust a velocity of 6.6 km/s. The basal
crustal layer in the embayment has a velocity of 7.3 km/s and the uppermost

mantle velocity is 8.0 km/s.

Cretaceous and Cenozoic sediments

The near-surface layer of the embayment consists of Late Cretaceous and
Cenozoic unconsolidated and poorly consolidated sediments which are known from
geologic mapping and drilling data (Grohskopf, 1955; Schwalb, 1980).

Structure within these sediments is best seen in seismic reflection data
(Zoback and others, 1980; Hamilton and Zoback, 1982), while the thickness and

velocity of these sediments was det ermined from the seismic refraction data.

Clear arrivals from the unconsolidated sediments, with an average velocity

of 1.8 km/s, are present on all profiles except from shot points 8 and 2,




.DEPTH (xkm)

PALEOZOIC SEDIMENTARY ROCKS

POORLY CONSOLIDATED SEDIMENTS
Vp = 1.8 KM/S

o e 1 1 [ 1 T T T
Vp=59KM/S \
- =
6.2 LOW VELOCITY
10 UPPER CRUST LAYER -
4.9 N
20+ L
- 6.6 LOWER CRUST |
30+ / L
7 73 Altered Lower Crust B
40
8.0 UPPER MANTLE
50 n
L 1 1 1 1 1 1 1 §
[+ 50 100 150 ° 200 250
DISTANCE (KM)
Figure 3. East-west section across the Mississippi embayment showing the

six primary crustal layers and their velocities.

The crustal

thickness, 40 km, corresponds to the latitude of shot point 6

(fig. 6).

145



DEPTH, KM

sw SP7 SP6  SP5 SP3 SP1 AXIAL PROFILE Ng
o 4 5'95L} f1'8 3 asi é {22 L ¥ J . 0
“WZYA 255 4.9 2Rz B2
2.75 \2.75 \275 L10
10- P= 275 6.2
- 20
20 28 6.6 i
30- / 30
1_cRUST 3.0 7.3 i
40{  MANTLE T 40
50 5X_EXAGGERATION 3.25 8.0 km/s | 50
L L .
0 100 200 300 400 500
CISTANCE , KM
Figure 4, Northeast-southwest crustal section along the axial profile of
the recent seismic refraction survey. Both layer densities and
seismic velocities are indicated. Shaded boxes represent
plutonic rocks which are identified either in the regional
gravity data or seismic refraction data, or both. The 7.3 km/s
basal crustsl layer (density 3.0 g/cc) thickens to the northeast
and the depth to the mantle increases.
- Guided Wave from Unconsolidated Seds. NE
: 1% 1 1==
=3
Figure 5,

Seismic record section for the axia
most prominant phase on the record
propagating within the unconsolidat

1 profile, shot point 3., The

section is the guided wave
ed sediments.

146



where the sediment cover is thin or absent. Since the arrivals from this
layer are first arrivals only within 1 or 2 km of the shot point, we can
directly determine the sediment thickness only in the vicinity of each shot.
Changes in the thickness between shot points have been inferred from the
relative advances and delays of arrivals from deeper horizons., Along the
axial profile these sediments range in thickness from 0.7 to 1.1 km, with the
greatest accumulation at SP 6., To the east, at shot point 4, the sediments
are 0,6 km thick, and further south at SP 9 they are 0.9 km thick. The
sediments thin and disappear at the flanks of the embayment. At SP 2 there is
evidence for only 150-200 m of sediment, and SP 8 is entirely outside the area
of sedimentary cover. The arrivals from the unconsolidated sediments are of
very high amplitude due to their propagation as a guided wave, consisting of
arrivals multiply reflected at the free surface and the lower contact with the
Paleozoic sediments (fig. 5). This strong phase is recorded on all profiles
with shot points within the unconsolidated sediments, The identification of
this phase is important for the evaluation of earthquake hazards because it
demonstrates that any earthquake which is large enough to rupture to the
surface will generate a likely damaging guided wave that will propagate for
large distances within the embayment. The large intensities within the
embayment of the earthquake sequence of 1811/1812 was undoubtedly due in part

to this phase.

An additional measurement of the prdperties of these sediments is that of
their shear wave velocity. Andrews and others (1984) have determined a

velocity of 0.4 km/s on the basis of local earthquake data.




Paleozoic Rocks

Geologic mapping and borehole data (Grohskopf, 1955; Schwalb, 1980) show
that the unconsolidated sediments overlie clastic and carbonate rocks of
Paleozoic age. Since these rocks are exposed outside of the embayment, their
age and composition are well known. Recent seismic reflection studies have
identified faults and local areas of uplift (Zoback and others, 1980; Hamilton
and Zoback, 1982). These relatively small-scale structures cannot be resolved
by the recent seismic refraction data, which is limited to determining its
layer velocity and thickness. Arrivals from the Paleozoic layer are observed
in the seismic refraction data for variable distances from the shot points due
to differences in the local velocity structure. In general, the traveltime
curves may be divided into two basic types, those for which the arrivals can
be traced to distances beyond 25 km and those for which the phase stops at 25
km or less., Where the Paleozoic rocks are underlain by the higher velocity
crystalline basement, the traveltime curve is continuous, and where they are
underlain by the lower velocity rocks filling the basement graben, a shadow
zone occurs. The upper crustal low-velocity zone is discussed in the next

section.

Continuous traveltime curves are observed in all directions from shot
points 2, 8, and 9, and discontinuous curves from shot points 1, 3, 4, 5, and

6. The latter shot points are located within or on a flank of the graben.

The thickness of the Paleozoic layer in the vicinity of a shot point can




be well determined for those profiles with discontinuous traveltime curves.
The top of the layer is determined from the change in apparent velocity from
1.8 km/s to 5.95 km/s, and the bottom is determined from the distance to the
shadow zone. An average thickness of 1.7-2.0 km has been det ermined along the

axial profile, and near shot point 4,

It is more difficult to determine the thickness where the layer overlies
crystalline basement. In these areas the refracted arrival from the Paleozoic
layer merges smoothly into the refraction from the basement, making difficult
the identification of the cross—over distance (e.g., fig. 6). The depth to
basement in these areas has been more reliable determined from the analysis of
aeromagnetic data (Hildenbrand and others, 1982)., Combining the seismic and
aeromagnetic determinations we can say that the thickness of the Paleozoic
rocks appears to be thinnest along the axis of the graben (1.7-2.0 km)

relation to the flanks (3 km).

An additional observation of the refraction data on the flanks of the
embayment is the shear wave velocity of the Paleozoic rocks (3.43 km/s), which

indicates a normal Poisson's ratio of 0.25 (Andrews and others, 1984).

Upper Crustal Low Velocity Layer

The identification of a clear cut-off of the refracted arrival from the
5.95 km/s layer (Paleozoic rocks) was one of the most significant observations
of the recent seismic refraction study. This observation, which is

unambiguous (fig. 7 and 8), is due to the presence of a layer with
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substantially lower seismic velocity beneath the Paleozoic rocks. The
sharpness of the energy cut-off is indicative of a large velocity decrease,
and a velocity of 4.9 km/s was used on the basis of unpublished well log

data. The depth of the low velocity zone is shallow, as is evidenced by the
fact that the refracted arrivals are cut-off only 25 km or so from the shot
point. Beyond 40 km the refracted arrivals from the underlying crystaline
basement are observed with a delay of approximately 0.3 sec relative to an
extrapolation of the 5.95 km/s arrival. The magnitude of this shadow zone (in
distance and time) indicates that the low-velocity zone has a thickness of
about 3 km. Within the resolution of the data, the zone appears to be
relatively uniform in depth and thickness along the axis of the graben, while
the west flank and cross profiles demonstrate that the zone is absent outside
of the graben boundaries, as defined by gravity and aeromagnetic data
(Hildenbrand and others, 1977; Kane and others, 1981; Hildenbrand and others,
1982), The precise lateral extent of the low velocity zone 1s difficult to
determine from the recent seismic refraction data. For this reason, the
evidence for the position of the graben boundaries, as defined by the
aeromagnetic data, was used in constructing the seismic models of Ginzburg and

others (1983) and Mooney and others (1983).

The lithology of the graben fill is probably known within the exploration
industry on the basis of drill hole data. Lacking access to this data, we
infer from the velocity (e.g., our estimate of 4.9 km/s) that it consists of
clastic sedimentary rocks associated with the late Precambrian/early Paleozoic

rifting of the embayment. This inference is in part based on the known
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composition of the sedimentary rocks in the Rough Creek graben to the

northeast (Schwalb, 1980).

An important unresolved question is the extent of the low velocity zone to
the north and south of the area of the present seismic refraction coverage.
In fact, since the zone shows up so clearly on the refraction data, there is
an excellent opportunity to trace the embayment graben into southern Arkansas
and to the northeast in Indiana and Kentucky where it may join other rifts

(c.f., Braile and others, 1982).

Crystalline Basement

We refer to that layer with a velocity of 6.2 km/s as the upper crustal
layer., Refractions from this layer are recorded with variable clarity in the
recent refraction data. Along the axial profile, the delay due to the low
velocity zone causes the 6.2 km/s refractor to be well separated in time from
the 5.95 km/s refraction, making its identification easier [(e.g., profiles
3~-5-6, 5-3, 5-6, and 3-8)]. For shot points outside the embayment graben, the
low velocity zone is absent and the 5.95 km/s and 6.2 km/s refractors merge
together. Examples of this are on profiles 8-3, 8-5-4, 2-5-9, 9-6-8, and
9-5-2 (e.g., fig. 6). We note that profiles with common shot points do not
always have equally clear 6.2 km/s refractors, For example, the refractor is
weak on profiles 8-2 and 8-6-9, but quite clear on profiles 8-3 and 8-5-4.
Since this shot point was a water shot (in a flooded quarry), the differences
are not due to coupling of energy at the shot point. A major factor is likely

to be the heterogenity of the crust along the profile. Features such as
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shallow plutons might be expected to cause scattering of the seismic waves.
Profile 8-6~9, for example, traverses the Jonesboro pluton (Hildenbrand and

others, 1977).

The depth to the top of the crystalline upper crust varles systematically
in the embayment. Within the graben, it lies at a depth of approximately 5
km, while outside the graben it is only 2-3 km deep. As noted above, the 6.2
km/s refractor is isolated in time and distance from the 5.95 km/s refractor
on the profiles with shot points within the graben, making the depth
calculation more reliable. Outside the graben, the 5.95 km/s and the 6.2 km/s
refractors merge into one another, making it difficult to accurately determine
depths. Despite these difficulties, the regional depths to the upper crust
are in good agreement with the depths calculated from aeromagnetic data
(Hildenbrand and others, 1982; their figure 5). However, the aeromagnetic
data also resolves the flanks of the graben, whereas the seismic refraction
data is too sparse to identify these. As previously stated, the locations of
the graben flanks shown in the seismic cross sections, of Ginzburg and others

(183) and Mooney and others (1983), were taken from the aeromagnetic results.

We were unable to resolve any velocity variations in the upper crustal
layer, despite the evidence in the aeromagnetic data of a change in the
crustal composition from east to west across the embayment (Hildenbrand and

others, 1982).




Lower crust

All deep crustal structure studies of the central U.S. show that the upper
crust is underlain by a higher velocity lower crust. The boundary between the
upper and lower crust has traditionally been referred to as the Conrad
discontinuity, a term which is no longer widely used because the boundary is
often more variable and difficult to detect than, for example, the ubiquitous

M-discontinuity.

We have modeled the Conrad discontinuity in the Mississippi embayment
mainly on the basis of wide-angle reflections. The reflections, which occur
as secondary arrivals at distances greater than 50 km are more pronounced and
therefore easier to identify than the corresponding, relatively weak
refractions from the lower crust. Particularly clear reflections are recorded
on the axial profile 6-5-3, the west flank profile 82 (fig. 9) and on the
cross profiles (fig. 6). These data provide strong evidence that the lower
crust has a velocity of 6.6 km/s and a depth which varies from 15 km along the
western flank of the rift, to 17 km along the axis. We are less confident of
the depths determined along profiles 2-3-4 and 8-6-9 (fig. 10 and 11) because

the reflections observed on these profiles are generally weak and incoherent.

The quality of the reflected arrivals provides some information on the
nature of the boundary between the upper and lower crust. The clear
hi gh-amplitude arrivals observed locally along the axial and western flank
profiles indicate that in these areas the boundary is abrupt and
well-defined. The weaker arrivals observed on profile 2-3-4 and 8-6-9 may be
interpreted as evidence for a locally transitional boundary between the upper

and lower crust.
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Reversed profile on the west flank of the embayment from shot
point 8 to 2. The 5.95 and 6.15 km/s refractors merge smoothly
together, indicating that the Paleozoic rocks directly overlie
crystalline basement. The reflection from the lower crust (6.6
km/s) is very clear on the profile from shot point 2, but is
significantly less clear on the reversing shot.
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Figure 10,

Record section and ray diagram for the profile 2-3-4 in the
northern embayment, The basal crustal layer (7.3 km/s) is
interpreted to be thickest, and the depth to mantle deepest at
this latitude. Bottoming points on ray paths indicate areas of
subsurface coverage.
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mantle reflection is particularly clear on this profile.
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Our models of the Conrad discontinuity on all of the profiles show that it
is a planar boundary with a gentle eastward dip. The dip is not particulariy
well-constrained, and we have included it in the models only to satisfy the
different depths inferred from the west flank and axial profiles. The overall
consistency of apparent velocities and intercept times makes it quite clear,
however, that the boundary is essentially planar. At first, this result is
surprising in the light of the rift related structures observed in the
adjacent layers, and in this regard the geometry of this layer is quite unlike
that predicted by Ervin and McGinnis (1975) based on their modelling of
gravity data. Perhaps the boundary did suffer some changes in the Precambrian
and has since readjusted, as one might expect if the boundary were dominantly

a metamorphic boundary rather than a compositional boundary.

McCamy and Meyer (1966) report a depth to the Conrad discontinuity of only
6=10 km on a profile 10 km east of our west flank line. In view of thé
reliable depth determination of 15 km from our profile 8-2 (fig. 9), we have
re~examined their data and find that we can fit their traveltime curves with
an alternate model that is consistent with our profiles. Specifically, we
have increased the velocity of the lower crustal refractor from 6.4 to 6.6
km/s. The resulting change in intercept time accounts for the increase in

calculated depth to the lower crust to 16 km.

Basal crustal layer

As previously mentioned, a 7.3 km/s layer at the base of the crust on the

west flank of the enbayment was first identified by McCamy and Meyer (1966),
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and has since been confirmed by later seismic studies in the embayment. The
recent seismic refraction data has provided additional information about the

three-dimensional structure of this layer.

Based on the relatively clear arrivals observed on the axial profile and
two of the cross profiles, we have modeled the top of this layer with
significant relief. The northernmost cross profile, 2-3-4, indicates a depth
of 26 km (fig. 10), whereas the southernmost cross profile, 8-6-9, indicates a
depth of 30 km. The deepening to the southwest is confirmed by the traveltime
delays and high apparent velocity of arrivals from this layer observed on the
SP 6 southwest profile. While the precise amount of topography on the top of
the basal crustal layer is beyond the resolution of the data, the evidence is
rather clear for a southwest deepening from a relative high beneath SP 3 in

the northernmost embayment.

The seismic refraction profiles do not provide sufficient coverage to
det ermine the configuration of the 7.3 km/s layer in an east-west direction.
The arrivals observed along the cross profiles bottom along the axis of the
embayment, and we could not identify arrivals from this layer on the west
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