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ABSTRACT

Parallel linear geophysical trends, similar to those associated
with the New Madrid seismic zone, were found to extend from New Madrid
northeastward into Indiana and northwestward to St. Louis, Missouri. The

f origin of the basement structures may be a Precambrian triple junction
as n.;sted with rif*.ing during a period of continental break-up. Aero-
magnetic and gravity data from much of the study area have been integrated,
gridded, and contoured. Fault studies in the area this year found no faults

f that displaced Quaternary deposits. There were 238 earthquakes detected and

| located by the St. Louis regional microearthquake array in the New Madrid
area during annual year 1979. A map has been prepared to show the epicenters

f of 1190 earthquakes detected and located by that array for the six-year period
between JJ1y 1, 1974 and June 30, 1980.
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SUMMARY

The New Madrid Seismotectonic Study is a coordinated program of

geological, geophysical, and seismological investigations of the area within
a 200-mile radius of New Madrid, Missouri. The study, funded in part by the
U.S. Nuclear Regulatory Commist son, is designed to define the structural
setting and tectonic history of the area in order to realistically evaluate
earthquake risks in the siting of nuclear facilities.

Participants in the study include geologists from the State
Geological Surveys of Illinois, Indiana, Kentucky, Tennessee, Alabama,
Aikansas, and Missouri; faculty members of earth science departments at Saint
Louis University, Vanderbilt University, Purdue University, Memphis State
University, the University of Pittsburgh, the University of Kentucky, the
University of Wisconsin at Milwaukee, and the University of Texas at El Paso;

c

and staff members of the U.S. Geological Survey, the U.S. Army Corps of

Engineers, and the Tennessee Valley Authority.
Fiscal year 1980 was the fourth year of a five-year program. Our

research has pursued a working hypothesis that earthquakes in the region are
the result of reactivation of zones of weakness along ancient structures
associated with a rift complex. Compressive stresses appear to be the

principal stresses in the region that are associated with the current seis-
micity, although the rift complex is interpreted as a tensional feature. 1

;
Interest during the past year has developed in the potential driving forces
of a deep-seated heat source as a cause for renewed tectonism.

Parallel linear geophysical trends, similar a those associated with
the Reelfoot Rift, were found to extend from New Madrid rartheastward into
Indiana and northwestward to St. Louis, Missouri. It has wen postulated that

the origin of the basement structures may be a Precambrian triple junction
associated with rifting during a period of con'inental break-up.

Gravity and aeromagnetic data from the New Madrid area were inte-
y

grated, digitized, and contoured. The resulting maps represent a significant
contribution by this cooperative study. They will be published at a scale of
1:1,000,000 as NUREG Documents. Tapes containing the digitized data will be

availabic to interested researchers.
A two-year program to acquire deep seismic reflection profiles across

the Wabash Valley Fault System and the northeastern extension of the parallel

v
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linear trends of geophysical anomalies in Indiana has been developed and
funded. Selection of specific sites for the profiles and contracting for
the seismic survey are currently underway.

Detailed studies of faulting in Indiana, Illinois, and Missouri
found no faults that offset Quaternary deposits. Only one tectonic fault
was identified in northwestern Alabama that displaced rocks as young as the

Cretaceous strata. The Illinois and Alabama studies indicated that numerous
faults reported to have displaced Cretaceous strata are related to collapse
features, the result of solution of underlying Paleozoic carbonate rocks.

T*'e U.S. Geological Survey continued its studies on geophysics,
geology, and seismology in the New Madrid area. They have published the
results of their seimic reflection studies in the Reelfoot Lake region, and
they are planning seismic refraction studies of the middle and lower crust i

in the area of current seismic activity. The U.S. Anny Corps of Engineers,
St. Lcuis, Missouri, has prepared a seismic zoning nap for midwestern United
States. The map is currently in the editorial process.

At the end of fiscal year 1981 the participating organizations will I

report on the results of their 1981 activities and will summarize their
research efforts thus far; each organization will present its summary as a f
separate report. The coordinator's report will be an overall review of the
research performed during the five-year period of this study.

,

(A new five-year program has been proposed in order to maintain the

team effort that has characterized the New Madrid study group during these
past few years. This second phase will include geological and geophysical
studies aimed at better definition of the east-west trending fault systems--
the Rough Creek and Cottage Grove systems--and the northwest-trending Ste.
Genevieve faulting. A prime objective will be to determine the nature and
history of faulting and to establish the relationship with that faulting and l

the northeast-trending faults of the Wabash Valley and Nw Madrid areas. The
[

question to be answered is whether or not the 38th Parallel Lineament decouples

the structural features to the north from those south of the lineament.
The studies will also be aimed at improved delineation of the Reelfoot

Rift as well as an understanding of what mechanism is causing the current seis- <

mic activity in the rift complex. Some high-altitude imagery studies have been
proposed for use with geophysical information, geochemical investigations,
and surface and subsurface geological studies to determine the presence of major
fracture zones in the area.
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INTRODUCTION

During the winter months of 1811-1812 the New-Madrid area was

the site of the strongest series of earthquakes ever recorded in central
United States. The area continue; +o be seismically active, and there are
more than 200 earthquakes recorded and located each year by the New Madrid

seismograph network. Evaluating seismic risk for the surrounding region,
especially when consideration is given to the siting of nuclear facilities,
requires a better understanding'of the structure and tectonics of tSe area
and their relationship to the seismicity than is presently available.

To expand our knowledge of the area geologists from the State
Geological Surveys of Illinois, Indiana, Kentucky, Tennessee, Alabama,
Arkansas, and Missouri; faculty members of earth science departments at
Saint Louis University, Vanderbilt University, Purdue University, Memphis
State University, the University of Pittsburgh, the University of Wisconsin
at Milwaukee, the University of Kentucky, and the University of Texas at El
Paso; and staff members of the U.S. Geological Survey, the U.S. Army Corps

of Engineers, and the Tennessee Valley Authority have participated in a
cooperative geological, geophysical, and seismological study of the area
within a 200-mile radius of New Madrid, Missouri (Figure 1). The study,
funded in part by the U.S. Nuclear Regulatory Commission, is designed to

,

define the structural setting and tectonic history of the area in order to-
realistically evaluate earthquake risks in the siting of nuclear facilities.

i

PROGRAM SCOPE AND HISTORY
|

| The early stages of this study, initiated in fiscal year 1977, were
l devoted to making an inventory of existing data and supporting research in'

the area where the needs were obvious. Aeromagnetic, ground magnetic, and

! gravity surveys were sponsored to complete geophysical coverage in our most
critical regions. A tectonic overview of the region was prepared and pub-

t lished, as was a bibliography of selected references on the structure,L

tectonics, basement, and geophysics of the New Madrid region.
A seismagraph array was established in the Wabash Valley, and detailed

studies of the faulting have been conducted in that area. Maps have been

prepared to show the geclogic structure and thicknesses cf significant rock
units in the region. Quaternary deposits have been studied in the area, and

1
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numerous relatively shallow borings have been drilled to determine the age
of faulting. In . general our efforts within the broad categories of this
. study have followed the flow chart shown in table 1.

Research^ performed by State. Geological Surveys and universities

under contracts with the U.S.N.R.C. are fully coordinatv in this cooperative
study and reports of research activities by those organizations during the

,

past year are included. . In addition, virtually all pertinent geologic research
perfonned in the area by Federal and state agencies, and by the majer univer-
sities, hu been coordincted with the research projects funded through the
U.S.N.R.C. Only the general scope and regional :;1gnificance of research
sponsored by the other agencies .are reported in this sumary.

This report is presented as an annual report by the coordinator.
Work accomplished earlier under this coordianted program is sumarized in
the following U.S. Nuclear Regulatory Comission Documents: NUREG - 0379,
"New Madrid Seismotectonic Study - Activities during fiscal year 1977;"
CR-0450, "New Madrid Seismotectonic Study - Activities during fiscal year
1978;" and CR-0977, "New Madrid Seismotectonic Study - Activities during
fiscal year 1979."

'C00RDINATJp RESEARCH PROGRAMS SUPPORTED BY U.S.N.R.C. CONTRACTS
,

Ten research propossls were supported by the U.S. Nuclear Regulatory
Commission for the cooperative study of geology, geophysics,--and seismology '

in the New Madrid area during fiscal year 1980. The annual reports prepared
by the Principal Investigators of the research projects are included here,

i

either in complete or summarized form. Two reports have been submitted to
U.S.N.R.C. for their consideration to release them as separate NUREG
Documents. Only sunnaries of those report, are included here. One summary
is entitled "An integrated geophysical and geological study of the tectonic
framework of the 38th Parallel Lineament in the vicinity of its intersection
with the New Madrid Fault Zone;" by L. W. Praile, W. J. Hinze, and J. L. Sexton,
Purdue University; G. R. Keller, University of Texas at El Paso; and E. G.'

Lidiak, University of Pittsburgh; August,1980. The interested reader is
referred to the complete report for many excellent illustrations which could
not be included in this summary, and for abstracts of papers presented at '

scientific meetings. The research efforts of the group are also reported
in two significant papers included in an appendix. Onl.v the abstracts of-

'

2
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these papers are included here.
The second sumary is entitled " Structural framework of the

Mississippi Embayment of southern Illinois" by Dennis Kolata, Janis Treworgy,
and John Masters, Illinois Geological Survey. The report sumarizes the
studies performed in southernmos+ Illinois for three years. The complete
report includes descriptions of the stratigraphic units present in the
region, and illustrations of the specific areas of field studies which are
not included in this sumary.

The project titles of the coordinated research programs, the
investigators, and the participating organizations are as follows:
A. Coordination of a Cooperative Seismotectonic Study of the New Madrid

Area; T. C. Buschbach, Saint Louis Universiti.

B. An Integrated Geophysical and Geological Study of the Tectonic Frame-
work of the 38th Parallel Lineament in the Vicinity of its Intersection
with the Extension of the New Madrid Fault Zone; L. W. Braile, W. J.
Hinze, and J. L. Sexton, Purdue University; E. G. Lidiak, University of
Pittsburgh; G. R. Keller, University of Texas at El Paso.

C. Structural Framework of the Mississippi Embayment of Southern Illinois;
Dennis R. Kolata, Janis D. Treworgy, and John M. Masters, Iliinois State

Geological Survey.

D. Near Surface Geology of the Reelfoot Lake District of the New Madrid

Earthquake Region; R. G. Stearns, Vanderbilt University.

E. General Geology, Geophysics, and Seismicity of Northwest Alabama; Jack

T. Kidd, Geological Survey of Alabama.

F. Structural Geologic Study of Southeastern Missouri; Ronald Ward, Division
of Geology and Land Survey, Missouri Department of Natural Resources.

G. A Study of Indiana Fault Locations, Displacements, Attitudes and Ages in
Southwestern Indiana; Dan F. Sullivan and Curtis H. Ault, Indiana

Geological Survey.

H. Paleozoic Geology of the New Madrid Area; H. R. Schwalb, Kentucky

Geological Survey.

I. Memphis Area Regional Seismic Network; James Zollweg and Arch Johnston,
j

Tennessee Earthquake Infonnation Center, Memphis State University.

J. A Seismological Study of the Northern Extent of the New Madrid 3eismic
Zcne; R. B. Herrmann, Saint Louis University.-

3
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Figure 1 State Geological Surveys, universities, and Federal agencies cooperating
in the New Madrid Seismotectonic Study. Nataes in capital letters indicate
or>ganizations involved in research supported by the U.S. Nuclear Regula-
tory Commission in 1980 and 1981.

4



;l,|i ' .||I

$jIje j J4|[5fEbe |

-
- d
n - nec huwRicyo e

toid g
mir irgn a sgo e wrea

r d e:iot h u
s n t sel s t ds

1 f p .a ncsoi *i
8 oas oi eh f rn.9 mpn cmf g o*di
1 n ao ao c. *a s

f n oiaocmi. n Myn
ii t oypt ne o to
t geas di or s wii
corct sohyt a i ecg
ul uol iest c r*Nie
rotl u sgniee a# mr
t ec a y ovth p"rs
sguwf l yii t m ai g
n ro arttd o#een
olthf naacnf C"nsi
CasS o Arl aao

,

r
e* n

d #t iy.
ty * y o e

u "i t e m
t c o
S i c cl m

m i s el

c s m e l a sp
ie

i 0 e i s s fV ee
n 8 c *e i e e sd .

o 9 a s e h rh

t 1 f * S t s e
l nlo ca li oc r h p ib a .h

,

e u g
t s i y y ma et
o *h t h sW g scr
m t i s i

s n f v p c en n nt o
i I eb

i e o i a i Si l

e m t m n l

S e s o e
g s s i l t d

d n a k s a c o
i i b c e n e m
r t o R o t t

d t f r i f ng f i

l M s e s e o R o,

a e o i

9 n v c r g t
e w 7 l o i i n n t o
l e 9 a i s t e i o so
b N 1 r t u e l t i so m

u a r n i f t of d

T - t r t g p i a rla n
c u n a m r u ce u

t u g i M o l ae oc l a B rr r i
a t f f , - a v n
h s n o s y a t E od G

C o e t t s in
d c y i i a u t a s

w n g d v d r c

o a d o u a c al e
i

l n l t r l re d
F y a o s G a f fl

r r c o el u

d o y t y i ra t

: s w r s s
e t g e g
z g s o p o h y e ca y

i n i l l t h i iP a m

l i h o , o r p v m r s

a t e e e a o r sh r i

r 8 t l g g g e e e it a n
a

e 7 e a a g v e8

n 9 s r t y e o S3 h h
p c

e 1 u n , r h e a e
G c t e n a t t rs r r

i c m o n a c y a
g u e i r f r i a o l

o r s t e o g n r m a
l t a a t e o r s c
o S B c a s t t a i o
e o u t n c e F
g L Q n I e

e tg h s
p

d m n a m
n e fi r or ot g ra u t o f

s we my
r a es s a
o e i i t
t m v

r e a
s s dl ei a v

7 c o h t7 h s e
i i r9 c

1 i s l p
g y b r
o h a e
l p t t
o o s n
e e E I
G G

og mS"{o$ gSOmOm

g

|||I| 1| | | | Ii || I |{||)|,



s

-C0 ORDINATION OF A COOPERATIVE
SEISM 0 TECTONIC STUDY OF THE

,

NEW MADRID AREA

Annual Prtjress Report - Fiscal Year 1980

Contract No. NRC-04-78-251
tt

T.C. Buschbach
Saint Louis University

INTRODUCTION

The objectives of the r.oordinator's efforts are to encourage,
| assist, and coordinate the research programs of scientists from organizations
| participating in significant research on seismotectonics in the New Madrid
I

To achieve these objectives the coordinator visited each participatingarea.

organization once or twice, had coordination meetings with the U.S. Geological
Survey at Reston and Denver, and reported on progress of the studies during
two trips to the N.R.C. offices in the Washington, D.C. area.

Perhaps the most significant accomplishments of this coordinated
study are: -

1. A group of about 30 of the most qualified scientists in the region meet
together, communicate, and coordinate their research programs..

2. Individual participating organizations continue to maintain their research
objectives toward active efforts to better understand the seismic and
tectonic processes in the New Madrid area.

3. Currently there are a significant number of meaningful research projects
on the geology, geophysics, and seismology of the New Madrid area.

COORDINATION ACTIVITIES
,

During the fiscal year the coordinator issued three Newsnotes

advising participants of forthcoming progress meetings, deadlines for quarterly
and annual' reports, and significant new publications that reported results |
of research in the New Madrid area. The coordinator attended the National :

Academy of Science - Seismology meeting on research in the New Madrid area
at Saint Louis University. With several other members of the New Madrid

study group, he was invited to attend a U.S.G.S - sponsored " Seismic Zoning
Meeting for Central l'nited States" held in Golden, Colorado. 'The two-day

~

.
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A

meeting resulted in preparation of a preliminary probabalistic ground-motion
map of central United States.

The ccordinator maintained connunications with researchers in the
Nemaha study group, Oak Ridge National Laboratories, Waterways Engineering

Station af the Army Corps of Engineers, and N.0.A. A. offices at Boulder,
Colorado. He reviewed many of the manuscripts listed in a later section
entitled "Significant Publications," and he submitted a proposal for a 3-year
contract, with 3 additional years optional to NRC, in response to an NRC
Request For Proposal to coordinate seismotectonic studies in the New Madrid
area.

Progress Meetings

The Midwest meeting of the American Geophysical Union was held in
September, 1979, at Ohio State University. Members of the New Madrid study
group reported the results.of their research at sessions on " Geology and
Geophysics of the Central United States" and on " Seismicity and Geology of
the Central United States and the Siting of Nuclear Reactors." Neil Steuer,
U.S.N.R.C. , was Chairman of the latter session, and T. C. Buschbach presented

a paper entitled " Tectonics and Seismicity - Central Mississippi Valley."
Other sessions of interest to the New Madrid study group were those entitled
" Seismology in the Central United States;" " Geomagnetism and Paleomagnetism

of the Mid-Continent"; and " Geodesy and Gravity." It is becoming increasingly
obvious that the New Madrid study group has had a distinct influence on the
Midwest meetings of A.G.U. by the total attendance, selection of session
topics, and by the papers presented. A progress meeting of the New Madrid
study group was held in conjunction with the A.G.U. meeting in Columbus. There

were 21 participants and invited observers in attendance (Appendix A-1).
The North-Central Section of the Geological Society of America met in

April, 1980, at Indiana University. Several members of the New Madrid study

group presented papers at sessions entitled " Structural Geology and Tectonics"
and " Geophysics". A progress meeting of the New Madrid study group was held
at -the conference room of the Indiana Geological Survey in conjunction with the
G.S.A. meeting in Bloomington. There were 26 participants and invited
observers in attendance. (Appendix A-1).

7
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Significant Publications

During the fiscal year 1980 several reports on the research
activities in the New Madrid area, supported in part by U.S.N.R.C. funds,
were published as NUREG Documents. They are:

1. An integrated geophysical and geological study of the tectonic framework
,

of the 38th Parallel Lineament in the vicinity of its intersection with
the extension of the New Madrid Fault Zone, by L. W. Braile, W. J. Hinze,
G. R. Keller, E. G. Lidiak; NUREG CR-1014, 1979.

2. New Madrid seismotectonic study--Activities during fiscal year 1979,
by T. C. Buschbach, Coordinator; NUREG CR-0977,1980.

,

3. Monoclinal structure and shallow faulting of the Reelfoot Scarp as
estimated from drill holes with variable spacings, by R.'G. Stearns;

.
NUREG CR-1501, 1980.

!

4. General geology, geophysics, and seismicity of northwest Alabana, by
'

,

j J. T. Kidd; NUREG CR-1519,1980. i

Some of the results of research perfonned in the New Madrid area by
participants in the study group were published in professional journals or
other media. These include:
1. Models for midcontinent tectonism, by W. J. Hinze, L. W. Braile, G. R.

Keller, and E. G. Lidiak; in Continental Tectonics - National Researchn

Council, 1980.

2. Faulting in Posey and Gibson Counties, Indiana, by C. H. Ault, D. M.
Sullivan, and G. F. Tanner; Proceedings of the Indiana Academy of
Science for 1979, 1980.

In October,1979, the U.S. Geological Survey issued a news release
~

entitled " Discovery of fault zone in Arkansas may solve quake puzzle." The
report of a deep-penetrating seismic survey announced that for the first time,
New Madrid seismicity could be linked to specific structural featuras that
may have been reactivated through geologic time. The study resulted in
publication of a report entitled " Recurrent intraplate tectonism in the New
Madrid seismic zone, by M. D. Zoback, R. M. Hamilton, A.J. Crone, D. P. Russ,
F. A. McKeewn, and S. R. Brockman; Science, v. 209, p. 971-976,1980.

The U.S. Army Corps of Engineers published a pape'r that presents
correlations between sustained maximum acceleration, velocity, and the product
of acceleration and duration versus MM intensity. Earthquakes of western United
States are compared with earthquakes in central Un .ed States. The report is

8



._______ _ ___- . ...
.

. .
.

______.

in the series " State-of-the-Art for Assess'ing Earthquake Hazards in the
United States," Miscellaneous Paper S-73-1. It is Report 16, "The relation
of sustained maximum ground acceleration and velocity to earthquake intensity

and magnitude," by Otto W. Nuttli, 1979.
At the request of U.S.N.R.C. the coordinator reviewed an Army

Corps of Engineers manuscript entitled " Siting of nuclear facilities in karst
terrains and other areas susceptible to ground collapse," by A. G. Franklin,
D. M. Patrick, D. K. Butler, W. E. Strohm, Jr. , and M. E. Hynes - Griffin
of the U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi.
This will be an extremely useful report when it is oublished.

A large number of papers have been presented at scientific meetings

by participants in the New Madrid study. For this reason no attempt has been

made to include the abstracts in this report. The interested reader is
referred to: (1) American Geophysical Union - Midwest Meeting, Frogram
and Abstracts, Ohio State University, Septem'ber 13-14, 1979; (2) Geological

Society of America - 14th Annual Meeting of North-Central Section, Abstracts
and Programs, Indiana University, Bloomington, Indiwa, April 10-li,1980; and

(3) NUREG CR-1878.

RESEARCH HIGHLIGHTS

Parallel linear trends of correlative gravity and magnetic anomalies,
which previously had been related to the New Madrid Seismic Zone, were found

to extend northeastward into Indiana. During continued investigation of these
anomalies an additional pair of parallel trends of anomalies was identified ,

extending nor'thwestward from New Madrid to St. Louis, Missouri. It is postulated

that a possible origin for the basement structures is a Precambrian triple
junction associated with rifting during a period of continental break-up. The
New Madrid study group will be evaluating this as well as other hypotheses
which have been proposed. Some of the most significant developments during

fiscal year 1980 are:

1. Gravity and aeromagnetic data from the New Madrid area which had been
integrated and gridded on a 2-km grid were contoured and submitted to
the U.S. Nuclear Regulatory Coninission for release as NUREG Documents.

The gravity and aeromagnetic maps will be published at a scale of
1:1,000,000 and will be available before the end of 1980.

9
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2. A two-year program to acquire deep seismic reflection profiles across
the Wabash Valley Fault System and the northeastern extension of the
parallel linear trends of geophysical anomalies has been developed and
funded. Selection of specific sites for the profiles and contracting

for the seismic surveys are currently underway at Purdue University.
3. A three-year study of the structural framework of southernmost Illinois

was completed during the past year. The results indicate that the
northeast-trending faults that cut the Paleozoic bedrock to the north
continue southward beneath the Cretaceous and Tertiary sediments of
the Mississippi Embayment. Essentially all displacement on these faults
appears to have occurred before Cretaceous deposits overlapped the

,

southern tip of Illinois. The present relief on the sub-Cretaceous
surface in the area was shown to be the result of pre-Late Cretaceous
erosion, post-Lake Cretaceous solution of the underlying Paleozoic
carbonates, and possibly minor defonnation during or after Cretaceous time.

4. Faulting at the eastern edge of Crowleys Ridge in the Missouri Bootheel
was investigated by field studies and by the drilling of 15 test holes.
The faulting strikes northwest-southeast and the main fault has about
16 feet of displacement. The faults appear to be nonnal faults with no
evidence of strike-slip movement. The investigation showed that faulting
has not disturbed the overlying Pleistocene colluvial silts and gravels,
nor the Pleistocene loess above them. The age of latest faulting is
therefore established as post-Paleocene and pre-Pleistocene. It is

postulated that the faulting may have a temporal relatio,nship to the
emplacement or renewed activity of the nearby Bloomfield pluton.

5. Faulting in southern Indiana was investigated by using subsurface data
from petroleum test holes and extensive surface field surveys. The
detailed studies showed the faults to be high angle, normal, and in the
case of the Mt. Cannel Fault, more complex than previously believed.
Rather than a single fault, four or more associated faults are present in
some areas, and drag-fold structures, small horsts and grabens, and
jointing were mapped.

6. Structural geologic studies of reported faulting that displaces Cretaceous
rocks were completed in northwestern Alabana. Only one " tectonic" fault
was identified as displacing Cretaceous rocks. Numerous faults in the
area appear to be related to collapse features; the result of solution

10
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of the underlying Mississippian-age carbonates. Four major structural
features were identified in the area from subsurface mapping. They
include a major fault zone and an associated fault splay, an anticline,
and a structural high in Madison and Limestone Counties that appears to
reflect the -southern extension of the Nashville Dome.

7. Regional subsurface studies have resulted in the constructun of hypo-
thetical cross sections through the New Madrid area.

8. Maps have been constructed to show the locations of felt earthquakes
prior to 1975 and the epicenters of 1190 earthquakes located by the
Saint Louis University microearthquake array during the period'betwsen
July 1,1974 and June 30, 1980. Free-depth hypocenter solutions indicate
that the hypocenters of well-located earthquakes in the New Madrid area
occur at depths between 5 and 15 km. However, the hypocentral depths of
the few earthquakes recorded to the northeast by the Wabash Valley array
have previously been reported to occur at depths of 15 to 22 km.

9. The soutnern extent of New Madrid seismicity appears to end rather abruptly
at about 35.5 North Latitude, although geophysical indications are that
a rift structure in the magnetic basement extends at least as far south
as 34.5 North Latitude.

10. Detailed gravity surveys in northwestern Tennessee have recognized a
distinct narrow, linear trend that is interpreted as a fault that could be

related to the eastern edge of the Reelfoot Rift. Ground magnetic studies

in the same area show what appear to be shallow plutons that reach as
close as 700 feet to the present land surface.

A map showing the interpreted configuration of the top of Precambrian
igneous rocks was prepared by the coordinator in 1977.. Since that time it has
been revised to reflect new data and new concepts. The current map (Figure
A-1) has been modified only slightly from the map presented last year.
Faulting in northwestern Mississippi is shown to be somewhat more complicated
bat.ed on new subsurface data, including a borehole that reached quartzite
below 10,000 feet in Quitman County. The Big Chief - raylor well in Gibson
County, Tennessee, is once again considered to have an anomalously high
elevation on Precambrian rocks. The Paleozoic-age dates obtained from igneous
rock samples of that well appear to have been collected from a sill present
near the top of the Precambrian granite (H.R. Schwalb, personal communication).

The contours in western Illinois and eastern Missouri have been

11
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modified to better depict the structure on the Waterloo-Dupo Anticline and
the Cap au Grds Faulted Flexure. Other changes include a slight tightening
of the western end of the Rough Creek Graben and the local deepening of the
basement just east of the Wabash Valley Fault System. The latter area is
especially critical because of the anticipated seismic surveys to be con-
ducted there during the next year. Mapping of the Precambrian surface in'

that area will doubtless be modified again as a result of those studies.

,

1
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APPENDIX A-1

Attendanca at Progress Meetings
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NEW MADRID STUDY GROUP
Progress Meeting - Columbus, Ohio

September 13, 1979

NAME ORGANIZATION

Pat Barosh Weston Observatory
Larry Braile Purdue University
Tom Buschbach Saint Louis University
Bob Carmichael University of Iowa, for Iowa Geol. Survey
Greg Hempen USAED - St. Louis
Bill Hinze Purdue University i

Randy Keller University of Texas at El Paso
Edward G. Lidiak University of Pittsburgh
Kenneth V. Luza Oklahoma Geological Su 'vey
Edward O'Donnell U.S. N.R.C.
Eric J. Rinehart University of Missouri - Columbia
David Russ U.S.G.S

Howard Schwalb Illinois State Geological Survey-
John Sexton Purdue University
Dick Stearns Vanderbilt University - Nashville, TN
Sheila Steele Earth Sci. Res. - Carbondale, IL
Robert Taylor University of Wisconsin - Milwaukee
John S. Trapp Dames & Moore

S. A. Vincenz Saint Louis University
Ralph von Frese Purdue University
Ron Ward Mo. DNR, Div. of Geology & Land Survey
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NEW MADRID STUDY GROUP
Progress Meeting - Bloomington, Indiana

April 9,1980

NAME ORGANIZATION

Ina Alterman U.S.N.R.C.

Curtis Ault Indiana Geological Survey

James Baldwin Purdue

Patrick J. Barosh Weston Observatory

Barbara Beeman Indiana Geological Survey

Larry Braile Purdue

Tom Buschbach Saint Louis University

Abraham Dolgoff Sargent & Lundy
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Mark Jaworsko Indiana Geological Survey
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Andrew J. Murphy U.S.N.R.C.

Keith Peregrine Purdue

Tom Schmitt U.S.N.R.C.

Howard Schwalg Illinois State Geological Survey

C. Ronald Seeger Western Kentucky University

John Sexton Purdue

Dick Stearns Vanderbilt University

Neil B. Steuer U.S.N.R.C.

Dan M. Sullivan Indiana Geological Survey

Georae Tanner Indiana Geological Survey
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AN INTEGRATED GEOPHYSICAL AND GE0 LOGICAL STUDY OF THE TECTONIC
FRAMEWORK OF THE 38th PARALLEL LINEAMENT IN THE VICINITY OF ITS

INTERSECTION WITH THE EXTENSION OF THE NEW MADRID FAULT ZONE

Summary of
Annual Progress Report - Fiscal Year 1980

Contract No. NRC-04-76-323

L.W. Braile, W.J. Hinze, and J.L. Sexton
Purdue University

G.R. Keller
University of Texas at El Paso

E.G. Lidiak
University of Pittsburgh

ABSTRACT

Gravity, magnetic, seismic refraction and reflection, and basement
geology are being used to investigate the northeastern extension of the New
Madrid Fault Zone. Parallel, linear trends of correlative gravity and
magnetic anomalies, previously related to the New Madrid Fault Zone and its
associated structures, extend to the northeast into Indiana to approximately
39.5 N. latitude. This feature also is suggested in the historical
seismicity pattern and perhaps the basement geology and the crustal seismic
model. The crustal seismic model is somewhat anomalous in comparison to the
" normal" crust adjacent to the Mississippi Embayment. An additional pair of
parallel trends of geophysical anomalies has been identified extending from
New Madrid to St. Louis on either side of the Mississippi River. One
possible origin for the basement structures is a Precambrian triple junction
associated with continental rifting during break-up of the continents.

-

TECHNICAL SUMMARY

A variety of geologic and geophysical data are being assembled,
analyzed, and interpreted to trace the northern extension of the New Madrid
Fault Zone in the vicinity of its intersection with the 38th Parallel
Lineament, to determine the tectonic and geologic history of the area, and
to relate the structural features to the regional contemporary geodynamics.
This tectonic approach to earthquake hazards evaluation is designed to
supplement the more common approach based on historical seismicity because
of deficiencies in the historical seismic record and insufficient knowledge
of neotectonic structures in the midcontinent. The viability of the tectonic

approach is well exemplified by the progress that has been made in recent
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years to evaluate the earthquake hazards ' .ae greater New Madrid region.
Gravity anomaly data have been observed, assembled, reduced, and

compiled between 35 -39 N. latitude and 82 -92 W. longitude. The

resulting Be,oguer gravity anomaly maps and data set are extremely important
to the crustal studies investigation. In addition, the Bouguer gravity
ar.omaly map of southern Indiana to 40 N. latitude has been prepared based
upon approximately 7200 gravity observations spaced at 2 to 3 km. A total .

magnetic intensity anomaly map ano associated 2-km grid has been prepared
for the area between 35 -39 N. latitude and approximately 82 -91 W.

longitude based upon 28 individual magnetic surveys. In addition, a digital <

data set has been prepared of Missouri from the ground-based vertical magnetic
intensity anomaly map. Improved computer codes for processing these large
gravity and magnetic anomaly data sets with a variety of frequency domain
operators have been prepared. The interpretation of these data are being
facilitated by geologic studies of the basement rocks, pre-Mt. Simon sedi-
mentary rocks, and mafic and ultramafic rocks thit have intruded the Paleozoic
sedimentary rocks. Additional constraints upon interpretation are imposed
by measurements of the natural remanent magnetization and density of approxi-
mately 100 basement rock samples. The magnetic expression of an ultramafic
intrusive which was observed in the southeastern Illinois magnetic survey has
been mapped on the ground and modeled utilizing available geologic data.

High-resolution seismic reflection profiling in the Ohio River
appears to be a feasible method of mapping bedrock faults extending from the
New Madrid Fault Zone into southern Illinois. However, a definitive answer
to the question of mapping faults in the bedrock with seismic profiling in
the rivers and particularly identification of faults in the sediments over-
lying the bedrock awaits further processing of the data.

Nine seismic profiles, which have particularly strong rnear wave
components, have been recorded from coal mine blasts in the Wabash River
Valley. Interpretation of the seismic record sections of these profiles by
modeling suggests a crustal model which is somewhat anomalous to the " normal"

crust adjacent to the Mistissippi Embayment. The " average" Wabash River Valley
model has a 39-km thick crust consisting of 2.5 km of sedimentary rocks
(V = 4.59 km/sec, V - 2.64 km/sec), basement rocks (V = 6.14 km/sec,p s p
V = 3.57 km/sec) extending to a depth of 15 km, and a lower crust with a

s

compressional velocity of 6.85 km/sec and a shear velocity of 4.00 km/sec.
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The lower crust in this model brings a relatively high velocity layer to a

f shallower depth than found in the Mississippi Embayment or adjacent so-

( called normal areas.
The gravity and mcgnetic anomaly signatures of a .ree-dimensional

crustal structure model of the Mississippi Embayment derived from surface

wave dispersion and seismic refraction studies have been computed at satellite
elevations using spherical-earth considerations. These signatures compare
well with observed magnetic anomaly and upward continued gravity data. The
major positive gravity anomaly is derived from the crust and the magnetic
anomaly minimum is caused by a decrease in the magnetization of the thickened

lower crust.
Parallel, linear trends of correlative gravity and magnetic anomalies

which previously have been related to the New Madrid Fault Zone are found to

extend northeast into Indiana to 39.5 N. latitude. An additional pair of

parallel trends of anomalies is identified extending from New Madrid to St.
Louis. These anomalies are under continuing investigation to determine their

origin and relate their source to a model which will explain the occurrence
of earthquakes in the midcontinent. One possible origin for the basement
structures is a Precambrian triple junction associated with continental
rifting during a period of continental break-up.
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INTRODUCTION

The midcontinent region of the United States has long been regarded
as part of the stable craton. Geological evidence has . led to the assumption

-that this. area has undergone only minor tectonism during the past several
hundred million years and that this tectonism has largely taken the form
of broad, slow, vertical movements. However, during the past decade' there i

has been accumulating evidence thet the midcontinent region =has been and is
presently tectonically active. Seismicity studies and improved geophysical.

.

discrimination of lateral crustal variations have triggered this change in
geologic thought.

'

As a result, increasing attention' is being devoted tc the
'

seismicity, geologic structures associated with earthquake' activity, and
understanding the origin and mode of the tectonic processes in the mid-
continent. A major seismo-tectonic investigation is centered upon the
New Madrid Seismic Zone and its possible extensions. Thus, the intersection

of the extension of the New Madrid Seismic Zone and the 38th' Parallel
: Lineament has been the focus of intensive study (Heyl,1972; Buschbach,
| 1980; Hildenbrand and others,1978 and 1979; Hinze and others,1977 and

_

i 1980). i

The 38th Parallel Lineament is a band of geologic features extending
; across eastern United States along the 38th parallel of latitude. . It is

manifested in many ways, but primarily by a series of east-west trending

{ fault zones'which were active at least through the Paleozoic era. _ It may-
; represent a Precambrian fracture zone or crustal boundary extending deeply
'

into the crust and possibly the mantle. - The northeasterly-trending New Madrid

| Seismic Zone has been the site of several intermediate and major _ earthquakes
in historic time and is the most seismically active area in eastern North
America. The trend of the New Madrid Seismic Zone extends into southern-
Illinois and Indiana and the Wabash River Valley. Fault System. This trend.

intersects the 38th Parallel Lineament in the vicinity of the confluence of
; _the Wabash and Ohio Rivers. Additional.' details of these tectonic features are

discussed by Hinze and others (1977). Fundamental questions of the New Madrid-1

|_ Seismic Zone are its northerly extensions 'and the nature of its intersection

! with the 38th Parallel Lineament. - These questions are particularly significant
'

) to the evaluation of the earthquak' e r_isk in the region.
!

-
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In 1976, L.W. Braile and W.J. Hinze of Purdue University, G.R.
Keller of the University of Texas at El Paso, and E.G. Lidiak of the Univer-
sity of Pittsburgh initiated an integrated geological / geophysical study of
the tectonic framework of the 38th Parallel Lineament in the vicinity of

its intersection with the extension of the New Madrid Seismic Zone. The
obiectives of this study are to investigate the toctonic and geologic
history of the 38th Parallel Lineament and the extension of the New Madrid
Seismic Zone and associated features, and to determine the variations in
structure and properties of the crust and their relationship to the regional
contemporary geodynamics. To accomplish these goals several hypotheses have
been considered as the source of the contemporary tectonism. These hypotheses
which include crustal r1fting, regional themal expansion and contraction,
crustal boundaries and zones of weakness, local basement inhnmogenities,

and isostatic warping are reviewed by Hinze and others (1980). Consideration

of them has led to the design of a comprehensive, integrated data collection,
synthesis and interpretation program involving geologic, gravity, magnetic,
crustal seismic refraction, and reflection seismic studies. The criqinal

area of interest was bounded by 85 W. and 90 W. longitude and 36 30' N.
and 39 N. latitude, bu't preliminary interpretation of the data, the suggested
tectonic hypotheses, and realization of the importance of regional data to
the solution of the seismo-tectonic problem of the intersection zone has
caused the study area to be extended at least locally to 84 W. and 92 W.

longitude and 35 N. and 40 N. latitude.
During the 1979-80 contract year, considerable progress has been

made in acquiring ind synthesizing critical gravity, seismic refraction and
,

reflection, and geologic data. Furthermore, these data together with
previously acquired infomation have been compiled into highly useful data

|
sets and significant progress has been made in interpreting the data, devel-
oping hypotheses, and designing experiments lo test the hypotheses.

REPORTS, PAPERS, AND PRESENTATIONS

Oral presentations on the progress and results of the integrated
investigations were made to the New Madrid Seismo-Tectonic study group at
Columbus, Ohio on 14 September,1979 and at Bloomington, Indiana on 9 April,

1980.
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In addition to University seminars by the principal investigators,
a total of ten technical papers on this study have been presented at
scientific meetings. Five technical papers were presented at the 1979
American Geophysical Union Midwest Meeting in Columbus, Ohio on 13-14
September, 1979. These papers are entitled Seismicity, Stresses, and
"tructures; Basement Rocks in the New Madrid Region: A Model for Intraplate
Seismicity Of Eastern North America; Magnetic Anomaly Map of the Greater
New Madrid Seismic Zone; and A Bouguer Gravity Map Of A Portion Of The
Central Midcontinent. Five additional papers were presented at the North-
Central Section Meetings of the Geological Society of America on 10 April,
1980 in Bloomington, Indiana. These papers are entitled Seismo-Tectonics
Of The New Madrid Seismic Zone And Its Extension-An Overview; The Magnetic

Anomaly Associated With The Structure Of The Omaha Oil Field, Illinois;
Enhanced Gravity And Magnetic Anomaly Maps Of The East-Central Midcontinent;
A New Gravity Anomaly Map Of Southern Indiana; and Crustal Seismic Studies

Of The New Madrid Seismic Zone.

Two reports have been submitted,for publication as Nuclear Regula-
tory Conw:ssion Reports. They are entitled Bouguer Gravity Anomaly Map Of
The East-Central Midcontinent Of The United States and Aeromagnetic Map Of

The East-Central Midcontinent Of The United States. In addition, one Nuclear

Regulatory Commission Report on the results of the 1979 tiscal year study of

intersection of the extension of the New Madrid Seismic Zone and the 38th
Parallel Lineament was published (Braile and others,1979).

The paper Models For Midcontinent Tectonism (Hinze and others,1980)
was one of four papers dealing with intraplate tectonics published in the

| volume " Continental Tectonics", one of the National Research Council's

series on Studies in Geophysics. Three manuscripts by the principals of
this study program which were previously accepted for publication in the
forthcoming U.S. Geological Survey Professional Paper on the New Madrid
Seismic Zone underwent final revision for publication. They are "High
Resolution Seismic Reflection Surveying on Reelfoot Scarp, Northwestern
Tennessee" by J.L. Sexton, E.P. Frey, and D. Malicki; "A Crustal Structure
Study of the Mississippi Embayment" by C.B. Austin and G.R. Keller; and
"The Northeastern Extension of the New Madrid Fault Zone" by L.W. Braile,
W.J. Hinze, G.R. Keller, and E.G. Lidiak. A paper entitled "The Tectonic
Approach to Evaluation of Earthquake Hazards in the Midcontinent" by

.
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W.J. Hinze, L.W. Braile, G.R. Keller, and E.G. Lidiak was prepared and the
abstract is presented in Appendix B-1.

A paper entitled " Gravity and Magnetic Anomaly Modeling of
Mississippi Embayment Crustal Structure at Satellite Elevations" by Ralph
R.B. von Frese, W.J. Hinze, and L.W. Braile, the abstract of which is
presented in Appendix B-2, discusses the studies of the Purdue University

group to investigate the crustal structure of the Mississippi Embayment with
satellite elevation (= 450 km) magnetic and gravity anomaly data. The

results of gravity and magnetic modeling of the regional positive gravity
and negative magnetic anomalies utilizing a newly developed spherical earth
modeling technique (von Frese and others,1980) corroborate the crustal
disturbance interpreted by Austin and Keller (1980) from seismic refraction
and surface wave studies.

MAGNETIC AN0MALY STUDIES

During the current contract year, no nagnetic data were acquired,
but considerable effort has been put into compilation and synthesis of
available data and development of procedures for processing large data sets.
No data were acquired because coverage was completed of the original study
area with aeromagnetic surveys. The aeromagnetic data are from a variety
of sources including the U.S. Geological Survey, Tennessee Division of
Geology, Kentucky Geological Survey, Tennessee Valley Authority, Illinois
Geological Survey, and data collected for this study.

Twenty-eight individual magnetic surveys dating from 1947 to 1978
were gridded at a 2-km interval and compiled into a single data set and
regional map by adjusting the data to a common datum. The survey parameters,

| data reduction procedures, and the compilation process are explained by

Johnson and others (1980). The regional total magnetic intensity anomaly
l map (Figure B 1) extends from 35 to 39 N. latitude and approximately 820
| 6

|
to 91 W. longitude. This map is being published at the scale of 1:10 in

| Johnson and others (1980). Computer codes for processing the data set with
filter::, derivatives, continuations, etc. in the frequency domain have

| undergone considerable improvement and the codes are being modified to
handle the entire data set in a single step to avoid edge effect problems
inherent in processing and compiling a series of individual areas.

23
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An areally-limited anomaly observed over the Om^.na oil field in
the aeromagnetic survey of southeastern Illinois has been verified and
studied by a ground survey. Limited drill cores, physical property analysis,
and calculation of theoretical magnetic anomalies indicate that the anomaly
is caused by a small diameter pipe of mica-peridotite and related sill-like
intrusions within the Phanerozoic sedimentary rocks. This study illustrates
in general the role of the magnetic method in studying the location, character,
and geometry of the tectonically significant ultramafic intrusions and
specifically that these intrusives have caused structural deformation of the
Phanerozoic rocks (Figure B-2).

The only complete magnetic map of Missouri is a ground vertical
magnetic intensity anomaly map which dates from roughly 40 years ago. Despite
the limitations of the map, it was digitized on a 10-km grid to provide a
reconnaissance view of the magnetic anomaly field. In lieu of better data,

this map has been employed in our preliminary analyses which extend into

| Missouri.
|

GRAVITY AN0MALY INVESTIGATIONS

The original study area has been completely gravity surveyed, and
Indiana has been surveyed as far north as 40 N. latitude at a 2 to 3 km
interval.

During the 1979 field season, the State of Indiana was surveyed
between 39 -40 N. latitude, and approximately 3500 additional stations were
established. Consideration of repeat observations over the three years of
surveying indicates a standard deviation of the order of 0.07 mgals. The
gravity stations are referenced to the national gravity datum through a
network of base stations. Comparison of the previous gravity anomaly map
of Indiana with the Bouguer gravity anomaly map prepared from reduction of
the data collected over the past three years shows good correlation between
the major maxima and minima.

Approximately 50,000 stations within the area bounded by 35 and
39 N. latitude and 82 and 92 W. longitude have been gridded at a 2-km
interval and registered on the magnetic anomaiy grid west of 84 W. longitude.
The gridded data set is now available for processing with the computer codes
currently under development for frequency domain analysis. The details of the
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source reduction, and compilation of the gravity data are discussed by
Kellerandothers(1980). The data set has been used to prepare a 5-mgal
centour map (Figure B-3) which is being published at the scala of 1:106

in Keller and others (1980).

GE0 LOGIC STUDIES

During the current contract year, research has been carried out on
both the basement rocks and on the rocks immediately overlying the basement.

It is becoming evident that the basal sedimentary rocks are sigr.ificant
because of their possible economic potential, distribution, and importance
in understanding the early tectonic development of the area. A map showing

the distribu= ion of pre-Mt. Simon (Upper Cambrian) sedimentary rocks in the

study area is shown as Figure B-4. The presence of these rocks in the deeper

parts of the Illinois Basin suggests tnat their distribution may, in part, be
tectonically controlled. Another well in Lawrence County, Indiana, which

occurs along the northeast extension of the New Madrid Fault Zone, also
encountered similar clastic rocks underlain by Keweenawan-type basalt. We
are continuing to study these rocks to gain a better understanding of their
distribution snd tectonic significance. We specifically want to investigate
the possi'oility that these rocks accumulated in, and are thus partial indicators

t of, basement rift zones.
Geophysical characteristics of the basement rocks were measured as

an aid to geophysical interpretations. Figures B-Sa and B-5b summarize

graphically the results of natural remanent magnetization (NRM) intensity
measurements on 97 basement rock samples from the eastern midcontinent.
Most of the measurements were made on drill cuttings (the only material

available) using a cryogenic magnetometer. The methodology briefly is as

follows: Ten of the largest and most representative fragments from each
sample were selected, the magnetization of each fragment was measured
separately, and the results were averaged to give the NRM of the sample.
The specific gravity of 58 samples from the basement of Illinois and Indiana
was also measured. The results are shown graphically by rock type on Figure

B-6. The measurements were made using a pycnometer for the drill cuttings

and a Jolly balance for the cores. These physical measurements should be
of considerable importance in helping to evaluate further the magnetic and

gravity maps of the region. For example, the results of the NRM measurements

25
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suggest that remanent magnetization may be a factor in the magnetic polari-
zation of the basement extrusive rocks, but not in the ' case of the basement

;

intrusive, metamorphic or sedimentary rocks. The density measurements show '

that the basement sedimentary rock, rhyolite and trachyte, microgranite,
and granite have similar density ranges. However, the basalt and metamorphic
rocks have a notably higher density range.

Studies of the mafic and ultramafic intrusions are also continuing.
Figure B-7 shows the small kimberlitic, lamprophyric, and carbonatitic
dikes, sills, and diatremes that have been identified at the surface and in
the subsurface of southern Illinois and western Kentucky. These intrusions
appear to be concentrated in the area of the intersection of the New Madrid
Seismic Zone and the 38th Parallel Lineament, and are crudely centered around
Hicks Dome at latitute 37 30' N., longitude 88 22' 30" W. , (Figure B-7).
The dikes trend mainly to the north-northwest with a minor component to the
north-northeast. The orientation and distribution of the intrusions suggest
that they were emplaced during uplift of the central part of the region.
The presence of these rocks has important tectonic implications as intrusions
of this type are known to intrude along deep-seated fractures either bounding
or cutting across continental plates during uplift or dilation. Comparison

of these rocks to those occurring in large rift structures is continuing.
Two Rb-Sr age detenninations on granite xenoliths incorporated in

ultramafic intrusions of nearby southeastern Missouri have been completed.
Ages of 1215 20 m.y. and 1345 21 m.y. (half-life = 4.8 b.y.) are
comparable to ages of granites from the St. Francois Mountains.

SEISMIC MEASUREMENTS AND ANALYSIS

Crustal Seismic Studies - Nine seismic profiles have been recorded from coal
mine blasts in the Wabash River Valley area of southwestern Indiana and

I adjacent portions of Illinois to investigate the crustal structure in the
area of the possible extension of the New Madrid Fault Zone. Statistics
of the profiles are given in Table B-1 and their geographic location is
shown on Figure B-8. Profiles 2 and 6 were analyzed together and profile 9
is too short to obtain meaningful results.

Record sections for the profiles are based upon a reducing velocf ties
of 6.0 km/sec for compressional wave analysis and 3.5 km/sec for shear wave

analysis. A significant aspect of the data is the relatively strong energy
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Table B-1. Crustal seismic profile characteristics.
i

Line Mine Line Line Year
Number Source Direction Length (km) Recorded

1 Minnehaha SW 106 1978

2 Ayrshire EW 147 1978

3 Burning Stat #4 WE '69 1978

4 Ayrshire NE 172 1979

5 Ayrshire SE 33 1979

6 Ayrshire EW 72 1979

7 Wright WE 50 1979

8 Wright SE 25 1979

9 Wright NW 6 1979

.,
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of the shear waves--direct, reflected and refracted-probably as a result
of the ripple-fired areal patterns of the explosive sources. As a result,
interpretation generally is based on both independent shear and compressional
wave data, thereby reducing the ambiguity. The data were interpreted
utilizing the assumption that the layers are horizontal and of homogeneous
properties. The lines connecting similar events on the record sections

'

are largely derived from models which best fit the observed data. The
results of this analysis are presented on Table B-2. Figures 8-9 to B-15
preserc in schematic fonn the results of the analysis for the individuhl
profiles.

The models resulting from the analysis of the profiles confirm
geologic studies that suggest the sedimentary layers thicken toward the
Wabash River in the vicinity of its intersection with the Ohio River. The
thickness of the basement layer is rather consistent on the profiles on
which they were observed (1, 2, 4 and 7) except for Profile 7. The basement
is thinner along Profile 7. This profile crosses a gravity and magnetic
positive anomaly which is used to define the ' extension of the New Madrid
Fault Zone into Indiana (Figures B-16 and B-17). The potential-field
anomalies probably are caused by this thinning of the crust supplemented by

increased densities in the basement and icwer crust as reflected in increased
velocities. This is interpreted to be the result of intrusive activity along
lines of ess within the New Madrid Fault Zone. At the northeastern end
of the area, the basement on Profile 1 shows a slightly increased thick-y

| ness, although the depth to the base of the basement is not greater than
observed on the other profiles. The density of the basement as indicated by
the compressional wave velocities (Table B-2) are approximately equivalent
to the densities measured in basement drill holes.

Moho depths as obtained from the records of Profiles 1, 2, and 4
are quite consistent at about 39 km. Lower crustal velocities average 6.78
km/sec and 3.09 km/sec for the compressional and shear waves respectively,
considerably less than those observed on Profile 7. Upper mantle compressional
and shear wave velocities average 8.10 and 4.65 km/sec respectively.

Previous seismic refraction studies of interest in the general area
include the studies of McCamy and Meyer (1966) and Stewart (1968). An
anomalous high velocity (7.4 km/sec) zone at the base of the crust was

interpreted by McCamy and Meyer for a profile on the western edge of the
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Table B-2. R:sults of Wabash River Valley crustal seismic study.

Shear Compressional
Intercept Velocity Thicknew Intercept Velocity Thickness Density **

Profile Refractor sec km/sec km sec km/sec km ge/cc (V /V )p g

1 direct 0.0 2.25 .29 0.0 3.28 .28 1.68 1.46
1 0.17 3.02 .91 0.13 5.08 .89 2.27 1.68
2 0.43 3.30 1.11 0.27 5.49 1.03 2.41 1.66
3 0.77 1,56 Sg 14.05 0.49 6.04 Pg 13.11 2.59 1.70
4 4.47 5.97 S* 23.01 2.60 6.80 P* 23.08 2.84 1.71
5 12.27 4.65 Sn - 7.29 8.1 Pn - 3.26 1.74

2&6 direct 0.0 2.34 .38 0.0 3.23 .34 1.67 1.38
1 .20 2.9) 1.00 .16 5.04 1.09 2.26 1.68
2 .47 3.22 2.06 .35 5.52 1.98 2.42 1.71
3 1.09 3.50 Sg 12.90 .74 6.13 Pg 12.63 2.62 1.75
4 5.00 3.99 S* 22.15 2.60 6.74 P* 21.48 2.82 1.69
5 12.27 4.65 Sn - 7.29 8.1 Pn - 3.26 1.74

3 direct 0.0 2.30 .20 0.0 3.31 .19 1.69 1.44m
* 1 .08 2.62 .23 .08 4.41 .24 2.05 1 68

2 .18 2.87 .78 .142 5.07 .76 2.27 1. '/7
3 .46 3.19 .96 .30 5.66 .94 2.46 i.77
4 .82 3.52 Sg - .46 6.1 Pg - 2.61 1.73

4 direct 0.0 2.26 .29 0.0 3.27 .29 1.68 1.45
1 .18 3.14 .89 .13 5.08 .91 2.27 1.62
2 .34 3.27 1.70 .30 5.65 1.73 2.46 1.73
3 .84 3.53 Sg 12.83 .56 6.06 Pg 12.47 2.60 1.72
4 4.47 3.97 S* 23.49 0 60 6.80 P* 23.02 2.84 1.71
5 12.27 4.65 Sn - 7.29 8.1 Pn - 3.26 1.74

5 direct 0.0 2.24 .20 0.0 3.35 .20 1.71 1.49
1 .09 2.61 .22 0.80 4.47 .22 2.07 1.71
2 .19 2.89 .68 0.13 5.03 .69 2.26 1.74
3 .46 3.28 1.16 .27 5.57 1.19 2.44 1.70
4 .85 3.63 Sg - .5C 6.10 Pg - 2.61 1.68
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Mississippi Embayment between Little Rock, Arkansas and Cape Girardeau,
Missouri. In contrast, a model derived by Stewart (1968) for seismic
refraction profiles between St. Joseph and Hannibal in northern Missouri
does not contain the high velocity zone. The McCamy and Meyer and Stewart
models are presented in Figure B-18. The Stewart models for northern
Missouri (east and west) are thought to represent normal crust while the
Mississippi Embayment model of McCamy and Meyer represents an anomalous
crust. The Embayment crustal structure exhibits three anomalous character-
istics:

1) The 6.5 km/sec layer is shallower (8 km) than for the equi-
valent layer (6.6 km/sec at about 24-km depth at the west
end of the seismic profile and about 18-km depth at the ,

east end of the profile) in the normal crust defined by
the Stewart model.

2) The presence of the anomalous high velocity (7.4 km/sec)
zone at the base of the crust. The velocity of the lower

crustal layer for the nonnal crust as defined by the Stewart
model is 6.6 km/sec.

3) A greater depth (45 ka) to the crust-mantle boundary
(defined as the 8.1 km/sec zone) compared to the normal
crust-mantle boundary depth of about 42 km for the Stewart
model at the west end of the profile and about 38 km at the
east end.

The lateral extent of the high velocity lower crustal layer and its
extension to the north is unknown. The question then arises as to whether
or not the anomalous zone is present in southeastern Illinois and southwestern

c. diana, and if it is present what is its relationship to'the basement geo-i

logical feature representing the possible northeast extension of the New
| Madrid Fault Zone?

Interpretation of the data results in models which differ in detail

from line to line, with the most significant differences being in depto to-
basement, basement velocity, depth to lower crustal Iayers (or basement
thickness), and velocity of the lower crustal layers. Each model may be

compared to the Stewart's (1968) " normal" crustal models, McCamy and Meyer's
(1366) " anomalous" crustal model, and Austin and Keller's (1966) " Mississippi
Embayment" model. An " average" model (Figure B-18) may be used as an indi-
cator of whether the crust is nonnal or anomalous. The average model derived
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from the refraction data along with the normal and anomalous crustal models
are presented in Figure B-18. The average model. derived from the data is

different from both the normal and anomalous models. Depths for the
cverage model were determined by averaging the depths derived from both
compressional and shear wave data presented. The average compressional

velocity for the sedimentary layers was detemined by simply averaging
velocities of the refractors of the individual layers. The same procedure
was used to determine average shear velocity of the sedimentary layers.
The following observations are made concerning the new crustal model:

1) Compressional velocity of the basement rocks is essentially
the same as for the other two models 6.14 km/sec (average),

6.1^ km/sec (nomal), 6.20 km/sec (anomalous).
2) The nomal and anomalous models contain a layer (upper

,

crustal layer) between the basement and the lower crustal
layer with intermediate velocity of 6.20 km/sec for nomal
crust and 6.50 km/sec for the anomalous crust. The Wabash
River Valley model does not contain this layer.

3) This intermediate layer in both one normal and anomalous
models overlies the basal crustal layer which has a velocity
of 6.60 km/sec in the normal crust and 7.40 km/sec in 'the

; anomalous crustal layer. The two Stewart models differ only
in depths to the interfaces, but all interfaces are s'1allower

at the east end of the seismic profile near Hannibal, Missouri.
I The Wabash River Valley model has a single layer between the

basement and the mantle, and its velocity is 6.85 km/sec,

! which lies between the values of 6.60 km/sec and 7.40 km/sec
for the lower crustal layers of the nomal and anomalous models.
The interesting feature about the 6.85 km/sec layer is that it

,

is quite shallow at.about 15 km. Thus, this average model for |

j the aret surveyed contains a relatively high velocity layer at
a more shallow depth than either nomal or inomalous crustal
models. Therefore, the crust in the Wabash River Valley also
may be referred to as somewhat anomalous if the northern Missouri
models of Stewart are representative of normal crust. This
somewhat different crustal structure may be directly related
to the basement structural feature interpreted to exist on the'
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basis of gravity and magnetic data and uhich is inferred
to be the northeast extension of the New Madrid Fault Zone.

4) The average depth to the Moho is about 39 km which is less

than the anomalous model as well as the Stewart model for
the west end of the northern Missouri p ofile (near St. Joseph,c

M0). However, the Stewart model for the east end (near
Hannibal, M0) has a depth of 38 km to the Moho, essentially
the same depth as for the average model.+

Stewart's model (normal) for the eastern end (Hannibal, M0) most
closely resembles the model derived in this study. However, significant
differences do exist. The relatively high velocity crustal layer (6.85
km/sec) is only 15 km deep in the average model and no intermediate layer
exists between basement and lower crust for this model. For the Stewart
model near the east end of the seismic profile, an interface exists at
18 km depth, but it corresponds to a velocity of 6.60 km/sec, significantly
less than the model. Thus, the crust derived from the seismic refraction data

indicates a somewhat anomalous crust in the vicinity of the inferred northeast
extension of the New Madrid Fault Zone. Further analysis and interpretation
of these seismic data are underway. In particular, an amplitude analysis is
underway and a thorough intearation of the results of this study with the
results of the potential-field analysis has been initiated.

Ohio River Seismic Reflection Study - A seismic reflection survey was conducted
to oetermine the feasibility of using reflection methods in the hio River to

| detect faults which may be associated with the northeast extension of the New
! Madrid rault Zone. The goal was to detect offsets in the bedrock surface and

to examine reilection continuity within the overlying sediments and Quaternary|

| alluvium for the purpose of dating the last period of fault movement. Deep

reflections were to be studied if recorded. Participants in the survey
included the Geophysics Group at Purdue Univel5ity, the Illinois Geological
Survey, and the Geophysics Group of the Univer ity of Wisconsin at Milwaukee.

The Survey was perfonned between the Post Creek Cutoff to 1.5 miles
upstream of Metropolis, Illinois (Figure B-19). Preliminary tests were conducted
in August,1979 using a 40 cubic inch capacity air-gun source. Examination

of the record section indicates only two strong reflections, one corresponding
to the water bottom and another corresponding to the bedrock surface. Because
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of the high reflection coefficient at the bedrock surface, little energy
penetrates below it. It is possible that after the data have been processed
and displayed as wiggle line traces (rather than the electrostatic display
from the real-time plotter), more coherent energy may be seen beneath the
bedrock reflector. No faults are seen in the data from the August,1979
test runs.

On May 19, 1980 the survey was resumed. Initial testing was perfonned
to detennine instrument filter settings to be used with the 1 cubic inch
air-gun source, to test the air-gun and sparker sources, and to determine
a useful firing rate and record length for each source. Following the
testing phase, a short sparker profile was run starting near the Metropolis
launch area and extending about 1 mile upstream. Along this same line,
an air-gun (1 cubic inch) survey was conducted from the Metropolis launch
area and extending upstream about 1.5 miles to the site of the I-24 highway
bridge. A sparker survey was then initiated at a location 1.5 miles down-
stream of Post Creek Cutoff and extending 1.5 miles upstream of Joppa. A
second sparker line was run from downstream of Joppa (at location mile number
954.2) to upstream of Joppa for a total length of about 7 miles. Only the
paper record is available for this run. At this point, a malfunction of

the recording boat caused the survey to be tenninated. A suninary of the
survey parameters and data follows:

I. Data from August.,1979
,

| A. Air-gun survey from Douglas' landing (near Post Creek Cutoff) to
j Joppa. Air-gun firing rate was 1 shot every eight seconds. Boat
i speed was 2 miles / hour. These data have been digitized and recorded

on hard disks. The source was near the boat and created high noise
recorded with the signals.

II. Data from May, 1980 I

A. Metropolis launch area to 1 mile upstream - sparker.
B. Metropolis launch area to 1.5 miles upstream - 1 cubic inch air-gun.
C. From 1.5 miles downstream of Post Creek Cutoff to 1.5 miles upstream

of doppa - sparker.

|
D. From mile 954.2 downstream = 3 miles downstream of Joppa to 4 miles

upstream of Joppa for a total length of 7 miles -sparker (no tape
record) paper record only.
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E .~ Boat speed was 2 miles / hour.
;

F. Sparker firing rate was 1 shot every'2 seconds giving a shotpoint
approximately every 6 feet.

G. Air-gun firing rate was 1 shot every 8 seconds giving a shotpoint
approximately every 23 feet. *

H. From the above figures it is noted that a large amount of data
has been collected, but it covers limited areas on the river.

One mile of sparker data (using spatial sample interval of six
feet) results in 880 shotpoints. While one mile of air-gun dat.a
(with spatial sample interval of 23 feet) results in 230 shotpoints.

I. Useable record 7ength from the sparker source appears to be 150

milliseconds two way time.
J. Useable record length from the air-gun source is difficult to

detennine due to the presence of multiples, but may be 250-500

milliseconds.
K. Data were collected with three active hydrophone sections each

50 feet long. The source was towed 200 feet behind the boat and

the first active section also started 200 feet behind the boat.
Two of the channels were stacked to obtain paper records.

L. Water depth in the area is approximately 40 feet deep.'

M. Data were recorded on magnetic tape at 3.5 inches per second

recording tape speed.
N. Records of the water bottom channel were obtained from a sonartype

source.

Preliminary examination of the record sections from the plotter on
board the survey boat indicate that two reflections, one from the river-
bottom, and one from the bedrock surface are recorded. As an example,

|

I consider Figure B-20 which is a portion of the sparker survey line from
downstream of Joppa to upstream of Joppa (see Item 4 above). This portion
of the recored section crosses the location which corresponds to the straight-
line extrapolation of the Dixon Springs Graben (Figure B-19). No clear evidence

is seen for the graben. However, bedrock reflections in this area are not
as coherent as those obtained outside the suspected faulted area. This may
be an indication of faulting. More convincing evidence of faulting exists
in a zone about 740 feet wide which is located between 1900 feet and 11601
feet downstream of mile 952 (which is near Joppa). Here there appears to be
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an offset in the bedrock reflection of about 0.02 seconds two way time.
If an estimate of 6500ft/ seconds is used as an average velocity of material
between surface and bedrock, then the vertical offset is 65 feet. This
figure, however, is a rough estimate. The analysis of the data will be
facilitated by processing and higher quality display of the data. Thus,

it appears that seismic reflection methods are feasible for mapping faults
in this area, providing high-quality equipment is available. Further
analysis of these data will reveal whether it is possible to study continuity
of possible reflectf ons above the bedrock and in the Quaternary alluvium.
High frequency sparker record sections for this area are recorded on tape
and will be examined for further evidence of faulting as soon as record
sections can be processed and displayed.

SYNTHESIS AND INTERPRETATION

To assist in the synthesis and interpretation of the various data
being compiled we have obtained from Professor Otto Nuttli of St. Louis
University, a computer file of the historical epicenters in the area of
35 -40 N. latitude and 84 -92 W. longitude. Due to the truncation biasing
in the latitude-longitude locations (many epicentral locations are rounded-
off to the nearest 0.1 ) we have added a random latitude and longitude ' error'
distributed between + 0.1 to each coordinate to remove the appurance of,

epicenters lining-up on even latitude-longitude lines on the plot. This
epicenter file has been plotted on the same scale as the gravity, magnetic
and fault maps that we have previously prepared (Figure B-21). The epicenter

{ patterns display the following general features when compared with the fault
maps and the gravity and magnetic maps which have been used to define the New
Madrid Linear Tectonic Feature (NHLTF) (Braile and ethers,1980):

1) A concentration of epicenters is visible along the NMLTF although
the occurrence decreases considerably north of 37 N.,

2) A few clusters or zones of epicentert appear to be associated
with mapped faults including the Cottage Grove Fault Zone,
the Ste. Genevieve Fault Zone and the Wabash Valley Fault Zone,

! 3) The zone of epicenters trending from New Madrid to St. Louis

(which is oblique to the trends of the Ste. Genevieve and Cottage
Grove Fault Zones) may be related to a basement geologic feature
reflected in the gravity and magnetic anomalies.
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Interpretation of available gravity and magnetic maps for the
area surrounding New Madrid indicates the existence of linear trends of
correlative gravity and magnetic anomalies. These anomalies have been
previously noted by Hildenbrand and others (1978 and 1979) for the Reel-

'

foot area and by Braile and others (1980) for the northeastern extension
of the New Madrid Fault Zone. An additional pair of parallel trends of
anomalies has been identified from New Madrid to St. Louis on either side
of the Mississipci River. These anomalies are best seen on the vertical

component ground magnetic map of Missouri and on the new gravity and mag-
netic maps by Johnson and others (1980) and Keller and others (1980). A
summary diagram of the patterns of earthquake epicenters and their relation-
ship to basement structures as evidenced by the gravity and magnetic anom-
alies is shown in Figure B-22. The major trends of historical epicenters
are delinated by the basement structures along the Reelfoot Rift (New Madrid
Fault Zone), the northeastern extension of the New Madrid Fault Zone into
southwestern Indiana and along the Mississippi River from New Madrid to
St. Louis. The significance of the correlation of these basement ' utures
with the historical seismicity can be clearly demonstrated in the contour
map of the number of earthquakes per 104 km2 (from Hadley and Devine, 1974)
which is shown in Figure B-23.

One of the primary areas of investigation remaining is the northern
extension of these basement structures. Recent gravity studies in Indiana
display an anomaly pattern at about 39.5 N. which appears to tenninate the

northeastern extension of the New Madrid Fault Zone. Also the Missouri
magnetic map and the gravity map of the area surrounding New Madrid show a

termination of the New Madrid to St. Louis structure at 39 N. It is

considered significant that the termination of these structures coincides
with the rather abrupt decrease in seismicity (Figure B-22) along these

'
' trends.

,

We are currently continuing our investigation of these structures
to detennine their origin and relate the basement structures to a model to
explain the occurrence of earthquakes in the midcontinent area as a localization
of stresses along zones of weakness. One possible origin for the basemat
structures is a Precambrian triple junction associated with continental rifting
during break-up of the continents. A schematic diagram illustrating this rift
etructure is shown in Figure B-23. Continuing field studies, synthesis of
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data, and interpretation is aimed at confirmation and improved interpretation
of the basement structures which are associated with contemporary seismic

activity.

MAJOR PRODUCTS

The major products completed during this contract year include the
following:

1) Bouguer gravity anorcaly map of southern Indiana to 40 N.

latitude based on approximately 7200 gravity observations spaced
at 2 to 3 km.

2) Bouger gravity anomaly map ano associated 2-km grid data set
f

of the area between 35 -39 N. latitude and 82 -92 W. iongitude

including a report on the source, reduction, and compilation of
,

the data.
3) Total magnetic intensity anomaly map and associated 2-km grid

data set of the area between 35 -39 N. latitude and approximately

82 -91 W. longitude including a report on survey parameters,
data reduction procedures, and the compilation process.

4) Improved Bouguer gravity anomaly computer codes and improved

and modified computer codes for processing large gravity and

! magnetic anomaly data sets with a variety of frequency domain
,

operators.

5) Vertical magnetic intensity anomaly data set of the ground survey
map of Missoeri.

6) Plotting of earthquake epicenter data file between 35 -40 N.

latitude and 84 -92 W. longitude for correlation with other
studies.

7) Observation, processing, and interpretation of nine seismic
refraction lines ranging in length from 6 to 172 km ir the
vicinity of the northeast extension of the New Madrid Fault
Zone.

8) High-resolution seismic reflection profiling in the Ohio River
to locate faults on the extension of the New Madrid Fault Zone.

.,

f 9) Continued study of basement rocks, pre-Mt. Simon sedimentary _
rocks, and mafic and ultramafic intrusive rocks.'
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10) Measurement of the natural remanent magnetization and density
of approximately 100 basement rock samples. )

11) Interpretation and integration of data as presented in ten I

papers at scientific meetings, publication of one NRC report
and one paper in " Continental Tectonics", preparation of two
NRC reports on anomaly maps and papers on the tectonic approach
to evaluation of earthquake hazards in the midcontinent and the
gravity and magnetic modeling of the Mississippi Embayment
crustai structure at satellite elevations, and acceptance of three
papers for publication in the U.S. Geological Survey professional
paper on the New Madrid Fault Zone.
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THE TECTONIC APPROACH TO EVALUATION OF -

EARTHQUAKE HAZARDS IN THE MIDCONTINENT

by -

l l 2 3W.J. Hinze , L.W. Braile , G.R. Keller , and E.G. Lidiak

ABSTRACT

Experience in the New Madrid Seismic Zone and its extensions

suggests that deficiencies in the historical seismic record and insufficient
knowledge of neotectonic structures in the midcontinent require that earth-
quake hazard evaluation be based not only on the conventional seismicity
approach, but also on the definition and evaluation of tectonic models.
This supplementary tectonic approach to the evaluation of earthquake
hazards utilizes information derived from seismicity and microseismicity
studies in combination with the mapping of stresses and existing geologic ,

structures to define tectonic models (Figure BA1-1) which are used to predict
the origin and extent of seismicity. The postulated models are then verified
and revised if necessary on the basis of the results of detailed micro-
seismicity and geologic investigations.

Presented at the special session 'of the Midwest American Geophysical Union
Meeting, October,1979, Columbus, Ohio, entitled " Seismicity and Geology
of the Central United States and the Siting of Nuclear Reactors".

IDepartment of Geosciences, Purdue University, West Lafayette, IN 47907
Department of Geological Sciences, University of Texas at El Paso,2

El Paso, TX 79968.
3 Department of Earth & Planetary Sciences, University of Pittsburgh,
Pittsburgh, PA 15260
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GRAVITY AND MAGNETIC ANOMALY MODELING OF MISSISSIPPI
EMBAYMENT CRUSTAL STRUCTURE AT SATELLITE ELEVATIONS

by

R.R.B. von Fresel, W.J. Hinze , and L.W. Braile'l

4

ABSTRACT

A model for the chree-dimensional crustal structure of the northern
Mississippi Embavment is generalized from published surface wave dispersion,
and seismic refraction studies. The gravity and magnetic anomaly signatures
of this model are computed at 450-km elevation by Gauss-Legendre quadrature
integration for comparison with observed anomalies at satellite elevations
(Figure BA2-1). The computed positive gravity anomaly compares wall with
upward continued free-air gravity data suggesting that the generalized
model is representative of the crustal structure of the Embayment. Magnetic
anomaly calculations show that the pronounced minimum observed over the
Embayment in the P0G0 satellite magnetometer data can Le accounted for by
a decrease in the magnetization of the lower crust which corresponds to
the major gravity source of the region. The results of this investigation
support the failed-rift hypothesis for the crigin of the Mississippi Embayment.
Accordingly, these results suggest that observable gravity and magnetic
anomalies characterize failed rifts (aulacogens) at satellite elevations,
where the primary source of both anomalies is a high density rift component
of non-magnetic lower crustal material. j

l

|
|

1 Department of Geosciences, Purdue University, West Lafayette, IN 47907
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STRUCTURAL FRAMEWORK 0F THE MISSISSIPPI EMBAYMENT
OF SOUTHERN ILLIN0IS

Summary of

Annual Progress Report - Fiscal Year 1980

Contract No. NRC-04-77-159

Dennis R. Kolata, Janis D. Treworgy, and John M. Masters
Illinois State Geological Survey

ABSTRACT

Some of the northeast-trending faults that displace Paleozoic
rocks in the Illinois-Kentucky Fluorspar District extend southwestward,

bereath the Gulfian (late Cretaceous) sediments of the Mississippi Embayment
in southernmost Illinois. The relatively uniform thickness of the Cretaceous
sediments and nature of the configuration of the base of the Cretaceous
indicate that essentially all of the displacement on the faults in the
underlying Paleozoic bedrock took place before the . Cretaceous sediments

I overlapped the area. Outcrop and subsurface data indicate that the present
| relief on the sub-Cretaceous surface throughout the Mississippi Embayment

of southern Illinois is due to the combined effects of pre-Gulfian erosion,
post-Gulfian solution, and possibly minor defomation during and after Gulfian
time. Although defomation of Gulfian or later age is suggested at several
sites, the available evidence is too sparse and ambiguous to conclude that
tectonic faulting is the cause of these local disturbances.

INTRODUCTION

This study is part of a coordinated program of geological, geophysical,
and seismological investigations of the area that lies within a 200-mile radius
of New Madrid, Missouri. New Madrid is situated near the epicenter of a
series of the most intense earthquakes documented in this country (late
1811 and early 1812), and it is still an area of moderate seismicity. The
goal of the program, the New Madrid Seismotectonic Study, is to develop a
better understanding of the st-uctural setting and tectonic history of the
area in order to evaluate earthquake risk as it applies to the siting of
nuclear facilities. The study is funded in part by the U.S. Nuclear Regulatory
Commission and includes participants from various state geological surveys and

universities. Research activities of the U.S. Geological Survey are also
coordinated with this program.

The Mississippi Embayment of southern Illinois (as demarcated by
the present boundary of the continuous Cretaceous deposits) lies between the
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New Madrid Seismic Zone and the highly faulted area of the Illinois-Kentucky
Fluorspar District (Figure C-1). The seismic zone and the faulting in the

| Fluorspar District in Illinois both have northeast-southwest trends, and
l structural continuity is commonly inferred between the two ceas. Knowledge

of the structural framework and tectonic history of the study ared is
important in the evaluation of seismic risk for the Central Mississippi
Valley Region and parts of the Wabash and Ohio River Valleys. The main
focus of this study is on the evaluation of evidence for faulting during
and after Gulfian (late Cretaceous) time in the embayment area of southern

Illinois.

This investigation of the structural frameerk of the southern
Illinois portion of the Mississippi Embayment leads to a new interpretation
based on a reevaluation of data used in previous studies and on new geological

and geophysical (earth resistivity, seismic reflection, and seismic refraction)
data. Our principal objectives are: (1) to describe the geologic features
of the Paleozoic bedrock; (2) to describe the thickness and distribution of
the embayment sediments; (3) to describe and interpret several surficial
sites where the embayment sediments are faulted and folded; and (4) to
sumarize the structural history of the area.

METHOD 0F STUDY

Detai. led mapping in this investigation is based on outcrop and
subsurface in' formation obtained from cores, drilling chips, geophysical

surveys, and drillers' '.ogs. All available well cuttings and cores were

reviewed. Data were plotted on computer-constructed base maps (ILLIMAP, see

Swann et al. ,1970) of 1:125,000 scale. The northern limit of continuous
r -

Cretaceous deposits in Alexander, Pulaski, Massac, and Pope Counties is the
boundary of the study area (Figure C-2). A generalized stratigraphic column
for this area is shown in Figure C-3. Four regional maps of the embayment

area of southern Illinois were compiled to show: (1) thd sub-Cretaceous
geology (Figure C-4); (2) the configuration of the base of the Cretaceous
(Figure ~ C-5); (3) the distribution and thickness of the Cretaceous strata
(Figure C-6); and (4) the structure of the base of the Paleocene Clayton
Formation (Figure C-7).

Field work began in the fall of 1977 and continued into the summer
of 1979. Detailed studies were conducted at selected sites where the embayment
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|

|

: sediments show evidence of disturbance. Maps and cross sections of several.
j sites were prepared, and geologic interpretations are given herein.
| A conservative approach was taken in preparing the maps for the

report, particularly in regard to faulting. The faults shown on the sub-
Cretaceous geologic map (Figure C-4) are interpreted primarily from studies:
of well cuttings and cores. Although we suspect that faulting is widespread
in the Paleozoic bedrock, no fault was extended beyond area's of control.

-

.

I GE0 LOGIC SETTING
f
'

The Mississippi Embayment is an inland extension of the Gulf Coastal
Plain, a physiographic and structural province that reaches as far north as

f the southern tip of Illinois. The axis of the eabayment generally coincides '

with the present course of the Mississippi River. The embayment is a down-
warped structural trough that lies 'betweer, the Ozark Dome on the west and

j the Nashville Dome on the east (Figure C-1). Mostly unconsolidated sediments
j of Mesozoic and Cenozoic age fill the trough. These sediments form a wedge

that thickens' southward from an erosional featheredge in southern Illinois to
'

, approximately 4,000 feet (Stearns and Marcher,1962) in northeastern Mississippi
'

and eastern Arkansas.

; Except for a few small outliers of clays, s nds, and gravels of
j suspected Gulfian age, the embayment strata in Illinois are confined to the
,

southern part of the Santa Fe Hills in Alexander County and to the area south
! of the Cache Valley (Figure C-2). The Cache Valley is the fonner channel of-

the 0hio River. In Illinois the embayment sediments rest unconfonnably on
j Paleozoic bedrock that ranges in age from-Ordovician to Mississippian (Figure
i C-4). Throughout a large part of the study area the errbayment strata are

( overlain by the Pliocene-Pleistocene Mounds Gravel and Pleistocene loess,
i colluvium, and alluvium. The maximum depth to the Paleozoic bedrock in

{ southern Illinois is approximately 600 feet; this is at the' southern tip of
( Alexander County. The Gulfian and early Tertiary sediments that fill the

embayment trough in Illinois have a southerly dip. of about 50 feet'per mile.
The structural framework of the embayment area of southern Illinois

is complex. The embayment strata have a regional dip to-the south toward the
center of the embayment trough, whereas the underlying Paleozoic rocks have
a regional dip to the northeast toward the Illinois Basin and away from the,

.
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Ozark Dome and Pascola Arch. In addition, the Paleozoic rocks are broken

by numerous northeast-trending faults >.t extend from the Illinois-Kentucky

i Fluorspar District southwestward arar. n' passing beneath the embayment

L sediments. Based on subsurface v , averal northeast-trcnding faults are
,

! postulated within the study area and their locations are shown on the sub-
Cretaceous geologic' map (Figure C-4). Some of the faults can be observed in'

outcrop north of the study area in Pope and Hardin Counties. The faults
,

are nearly vertical and have as much as 2,000 feet of displacement.

PREVIOUS STUDIES'

f The structural geology of southern Illinois has baen discussed by

| numerous investigators including Stuart Weller (1920), Butts (1925), J. M.
Weller (1940), Clark and Royds (1948), Stonehouse and Wilson (1955), J. M.
Weller, Grogan, and Tippie (1952), J. M. Weller and Sutton (1940), and Heyl
anddrock(1961). These studies dealt mainly with the geologic structure-

| north of the Mississippi Embayment, with particular emphasis on the Illinois-

| Kentucky Fluorspar District.
t

|
The most detailed investigations of the geology of the Mississippi

,

Embayment area of southern Illinois are those of Pryor and Ross (1962) and'

'

! Ross (1963, 1964). Ross (1963) mad the first analysis of the structural

framework of this area. From the field relations, subsurface data, and
historical seismicity, Ross (1963, p. 23) concluded that "the structural

:

framework of southernmost Illinois is closely related to the structure of the
Illinois-Kentucky Flurospar District and to the structure of the Mississippi
Embayment." Ross (1963,. p. 23) reasoned that much of the relief on: the sub-
Cretaceous surface, shown in his Figure 7, is due to, faulting which postdates

' deposition of the Gulfian sediments and which, in part, postdates deposition
,.

I of the Eocene sediments. Ross (1963, p.18) supposed that "if the reli".f on
the sub-Cretaceous surface was as great when,the Cretaceous strata were
deposited as it is now, the Tuscaloosa Formation should locally be much thicker,
and its distribution more irregular." -The present investigation.has shown
that the Tuscaloosa is-in fact irregular in thickness and d'istribution. Ross

|

(1963, p. 3) further argued that.the evidence " suggests that the fault system
which cuts the Paleozoic strata at the head of the Embayment (in the Fluorspar

; District) extends for a considerable distance. southwestward beneath the
I
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Embayment sediments and has remained active to the present."

In recent years the term "New Madrid Fault Zone" (Heyl and Brock,
1961) has been applied to the broad belt of northeastward trending faults
that extends from southwest to the broad belt of northeastward trending
faults that extends frem southt.est of New Madrid, Missouri, northeastward
through southernmost Illinois to near Vincennes, Indiana. Burke and Dewey
(1973) interpreted the "New Madrid Fault Zone" to be the failed ann of a

plume-generated triple junction that led to the fonnation of the Mississippi
Embayment during Mesozoic time. Ervin and McGinnis (1975) accepted the
triple rift juncture model, but reasoned on the basis of geological and
geophysical data that the embayment is a reactivated rift (Reelfoot Basin
of Schwalb,1969) that originated late in Precambrian time. Accordingly,
reactivation of the rift late in Mesozoic time led to isostatic subsidence
within the embayment and formation of the elongate depositional trough
observed today. Present-day seismicity and the region of principal histor-
ical earthquake' activity lie along the axis of the rift zone (Hildenbrand

,

et al. ,1979), primarily in the Bootheel region of southeastern Missouri.
Geophysical studies by Hildenbrand and Hendricks (1977), Kane and Hildenbrand

(19/7), Braile et al., (1979), and Hildenbrand, Kane, and Hendricks (1979)
indicate a rather sharply bounded zone of low gravity and magnetic relief
that cor.esponds with the "New Madrid Fault Zone" as defined by Heyl and
Brock (1961).

.

STRATIGRAPHY

As much as '15,000 feet of Paleozoic strata (Figure C-1), ranging
in age from Cambrian to Mississippian, overlie Precambrian crystalline rccks.

| The oldest stratigraphic unit encountered in the study area is the Can Mian
! (lower Ordovician) Shakopee Dolomite observed in the Cache Oil Co. No.1

George Moses test in southern Pulaski County. Pryor and Ross (1962, p. 5, 6)
describe 'this well in detail. The deepest well (total depth 4,100 feet) in'

the area is the Rigney and Dodson Oil Co. No.1 J. H. Lewis test in southern

Pope County; the well was drilled through a thick succession of Mississippian,
Devonian, Silurian, and Ordovician rocks (finis %'t in the Champlainian Platte-
ville Group). A summary description of this well was published by Ross (1964,
p. 24-28). A significant deep well located ininediately: north of the study
area is the Texas Pacific 011 Co. No.1 B. Farley et al. , test in southern
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Johnson County (SE NE SE Sec. 34, T. 13 S., R. 3 E.). The well was drilled
to a total depth of 14,284 feet and penetrated a stratigraphic succession
that ranges in age from Chesterian to Cambrian.

Discussions of the Paleozoic stratigraphy in the area are given by
Weller (1940), Weller and Ekblaw (1940), Grohskopf (1955), Pryor and Ross
(1962), Lineback (1966), and Schwalb (1969).

Mississippi Embayment deposits of Gulfian (late Cretaceous) and

early Tertiary are overlie the Paleozoic bedrock in the area. These sediments
consist primarily of unconsolidated clay, silt, sand, and gravel of both
marine and non-marine origin. In the lowland areas these sediments are buried

by alluvium. In the uplands they are mostly masked by the Pliocene-Pleist-

ocene Mounds Gravel and Pleistocene loesses.
The post-Paleozoic strata in the area have been described by Lamar

and Sutton (1930), Weller (1940), Grohskopf (1955), Potter (1955), Stearn::
and Armstrong (1955), Stearns (1957, Pryor (1960), Pryor and Ross (1962),
Ross (1964), and Willman et al. (1975).

Although post-Cambrian igneous intrusive rocks are known to occur
in the surrounding areas, none have been reported in the study area.

SUB-CRETACE0US GE0 LOGY

Knowledge of the sun-Cretaceous geology in southern Illinois is
important in detennicing the existence of Cretaceous or later faulting. The
amount and quality of outcrop and subsurface data, however, is quite limited.
The few bedrock outcrops that are expos 3d in the area are sii.uated in the
uplands adjacent to the Cache Valley and Ohio R1yer bluffs in Pope and
Massac Counties, in the Post Creek Cutoff in southeastern Pulaski County,
and in the bluffs of the Mississippi River Valley south of Thebes, Alexander
County. The relatively few drill holes that penetr.:te the Paleozoic bedrock
commonly are not drilled deep enough to confidently identify the Paleozoic
stratigraphic unit. Because of the cyclic nature of scme parts of the
stratigraphic succession and the lateral facies char.ges, especially in the
Mississippian units, a ' hick section of rock must be studied to make at

positive 1dentification. Some fonnations are relatively thick and uniform
in lithology, and it is very difficult to locate faults in them even where
the well control is closely spaced. Many drill holes in the area have been
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completed in a cherty unit that may be cherty bedrock, residual chert lying
over the bedrock, the Tuscaloosa Fonnation, or a cherty bed in the McNairy,

Fonnation. Because of these uncertainties, we suspect that the bedrock
contact has not always been identified consistently by drillers and by those
who have studied samples.

An interpretation of the distribution of Paleozoic strata is shown
on the sub-Cretaceous geologic map (Figure C-4). The contacts between strati-
graphic units on this map are based on subsurface control and the southward
projection of outcrop data. Because the bedrock dips northeastward'away
from the Ozark Dome ard Pascola Arch toward the Illinois Basin,' successively
younger Paleozoic strata occur at the bedrock surface from west to east:
Champlainian (middle Ordovician) in western Alexander County, to Chesterian
(upper Mississippian) in northern Massac and southern Pope Counties.

The faults that are shown in Figure C-4 are based on apparent
stratigraphic anomalies at the bedrock surface. Trends of the faults are
based on a few control points and are inferred from the regional trend of
faulting, which is northeastward. Most of the faults that are shown in eastern
Massac and southern Pulaski Counties cannot be connected confidently to the
faults that project into the area from the Illinois-Kentucky Fluorspar District.
We suspect that the fluorspar district faulting extends into the area, but
the density, extent, and magnitude of faulting cannot be substantiated with
the available subsurfsco data.

Our sub-Cretaceous geologic map (Figure C-4) differs from that
published by Ross (1963, Figure 6, p.15) in that the latt2r shows a mosaic

of bedrock faults much more numerous and extensive than can be suSstantiated
with the available infonnation. There are several reasons for this dif ference.

_ (1) A check of the landowners or contractors listed in the well records

| against the county plat books showed that several critical datum points on
| Ross' map were mislocated, probat'ly because of geographic errors in the records

used in his study. (2) A restudy of all drilling samples in the area indicates
that some stratigraohic units at the b2drock surface were misidentified. Some

of the stratigraphic infonnation used by Ross was obtained from sample studies
made by various people over a long period of time and lacked consistency.

(3) New subsurface infonnation has become available since Ross' work that does
not fit his conclusions.
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Ross (1963) described four major northeast-trending graben belts |

in the embayment of southern Illinois including the America, Dixon Springs, !

Rock Creek, and Paducah Grabens. According to Ross, the America Grasen lies |

|
parallel to the Ohio River and extends from near Mound City (T.16 S., R.1 E.) J

to near Olmsted (T.15 S., R.1 E.) in southern Pulaski County, about 10 miles.
Although we interpret the sub-Cretaceous geology in this area to be somewhat i

different from that of Ross (1963, Figure 6), we do interpret several
northeast trending faults 'n the general area including a rather wide graben
situated to the west of his America Graben in T.15 S. , R.1 E. and R.1 W.,

and T.16 S. , R.1 E. and R.1 W. (Figure C-4). The stratigraphic relations
shown by several wells 'in the area suggest that at least three parallel faults
displace the Paleozoic bedrock. A thrust fault described by Schwalb (1969,
p.16) in the Indiana Camp Development Co. No.1 T. J. Wilson test in Carlisle
County, Kentucky, (20-E-5, 900' FSL x 2425' FEL of sec.), may be the southward

extension of this structure.
The Dixon Springs Graben is well documented in the outcrop area

north of the Cache Valley. .c extends from the northeast corner of Pope

County southwestward to northwestern Massac County and passes beneath the

embayment sediments (Figures C-2, C-4). Displacement of the faults that
bound the graben is nearly 1,000 feet in places (J. M. Weller,1939, p.11).
On the basis of subsurface data, Ross (1963) extended the greben beneath the

embayment sediments through the area just west of Joppa and across the Ohio
River into Kentucky. We agree that a graben, probably a segment of the Dixon
Springs Graben, underlies the area, but we interpret the bedrock within the
graben to be Ste. Genevieve Limestone rather than Chesterian rocks as shown
by Ross (1963, Figure 6). The key datum to the new-interpretation is the
Layne Western No.1 Missou, i Portland Cement Co. boring, which encountered

Ste. Genevieve Limestone at the bedrock surface. Data on this well apparently

were not available to Ross (1963). The nearest subsurface control to the
east and west of this boring shows Ullin Limestone at the bedrock surface
at a slightly higher elevation. The boring is also significant because the
St. Louis and Salem Limestones appear to be faulted out with the Ste. Genevieve

resting directly on top of the Ullin Limestone.
The Rock Creek Graben (Figure C-2) extends from the northeast corner

of Hardin County southwestward through western Livingston County, ' Kentucky,

and back into Illinois west of Bay City in Pope County. In Hardin County
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the counding faults aan as much as 2,000 feet of displacement, but displace-
ment diminishes considerably to the southwest (J. M. Weller et al.,1952,
p. 79). A graben has been interpreted beneath the embayment sediments between

Metropolis and Brookport (T.15 S. and T.16 S. , R. 5 E. : See Figure C-4)
on the basis of apparet offsets in the Paleozoic bedrock as observed in
closely spaced wells. This graben may be a southern extension of the Rock
Creek Graben.

The Pacutah Graben, described by Ross (1963)'as "a narrow complex
fault zone in its Illinois length," could not be ubstantiated with the
available subsurface control and is not shown on our maps.

CONFIGURATION OF THE SUB-CRETACEOUS SURFACE

Configuration of the Paleozoic bedrock surface beneath the Cretaceous
sediments is shown in Figure C-5. The most reliable data used in constructing
this map are concentrated in the densely drilled area near Joppa and 4 or 5
miles west of there naar the Pulaski-Massac County line, where the bedrock
can be seen in outcrsp. The data provided by the Paducah Dam site borings
in southeastern Massac County also provide relatively good subsurface control.
The arca of least information is in southern Pulasid and Alexander Counties,
where the bedrock is most deeply buried. Throughout the study area the
bedrock is generally covered by either the Little Bear Soil, the Tuscaloosa
Formation, or the McNairy Formation.

I Generally, a gently undulating surface is shown that dips south-
I ward into the embayment trough (Figure C-5). The most unusual feature is the

northeast-oriented elliptical depression in southeastern Pulaski County that
generally coincides with the America Graben of Ross (1963). The depression
is about 6 miles wide and nearly 350 feet lower at its center than the
elevation of the Paleozoic bedrock in the surrounding area. The northern
limit of the feature appears to be in the area of Grand Chain (Figure C-2).
The southern limit, however, is not clear. It may continue southward through
Ballard and Carlisle Counties, Kentucky, in the manner shown by Schwalb (1969,
Figure 4, p. 10). Available subsurface data are too sparse in the area to
establish the presence or absence of fawiting in the Cretaceous sediments.
Therefore we show no faulting on the maps of the configuration of the base
(Figure C-5) or the distribution and thickness (Figure C-6) of the Cretaceous.
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In Massac and Pope Counties the faults and grabens that project
into the study area from the fluorspar district have little or no expression

'on the configuration of the base of the Cretaceous. This indicates that all
or most of the. movement on these structures and truncation of the Paleozoic
bedrock by erosion occurred before the overlap cf the Cretaceous sediments. j

Several drill holes in the study area show the bedrock surface to |
be at anomalously low elevations. These anomalies are considered to be j
localized because of their proximity to drill holes that encountered bedrock
at consistently shallower elevations. Because ground water commonly follows

joints and faults, we suspect sthat where limestone occurs at the bedrock
surface preferential s'olution has followed many of these linear features

~

and has formed a karstic surface that reflects the structural fabric of the
area. The trend of these joints and faults is predominantly northeast. For

example, evidence obtained from closely spaced exploratory borings and out-
crops near the Post Creek Cutoff in eastern Pulaski County (discussed later

| in this paper) indicates that solution has lowered the bedrock surface by
I as much as 90 feet within a horizontal distance of less than 50 feet. In

Post Creek Cutoff (table C-1, h), where the bedrock surface is exposed, the
predominantly northeast-trending joints are the sites of channel-like sink-
holes and cavities (Ekblav, 1936). A similar karstic topography was encoun-
tered during excavation and exploratory drilling at the Smithland Locks and
Dam site on the Oh'io River in Pope County (Bedrock surface map by F. W. Swartz
made available by the U.S. Army Corps of Engineers, Louisville District,

| Geologic Branch).

The effect of solution can present problems in detenninine the
age of faults'. For example, solution along quiescent pre-Gulfian faults
could result in collapse of the overlying embayment or younger sediments and
give the erroneous impression that the faults have been active in relatively

recent times. , Locally, the geologic relations can be so complicated that the
| date of latest tectonic faulting may be impossible to detennine.

| Ross (1963) believed that the present relief on the sub-Cretaceous I

surface in southernmost Illinois is due primarily to post-Tuscaloosa faulting
and warping. He reasoned that if the relief on the sub-Cretaceous surface'

was as great when the Cretaceous sediments were deposited as it is now,
that the Tuscaloosa should be locally much thicker and its distribution more -
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irregular. Further, the close parallel between the major struct a features
of his sub-Cretaceous geologic map, his structure contours on se base of

1

the Cretaceous sediments, and his projected trends of stre nes exposed to
the northeast of the embayment, suggested to him that the faults bounding
the grabens of Paleozoic strata were sites of renewed movement after the
deposition of Cretaceous sediments.

; Primarily this hypothesis assumes that the Tuscaloosa Fomation

is widespread and uniform in thickness and, therefore, was deposited on a
relatively flat surface, which Ross considered a structural datum for
post-Gulfian deformation. The available data, however, do not conviacingly
support this assumption. In vell cuttings, which are the main source of
subsurface control, the Tuscaloosa coninonly is not lithologically distinct
from cherty bedroc.k. residual chert lying over the bedrock, or chert gravel
within the lower part of the McNairy Fomation. The chert gravel that occurs
between the micaceous sand of the McNairy Fomaticn and bedrock is actually

variable in thickness and distribution. This chert gravel is absent in many
drill holes throughout the area, and in the Layne Western No. 5 Metropolis
well it apparently is more than 168 feet thick.

In the closely spaced Paducah Dam site bnrings in southeastern
Massac County, the chert gravel ranges from 0 to 50 feet thick. The thicker
sections of gravel occur whore the bedrock surface is at a low elevation, and
the gravel is absent in those borings where the bedrock is high. Distribution
of the chert gravel appears to be controlled by pre-Gulfian topography.

Available evidence indicates that the present relief on the sub-
Cretaceous surface throughout the Mississippi Embayment of southern 1111no1s

is due to the combined effects of pre-Gulfian erosion, post-Gulfian solution,
and possibly only minor defomation during and after Gulfian time.

DISTRIBUTION AND THICKNESS OF CRETACEOUS AND TERTIARY SEDIMENTS

The distribution and thickness of Cretaceous sediments, including
the Little Bear Soil and the Tuscaloosa, McNairy, and Owl Creek Formations,
are shown in Figure C-6. The Cretaceous sediments undoubtedly covered a

much greater area in southern Illinois, but they have been eroded back to an
area that is confined primarily to the south side of the Cache Valley. In
general the Cretaceous sediments thicken froin north to south.
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The. thickest Cretaceous deposits in Illinois are situated in

southeastern Pulaski County in an area that generally corresponds to the

America Graben of Ross (1963). The Cretaceous sediments here are about

300 feet thicker than in the surrounding area. It is not entirely clear

whether these sediments filled a graben, a series of grabens, or a down-

warped basin, all of which would have subsided during 'iulfian time, or
whether they filled a depression that existed on the sub-Cretaceous surface
before the overlap of Cretaceous sediments. A combination of these factors

may have influenced the thickness of the Cretaceous sediments. The structure

contour map (Figure C-7) of the base of the Paleocene Clayton Formation (top
of Cretaceous) indicates that the area underwent broad regional sinking in
conjunction with the whole Mississippi Embayment area, but there is little
or no evidence of localized post-Gulfian subsidence in southeastern Pulaski

County.
In Massac and Pope Counties where the prominent graberg in the

Paleozoic bedrock project into the embayment area from the northeast, the
thickness of the Cretaceous does not appear to change abruptly. This again

suggests that the movement on those structures took place before the Cretaceous
sediments overlapped the area.

The Paleocene Porters Creek and Clayton Fomations are confined to
southern Pulaski and Alexander Counties (Figure C-7) and dip to the south at
about 50 feet per mile. These fomations thicken southward in the embayment

trough.

AREAS OF' DISTURBED CRETACE0US AND POST-CRETACE0US SEDIMENTS

All reported sites of suspected faulting (tectonic and gravity)
,

in Cretaceous and post-Cretaceous sediments in the area were field checked,
and a reconnaissance was made of areas where geologic mapping suggested

possible faulting. The study was hindered by several problems. (1) Because

of the unconsolidated nature of the sediments, surface expression of disturb-
ances such as faulting would not be expected to last long after the initial
mnvenent. The effects of weathering and erosion would have masked most such

features more than a few hundred years old. (2) Subsurface data are sparse

and, even where available, not detailed enough to detect small offsets.
(3) In some areas gravity-induced disturbances, such as landslides and
solution collapse structures, can not be easily distinguished from tectonic
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faul ts. Solution collapse is probably common along bedrock faults (tectonic
in origin) and joint systems that involve carbonate rocks. The sequence
and time of events then becomes even more difficult to interpret.

Sites near Mounds, Round Knob, Post Ceeek Cutoff, Metropolis,
and Thebes Gap (Figure C-2) were selected for detailed study. Field studies,
exploratory drilling, earth resistivity, and refraction seismography were
conducted at these sites.

STRUCTURAL HISTORY

The northeast-trending faults that displace Paleozoic rocks in the
Illinois-Kentucky Fluorspar District extend southwestward beneath the Gelfian
(upper Cretaceous) sediments of the Mississippi Embayment in soutt.ernmost
Illinois. The relatively unifonn thickness of the Cretaceous sediments
and configuration of the base of the, Cretaceous indicate that essentially
all of the displacement on the faults in the underlying Paleozoic bedrock
took place before the Cretaceous sediments overlapped the area. The faulting
occurred sometime after mid-Pennsylvanian time because strata of this age
are involved in the major displacements in the Fluorspar District. Although
the hiatus between Pennsylvanian and Gulfian time is more than 100 million
years, it is highly probable that the faulting occurred late in Paleozoic
time concurrent with the intense tectonic activity of the Appalachian
Orogeny, about 250 million years ago.

At no place can it be deomonstrated unequivocally at this time that
faults of tectonic origin displace post-Paleozoic sediments. There is some
suggestion of relatively minor deformation during and/or after Gulfian time
in the areas of Thebes Gap, southeastern Pulaski County, Round Knob, and
Metropolis, but the available evidence is too sparse and ambiguous to conclude

j that tectonic activity is the cause of these local disturbances.
| During Gulfian and early Tertiary time southernmost Illinois under-

went broad, regional subsidence as a result of downwarping within the Missis-
sippi Embayment. The extent and magnitude of subsidence is shown in part on

the structure map of the base of the Paleocene Clayton Fonnation (Figure C-7).
,

The 35- to 40-million-year hiatus between Eocene and Pliocene-Pleistocene time
does not appear to have been a time of intense or widespread deformation in

s

southern Illinois. No offsets or disturbed zones have been observed in the
,
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Pleistocene or Holocene sediments- that can be attributed to tectonic faulting.
:

,

Earthquake epicenters within the Mississippi Embayment of southern
~

Illinois in historic time appear-to show no relationship to known faults.
.

,

'Whe*e the numerous faults of the Illinois-Kentucky Fluorspar District
.

projectiinto the Mississippi Embayment of southern Illinois (Massac and Pope
Counties) and adjacent parts of Kentucky (McCracken County), the pattern of
seismicity is diffuse. Relative to the areas north (Wabash Valley) and south

. (New Madrid) of here,- southernmost Illinois and western Kentucky have experi-
enced less seismicity in historic time. _ Furthermore, there.is no available
geologic evidence to indicate that the fault complex that extends through
Massac and Pope Counties 'is presently active. In soutitrn Alexander and
Pulaski Counties the intensities and number's of historic earthquakes are
somewhat greater.than in Massac and Pope Counties, but again, there is no_

.available evidence of recent movement on the interpreted faults that underlie

Alexander and Pulaski~ Counties.
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Table C-1. Outcrops to supply data in compiling maps of_ sub-cretace'ous geology, configuration
~

of-base of Cretaceous, and structure of base of Paleocene Clayton Formation-
(Figs. C-4, C-5, C-7).

Elev. of. Elev. of ,

Location base of Cretaceous base of Paleocene
1/4 1/4 1/4 1/4 Soc. Twp. Rng. Paleozoic bedrock formation. (ft, datum m.s.l.) (ft, datum m.s.l.)

Alexander County

a. SW SE NE NW 34- 15S 3W .Thebes Sandstcne Member +400
of Scales Shale

b. NE NW SE SE 23' 10S 3W Girardeau Limestone -+400

c. SW NW SW NE 28 15S 3W Girardeau Limestone +400

OS d. NW SW SE SW 21 15S 3W St. Clair Limestone +400

Pulaski County

e. SW NE NW NE 13 15S lE +380

f. NW_ SW SW NE 13 15S lE +375

g. SE FW SW SW 13 15S lE +380

h. SE SE NW 2 15S 2E Salem Limestone +310

.

.

___m_____
- - -
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NEAR> SURFACE GEOLOGY OF THE REELF00T LAKE. DISTRICT OF
NEW MADRID EARTHQUAKE REGION

Annual Progress Report - Fiscal Year 1980'

Contract No. NRC-04-76-299

Richard G. Stearns
Vanderbilt University

ABSTRACT

The main effort this year was gravity surveying, and analysis of
gravity and magnetic data. Five reports were prepared, one of which (NUMG/
CR-1501) was published. Others are attached to copies of the first quarter
and this annual report. Two gravity maps were prepared for publication,
and are in press now. Gravity anomalies relate not only to the large density
contrasts between Paleozoic rock and Embayment fill about 2000 feet below
the land surface, but also to shallow features 'acluding both faults and
old Mississippi River channels. Closely spaced (500 feet apart) ground'

magnetic stations provide evidence of shallow plutons, perhaps within 700
feet or less of the land surface. It is likely that a previously unknown
post-Eocene fault zone at the edge of the Reelfoot Rift has been precisely
located by means of detailed gravity surveys supplemented by earth resistivity.

TECHNICAL SUMMARY

The main effort this year was gravity surveying, and analysis of
gravity and magnetic data. Five reports were prepared, one of which (NUREG/

CR-1501) was published. One was attached to the first quarter report, and
three are attached to this annual report. Two gravity maps were prepared

for publication, and are in press now. Gravity anomalies relate not only
to the large density contrasts between Paleozoic rock and Embayment fill
about 2000 feet below the land surface, but also to shallow features including
both faults and old Mississippi River channels. Closely spaced (500 feet
apart) ground magnetic stations provide evidence of shallow plutons, perhapsi

within 700 feet or less of the land surface. It is likely that a previously

unknown post-Eocene fault zone at the edge of the Reelfoot Rift has been
approximately located by means of detailed gravity surycys, and we hope to
precisely locate it by earth resistivity. Cuttings from oil test holes in
the study area have all been logged this year, and descriptions have been
furnished to other researchers and placed on open file at the Tennessee
Division of Geology.
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p

,

f,

f Vanderbilt;personne1' were the drivestigator, one g.raduate studentf
n .. . .. . .

..

y Land three undergraduate-students. H.B. Eurwell, a consultant, logged oil
*

' :tsst we11' cuttings, ~and Terry Templeton, Lof'Tenness'ee Div'isf6ri'of Geology,
i s 'co-author of'the ' west.TennesseeSefionsl ~ gravity map.

'

i:
'

. Plan's for continued investiga' tion include. earth resistivity surveys

;
' ' and drilling' or trenching of'likely. fault sites, particularly the' site at~ ~

:the edge of the r'ft. . Also,: report's'in progress will requiin e'diting a'nd
~

revision. for possible' publication.
.

';

l' GENERAL

'

. Main effort 'this year was geophysical surveying, analysis of dsta
-and preparation of maps and reports. Five r'eports were' prepared in draft

_

'

form,.one was' published'(NUREG/CR-1501). ~ Two"are attached to this report

as appendices.. Two gravity maps were prepared for publication and were

| processed to final corrections of the publication negatives (Appendix D-1).
The most detailed gravity maps relate'to near surface faults and

Mis'issippi River channels. ' Ground magnetic data indicate plutons verys

close to the land surface (700 feet or le,ss deep). Figure D-1 shows gravity
-y anomalies having a shallow origin.

I

'

GRAVITY-

Most effort was concentrated on gravity. T'hroughout the project :

since its beg' inning in 1976, this. has been an important tool in exploring
L for faults. Most of any local anomaly comes from the density contrast

between Paleozoic rock and Embayment fill, but shallower fault-related and
' channel-related density contrasts are detectable (Figure D-1).

,

a
, . .

Publication ~of Regional Gravity .

.
'

The regional. map of Tennessee west of 88 (scale 1:250,000)'has
been in, process of publication throughout the year'. It was compiled the

t '

.first' quarter an'd final editorial corrections were made in May. This map
: should be made ready for distribution by the Tennessee Division of Geology2

^soon.
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. Publication of Detailed Gravity

A ' detailed gravity map of northwesternmost Tennessee and a small

area of Missouri near the river (scale 1:62,500, contour interval is milligal,
station spacing about 1 mile) was delivered for publication and editorial
revisions were made in June. This map should also be ready for distribution
by the Tennessee Division of Geology soon.

Report on Microgravity

A report on high precision gravity survey of the Reelfoot scarp
has been prepared as a draft. A copy is attached. This survey demonstrates
that gravity is a useful tool for shallow features (within 300 feet of the
landsurface). Figure D-1 shows relatively small anomalies owing to structure,
a river channel, and possibly a sand dike.

Extension of Detailed Gravity to East Edge of Rift

Detailed gravity surveys were extended south of 36 00' to the east
edge of the Reelfoot Rift, and to the north side of the Covington anomaly.
Sharon Wilson, an undergraduate assistant, used this data for an independent
study course project. Her report is attached (see Appendix D-2) to show what
can be done with detailed gravity data. Earth resistivity surveys will be
made in the next quarter to test the hypothesis that narrow second derivative
anomalies indicate faults that extend to the surface (see Figure D-2).

MAGNETICS

A ground magnetic survey across the Reelfoot Scarp provides evidence
(Figure D-3) of shallow plutons in this faulted area. Lee Hagee, graduate
assistant, did the survey and analysis. A pluton may well extend to within
700 feet or less of the land surface. Multiple intrusions are likely. A
draft of Hagee's report is attached to this annual report as Appendix D-3.

DRILLING AND LOGGING SAMPLES,

A paper on drilling the Reelfoot Scarp was presented at Midwest AGU

in September,1979 and a report published as NUREG Document (NUREG/CR-1501).
H. B. Burwell, our consultant, finished logging samp';s of oil test wells

99



<

in the study' area. These have been sent to other workers, and they ere
on file at Tennessee Division of Geology.-

. PERSONNEL

Susan Towe . finished her thesis (a draft copy was attached to the
first quarter report) while employed elsewhere as a geophysicist. Virginia
Lee Hagee continued as graduate assistant. Susan Nava, Mike Shea, and

Sharon Wilson were undergraduate assistants. Terry Templeton of Tennessee
Division of Geology is a co-author of the regional gravity map of West

. Tennessee.

PLANS FOR CONTINUED WORK

Earth resistivity will be used as a tool to tett the hypothesis
that faulting extends to the surface at the edge of the rift. Drilling will

be used to attempt to verify any apparent near-surface faults. Reports will
be revised and edited for possible publication. Stearns plans to contribute
structural data to help develop regional maps of Cretaceous and younger
structure.

APPENDIX D-1

PUBLICATIONS AND REPORTS
THAT WERE PREPARED OR

EDITED THIS YEAR
I

Publications

"Monoclinal structure ai d shallow faulting of the Reelfoot Scarp as estimated
from drill holes with variable spacings" NUREG/CR-1501, 37 p. by
R.G. Stecrns.

" Structure and old river channels from shallow drill holes in the Reelfoot
Lake Arca, Tennessee" Abstract S-ll, Midwest AGU Meeting, September 1979,
Columbus, Ohio, by R.G. Stearns. -

" Gravity survey of a part of the east boundary of the Reelfoot Rift, Dyer and
Lauderdale . Counties, Tennessee" Abstract, Tennessee Academy of Science

Meeting November 1979, Nashville, Tennessee, by R.G. Stearns, V.L. Hagee,
S.J. Nava, and S.L. Wilson.
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Draft Mapt-(in Process of Publication)

" Gravity anomaly map of West Tennessee," scale 1:250,000 by R.G. Stearns,
J.R. Keller, and T. Templeton, (in press, Tennessee Division of Geology).

" Gravity anomaly map of the Reelfoot Lake area, Tennessee" scale 1:62,500
by R.G. Stearns, (in press, Tennessee Division of Geology).

Draft Reports

" Gravity modeling and geologic interpretation of the Tiptonville dome,
northwest Tennessee" draft of M.S. thesis. Vanderbilt University,117 p.
September 1979, by Susan K. Towe. This was attached to the first quarter
report.

"Microgravity, old Mississippi River channels, and shallow faults at Reelfoot
Scarp, Lake County, Tennessee," De aft report, 73 p. , (June 1980 by

R.G. Stearns).
" Residual and second derivative mapping-techniques as applied to a possible

fault zone in the Ripley South quadrangle, Lauderdale County, Tennessee."
Report for independent study course Vanderbilt University,16 p., July
1980, by Sharon Wilson (Appendix D-2 of this anntal report).

-

I " Ground magnetic survey of the Reelfoot Lake region of northwestern Tennessee,"
Draft report, 20 p., June 1980, by V. Lee Hagee (Appendix D-3 of this
annual report).

!

i

i

e

(
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APPENDIX D-2

RESIDUAL AND SECOND DERIVATIVE MAPPING TECHNIQUES ;

AS APPLIED TO A POSSIBLE FAULT ZONE IN
THE RIPLEY SOUTH QUADRANGLE, LAUDERDALE CO., TN.

Sharon Wilson
Department of Geology
Vanderbilt University j

INTRODUCTION-

For the past several years Dr. Richard G. Stearns of Vanderbilt
University has been conducting a gravity survey in West Tennessee to study
earthquake features 'related to the New Madrid Fault System. Several regional
gravity maps have been produced showing the general gravity of the area.
The most recent maps were generated during the sununer of 1979 and cover the
area shown in Figure DA2-1. Several interesting anomalies were discovered
in this~ area. Of particular interest was a strong linear trend in the Ripley
South gravity map running approximately parallel to, and in the area of, the

> New Madrid Rift Zone as proposed by Hildenbrand and others in 1977 (Figure
DA2-2). This anomaly is thought by Dr. Stearns to be a possible fault zone
due to its linearity and location. AS the regional gravity of this area is
strongly dominated by the effects of the Covington pluton, it was decided
to use filtering techniques to resolve the actual field generated by this
feature so that it could be modeled.

PROCEDURES

Two methods were chosen to filter the gravity data: the re,sidual
gravity and the second derivative of gravity. Residual gravity removes a
gradient, or regional trend, in the original gravity field. Figure DA2-3

shows a two dimensional example of this. The curve, F(x), represents an
original gravity profile. The line, Y , is the regional trend of this profile.j
Removing it leaves Y as the residual gravity of the anomalies in the ori inal

2
field. The second derivative of gravity gives a measure of the curvatu. af
the gravity field. Figure ~DA2-4 shows a two dimensional example of this.

The curve, F (x), is the original gravity profile. Curve F" (x) is the second
derivative of this profile, found here by simple differentiation of the equation

for the profile.
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In contour mapping, the residual can 0; found by either graphical or
analytical methods. The graphical method invo'.ves smoothing the contours
by hand to represent what the observer feels .is the regional trend. From

the~ smoothed contours, new values are. interpolated for the original stations.
These new values are substracted from the old to give the residual value.
This value is contoured to produce the residual gravity map (Dobrin,1976,
p.~437-439). This method relies havily on the judgement and experience
of the observer in determining how much of the observed field is due to

|regional effects and how much of it is to be removed. Thus, it is subject
to bias. 0n the other hand, the analytical method _is not as subject to bias
and~is more precise. It is the method I chose to use for this. report.

In the analytical method, the original , gravity data must be inter-
polated to fit an evenly spaced grid of points. This , interpolation is a
source of some bias. From such a grid, the residual gravity of a grid point
is the difference between the value at that point and the average of all
values on a circle around that point. The grid. spacing must be chosen such
.that an anomaly is adequately covered by this circle of average values,
.without including too much of the effects of other features. For the Ripley

South Quadrangle, I used a grid cell spacing of 1 mile, expressed in kilofeet
for later modeling.

Like the residual, the second derivative requires that the data.be
interpolated to fit an evenly spaced grid. The approximate equations for
the residual and the second derivative are quite similar. In fact, for a

circle of radius s, the residual divided by s2 is directly proportional to
2the second derivative. These equations differ only by a factor of 4/r ,

Thus, the shape of the contours of a residual map and a second derivative
map will be approximately the same. The high/ low values will differ in
magnitude, but they will be in about! the same places (Nettleton,1976,
p.175-177: Dobrin,1976, p. 447-448).

CONCLUSIONS'

When both of these methods are applied to the gravity of Ripley
South, some interesting features are resolved. Most are shallow, rounded

highs and lows that do not appear to relate much to the original field and
are not considered import. ant. The linear _ trend in the original map, however,
is resolved as a distinct narrow high in both maps (Figures DA2-5 and DA2-6).
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The steepness and straightness of this high' strengthens the assumption that
this feature is a fault zone at depth. Hopefully, later this year, a series
of' test holes will be drilled to test this assumption. If it is a fault

- zone, it could well be related to Hildenbrand's rift zone, if not a part
of the edge of the rift itself.

The second derivative and residual gravity methods are perhaps not
as precise as moce complex filtering techniques, but they are a useful in-
dicator of what the real effects of anomalies are. As such, they allow a
more precise determination of the origins of anomalies through modeling and
give. a better idea of where to locate future surveys' to study these features
than the original maps migh't.

.

BIBLIC 3RAPHY '

Dean, Cricket Haygood, Second Derivative Program for Calcomp Output,
T VA, 1977.

D3 brin, Milton B., Introduction to Geophysical prospecting, McGraw-Hill,
1976.

Hildenbrand, T.G., M.F. Kane, and W. Stauder, Magnetic and Gravity Anomalies
in the Northern Mississippi Embayment and their Spacial Relation to
Seismicity, sheet 1 of 2, 1977.

Nettleton, L.L., Gravity and Magnetics in Oil Prospecting, McGraw-Hill,
1976.

|

|
.

104

|



_ _ - _ _ _ _ _ _ _ _

-.

APPENDIX D-3

GR0'UND MAGNETIC SURVEY OF THE REELF00T LAKE REGION
OF NORTHWESTERN TENNESSEE

V. Lee Hagee
Department of Geology
Vanderbilt University

INTRODUCTION

Extensive and detailed grewr:d gravity surveying by Dr. R. G. Stearns
and his students prior to 1978 in tne Reelfoot Lake region of northwestern
Tennessee provided a detailed gravity map of the region which was used to try

to model the subsurface structural features of the ares over the Reelfoot
scarp (Towe,1979). At the time the only magnetic data available for the
region was the U.S.G.S. gridded aeromagnetic data. Gridding of data removes

much detail and, in most c:ases, gridded points do not correspond to actual

observation locations. For comparing gravity and magnetics, closely spaced,
accurately located data is necessary. Therefore, in conjunction with the
gravity sruvey program, a smaller gound magnetics survey was un dertaken in
the immediate vicinity of Reelfoot Lake (Figure DA3-1).

PURPOSES

It was the ' aim of this survey to ascertain whether magnetic data
could be related to gravity data. Since gravity data can be correlated with
faults, it was hoped that magnetic data could also be successfully utilized

4

for fault studies. It was hoped that we could make some interpretations cf the
subsurface geology using the combined gravity and magnetic data. Another
major objective was to detennine whether there were any features (such as'

dikes or plutons) that were not obvious on the gravity maps.

FIELD WORK-

The survey was condi. In February and March of 1978 using a

Sharpe MF-1-100, a portable fluxgate magnetometer. The main survey consisted

of five traverses, three across the bluffs to tne east of Reelfoot Lake and
two to the west of the lake. These latter two traverses cross the Reelfoot
scarp and represent the data'of particular interest in this paper. The survey

' was run alonc existing gravity lines and measured the vertical component of
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, of;the local magnetic field only._ These survey lines consisted of. seventy-
,

R
_ 'three magnetic stations at approximately. tenth of.a mile intervals. These

L lines:are shown in-Figure DA3-2. Base stations were reoccupied approximately
'

L ?every twenty minutes to ensure accuracy. In addition, when feasible, a

p tripod was-'used with the instrument during observations-to increase accuracy;
,- _ . however,-in most' instances,'the nature of the terrain made this impractical.

~

I - For' most. readings, therefore, the magnetometer was hand-held. This'did not
~

. seem;to . seriously. impair the accuracy of the survey.
w , ,

,
,

DATA REDUCTION AND ANALYSISr: . .

,

L . Reduction- of D$t'a
,

|The, data were corrected for instruraent drift and diurnal variations
simultaneously. : Base ' station 01-01.was the primary base station with all"

other secondary bases tied to..it. Station 01-C. was established as an
. arbitrary datum and reduced to zero. All secondary bases and their associated
stations were then reduced to the. arbitrary datum. The .resulting data consti-

. tuted the observed magnetic' values 'then used for further analysis.

i
'^

' ; Analysis' +

The observed magne,ics were analyzed in several ways. Initial-

analysis was statistical in nature. .The analysis was designed to determine
the approximate amount of- error in the survey by a determination of standard
' deviations. The standard ' deviations varied from 1.41' to -10.73. It can be

~

. assumed that the_ observed magnetics probably lic within an average range of
;7.39 gammas of the~ actual magnetics or within a maximum range of 10.73 gannas. '

, .

'

'

L Residual Anomalies'

L 'In'orderLtoeliminatetheregionalmagneticgradientfromthedata
a linear regres,sion of the data.along each'line was calculated. These

_ regressions are shown as dashed lines in Figt.res DA3-3 and DA3-4. By removing'

.

.

.these values from the observed magnetics, it _is,possible to study only the! -

i -
anomalies'in the local magnetic field. Graphic representations of the data

'

sets |are shown in Figures DA3-5 and DA3-6. As can be seen in the figures
there.are apparent anomalies with amplitudes of up to approximately 70 to 80

,

.gannas., L Even-using the maximum standard deviation value, these large anomalies
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persist. -This indicates that they are indeed due to anwalous subsurface
structures. In' addition,thenarrowdidthoftheseanomalies(generally
two to three kilofeet) implie's that these features are at relatively
shallow depths.4

MODELING
,

General

Several attempts to model the magnetic anomalies encountered in
this study have been made. There have been two approaches to this modeling.
Initially, an attempt was made to simply r . del individual anomalies independ-
ently. This procedure was used primarily to approximate the large anomaly
found on the southern traverse. This can be seen at about 8 to 10 kilofeet
distance in Figure DA3-5. Later evaluation of the data in:luded attempts
to approximate the entire line using multiple body models.

Initial Depth Estimates

During the initial modeling two depth estimation methods were
utilized. Peter's quick depth estimate method yielded a depth of approx-
imately 0.960 kilofeet, while the half-slope method gave a depth of only
0.625 kilofeet.

Standard Geometric Models

Calculations showed that an anomaly of.this width and this magnitude
could not be caused by variations.in the unconsolidated sediments and rock

known in th,e region. It was assumed that the anomaly could be the result
of an igneous mass intruded into the subsurface sediments. Igneous intrusions,
such as dikes, are well known in areas of western Kentucky and southeastern
Missouri, near the study area. For purposes of modeling, it was assumed that
the anomalous feature was an igneous intrusion of basaltic or diabasic compo-
sition. A magnetic susceptibility of 0.000600 at H = 0.6 Oe was used.

Three models closely approximated the obsarved anomaly. These models
were hand-calculated using standard formulae ('Dobrin,1976). The first was

' '

a vertical plate 0.700 kilofeet thick with a depth to top of 0.700 kilofeet
and a depth to bottom of 2.000 kilofeet. The second was a horizontal cylinder
at a depth to center of 1.000 kilofeet and a radius of 0.450 kilofeet. The
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v . third model that closely approximated the anomaly was a sphere with a depth
''

.

5 to center of 0.:30 kilofeet and a radius of-0.500 kilofeet.

1
L Computer'Models ~

> - More ~recent attempts to model the magnetic data have been oriented;

. toward modeling entire lines of magnetit. .ata rather-than-individual features.
This demands the use of.a computer modeling program. Fo* this procedure I
used GRAVMAG, a two-dimensional gravity'and magnetics modeling program

,

L - originally based on a program by J. W. Cady. This program was first modified
I by J.' ~ F. Baxter, Jr. , of Stanford University and,' more recently, I included

^Jrther modifications. - GRAVMAG will generate two-dimensiond gravity and
magnetic data for multiple body models.:

The residual magnetics (Figures DA3-5 and DA3-6) show a series of
~

small anomalies, generally with a width of two to three kilofeet. These
anomalies, with.a few exceptions, have. roughly similar widths and amplitudes..

This would seem to suggest that there exists a group of similar .eatures (such
as.a dike swann) at approximately the sanie depth in the subsurface. In addition,

there appears to be four large anomalies. Two of these are high, narrow
. anomalies, and two are high, wide anomalies. These anomalies appear to '

represent single, independent features not related to the previous group.
4

To facilitate the comparisons of the observed data and the models,
a graph showing -the- full range.of values (observed magnetic values plus or-

minus one standard deviation) was utilized (Figures DA3-7 and DA3-8). Multiple
,

body.models were generated by GRAVMAG, graphed, then compared with the residual
magnetics.

At. this point, no models have been found which completely satisfy
1

| ~ the data. However, one thing has'become apparent. Due to the sunination of
[. magnetic values in areas.where the influence of individual anomalies overlaps,

the observed values tend to be somewhat higher than would be expected if
either anomaly was isolated. Although this does not seem to affect the peak

' values to any extent, it does greatly modify values at the edges of individual
.

ancmaly curves. .Thus, it seems likely that, if the individual anomalies
. were-isolated, the features would be somewhat narrower. This would seem to
.suggest that the subsurface structure responsible is actually at a shallower

L depth than originally anticipated.
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ADDITIONAL RESEARCH

The large anomaly on the southern traverse would have to be caused

by a fairly shallow body of igneous material. It seemed reasonable to assume

.that this body, if real, would be apparent in a closely spaced gravity survey.
Therefore, in June 1980 I returned to the study area to collect gravity
data for the immediate area over the anomaly. The survey consisted of a

,

line of readings at one tenth of a mile intervals about fifty feet south
of the magnetic line. The survey utilized a Worden " Prospector" gravitimeter.
When the data had been reduced, the Bouguer anomaly did indeed show a small

peak in .the data that appears to correspond in location with the magnetic
anomaly.

CONCLUSIONS

The work done on magnetics in the Reelfoot Lake region has had
several results. Based on the findings of this survey, it appears that
magnetics cannot be successfully utilized for fault studies. At least in
this region, magnetic surveying has shown no correlation to known or assumed
faul ts. It can also be said on the basis of this study that correlation
between gravity and magnetic data is strictly dependent on the nature of
the subsurface materials causing anomalies in the first place. Only a

1

situation in which there is both a density contrast and a difference in
magnetic susceptibilities between the materials involved would be expected
to present related gravity and magnetic anomalies. In the case of the faults

-in the region, there is simply not enough variation of magnetic susceptibilities
on either side of the fault to produce an apparent magnetic anomaly.

The most important infomation gleaned from this survey is really
.

twofold. The data show that magnetics can be used to locate features that
'were not obvious on the gravity maps. In addition, the data showed that there

kere, indeed, features not previously recognized in the northwestern corner
.

of Tennessee.

The magnetic data suggest the existence of igneous intrusions about
the Paleozoic boundary in this region. Since shallow igneous intrusions
are known from. adjacent regions of Missouri and Kentucky, this interpretation
does not seem entirely unreasonable. Depth estimates and modeling on the

largest anonaly in the data place the feature in the Eocene or possibly post-
Eocene rock. Most of the anomalies, howmar, are probably the result of
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somewhat deeper features.
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of the scarp from l.5 to 2.7 kilofeet, and a positive anomaly marks a

.

sand filled grabben from about 2.7 to 3.5. The negative anomaly is
accentuated and the positive one is reduced by a Mississippi River
clay-filled channel centering at about 3 kilofeet.
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mainly reflect density contrasts along faults cutting the Paleozoic-
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GENERA' GE0 LOGY, GEOPHYSICS, AND SEISMICITY
OF NORTHWEST ALABAMA

Annual Progress Report Fiscal Year 1980, 4 , -

Contract No. NRC-04-78-262

Jack T. Kidd
Geological Survey of Alabama

ABSTRACT

The Geological Survey of Alabama and the U.S. Nuclear Regulatory
Commission are making a study of the structural geology of northwest
Alabama, with emphasis on areas of Cretaceous faulting.and subsurface
geol',cy. Numerous ' faults have been reported in rocks of Cretaceous age
but .:Jst are Unconfinned. Only one " tectonic" fault was observed by the
investigator in rocks of Cretaceous age. Numerous faults were observed by
the investigator in rocks of Cretaceous age associated with collapse features.
These collapse features are assumed to be the result of solution of the
Bangor Limestone of Mississippian age and subsequent collapse of overlying
Cretaceous rocks.

Numerous structural features have been reported from the study area.
However, selected test well data indicate only four major structural features
in the subsurface at the mapping horizons. These features include the Detroit
fault zone and associated fault splay in Lamar County, an anticline in Lauder-
dale County, and a structural high in parts'of Madison and Limestone Counties
that may reflect the southern extension of the Nashville dome.

INTRODUCTION

The study area includes that part of northwest Alabama lying within
a 200-mile radius of the epicenter of the 18..-1812 New Madrid earthquakes.
This area of Alabr.ma includes all or part of the following 10 northwest
Alabama counties: Lauderdale, Limestone, Madison, Colbert, Lawrence, Morgan,
Franklin, Winston, Marion, and Lamar (figure E-1).

|

The objectives of this study are to investigate areas of reported
Cretaceous faulting and provide an overview of the subsurface geology of the
study area with emphasis on structural geology and subsurface stratigraphy.
Data presented include isopach and surface configuration maps, a revised map
of structural features, location map of test wells, and an appendix of test
well data.

The age of surface geologic units in the study area range from Recent
to .Ordovician (Figure E-2). The oldest unit penetrated in the subsurface is

the Cambrian-Ordovician Knox Group. Figure E-3 shows selected wells in the
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.

study ~ area and the appendix includes ~ data' on the geologic systems and series

penetrated.
A map and data table of structural features were previously compiled

and include ' data on 44 faults and 53 folds (Kidd,1980). These data are
,

. modified from field ~ investigations during fiscal year 1980. Faults and
folds have been mapped in rocks as young as late Cretaceous and possibly|

as old as Precambrian.

CRETACEOUS FAULTING
,

Revised maps of structural features have been compiled showing
|' faults, folds', and collapse features in the study area (Figures E-4 and E-5).

Seven faults deforming Cretaceous and older rocks in the study area
were previously reported and include Nos. 2,10,11,12, 39, 40, and 41 -

| ' ( Kidd, 1980) . Two additional faults. Nos. 43 and 44 in Winston County,
| reported from an unidentified horizon (Kidd,1980) were mapped in Clements >

[ and Sandy (1970-A) in~ rocks of Cretaceous and Pennsylvanian ages. These two
| faults appear to be the result of erroneous data and have been omitted from

Figure E-4.

Fault No.10 was postulated by Martin (1965) on an apparent offset
of stratigraphic units. Outliers of Cretaceous rocks occur east of che

! fault but rM adjacent to it. Fault No.12 was reported by Martin (1965) and
Clements and Sandy (1970) as cutting Cretaceous rocks. Martin (1965) reports ,

two exposures of the fault plane in the NEk, section 11, Township 9 South,

( Range'll West, Marien County. Martin (1965) did not observe the fault in
rocks cf Cretaceous age but Cretaceous rocks lie on the downthrown side
adjacent to the fault. - "

Faults Nos. 40 and 41 were reported from rocks of Pennsylvanian and
Crataceous ages by Clements and Sandy (1970), However, detailed mapping in

I the a ma by N rtin (1965) does not indicate.any evidence of these faults and
they are therefore considered questionable,

j Fault No. 11 was previously reported by Clements and Sandy (1970)

| in rocks of Pennsylvanian and Cretaceous ages. Detailed mapping by Martin
(1965) indicates the fault occurs only in rocks of Pennsylvanian age.

Faults Nos. 2 and 39 were previously reported as two' faults (Kidd,
'' 1980) but appear to be equivalent. This fault has been reported from rocks
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L h E ssissippian, Pennsylvanian, and Cretaceous ages (Clements'and Sandy,
1970; and Holmes, 1978) and borders the southwest side of the abandoned

f Hamilton gas field -in Marion County. Fault No. 2 (Figure E-4)~shows the

correct location and fault No. 39 has been omitted.
A previously unreported fault (No. 49) wes observed in a highwall

of an open-pit coal mine near the Franklin-Marion County boundary in section
35, Township 8 Soutn, Range 11 West. This fault strikes northwest, dips
steeply to the southwest, and has disturbed rocks of Pennsylvanian and
Cretaceous ages (Figure E-5). The amount of displacement is unknown. !

A possible graben or fault zone previously unknown to the writer |
has been reported in sections 9 and 10, Township 2 South, Range 13 West, |
Lauderdale County, (Frederic F. Mellen, personal communication). These

faults are shown as Nos. 50 and 51 on Figure E-4 and are mapped where younger
Mississippian shales, sandstones, and limestones are reportedly jextaposed
with older Mississippian limestones and cherts.

Several collapse features were previously mapped in northwest
Alabama (Kidd, 1980)._ Three additional collapse features were noted approx-
imately 5 to 10 miles southwest of-Russellville in Franklin County in the
highwalls of abanduned open-pit brown iron ore mines. These collapse features-

occur in' the unconsolidated deposits of sand, gravel, and clay of the Gordo,

Formation of Cretaceous age and are assumed to be the result of solution of
the underlying Bangor Limestone of Mississippian age and subsequent collapse,

~

of the Gordo Fonnation. The western three-fourths of Franklin County includes
large areas. underlain by i.he Bangor Limestone and overlain by the Gordo
Fonnation and similar collapse features in these areas are highly probable.

SUBSURFACE GE0 LOGY

Regional Structural Contour Map Showing Configuration
of the Top of Lower Ordovician Rocks

Figure E-6 illustrates the surface configuration of the Lower
Ordovician horizon in northwest Alabama. The mapping horizon is the top of
the Knox Group of Early Ordovician and Late Cambrian ages. The surface of
the Knox Gmup dips approximately 30 to 60 feet per mile to the southwest in
most of the study area. Strud. ural features interpreted from test well data

include an anticline in Lauderoaie County and a "high" area in Limestone and
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Madison Counties.that may reflect the ~ southern extension of the Nashville

dome.- -

All: structure'and isopach maps include only those major structural
features interpreted from test well data at the mapping horizons. I

Units below the Knox Group have not been penetrated in the study
area and the-thickness of the Knox Group is uncertain. Southeast of the
study area the Shenandoah Oil Corporation and Occidental Petroleum's F.W.
Smith 26-6 No.1. penetrated, in descending order, the Knox Group, Ketona
Dolomite (?), Conasauga Formation, and Rome Formation before penetrating

the basement complex. The Knox was 3240 feet thick; Ketona, 760 feet;
Conasauga,1410 feet; and Rome, 290 feet.

Regional Isopach Map of Upper and Middle Ordovician Rocks

Upper and Middle Ordovician rocks include, in ascending order, the
Stones River, Nashville, Eden, Maysville, and Richmond Groups (Figure E-2).
The Nashville, Eden, Maysville, and Richmond Groups are undifferentiated
in parts of the study group and are treated as one unit.

Upper and-Middle Ordovician rocks range in thickness from less than
500 feet in Lamar County to greater than 1100 feet in parts of Limestone,
Madison, Lawrence and Morgan Counties (Figure E-7). In northeast Alabama
east of the study area Upper and Middle Ordovician rocks are as much as
1800 feet thick (Kidd,1975).

Regional Structural Contour Map Showing Configuration of
the Top of Upper and Middle Ordovician Rocks

The top of Upper and Middle Ordovician rocks dips to the southeast
at approximately 80 feet per mile in Lamar County and approximately 40 feet
per mile in southwestern Lawrence County (Figure E-8). The anticline in
Lauderdale County and the "high" area of Limestone and Madison Counties mapped
an top of the Lcwer Ordovician horizon are also mapped on top 07 the Upper
and Middle Ordovician horizon.

Throughout most of the study area Ordovician rocks are overlain by
Silurian rocks. However, in parts of Limestone and Madison Counties where
Silurian rocks are absent, Ordovician rocks are overlain by Devonian rocks.
Upper and Middle Ordovician rocks are covered by younger sediments throughout
most of the study area and are exposed along the major rivers and streams in
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the northeastern part of the study area.

Regional Isopach Map of Silurian Rocks

Silurian rocks are absent in parts of Limestone,' Madison, and
Lauderdale Counties and reach a maximum thickness of greater than 400 feet
in the study area in western Franklin County (Figure E-9). A sedimentary l

:

basin of thick Silurian rocks trends northwest to southeast in Franklin
and Marion Counties where Silurian rocks range in thickness from 300 to
. greater than 400 feet. South of the study area Silurian rocks are more

| than 600 : feet thick (Kidd,1975).

Regional Structural Contour Map Showing Configuration
of the Top of Silurian Rocks

Silurian rocks dip to the southwest from 30 to 100 feet per mile
' in the study area (Figure E-10). The major structural feature indicated at

the mapping horizon is a northwest-southeast trending anticline in Lauderdale
County. Silurian rocks are overlain by the Devonian Chattanooga Shale
throughout the eastern part of the study area and by undifferentiated Devonian
rocks in' the western part of the study area. Silurian rocks are exposed in
Lauderdale County along Bluewater, Shoal, and Butler Creeks.

P

Regional Iospach Map of Devonian Rocks

Devonian rocks in the study area range in thickness from o co greater
than 500 feet (Figure E-ll). Devonian rocks reach their maximum thickness in
Lamar County and include a thick section of Devonian undifferentiated rocks

and the Chattanooga Shale. Throughout the eastern two-thirds of the study
area Devonian. rocks are represented by the Chattanooga Shale which is
generally less than 50 feet thick. Devonian rocks are generally overlain by
Mississippian rocks in the study area.

Regional -Structural Contour Map Showing Configuration
of the T9p of Devonian Rocks

Devonian rocks in the study area generally dip to the southwest from
25 to 60 feet per mile (Figure E-12). Structural features indicated at the

. mapping horizon by drill hole data include an anticline in Lauderdale County,
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a "high" area in Limestone and Madison Counties that may represent the southern,

extension of the Nashville dome, and the Detroit fault zone and associated
fault splay in Lamar County (faults Ncs. 3 and 4). The Detroit fault zone
has been penetrated by several wells in Lamar County in Pennsylvanian and
Mississippian sediments, and test well data indicate the fault zone probably

textends into Devonian and possibly older sediments. The Detroit fault zone
is shown as one fault on Figure E-12 but consists of several en echelon faults.
The faults are nonna1, downthrown to the southwest, with a cumulative throw
of approximately 350 feet (Moore,1971). Fault No. 3 trends northwest-southeast
.and is normal, dips to the northeast, and exhibits a throw of probably less
than 100 feet (Tolson,1979).

Regional Isopach Map of Mississippian Rocks
' Mississippian rocks in the study area thicken to the northwest

ranging from less than 1100 feet in northwest Lamar County to greater than
1500 feet in northwest Marion and southwest Franklin Counties (Figure E-13).
Mississippian rocks are covered by Pennsylvanian and Cretaceous rocks in the
southern part of the study area. In the western part of the study area
Mississippian rocks are exposed in the stream valleys and covered by Cretaceous
rocks on the hills and ridges. In the northeastern part of 1.he study area
Mississippian rocks are exposed except where eroded along the major streams
and rivers in parts of Lauderdale, Limestone, and Madison Counties. '

'

Regional Structural Contour Map Showing Configuration
*

of the Top of Mississippian Rocks

Mississippian rocks in the southern part of the study area dip to
the south at approximately 50 feet per mile (Figure E-14). The contact with
the overlying Pennsylvanian rocks appears to be conformable. In the north-
western part of the study area Mississippian rocks dip to the west at
approximately 30 feet per mile and are overlain unconformably by Cretaceous
rocks. This change ir dip of the surface of the Mississippian rocks is
apparently due to erosion of the Mississippian rocks during deposition of the
overlying Cretaceous rocks.

Major structural features interpreted frora test well data at the
mapping horizon include the Detroit fault zone and associated fault splay.

129 ,



- - -

%"

'

Regional Isopach Map of ' Pennsylvanian Rocks
~

L Pennsylvanian rocks. range in thickness from 0 in parts of Franklin,
.

Lawrence, and Marion Counties to greater than 1500 feet.in Lamar County.
' (Figure E-15). Pennsylvan'ian rocks 'are overlain unconfomably by Cretaceous

rocks-in southwestern part of the study area. This contact is locally
irregular in the outcrop and it is assumed.that the thickness of the Pottsville

| varies locally in the study area in the subsurface due to this irregular
contact. Pennsylvanian rocks thicken abruptly on the downthrown side of the

,

Detroit fault zone due to erosion of the upper part of the Pottsville following
deformation and preservaticn of a greater volume of Pennsylvanian sediments on

j the downthrown block.
|

Regional Structural Contour Map Showinc Configuration
of the Top of Pennsylvanian Focks

| The surface of Pennsylvanian rocks dips to the southwest from 15 to
40 feet per mile (Figure E-16). Pennsylvanian rocks in the study area are
represented by the Pottsville Formation which is overlain unconfonnably in

! the southwestern part of the study area by the Tuscaloosa Group of Cretaceous
age. This unconfonnable contact is locally irregular and varies vertically
as much.as 80 feet in northeast Marion County approximately 11s miles west of
Haleyville. Pennsylvanian rocks are absent in the northern part of the study
area due to erosion and (or) nondeposition.

Regional Isopach Map of Cretaceous Rocks

Cretaceous rocks thicken from northeast to southwest, reach a

maximum thickness of more than 500 feet in Lamar County, and are absent in
'the northeastern part of the study area (Figure E-17). Values shown on

| Figure E-17 represent the approximate maximum thickness expected at higher

| elevations on the hil? and ridges in the study area. Throughout much of I

the outcrop area, Cretaceous rocks are absent at lower elevations along
;

major rivers, and streams where older rocks are exposed.

|

SUMMARY i

Eight faults.have been reported in rocks of Cretaceous age in the
study area and include Nos. 2,10,11,12, 40, 41, 43, and 44 (Kidd,1980).
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Faults Nos. 43 and 44 appear to be the result of erroneous data and have

been omitted. Detailed mapping in the vicinity of faults Nos.11, 40, and ,

41 by Martin'(1965) indicates that fault No.11 occurs in rocks in Pennsyl-
vanian age and'not in rocks of Cretaceous age as previously reported. Martin
(1965) reports no evidence of faults Nos. 40 and 41.

Fault No.10 was postulated by Martin (1965) from an apparent offset
of stratigraphic units and the fault plane was not observed. The fault plane
of fault No.12 was observed by Martin (1965) only in rocks of Pennsylvanian
age but Cretaceous rocks occur adjacent to the fault on the downthrown side
and are assumed to have been present during deformation. Faults Nos. 2 and

39 were previously reported as two faults (Kidd,1980) but appear to be
equivalent, and therefore fault No. 39 has been omitted.

A previously unreported fault was observed by the investigator in
rocks of Cretaceous and Pennsylvanian ages near the Franklin-Marion County
boundary. This fault (No. 49) strikes northwest and dips steeply to the
southwest.

Numerous faults with displacements of a few inches to several feet ,

were observed by the investigator in rocks of Cretaceous age associated with
collapse features in Franklin County. These collapse features are assumed to ;

be the result of solution of the Bangor Limestone and subsequent collapse of
the overlying Cretaceous rocks. The western three-fourths of Franklin County
includes large areas with a similar geologic setting and collapse features
in these areas are probable.

The thickness of subsurface units varies in distribution and amount.
Cretaceous and Devonian rocks thicken to the southwest; Pennsylvanian rocks
thicken to the south and southeast; Mississippian rocks thicken to the north-
west; Silurian rocks are thickest in a northwest-southeast trending basin and
thin to the northeast and southwest; and Upper and Middle Ordovician rocks

thicken to the northeast.
Figures E-4 and E-5 are maps of structural features repnrted in the

study area. Figures E-6 to E-17 are predominantly subsurface maps and include

only those structural features indicated by test well data at the mapping
horizons. These features include the Detroit fault zone and associated fault
splay in Lamar County, and an anticline in Lauderdale County. A structural
high is indicated in parts of Madison and Limestone Counties that may reflect
the southern extension of the Nashville dome. A northwest-southeast trending
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bas'in is indicated in Franklin and Marion Counties where Silurian rocks reach
a maximum thickness greater than 400 feet..
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Figure E-2.--Geologic units in the study area.,
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ABSTRACT
,

Field investigation along the western half of the Missouri portion
of Crowleys Ridgc has resulted in additional documentation of faulting
involving Tertiary and older deposits. Fifteen test-holes were drilled at

_the Lowe. Industry Bloomfield clay plant Sh miles northeast of Bloomfield,

'

at the eastern ~ margin of Crowleys Ridge. The main fault examined strikes
N. 65 W. and dips northeast, with 16- feet of displacemer.t. Other faults
at this location have similar northwest-southeast strikes. All faults
observed appear to be normal; no evidence of strike-slip movement was
encountered. From this investigation it is concluded that faulting has not
disturbed the overlying Pleistocene colluvial silts and gravels or the

| Pleistocene loess above them. Documentation has been accomplished by detailed
.

analysis and correlation of test-hole samples traversing the fault zone. The
| faulting investigated in this area is thus post-Paleocene and pre-Pleistocene

and may be temporally related to the emplacement or renewed activity of the
"Bloomfield pluton." Recent interest in age determination of the "Bloomfield
pluton," heretofore considered Precambrian in age, may help answer questions

j regarding this matter.

Field reconnaissance of much of the Crowleys Ridge area this year
has not demonstrated that any other significant faulting has affected the Plio-
Pleistocene and Pleistocene deposits in the area. A thick loess cover over
the area partial.ly masks other possible faults.

I
:

SUMMARY

! 1. The major activity this year has been concentrated at the Lowe Industry i

Bloomfield clay plant in sec. 28, T. 27 N. , R.11 E., Stoddard County,

Missouri. Excellent exposure of normal faulting in Cretaceous and ;

Tertiary deposits has been confirmed by drilling 15 test-holes across
' the major fault, which trends N. 65 W. and dips northeast, with 16 feet

of displacement in the Porters Creek Clay (Paleocene). Plane-table
mapping of the entire pit area, supported by analysis of company drill
records, permitted accurate location of several other faults which gener-
ally strike northwest. Faulting does not appear to have affected the

i
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overlying,P,leistocene colluvial silts and gravels and the Pleistocene
' loess deposits above them. In-place Plio-Pleistocene gravels (" Mounds

type") wem not observed at this location. The faulting may be temporally
related to emplacement of the "Bloomfield pluton" if the pluton is much
younger than previously thought. *

2. Reconnaissance of the Crowleys Ridge area attempted to locate faults
affecting Plio-Pleistocene and younger deposits in the area. The only
significant fault observed is at the Rock Knob gravel locality. Other
faults probably exist but have not been discovered, due to the loess
mantle covering the entire area.

3. Visual examination of the. Rock Knob gravel locality, sec. 35. T. 27 N.,
R. 9 E., Stoddard County, Missouri revealed a nonnal fault cutting McNairy
sands-(Cretaceous) and overlying Plio-Pleistocene gravels. Displacement

of 31/3 feet (1 meter) along this fault, which strikes 54 W. and dips

80 to the southwest, may be due to differential subsidence or perhaps
a deeper tectonic event.

PURPOSE OF INVESTIGATION

This year's investigation, as well as the previous year's study,
has focused on developing increased understanding of the age of faulting along
Crowley's Ridge (Figure F-1). Specifically, it has attempted to determine
whether faulting affecting Cretaceous and Tertiary deposits also cuts the
overlying Pleistocene loess. An additional purpose has been to further'

document faulting affecting Cretaceous-Tertiary and older deposits in this
region. It is to be hoped this work will help answer larger questions con-
cerning the regional tectonic history of the region.

BACKGROUND

General Statement

This report represents the fourth year of investigations by the
Missouri Geological Survey. First-year activities included an inventory of
information for the Missouri portion of the area within a 200-mile radius
around the town of New Madrid. The second year's activity involved making
a geologic map (scale 1:62,500) from early drill records (1875 hand-drilled
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<

W.P.A. test-holes)' in addition to further field work by the Survey staff.
~

| ' Third-year activity dealt with test. drilling along Beech Grove, Branch (4 miles
~

(_ northeast.of Bloomfield) in order to establish Lower Tertiary faulting and to
.present evidence for the' lack of disturbance in the overlying Plio-Pleistocene-

and Pleistocene sequence above. . This . year's activities have concentrated,

on an area 4 miles north of the Beech Grove Branch site along the eastern '

: edge of Crowleys . Ridge, specifically the Lowe Industry Bloomfield clay plant..
,<

! Structural Geology ~

!

The early work of Farrar and McManamy (1937), Stewart and McManamy

. (1942), and-Grohskopf (1955), first-showed faulting existed in the Missouri

[ portion of the Mississippi embayment. Two major fault sets trending northwest-

| southeastLand northeast-southwest have been identified and are similar to the
: fault system in the' 0zark' highlands. Investigations by the Missou"i Survey
for the'past- two years hav~e dealt primarily with the northwest-southeast

| fault set. Based on field observations,it is the conclusion of the investi-

|
gator that the faulting which trends northeast-southwest may be partly due to
slumping, the likelihood of which is increased by the fact that the northeast-

- southwest' fault set generally parallels the -long axes of Crowleys Ridge and
Benton Hills. ;

The structural . implications of faulting as they may relate to the
Bloomfield geophysical feature, illustrated in Figure F-2, are only tentative
at this time. If. the time of emplacement of the inferred pluton is much
younger than its suggested Precambrian age, faulting in the area may be -

genetically related. The answer to this must await further investigation.

'
Stratigraphy

|

[ A brief discussion of the stratigraphy of the entire area is presented
to provide the reader with information important to an understanding of this

| ' year's investigation. !
'

Figure F-3 is a detailed stratigraphic section of the Cretaceous
and Tertiary Systems in southeast Missouri. A more detailed description of
the stratigraphy and geologic history will be included in the final report.

Along the Missouri portion of Crowleys Ridge-Benton Hills, the |

Mesozoic is represented by the Cretaceous McNairy and Owl Creek Formations,
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~ but"subsurfaceidata suggests'that 01 der Cretaceous sediments are present
~ ~

in the extreme" southeast corner of It'he' Missouri Bootheel. The McNairy can i

~ be divided'in'to two identifiable units: .a lower sand unit with a quartzitic.~

^^6ouldAr bed near' the top. locally, and an ~ upper. unit consisting of alternating -
. san'ds.and clay. :The thickness of 'this formation ranges ^from 0 to slightly -

more than 200 feet. Overlying the McNairy'is the Ow1' Creek Formation, mostly
sandy clay, with green and brown glauconite disseminated throughout. The
Owl .Cnek is dark gray on fresh surfaces and brownish-blue in weathered
exposures. Thickness ranges from 0 to 20 feet.-

; Overlying the Mesozoic are' Cenozoic deposits of the Tertiary System,
_ - which are represented by two, possibly three, series: Paleocene, Eocene, and~

Pliocenei(?) '(Figure F-3). - The Clayton Fomation, ranging in thickness from
'

0 to 10 feet, is the basal-Tertiary unit and-is lithologically vsry distinctive.r

It .sLgreen due to the presence of abundant glauconite and is composed of sand,'

. clay, limonite, and some fossilized material. The Porters Creek Clay, lying
above the~ Clayton, ranges from 0 to 200 feet thick. This unit is easily distin-

' guishable:from the other.fomations, because it is a massive clay, fairly
unifom throughout, and dark gray on fresh damp surfaces. The clay unit contains

!- many joints, along which there is usually a small amount of iron oxide
b -staining. Boulders of siderite have been observed near the top of the Porters

.

'

: Creek.- Above the Porters Creek Clay lies the Ackeman Formation, a clayey
unit similar to the Porters Creek, although it is lighter in color and contains
some quarz. silts and sands. In certain areas small gravels occur at the base. i

[ The- thickness of the Ackerman Comation ranges from 0 to approximately 40 feet.

; The " Holly Springs"*'Fomation <tratigraphically overlies the Ackeman and-
ranges from 0 to approximately 200 feet thick. The lithology of this fomation4

is variable: clays, sandy clays,-sands, and in some areas, gravels. The clays'

are usually white to gray, although red,and green clays are present, with
'

-quartz silt and sand sometimes present. On weathered exposures, iron-staining
is common. Near-the' base highly-polished, black, pink and clear quartz gravels

:are usually present. As a general rule, the " Holly Springs" can be divided
into a lower and an upper: unit (Figure F-3). The sands and polished gravels
are comon'to the lower unit, along with some clay balls, whereas the upper

s
*" Holly: Springs'' .is herein used in an informal sense pending further-

- stratigraphic investigation in Missouri.
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. unit contains more shaly beds. Overlying the " Holly Springs" are gravels
probably equivalent to the " Mounds Gravels" of Illinois Geological Survey
usage.- They are assigned to the Pliocene, but, as has been suggested by
some they may be Pleistocene. The gravels range from 0 to about 60 feet

1in thickness and occur at higher elevations of the hilltops. Althouch ;
'

there is a wide variety of lithologies and colors represented in the gravels, ~

mcst are brown cherts. There are minor amounts of clays, sands, and pebbles
throughout the unit.

.The entire upland area is blanketed by three loess fonnations.
There is a well-developed soil (Sangamon) at the top of the basal Loveland
Silt (Illinoian). The overlying Roxana Silt is of early Wisconsinan age.
The uppermost loess, referred to as the Peoria Loess, is extensively developed.

I Color, texture,. and stratigraphic position are useful criteria for recognizing
these units in the field.

PLAN OF INVESTIGATION

The plan of. investigation has been to establish whether faulting
within the older Cretaceous and Tertiary formations has affected overlying

.Pl;istocene and Holocene deposits. Due to thick loess cover, good exposures
~

of such faulting are rarely developed other than on side-slope positions.
' Faults exposed in side-slope exposures are coninonly believed to result from

slumping, or.it is believed that slumping cannot be discounted as a possible
faulting mechanism.

The exposure in the Bloomfield clay plant mine has afforded an
excellent opportunity to view local faulting in other than a side-slope
setting; thus, it has been possible to establish that the fault displacements
are the result of deeper tectonic events, not the result of slumping. From

exposures at the clay plant we have been able to establish the vertical extent
of faulting and thus make a statement regarding the age of fault movement.
This has been accomplished by field observation and detailed test drilling,
with accompanying gamma-ray logging. Company drilling records have been of
additional benefit in understanding the geology cf the area.

,

'A second site, referred to as the Rock Knob gravel locality, has
been investigated. Field observations were made at this location without the
aid of. drilling, which was precluded by the nature of the deposits at this
site and the limitations of Survey-owned drilling equipment. |

|
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FIELD AND OFFICE INVESTIGATIONS

Lowe Industry Bloomfield Clay Plant

The Lowe Industry Bloomfield clay plant is in sec. 28, T. 27 N., j
|

R.11 E., Stoddard County, Missouri, three miles northeast of the town of
Aquilla (Figure F-2). Physiographica11y it is on the eastern edge of
Crowleys Ridge where the Castur River flows onto the alluvial plane. In

this area, there is approximately 200 feet of relief between the alluvial
'

plane and higher elevations on the Ridge. Loess mantles the Ridge covering

Tertiary gravels which are exposed only where streams have cut headward

at higher elevations.
.There have been mining operations at this site for the past three

years; however, it was only during the past year that large quantities of
clay were removed. The present mined area, with a long axis oriented north-
south, is bounded on the north by highway Y and on the west by a north-south

~

unimproved county road; the eastern and southern margins are limited by the
Ridge temination. Mining and land reclamation activities of the company have
controlled. test dril. ling locations and field observations this year. The
company is currently filling the mined area with overburden stripped from the
area immediately to the west, which is to be mined next.

The stratigraphy of the site is illustrated in Figure F-5. The lowest

-identified unit is the unexposed Upper Cretaceous McNairy Formation. It was
.

not sampled in detail in drilling. It is best described by variable subunits
of brownish-gray sandy clay, lignitic in part, and medium- to fine-grained
white to orange sand, with brown-black clay. Overbing the McNairy, the Upper
Cretaceous Owl Creek Fomation has been partially exposed in the pit area. It

is a yellowish-brown and light olive-gray sandy clay, with minor amounts of
glauconite. The unit is fossiliferous in part and locally 615 feet thick.

The Clayton Formation, the youngest unit of the Tertiary (Paleocene)
,

represented, lies above the Owl Creek. The unit is 8 feet thick and is
described as a green to brown sandy, very glauconitic clay. Due to the presence

r of limonite, color may; vary to yellowish-brown. Fossils are abundant and well-
preserved. An argillaceous carbonate layer, characterized by very pale brown
color, with dark green glauconite specks throughout, occurs at the top of the
Clayton and defines the pit floor of the mining operation. Also representing
the Paleocene is the overlying Porters Creek Clay, a dark gray clay with a
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. characteristic conchoidal fracture;;an increase of sand and gla~uconite occurs
'

- at' the. base.1The clay is highl'y absorbent' anlis mined. for' use in' the 'produc-
tion of." Kitty Litter" and pesticide carrier. In the mined area, from south
to north, the' thickness: varies from less than 10' feet to more than 90 feet.

~

Eocene _ deposits overlying the forters-Creek' Clay may be represented 1ccally

byJremnants of the Ackeman Fomation, a silty sandy clay of, ten having the I
appearance of weathered Porters Creek day.

- . An erosional unconformity exists at.the top of the Porters Creek
Clay and what may be remnants of the Ackeman Fomation. Colluvial materialn

derived from a higher elevation and composed of brown to yellowish-brown
: .' silts andirounded' gravels assumed to be reworked loess and Tertiary gravels ,

~

was deposited onlthis-surface. ~ The gravels are typical " Mounds type''' material,
'

-
'

' an in-place' example of which can be found a half mile northwest of the Gravel
2 - Hill Church.= 1 Thickness of the colluvial unit averages 5 to 10 feet and is

~

-

h assumed to be Pleistocene in age.,- Sangamon.paleosol is developed in the
j colluvial unit and in what may-be in-place Loveland loess. An average of.

- 15-feet of Wisconsinan age silts and loesses, Roxanna and Peoria, respectively. |

overlie the Sangamon paleosol. '

j Access _to drilling records of the Bloomfield clay plant was granted
with restrictions. From them it was detemined that at least one significant

p - noma 1. fault existed, trending N. 65 ~W., downfaulted to the northeast, with
,

- approximately 16 feet of displacement. 'This has been verified from this year's
; drilling activities and from field observations at the plant site. Other, '

[ . lesserifaults are exposed within the pit north of the major fault. They
| _ generally strike northwest, but one in the extreme northern end of the pit
[' Estrikes'N. _60 'E. and dips 65 - to the southeast. The early work of Farrar ;

'

[ 'and McManamy (1937)-first showed faulting existed in the area. They described
; 'a- fault with 30 feet of displacement to tha south, in sections 29 and 30, T. 27

~ N.~, R.11 E. , directly west of the clay plant. The fault strike was uncertain
; but was1 indicated on their map to be N. 75 W. It is assumed to be part of ,

i the:same fault -system investigated this year.
The major fault within the pit has been studied in detail (refer to-

z

Figures F-4 and F-5). It has been determined that displacement along this
.

fault is 16 feet and that movement occurred sometime after deposition of the |-

: -Porters CreekJClay. but antedated deposition of the overlying Pleistocene

,

{'
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colluvial si.lt_and gravel unit. . As illustrated in Figure F-5, the main fault
comprises two closely spaced parallel faults dipping 65 northeast. It is

r.oteworthy that the angel of dip diminishes toward the upper boundary of the
Porters Creek. A minor antithetic fault, with 12 inches of displacement, dips
into the main fault. No evidence from this year's study suggests strike-slip
movement along any.of the observed faults.

It appears from the evidence seen locally that no faults penetrate
the colluvial unit and overly)ng loess deposits. Figure F-6 illustrates

the structural relationship of we ...aterials above the main fault to the
underlying deposits. No displacement corresponding to the majcc fault
displacement can be observed within the overlying materials. Because of the
placement of spoil materials, the area immediately above the fault could not
be viewed as a whole; however, the same general area was inspected two years
before, and no offset could be observed then.

The significance of Tertiary faulting with respect to the location
if.the geophysical feature known as the "Bloomfield High," illustrated in
Figure F-2, is worthy of mention. At this location, there are both gravity
and magnetic anomalies, which have been interpreted as indicating a buried
mafic or ultramafic pluton (Hildenbrand, et al.,1977). The pluton is believed

to be embedded within the basement complex, suggesting a Precambrian age.
However, the presence of possible igneous materials frcm a well drilled on
the southeastern flank of the "high," suggests a possible shallow emplacement j
and much younger age, perhaps Tertiary (Hildenbrand, et al. ,1977). Certainly
the observed faulting at this year's study site, as well as infomation obtained
from last year's investigation of the area 4 miles south, may have significant

|

relationship to the "Bloomfield pluton."
Another point of interest is the parallelism of the Castor River

channel to the general fault trend at the study site. It is suggested that
the channel may have developed over earlier fault-weakened strata in the area.
If this is the case, faulting at the study site may continue northwestward
across Crowleys Ridge.

|

|
|

|
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Rock Knob Gravel Locality

The gravel pit at Rock Knob is 71s miles northwest of Bloomfield,
Missouri (Figure F-2) on Crowleys Ridge (sec. 35 T. 27 N., R. 9 E.). At
this location one can see an example of nomal faulting affecting Plio-
Pleistocene gravels (" Mounds type") overlying Cretaceous sands of the McNairy
Fomati on.- Frem the considerable time spent this year investigating gravel

E exposures on Crowleys Ridge, it appears that this site offers the only clear
evidence for exposed faulting affecting deposits of this age. However, this

certainly does not preclude the possibility that other faults affect deposits
,

of this age but have not been revealed because of the thick loess mantle
'

covering the area.

Stratigraphically, the oldest deposits exposed at Roc . Knob include
sands and quartzites of the McNairy Fomation (Cretaceous). Before deposition
of Plio-Pleistocene sands and gravels in the area, much relief, indicated
to have been more than 50 feet, developed on the McNairy surface. Ancient

! channels, the bluffs of which were fomed by the resistant McNairy quart:ites,
flowed through the area. Deposition of the Plio-Pleistocene sands, gravels,
and minor clays on the erosion surface appears to have had a multiple history.

A fault with 31/3 feet (1 meter) of displacement, strikes N. 54 W.

| and dips 80 southwest. Plio-Pleistocene gravel (" Mounds type") overlying
j McNairy sands are displaced along the fault, which could not be traced further

| than 25 feet from the location of the outcrop studied. It is unknown whether
the' fault is the surface expression of a fault at depth or merely the result

i of differential subsidence, or "paleo-slump" relating to the high relief on
the ancient McNairy surface. Loess cover is absent in the immediate area of

I the fault and therefore cannot be used to detemine time of faulting.
No further formal study of the site is planned at present.t

|

PROPOSED PROGRAM FOR 1980-81

! .The 1980-81 program will concentrate on the following activities:

|
1. Test drilling of two or more 400- to 500-foot holes on opposite sides of

the major fault at the Lowe Industry Bloomfield clay plant (sec. 28,
T. 27 N., R.11 E.) along the eastern flank of Crowleys Ridge. The test
holes will be sampled in detail and gamma-ray logged for purposes of
correlation.
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2. Using drilling information, establishment of whether the faulting is the
result of solution collapse.

3. In addition, also using drilling information, establishment of whether
recurrent movement has taken place and of the attitude of the fault
plane with depth.

4. A final report on the " Structural Geologic Study of Southeastern Missouri,"
as conducted by the Missouri Geological Survey for the past five years.

PERSONNEL

The principal investigator was aided by Mark Reising, Geologist I
working on contract. Pat Cullen worked on the project as a geologic technician
along with Kim Haas, who was responsible for laboratory analyses of field
samples. Ira Satterfield and Tom Thompson offered suggestions and advice on
matters relating to the project. Robert Hansman provided editing assistance

and Sharon Lemasters provided her typing skills. Drafting was done by
Bill Ross.
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A STUDY OF INDIANA FAULT LOCATIONS, DISPLALEMENTS, ATTITUDES
AND AGES IN SOUTHWESTERN INDIANA

Annual Progress Report - Fiscal Year 1980

Contract No. NRC-04-77-164

Curtis H. Ault,

Dan M. Sullivan
George F. Tanner

Indiana Geological Survey

ABSTRACT

Faulting extending from Kentucky into Spencer and Perry Counties,
Indiana, was investigated in detail by using subsurface data, primarily
geophysical logs of petroleum tests in Spencer County and extensive surface
field surveys in Perry County. Faults in these counties are similar to those
of the Wabash Valley Fault System investigated in previous years in Posey
and Gibson Counties. They are high-angle normal faults trending north-
northeastward. The maximum vertical displacement observed was about 130
feet. Twenty miles of detailed surface mapping of the Mt. Carmel Fault
in Monroe and Lawrence Counties shows the fault to be high angle, noma 1,
and more complex than previously thought. Four or more associated faults
are present in some areas, and drag-fold structures, small horsts and grabens,
and jointing are evident. Preliminary tectonic comparisons between the Mt.
Camel Fault and other faulting in southwestern Indiana show several signif-
cant differences.

OBJECTIVES

The objective of this study is detemining the location, extent,
attitude, displacement, and other geologic and seismic aspects of faulting
in southwestern Indiana to help characterize the tectonic processes in that
region.

WORK PERFORMED

Wabash Valley Fault System in Posey and Gibson Counties

All subsurface datum points from about 6,000 wells were compiled
and posted on mylar base maps on a scale of 2 inches to the mile for two

structural horizons, the top of the Cypress Fomation (Mississippian) and
the top of the Springfield Coal Member of the Petersburg Formation (Pennsyl-
vanian), by the beginning of fiscal year 1980. Much additional time was
spent during the year in checking all point data, making final structural
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interrtations, and drafting the maps for publication by the Indiana
Geological Survey in its Miscellaneous Map Series.

Data were gathered and recorded for three other structural horizons,

the base of the West Fraaklin Limestone Member of the Shelburn Formation
(Pennsylvanian), the base of the Menard Fomation (Minsissippian), and the
top of the Renault Formation (Mississippian). Final construction of one or
more structural maps showing faults on these beds will be undertaken during
the coming year.

During the past year, two deep-coal tests that served as stratigraphic
control for rocks of Pennsylvanian age for this study were drilled in northern
Ps ey County by the Indiana Geological Survey. Neither test hole encountered
faulting, but the extensive coring and detailed lithologic descriptions obtained
from these tests aided our correlations of Pennsylvanian strata in nearby

faulted areas.
Prevf ously reported faulting in Vanderburgh County, adjoining Posey

County on the east, was not confirmed by our studies. No repeated or missing

stratigraphic section was found in geophysical logs of wells drilled near the
postulated faults, and steepening of dip, present in some areas, is insufficien.
evidence in itself to support the mapping of faults.

Spencer County faulting

Extensions of northeastward-trending faults mapped by Johnson and

Smith (1968) and by Goudarzi and Smith (1971) in Kentucky were investigated in

Spencer County, Indiana, by subsurface mapping. Two faults that extend across
the Ohio River from Kentucky into southern Spencer County were mapped on top

of the Cypress Formation and have tentatively been named Little Hurricane
Island Fault and Africa Fault (Figures G-1 and G-2). Recognition of the Little
Hurricane Island Fault was based on subsurface mapping, which showed 40 feet

of structural reversal on top of the Cypress Formation. No wells that cut
the fault were examined. The normal fault is interpreted to trend N. 40 E.;
its upthrown side is to the northwest.

The Africa Fault, is a high-angle normal fault about 5 miles long and
trends north-northeastward from Kentucky through T. 8 S., R. 6 W., Spencer

County, Indiana, and back into Kentucky (Figure G-1). Vertical. displacement

of about 80 feet was observed in one well that was drilled through the fault.
,
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hh No-surface expm.-ion of either fault was observed because of deposits
L 1 of thick alluvium and other unconsolidated surface materials. -[ p

-Perry County faulting

Two faults, tentatively named the Deer Creek Fault and the Germani

Ridge Fault, were mapped in southern -Perry County by using both surface and
j subsurface : lata -(Figures G-1 and G-3). -The Deer Creek Fault as mapped in
| Indiana is'an extension of a fault mapped in Kentucky by Bergendahl '(1965).

Structure maps on top of the Glen Dean Omestone (Mississippian) show |

| anomolously steep dips near' both faults. ~ Structure maps were constructed ty
,

using subsurface data and. data from surface outcrops to confirm the faulting.
Mapping revealed that the Deer Creek Fault has a lengtih of about

[ ' 4 miles. It has vertical displacement of about 130 feet as measured on

outcrop exposures of the Negli Creek Limestone (Mississippian). Outcrop-
expressions of the fault itself are rare, although one prominent drag feature
mapped is 'probably fault related.

| The Gennan Ridge Fault trends northward from the Ohio River for
ebo'ut 6 ' miles (Figure G-1). Vertical displacement ranges froa 30 to 60 feet.
Two apparent drag features with steep dips up ts 34 were found cropping out.
Additional faulting postulated in the county by previous investigators was

~

( not substantiated by our stidy.
I

Mt. Cannel Fault 1

The Mt. Cannd trends southward about 50 miles from Morgan County

| .toWashingtonCounty(FigureG-4). Twenty miles of the fault was mapped
during the year. As many .ss four accessory faults were mapped near the main
fault plane. Small grabens, one of which paralleled the main fault for 8

j miles in Lawrence County, were mapped on the west side of the main fault.
! Small. antithetical faults and til ed blocks were mapped near the fault, and

many conjugate and feather joints were observed. Slickensides were recorded
.with striations dipping more than 30 on fault surfaces, which indicates
lateral movement on the Mt. Cannel Fault.

The Leet le Anticline is a long asyn1 metrical anticline that is
parallel to the Mt. t,annel Fault, is as much as -3 miles wide, and has five

. domal structural. closures. Its strata dip toward the fault, possibly as the
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resultiof reverse drag.. iSurface mLpping-shows that beds of the anticline -

, dip as much asp E. toward the Mt. Camel Fault. ~ Nomal drag features with
' dips'as great as 30 W. :were observed in direct association with the fault.

Wells _ drilled through the main fault have an indicated vertical
. displacement 'on the fault'at depth that is less than the total displacement
observed at the surface'. ;This may be because not all of several fault planes
were penetrated by the well, or it may indicate a significant decrease in-
dip angle on the fault;with depth. -

The northwesterly extent of the Mt. Camel Fault is not known, but
' previou: mapping h'as indicated that it passes beneath glacial drift in Morgan

.

County and that shallow, drilling would be necessary to determine its northerly
extent.-

'

'PREIIMINARY RESULTS
,

.0ur mapping in the past 3 years of the study of the Wabash~ Vallt.y
Fault System has been completed ir Posey and Gibson Counties on two marier
beds. The faults have now been mapped on a scale of 2 inches to the mile
by using all available data. The main characteristics of the faults of the
Wabash Valley Fault System _in Indiana are as follows:

1. The faults are all high-angle normal faults trending N.15 to 30 E.

with vertical displacements as much as 450 feet. The faults are downthrown
either to the east or to the west, producing horsts and grabens and tilted
fault-block structures.

2. The' faults occur in zones. There.are as many as five or more individual
- faults' with more than 20 feet of vertical displacement. The fault zones
become less complex with depth.

3. 'Our' investigations indicate that the. faults are all post-Pennsylvanian to I

pre-Pleistocene in age.

i '4. The fault displacements are consistent with depth in rocks of Pennsylvanian
and Mississippian age, and although deeper data are sparse, we infer that

{ Efaulting reaches basement rocks.-

5.- If . fault' dips observed in shallow rocks are similar to dips on the faults
,

- at. depth, migration of faults mapped in rocks of Pennsylvanian and Missis-
sippian age. suggests that three or more major fault zones may be present

j in basement rocks in-Posey-and Gibson Counties.

L
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The faults mapped in Spencer and Perry Counties are similar to
those of the Wabash Valley Fault System. They are high-angle nomal faults
trending northward to northeastward and dipping westward or eastward.

'

Maximum vertical displacement on any fault in these two counties is about
130 feet.

Subsurface data are sparse near the faults in Perry County, but
locations of the faults were confimed by detailed surface mapping. The
faults in Spencer County were mapped only by using subsurface data, mainly
electric logs from petroleum tests.

Detailed maps of the 20 miles of the Mt. Cannel Fault mapped thus
far show complex structures not previously recorded. Some structures are
being mapped for the first time; these include complex drag features and
folding near the fault. Structural relationships of the Leesville Anticline,
which parallels the Mt. Camel Fault on the west, are being investigated.
We note that two separate tectonic events may have produced the folding and
faulting associated with the Mt. Camel Fault but withhold final tectonic
analysis at this time.

A fault plane called the Heltonvilla Fault was treced in several
sections in northern Lawrence County about 1 mile west of the main Mt. Cannel
fault plane. Dips on the Heltonville and other accessory faults range from
60 to 65 in horst and graben features.

Integrated mappi..] of the Mt. Carmel Fault by using both surface
and subsurface data was expedited by computer-generated base maps from the

INDIMAP program, although primary compilatior. are on U.S. Geological Survey
topographic vnaps and Indiana Geological Survey base maps.

FUTURE WORK

Fieldwork to be finished in the final year of the project includes
detailed mapping of more than 30 miles of the Mt. Camel and Georgetown Faults.
Because the northerly extent of the Mt. Carmel Fault is covered by glacial
drift, a shallow drilling program will he undertaken to detennine the extent,

of the faulting under the drift.
We propose the drilling of at least four test holes to stratigraphic

markers of Mississippian age with the Survey's truck-mounted drilling rig.
.We anticipate the test holes will average about 200 feet in depth. Integration
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of infomation'from this drilling with the sparse drilling data already

h available should add considerably to our knowledge of the location and
; displacement of the northern part of the Mt. Carmel Fault.

Seismic data on the Mt. Carmel Fault from past geophysical studies

by fuculty and students of the Department of Geology, Indiana University,
will be integrated with data from cur mapping. If additional geophysical

studies appear feasible from the results obtained, they will be uncertaken
by using Survey equipment.

In preliminary work on the Mt. Carmel Fault, we have not attempted
to relate tectonically the structural framework of the Mt. Carmel area with
the more complex faulting of the Wabash Valley Fault System. Significant
differences between the two areas of faulting are apparent: the nearly
opposite trend of the Mt. Cannel Fault compared with that of the Wabash Valley
Fault System; the parallel anticlinal structure on the west side of the Mt.
Carmel Fault (including ddespread dipping of beds toward the fault) compared
with structures associated with the Wabash Valley Fault System; and the obvious
difference that the Mt. Cannel Fault is a single majnr fault with associated
accessory faulting, while the Wabash Valley Fault System contains numerous
faults that may te bifurcations or splinters of major fault zones in basement
rocks. Similarities are also apparent between the Mt. Carmel Fault and the
Wabash Valley Fault System, and complete gathering of data and mapping of the
faulting will aid in a nore complete tectonic analysis.

Final reports on the results of the study and detailed maps will
be prepared.

,

REPORTS AND MAPS OTHER THAN THOSE FOR NRC

In pres _s_:

Ault, C.H. , D.M. Sullivan, and G.F. Tanner
1980 - Faulting in Posey and Gibson Counties, Indiane Indiana

Acad. Sci. Proc. for 1979, v. 89.
.

In editorial process:

Sullivan, D.M. , C.H. Ault, and J.N. Ste11avato
1980 - The Wabash Valley Fault System in Indiana and its economic

implications: Kentucky 011 and Gas Assoc. Proc.
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In preparation:

'Ault, C.H. , D.M. Sullivan, and G.F.1 Tanner

1981 - Faulting in Perry and Spencer Counties, Indiana: Indiana,

<

? Acad.~ ' Sci. Proc. for 1980, v. 90, p.
Tanner, G.F.'

1980 - Movement, drag features' and complexity of the Mt. Carmel
Fault. Indiana (abs): Announcement of fall meeting of the

'

.

American Geophysical Union, p.
,

Tanner, G.F. , J.N. sStellavato, and J.C. Mackey
1980_ - Map of. Posey County, Indiana, showing faulting and elevations

of top'of Cypress Farmation (four parts): Indiana Geol.
| Survey Misc. Map

*

j' Tanner. G.F. , J.N. Stellavato, and J.C. - Mackey
|- 1980 - Map of part of Gibson County, Indiana, showing faulting and

elevations on top of Cypress. Fonnation (two parts): Indiana;

. Geol. Survey Misc.! Map

Associated paper published using data frcm this project:

|
Ault, C.H. and D.D.'Carr

'

1980 - New exploratio'n and evaluation of minable coal resources in

complex 1y faulted area containing old petroleum production
(abs): Am. Assoc. Patroleum Geologists Bull. v. 64, p. 672.

P
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PALE 0 ZOIC GE0 LOGY OF THE NEW MADRID AREA

Annual Progress Report - Fiscal Year 1980

Contract No. NRC-04-76-321

H.R. Schwalb
- Illinois State Geological Survey *

SUPNARY

Since Precambrian time zones of weakness have been repeatedly
'but infrequently reactivated. .The latest occurrence of major tectonic

activity (perhaps Early Cretaceous) not or.ly affected the old fault zones
(and it appears that all the major folds and many of the minor anticlines
are associated with basement faults), but also created a vast new feature
that does not have any Paleozoic antecedent, the Pasco_la Arch. The severe
erosion and subsequent Tertiary subsidence of the Pascola Arch provide the
basis for my belief that this structure alone is the locus of present-day
major earthquake activity. Until that time in the geologic future when old
established zones of weakness a're reactivated regionally, only the relatively
young Pascola ' Arch will continue to be the focal point of high intensity
earthquake activity.

'

,

INTRODUCTION' >

Within .a two hundred mile radius of New Madrid, Missouri, the
tectonic framework has been interpreted from the Paleozoic sedimentary record.
Begun as an investigation of the nature of recent seismic activity in the
region, the study has incorporated the stratigraphic and structural geologic.

parameters relating to earthquake activity.
Well cuttings from selected deep tests drilled in the area were

studied .to determine their lithology and the presence of microfossils, igneous
intrusives and metabentonites. To better understand tectonic events leading
to. interruptions in the sedimer.t6ry record, the magnitude and extent of

.unconfonnities were appraised by detailed stratigraphic correlation, based
.' partly on geophysical logs. Samples of igneous intrusives and crystalline
basement rocks were collected for age dating by radiometric methods, in
addition to age dates obtained from private and published reports.

* Work done under auspices of the Kentucky Geological Survey
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A great amount of infonnation was obtained from the files of

state geological surveys and universities, and I gratefully acknowledge
the help and criticism from the following individuals:

Dr. Kenneth Anderson, Missouri Division.of Geological Survey and i

Water Resources; Jerry Carpenter and Andrew Hreha, Indiana Geological Survey;

William Caplan, Arkansas Geological Consnission; Alvin Bicker, Jr., Mississippi
Bureau of Geology; Dr. Robert Hershey and Dr. Ned Luther, Tennessee Division
of Geology; Jack Kidd, Geological Survey of Alabama, and all the members
of the New Madrid Study Group. I assume sole responsibility for the inter-
pretation of the data and the conclusions presented in this report.

GE0 LOGIC FEATURES

The geologic complexity of the region is illustrated by the number
of named elements of tectonic importance to the study area (Figure H-1).

'

Ozark Uplift

The oldest tectonic element recognized in the area is the Precambrian
i Ozark Uplift. It is believed that the igneous rocks exposed in the St. Francois

Mountains of southeastern Missouri portion of the uplift represent a major;

petrogenic epoch of relatively short duration in late Precambrian time
(rolman and Robertson,1969). Precambrian marine invasion of the Ozark

; Uplift area is documented by the presence of stromatolitic limestones with a
'

r.inimum age of 1,400 m.y. (Stinchcomb,1976); the next sediments to onlap the
j St. Francois Mountains are Upper Cambrian in age.

Although subject to infrequent marine incursion, the Precambrian;

terrain of the Ozark Uplift was the dominant topographic feature throughout
the Paleozoic.

The topographically lower region surrounding the Ozark Uplift contained
numerous hills and ridges, and relief on some of these features exceeded 500!

feet. Some of the ridges of crystalline rock were probably accentuated by
bordering faults, and these faults probably affected later faulting 'of
overlying sediments. Within the study area no other Precambrian sediments

have been identified beyond the St. Francois Mountains and the sedimentary
rock-crystalline rock contact is sharp without any appreciable weathering
profile noted in outcrop or the subsurface. Debris transport must have kept
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the| region clear of weathered products. -1

|

Mississippi Embayment Rift

1
- - A _ major tectonic event'which probably occurred at the end of

-Precambrian time' opened a rift extending from northeastern Arkansas into |

southern Illinois. The rift zone flanked the eastern edge of the Ozark
_

' Uplift,'and affected crustal rocks for about 100 miles to the east. The
edges of the rift zone were probably step-faulted parallel to the central
graben, and total displacement to the center of the rift probably exceeded

4[ -5,000. feet. With one anomalous _ exception, no well has penetrated basement
within the Mississippi Embayment Rift, and the nature of the sediments in
the bottom of the rift zone is unknown. Marine waters probably entered the
graben from the south or southwest, and Lower Cambrian sediments are probably

g present in the deep portions.

1 The anomalous exception mentioned is the Big Chief #1 Taylor well
Iin Gibson County, Tennessee, which encountered Precambrian basement at 6,900

;

feet. The radiometric nge date of the igneous cuttings from this well have

,

the unusual value of 680 . .y.. (Robert Hershey, personal comunication).
The isopach of Pre-Knox strata (Figure H-2) shows the anomalously thin
sedimentary interval above the basement in this well. This interval contained
neither basal sands nor shale; instead dolomite of presumed Upper Cambrian age;

is resting directly on the crystalline basement.
Two possible explanations of the shallow basement depth and lack

of clastic Pre-Knox sediments in the #1 Taylor are related to the interpreta- '

I -tion of the formation of the rift zone. The well may have penetrated an
; ' upthrown block, or horst, created by rift-associated faulting. But the forces

causing rifting were tensional and thus not likely to have produced an upliftea
block of crystalline rock near the center of spreading. The other explanation
might be the formation of extrusive igneous plugs or cones, which stood well
above the surrounding landscape and were preserved long enough to be buried

. under sedimentary cover. Such extrusion would probably have been contempora-
neous'with rifting, and.the dating of these rocks at 680 m.y. would indicate
that the rift was late'st Precambrian.

1

!

.

185

. _ _ . _ _ __- _. ___ _, __ _ _ _ . . __ _ _. ._. ._



Rough Creek Graben

During rifting in the Mississippi Embayment area.the eastern block
containing the Nashville Dome began to rotate toward the south'1est. This
rotation created two zones.of weakness producing the Rough Creek Graben

extending eastward from the northern end of the Mississippi Embayment Rift.
The Rough Creek Fault and the Pennyrile Fault Zones mark.the northern and
southern borders of this graben, respectively, which was down-dropped several
thousands of feet. The' graben narrows in width from about 35 m'iles on the
West to about 15 miles in the east. The bounding fault zones curve toward
each other at the eastern end of ~ the graben, and may connect in the subsurface
in the vicinity of eastern Grayson and Edmonson Counties. The two fault zones
were re' activated rep'eatedly duhing the Paleozoic Era, allowing the Rough

Creek Graben to deepen and acquire a thick accumulation of sediments. (Whether
the bordering faults of the Mississippi Embayment Rift were similarl'y reacti-
vated in the Paleozoic is unknown because erosion has removed most of the

'
post-Ordovician sediments in that area)'. '

In the Texas Gas Explora' tion #1 Shain well in Grayson County,'

Kentucky, a thick Middle Cambrian marine shale section was encountered beneath
the Upper Cambrian Eau Claire fomation (' Figure H-3, well #4). A total of
2,360 feet of shal' yith thin arkosic streaks and a few thin beds of oolitice

'

limestone were cut et the bottom of this test, which stopped in the sedimentary
section'. The shale contains linguloid brachiopods and a t'ew trilobite fragments,
which prov'ide 'a means of dating the' formation. An agnostid trilobite was
identified by Christina L. Balk as the genus Baltagnostus, .which occurs near
the top of the Middle Cambrian. Additional specimens examined by Michael E.
Taylor of the USGS were also assigned a questionable Middle Cambrian age. No
Mt. Simon Sandstone was present in this well, and the Eau Claire Formation
rests directly on the unnamed Middle Cambrian shale.

In wells penetrating the crystalline basement north of the Cottage
Grove and Rough Creek Fault systems the Mt. Simon Sandstone of Upper Cambrian

age is the oldest sedimentary unit found.
,

Lower and Middle Cambrian sediments lap on to.the Nashville Dome I

from the Appalachian Basin, but they thin and disappear in north-central )
Tennessee, where. Lower Knox dolomite of Late Cambrian age rests directly on

the basement. The Nashville Dome segment of the Cincinnati Arch may have
begun to take fom in early Cc .orian time, as it seems to have prohibited
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Lower and Middle Cambrian sedimentation to the east of the Rough Creek
Graben (Figure H-4).

- Reelfoot Basin
:

Although none have yet been identified on the surface or in the
subsurface, Lower Cambrian sediments are presumed to exist in the bottom

,

of the Embayment Rift, and in the Rough Creek Graben. One can only speculate
,

as to the lithology and thickness of any Lower Cambrian sediments there.
' ' but they would.most'likely be arkosic sands derived from the exposed f

crystalline terrain, and could be several thousands of feet thick in the
deepest portions of the rift system.

' The Reelfoot Basin (Schwalb',1969) occupies a portion of the trough
of the Embayment Rift and contains an accumulation of Cambrian and Ordovician

;- _ sediments. estimated to have been 12,000 feet thick. Two wells within the
basin, The'. Texas Pacific #1 ~ Farley in Sec. 34, T.13 S. , R. 3 E. , Johnson

: County, Illinois, (Figure.H-5, well #4; Appendix H-1) and the Benz #1 Merritt
'

Estate in Sec. 3. T. 4 S., R.1 E., Lake County, Tennessee, (Figure H-6, Well |,

! #5; Appendix H-1) penetrated sediments believed to be Middle Cambrian or older.
During Middle to Late Paleozoic time depocer,ters shifted northward,

[.

yet remained south of the Cottage Grove and Rough Creek Fault Systems. Later |

uplift expos (J the rocks' in the center of the Reelfoot Basin, and a vast
amount of sedimentary section was removed by erosion; therefore the thickness

,

.of the total accumulation of sediments in the basin can only be estimated.

The Arkoma Basin'

,

Trending westward from the Mississippi Embayment Rift, the castern
,

portion of the Arkoma Basin in northeastern Arkansas is a younger feature
l' than the Reelfoot Basin. Lack of data on deep wells, and the absence of

'

basement tests in the central eastern portion of the Arkoma Basin prevents
the reconstruction of the early history of this region. Although they thin
westward into.the Arkoma Basin,' Knox strata are lithologically similar to'

those of the Reelfoot Basin. Likewise, Middle and Upper Ordovician strata
~ 1n the Arkoma Basin are lithologically similar to but much thinner than those
in.the Illinois Basin. Only portions of the Silurian, Devonian, and Mississ-
ippian Systems are present in the' Arkansas portion of the Arkoma Basin, and-

these sediments are also very thin compared to the preserved record of these
systems'in southern Illinois. From their northern erosional limit Pennsylvanian
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. strata thicken southward and westward into the Arkoma Basin.= These sediments
,

'

are believed-to have the same easterly and northeasterly source _ as those of
! the Illinois. Basin. If, during Pennsylvanian time, the Illinois Basin was

_

connected to.the Arkoma Basin, so'probably was the Reelfoot Basin. The i

maximum thickness of Pennsylvanian strata into Illinois Basin (about 3200
feet in Union County, Kentucky) is probably represented by over 10,000 feet 4

of Pennsylvanian sediments in Arkansas.

Warrior Basin

The Warrior Basin of Alabama and Mississippi appears to have a-
similar history to that of the Arkoma Basin in that the sediments of the
early Paleozoic are lithologically similar to but thinner than.those in the

iReelfoot Basin, and the Pennsylvanian section thickens dramatically from the
Illinois Basin southward to near the southern end of the Warrior Basin where
more than 10,000 feet are preserved. Late Pennsylvanian or post-Pennsylvanian

tectonism produced extensive faulting and folding as well as weak metamorphic
1

alteration of the sediments in the southern Warrior Basin and the southern |

Arkoma Basin of Arkansas. The line of demarcation between the rocks exhibiting
metamorphic alteration to the south and unaltered rocks to the north is

called the Ouachita Front in Arkansas. It trends from west-to east where it is
buried beneath the sub-Cretaceous unconformity and takes a more southerly
trend toward Mississippi and Alabama.

,

Pascola Arch

Extending from extreme northwestern Tennessee into southeastern -

Missouri is the site of. the buried Pascola Arch (Grohskopf,1955). Uplift

of this arch effected southern closure to the Illinois Basin, domed the
sediments of the Reelfoot Basin, thereby exposing them to subaerial erosion. -

'
The uplift, which exposed pre-Lamotte sediments at its crest, affected an-
area of over 15,000 square miles (Figure H-7). Erosional debris in the

~

form of gravel and boulders which were deposited in an arc extending from
the northeast to the south around the arch, have been dated as Upper Cretaceous
Tuscaloosa Formation (Marcher and Stearns,1962). Uplift of the arch was '

undoubtedly accompanied by faulting, and perhaps by the emplacement of plutons
(Hildenbrand, Kane, and Stauder,1977). _ Uplift along the Pascola Arch cannot

.be. dated closer than post-Pennsylvanisn and pre-Upper Cretaceous. Erosion
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effectively planed the northern part of the Mississippi Embayment before i
'

downwerping allowed renewed sedimentation. Upper Cretaceous and Tertiary
;

strata of both marine and nonmarine origin then filled the depression. These
~ sediments cover most of the. Paleozoic rocks that were involved in the' uplift

: - of_ the Pascola Arch, and thoroughly mask'the buried. structure,

f Post-Pennsylvanian Reactivation

'Probably at the same time that the Pascola' Arch was uplifted many [,

of the earlier-fomed faults and uplifts were reactivated throughout the'

i region. The Rough Creek Fault system was displaced with some reverse
,

[ movement, especially along its western pcetion where as much as 3000 feet !

of vertical movement is recorded by Devonian beds being elevated on the !
south of the zone into contact with Pennsylvanian sed' as. In a graben !

j in Union County, Kentucky, rock as young as those of carly Pemian age are
;

; present. Activity of the fault was not as pronounced to the east, where the
; zone has.the appearance of a ~ tensionally stressed anticline. Here horsts .

Ij- expose Mississippian rocks, and graben blocks preserve Pennsylvanian rocks.
Last displacement of the: Rough Creek system is down to the north, a reversal

3

j compared to earlier movement. In westernmost Kentucky, the south side of
;

the Rough Creek Fault system dips very steeply into the Moorman Syncline
j .(Roug'h Creek. Graben), and may indicate an additional fault in the crystalline
i basement along the axis of the syncline with sufficient throw to accommodate '

; the steep dip observed-at the surface. '

; As much as 4000 to 5000 feet of sediment is believed to have bean
j eroded from above the present surface of western Kentucky and southern Illinois;

.. the exposed portion of the fault was therefore deeply buried when the last
movement took place. Small compressional features now exposed within the:

! Rough' Creek Fault system are interpreted to be the result of squeezing of
internal blocks as the north and south side of the zone tilted away from

'

each other.

F Northeastward and eastward trending block faulting in the Fluorspar
District of southern Illinois and western Kentucky, as well as the Wabash
Valley Faults, which have a more northerly trend at the western end of the

! . Rough Creek. system, are dated as post-Pennsylvanian. Renewed movement along

the'LaSalle Anticlinal Belt in Pennsylvanian time probably continued beyond;

.

that period (Clegg,1965). ~ The DuQ6oin Moncline, Salem and Louden Anticlines,
.

,
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Cottage Grove Fault system and Ste. Genevieve Fault all experEenced Pennsyl-
vanian or post-Pennsylvanian tectonic activity.

A vast system of primarily NE-SW oriented erosiona'l valleys marks
the regional unconfonnity between Pennsylvanian and older st' rata in the
Illinois Basin. The valley courses do not seem to have been affected by
pre-existing structures except for perhaps the DuQuoin monocline.

It would appear that regionally there was rather gradual reacti-
vation of many older faults and folds during Pennsylvanian time. A more
violent and widespread adjustments of the basement rocks resulted in greatly
increased accentuation of these features in post-Pennsylvanian time. I would
propose that the formation of the Pascola Arch, and the pronounced reacti-

*
vation of all the basement-related features occurred during the Mesozoic Era,

i probably early in Cretaceous time. However, the lack of Triassic and Jurassic
sedimentary rocks in the region does not preclude major displacements having
occurred earlier in the Mesozoic.

Following this latest period of major tectonic activity there has
been widespread erosion in the Illinois Basin area, while downwarping of the
Mississippi Embayment area has allowed the accumulation of sediments in that
southward-deepaning trough. The most recent major difference in tec. .nic

j regime between tie Mississippi Embayment and the Illinois Basin has been
| stability or uplitt to the north and subsidence to the south. Current

seismic activity sens to be most active in the area of subsidence.
|
|
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APPENDIX H-1

List of Wells Used in Cross Sections
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Wells in Figure 3

Total Depth

1. Humble'011 Company #1 Pickell Sec. 21-13S-2W 8,492'
Union County, IL

~2. Texas Pacific 011 Company #1 Farley Sec. 34-13S-3E 14,284'
Johnson County, IL

3. Exxon #1 - Duncan Sec. 5-M-22 15,200'
Wabster County, KY

4. Texas Gas Trans. #1 Shain Sec. 10-L-36 13,551' -

Grayson County, KY

5. Benz 011 #1 Nunna11y Sec. 16-F-46 6,114'
Metcalfe County, KY

Wells in Figure 4

1. Texas #2614 Brown Sec. 20-5N-2E 6,806'
(Indiana Farm Bureau) Lawrence County, IN

2. E. I. DuPont #1 WAD FEE Sec. 10-U-44 5,954'
Jefferson County, KY<

3. Langford Oil and Gas #1 Knight Bros. Sec. 6-P-35 6,065'
Breckinridge County, KY

4. Texas Gas Exploration #1 H. Shain Sec. 10-L-36 13,551'
Grayson County, KY

5. Benz 011 Co. #1 ';unnally Sec. 16-F-46 6,114'
Metcalfe County, KY

' 6. Houghland & Hardy #2 S. Goad Sec. 12-A-43 5,048'
Macon County, TN

7. E. I. DuPont #1 FEE Sec. 16-35-35E 5,574'
Davidson County, TN

8. Texaco #1 B. Haynes Sec. 10-7S-39E 5,756'
Wilson County, TN

<

9. Gordon Street #1 R. Holden Sep.13-10S-37E 5,631'
Rutherford County, TN

( 110. Staufer Chemical Co. #1 FEE Sec. 16-12S-28E 6,473'
Maury-County, TN

~

11. California Co. #1 E. W. Beeler Sec. 4-15S-29E 5,750'
Giles County, TN
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L

. ells in Figure 4 (Cont'd.).W

12. - Shenandoah oil Corp. #1 F. W. Smith . Sec. 26-95-2W 8,270'
:& Occidental Pet. Cullman County, AL-.,

i
''

Wells in Figure 5 j

1. ' Union Oil Company #1 Cisne Comm. . Sec. 3-1S-7E 11,614'
~

Wayne County, IL'

2. Texaco Oil: Company #1 Cuppy Sec. 6-65-7E 13,051'
Hamilton County, IL

,

3 .- Texas Pacific Oil. company #1 Streich Sec. 2-1.1S-6E 14,942'
~

Pope County, IL '

4. Texas-Pacific 011L Company #1 parley Sec. 34-13S-3E 14,284'
~

Johnson County, IL
,
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MEMPHIS AREA REGIONAL SEISMIC NETWORK
.

.

Annual Progress. Report - Fiscal Year 1980

Contract No. NRC-04-78-214

Arch C. Johnston
James E. Zollweg

-

i
Tennessee Earthquake Infomation . Center, '

' Memphis State University

ABSTRACT

During Fiscal Year 1980 the , installation of tne Memphis. Area
~ Regional Seismic Network (MARSN)~was completed. MARSN consists of seven

~

short-period vertical instruments sited in the lower Mississippi embayment
between 34.50 N. and 35.So N. Data are centrally recorded at the Tennessee
Earthquake Infonnation Center in Memphis, Tennessee on visual pen and ink
recorders and on Develocorder. A digital recording system is under de-
velopment.

.

Although MARSN detectd 80 regional and near-regional events during
the first year of operation, no locatable events occurred within the net
proper. This contrasts with the active New Madrid seismic zone immediately
north and several small events detected near Clevaland, Mississippi and
Pine Bluff, Arkansas to the south.

Current plans call for expanding the network to ten stations and
developing a radio-telemetry portable aftershock network. Only a long period
of continuously seismic monitoring of the lower Mississippi embayment will

i answer the question of whether this region is truly aseismic.

INTRODUCTION AND PURPOSE

The Memphis Area Regional Seismic Network (MARSN) was established
i for the purpose of reliably detecting and accurately '.ocating any earthquakes

which occur in the lowar Mississippi embayment. To the north the now-familiar
pat'ern of !picenters reported by St. Louis University ends apparently rather
abruptly at about latitude 35.5 N. Historical reports of mostly non-instru-
menb1 1 Nations indicate a diffuse and very low level seismicity for the lower

- Mississippi embayment and Gulf coastal plain.

Zollweg (1976) has ex' mined the pre-1960 seismicity of the embayment
between 34.5 N. and 35.50 N. and concluded that most of the events attributed
to this zone in fact occurred further north. The microseimicity of the
region has remained largely unknown until the MARS Network was installed in

'
,
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1979. This seven-element network of short-period vertical seismometers has

been in operation for nearly a year. No events between 34.5 N. and 35.5 N.

have been detected. The minimum magnitude detection threshold has yet to be

precisely determined but is between mb= 1.0-1.5. Of course a much longer

period of time will be needed to establish the true seismicity or aseismicity
of the region.

Included in this report are descriptions of the MARS Network in its
present configuration and planned improvements for the next several years.
Also field research activities by the Tennessee Earthquake Information Center
(TEIC) in the lower Mississippi cmbayment region are summarized (see Appendix

I-1). These have consisted principally of microearthquake surveys and investi-
gation of a large slope failure in Village Creek State Park, Arkansas.

For reference purposes pertinent FY 79-80 data on the MARS Network
station descriptions and operational status are compiled in Appendix I-2 (a)

and I-2 (b).

THE MARS NETWORK

FY 79-80 MARSN station locations and telemetry routes are shown in

Figure I-1; coordinates, dates of installation and instrumentation for each
site are given in Appendix I-2 (a). Originally MARSN was to be a six-element
network; a seventh station (EBZ) was added in May, 1980. Briefly, each station
except SFTN consiss of a short-period (T =1 sec) vertical seismometer, eithero
a Kinemetrics SS-1 or a Geotech S-13, a TEIC-built preamplifier-voltage i

controlled oscillator and a radio-telemetry link that utilizes 5-element Yagi f
antennas and. a Monitron T21F/R21F transmitter-receiver pair in the FM 216-218

PHz range. Where AC line power is not available.. transmitters are powered by
either a set of five Edison Carbonaire batteries or an automobile battery
trickle-charged by a solar panel. Station SFTN is a Mark Products L-15
borehole seismometer (T =0.125 sec) emplaced at a depth of 143 meters in ano

abandoned U.S. Geological Survey water-test well.
Several of the MARSN stations require radio relay installations to

reach central receiving sites. Pickwick Lake, Alabama (PWLA) must be relayed

twice, Pleasant Grove, Mississippi once via LGAR, and, until the Forrest City
receiving site is completed this year, station OLY must repeat once at WLA.
The network is noticeably elongated east-west as a consequence of the desire
to provide southerly azimuth control for the St. Louis University coverage
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of the New Madrid seismic zone, and also the need to have some sensitive
stations sited on hard rock. Final station calibrations are not yet complete,
but the 10Hz magnifications of the embayment stations on pen and ink recorders
(WLA, LGAR, PGM, EBZ) are in the 5X104 to 105 range; OLY and PWLA, the two
hard rock sites, are 2-5X106 For film records off the Develocorder (10X
vieweri these magnifications will increase by a factor of four.

There are two central-receiving sites for the MARSN; one atop a
tall downtown Memphis building is completely installed and at present transmits
all seven MARSN stations to TEIC via a leased phone line. The second site
at Forrest City, rkansas is scheduled for completion in Fall,1980. It will

reduce the necessity of multiply-repeating se' eral Arkansas stations andv

enable MARSN to expand coverage to areas such as Pine Bluff and Strawberry
(Figure I-1) which have experienced recent seismic activity.

TEIC also operates a long-period broadband three-component instrument
(MET) currently located on the Memphis State University campus. A concrete
pier and vault have been prepared in the basement of the TEIC building to
house this facility. When the station is .naved later this contract year, the
one-second galvanometers presently in use will be replaced with MARSN-funded
100-second galvanometers. This reinstallation (The station's new code is MPH)
should considerably improve the operating characteristics of MARSN's single
long-period station, but the site will still suffer from the high cultural
noise level ever-present within the city of Memphis.

An additional project undertaken with MARSN funding is the design
and development of a radio-telemetry portable aftershock network (PAN). The

purpose of PAN is to provide TEIC the capability of responding to a major
quake (or swarm) in the New Madrid seismic zone in a much more ccmprehensive
fashion than simply deploying portable seismographs in the area. A five-
elenent array consisting of seismometers, amp /VCO's, antennas and transmitters
has been assembled. In the next step five pennanent tower sites strategically
located to provide coverage of the main zone of New Madrid soismicity will be
instrumented by TEIC in 1981. The five-element array could then be deployed,
transmit to the closest tower and the signals relayed to either TEIC in Memphis
or to a central recording site utilizing slow-speed magnetic tape in Ridgely,
TN.

When PAN is fully implemented it will provide for the first time an
extended aftershock coverage capability. Moreover, the original plan could
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be easily upgraded to include digital recording and pennnent stations at
each of the PAN tower sites.

ACTIVITIES RELATED TO THE MARS NETWORK

During FY79-80 no earthquakes of magnitude 3.5 or greater occurred
within or close to the region of coverage of the MARS network which would''

have warranted aftershock monitoring with deployed portable instruments.
Indeed it was a quiet year overall for the New Madrid seismic zone, the
largest event on the main trend of activity being the 08 July 1979 earth-

quake near _ Charleston, Missouri (mbLg= 3.5 USGS; m = 3.1 SLU).b
Our field activities were necessarily primarily concerned with

the MARS Network itself--all seven telemetered stations were installed in
FY79-80. Nevertheless, several field investigations were carried out as
reported below.

Saint Francis Sunklands, Arkansas Microearthquake Survey

The Saint Francis sunklands, a subsidence feature in northeastern

Arkansas apparently fomed, or at least was deepened and expanded, during
the 1811-1812 New Madrid earthquakes (Fuller,1912, pp. 64-75). Herrmann

et al., (1978) have determined that subsidence in this area of up to two
meters is consistent with an estimate of static surface displacemerts
based on a theoretical model of the faulting which produced these events.
The sunklands lie at the southwestern terminus of the distinct linear trend
of microearthquake epicenters located by the Saint Louis University New
Madrid network (Stauder et al., 1976).

In order to determine the seismicity and seismic characteristics
of this region and in particular to ascertain if microearthquakes do occur
further south along this seismic trend, a four-element array of portable
seismographs was operated in the Trumann-Marked Tree, Arkansas area from
March 3 to April 11, 1980. Since 1967, 23 earthquakes have been instru-

mentally located here. Figure I-2 shows the distribution of these events
and the station sites used in this investigation. Three Sprengnether MEQ-
800's (two on loan from Saint Louis University) were deployed in conjunction
with Judd Hill Plantation (JHP), a station of the pemanent St. Louis network
(see Figure I-1).
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- As a cost-saving measure each portable station was operated by a
student volunteer selected from a senior physics class at Trumann High School.
The performance of these operators was variable from one operator who returned
nearly complete records to another who returned almost none. Operator
negligence was not the only difficulty encountered. Severe rains caused
damage at two of the sites and a third, St. Francis Floodway (SFF), had to
be moved when flooding and resulting loss of equipment appeared imminent.

The mix of bad weather, stction failures, and operator problems were respon-
sible for a total station up-time of just under 40 percent. However, during
the entire investigation period there was at least one station operating at
any one time.

No earthquakes originating within the sunklands array were recorded
- during this project, although four near-regional events (from the New Madrid
zone to the north) were detected. Individual array stations recorded possible
minor quakes but lack of correlation on other stations led to these being
discounted. Extremely small (m <0) would have gone undetected because of theb

-low magnifications (10-20k at 10 Hz) required in station operation. The Marked
Tree area, especially the proximity of itighway 63 and intense fanning activity
made higher gai .s impossible.

TV negative result of this project coupled with the lack of earth-
quakes down to m a 1.5 'n the MARSN region indicates that the NE-SW trend

b

of New Madrid seismicity does end rather abruptly at about 35.5" N. This
observation is diff4 ult to reconcile with evidence presented by dildenbrand
and others (1977 1980) for. a clearly-defined rift structure in the magnetic
basement e). tendin;' to at least 34.5 N. latitude in the embayment. These 1

considerations have a direct bearing on the question of seismic risk assessment:

Should the southern extent of the earthquake source zone for the Mississippi
,

embayment be limited at 35.5 N. latitude on the basis of seismicity or should
it extend to about 34.5 N. based on evidence for structural continuity of the
basement rift? Succeeding years of observations from the MARS Network will
be important in the resolution of this problem. !

Slope Failure: Village Creek State Park, Arkansas

Village Creek State Park is located 50 km southwest of the micro-
{

earthquake Saint. Francis sunklands area. On April 28, 1980 two seismic events |
|
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registered on the pennanent MARSN station WLA at Wittsburg Lake, Arkansas.
These events, separated'by 28 minutes and equivalent to an m of roughlyb
1.5 and 1.1. respectively, were coincident -in time ( 2 hours) with a major
landslide reactivation occurring 3.7 km away at Lake Austell in Village

~

Creek State Park. The slide formed a graben approximately 100 meters in .

. length, 40 meters in widti; and ur, to 15 meters deep. On May 2, a portable
seismograph was installed 30 meters from the graben on the south abutment of

the dam.
To detennine if further deformation is occurring, a transit survey

of both horizontal and certical components is being conducted by the Arkansas
Conservation Commission in conjunction with TEIC. A preliminary report on the
slide (MacFarland,1980) has shown continued horizontal and vertical movement.
F'igure I-3 is an idealized cross section of the slide as it appeared in June.

'

Four major down-dropped blocks can be seen, as well as three pressure ridges
nea'r the toe of the slide. One of these ridges has completely blocked the
stream which ran parallel , the graben itself.

' A third resurvey of the slide area has shown that the area of defor-
mation as well as the magnitude of movement are increasing. Much of the
south abutment as well as the south side of the dam itself are defonning

horizontally.

Since the large movements of April 28, three more episodes of move-

ment have been noted. Each of these occurred after several days of heavy
rains. Unfortunately, none of these episodes has been correlated with
seismic events on either WLA or the portable station at Lake Austell. In

an effort to provide a definite correlation in event of future movements,
a five-station micro-network is tentatively planned around Lake Austell. 'With

station distances not exceeding 300 meters, any movement at the slide should

show correlation. The Lake Austell micro-network will be telemetered to the
MARSN tower at Forrest City, Arkansas and thence to Memphis via leased phone

line. Telemetry should improve record return and provide for more immediate
interpretation of further seismicity at Lake Austell.

PROPOSED PROGRAM

As previously discussed MARSN will be expanded to ten telemetry

stations by 1981. One of these, '3ine Bluff, is of particular interest for
it will monitor the inferred inter:ection of the buried Ouachita foldbelt
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and the New Madrid rift zone. In the twentieth century at least eight
. quakes of MMI IV or larger have occurred in this general region. This year
Jw MARS Network detected, but was unable to accurately locate, three events'

(m <2.0) from the Pine Bluff area. We intend to monitor this region forb
several years to ascertain if a more ambitious effort in the Ouachitas is
warranted.

In addition to supplementing the number of stations in the MARS
Network, the addition of horizontal components at at least one s'i.e, and
hopefully more, is planned. Acci. rate S-wave arrival times and studies of

the anelastic attenuation of the Lg phase in the Lower Mississippi embayment
would be two direct bcr.eiits.

The major improvement for MARSN, however, will be the upgrading of
the data recording and management facilities at TEIC. Over the next several
years we propose to gradually build the capability to digitally record and
analyze MARSN data (in conjunction with our Southern Appalachian Net) in an
on-line mode. A PDP 11-44 minicomputer was acquired this contract year for
this purpose. When such a system is funct.ional it will enable the relativeiy
small TEIC staff to efficiently process and analyze data from up to fifty
seismograph stations in the central and southeastern United States.

I
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THE NEW MADRID RIFT SOUTH OF 35.5 N.: FIRST YEAR RESULTS
0F THE MEMPHIS AREA REGIONAL SEISMIC NETWORK

Arch C. Johnston
Tennessee Earthquake Information Center

,

Memphis State University
Memphis, Tennessee 38152

Presented at the American Geophysical Union, Midwest Meeting (1980)

..

A seven-station radio-telemetered network of short-period vertical
instruments has been operated by the Tennessee Earthquake Infonnation Center

#for a year in that portion of the Mississippi embayment between 35.5 N.
and 34.5 N. During this period no earthquakes were recorded within the
net proper. Several small events occurred further south near Cleveland,
Mississippi and Pine Bluff, Arkansas.

A precise minimum magnitude detection threshold has not yet been
determined for the network, but, based on the detection of small events
occurring in the active New Madrid zone to the north, it is certainly less-

than m = 1.5.
b

Conclusions drawn from only one year of operation are admittedly
premature, but these preliminary results do indicate that the seismicity
of the lower Mississippi embayment between 34.5 N. and 35.5 N. is extremely
low. Why this should be so when activity to the north is high and a clearly-

' defined rift structure in the magnetic basement is continuous to 34.50 N. is
a major question to which, at present, there is no satisfactory answer.

SEISMIC DETECTION OF STRAIN ENERGY RELEASE
OCCURRING IN UNCONSOLIDATED SEDIMENTS

Matthew Regis Bob

Presented at the Geological Society of America Annual Meeting (1980)

The recent occurrence of a landslide at Village Creek State Park,
Arkansas suggests that the generation of seismic energy in the microearth-
quake frequency band ($3-10 Hz) may not be uniquely associated with brittle
fracture in competent rock.

The surficial ground slope failure produced a classic up-slope
graben, down-slope pressure ridge of overall dimensions 100 x 60 meters.
Approximately coincident with the failure, two seismic events were recorded
at a short-period, high-gain station of the Memphis Area Regional Seismic
Network located 3.7 km away. No other network station recorded the event
suggesting it was extremely shallow and nearby. Had the events occurred in
bedrock, which is covered by s500 meters of alluvium in this region, other
network stations would have recorded at leas'. the larger of the two. The
possibility of a blast or atmospheric dist'n cance has been investigated and
discounted.

Whether the seismic energy was generated by the slide itself or by
failure deeper in the alluvium thereby triggering the slide is as yet unresolved.
In either case the production of the high frequency seismic radiation argues
for a buildup and abrupt release of strain energy in unconsolidated sediments,
a process which heretofore had only been recognized as occurring in well-
consolidated materials.
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MEWHIS AREA REGIONAL SEISMIC NETWORK
-(as of June 30,1980)

,

DATE
C0CE STATION LOCATION OPENED / CLOSED SITE GEOLOGY INSTRUENTATION

MET Memphis, TN 35 07'20.5"N 13 Nov 73 (Z) ~ Pleistocene .3 component
Engineering 89 56'4.3"W l July 75 (3 comp) - Loess Sprengnether Long
Building, MSU. S3m Period T = 15 sec-

T = 1 sec Broadband
pbtoandvisible
recording

SFTN + Shelby Forest, 35 21'27.0"N 02 Aug 79 - Tertiary Mark Products
Tennessee 90 01'07.5"W snad & gravel L-15 Borehole

-23m Seismometer
T = 0.125 sec- gn

WLA + Wittsburg Lake, 35 11'08.3"N 02 Aug 79 - Pleistocene Kinemetrics Ranger h.-
Arkansas 90 42'56.1"W Loess SS-1 T =1 sec E'S 115m g x

m
LGAR + La Grange, 34 39'05.0"N 7 Aug 79 - 8 Nov 79 Pleistocene Kinemetrics. Ran9er [Arkansas 90 39'29.3"W Loess SS-1.T =1 secg _

107m E
34 39'05.7"N 15 Nov 79 -
90 39'23.3"W
100m

PGM + Pleasant Grove, 34o27'50.4"N 24 Aug 79 Pleistocene Kinemetrics Ranger
Mississippi 90 06'45.1"W Loess SS-1 T +1 sec

105 g
m

OLY + Olyphant, 35 30'09.7"N 06 Nov 79 - Pennsylvanian Kinemetrics Ranger
Arkansas 91 2S'12.0"W Sandstone, Cane SS-1 T =1 secg236 Hill Member ofm

Hale Formation

-_ _ . _ _ _ - _ _ _
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MEMPHIS AREA REGIONAL SEISMIC NETWORK
(as.of June 30, 1980

-DATE

COLE STATION LOCATION OPENED / CLOSED SITE GE0 LOGY' INSTRUMENTATION

PWLA + Pickwick-Lake, 34 58'47.94" 14 May 1980 - Residium atop Geotech S-13

Alabama 88 03'49.2" Mississippian T =1g

204m
Fort Payne

4

EBZ + Ebenezer 35 08"28.80 15 May 1980 - Pleistocene Geotech S-13.

Cemetery, 89 21"01.9" Loess ,.T =1g

Tennessee 169, %-
o

.

Ga
' o

+ Telemetered to TEIC 'M
-

^

bm

^

8.
1
a
$

1
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APPENDIX I-2 (b)
'

MARSN OPERATIONAL STATUS
FISCAL. YEAR 1980

n
MARSN TOTAL ---Percentage of Operational Station. Days---

' ' (telemetered
stations) LGAR OLY SFTN PGM WLA PWLA EBZ MET *

'1979 Jul, 100- - -- - - - - -

Aug 96.4- 100 1. 9 91.7 '98.1 96.8- - -

Sep 95.7 94.7 96.5 96.7 95.0 100- - --

L
.

_0ct ' 96.3 100
'90.3 98.4 96.5 96.8- - -

i
'

Nov 64.4 43.3 40. 92.8 65.4 76.4 96.7- -

! Dec 71.5 89.4- 61.2 99.7 99.6 7.3 '
100- -.

! 1980 Jani 63.0~ 93.5 35.9 97.5 89.8 0.0 %.8- -

Feb. 70.3 -98.4- 55.2 97.7 94.3 6.0 100
'

- -

Mar- 61.9 86.6 8.5 '96.6 87.8 29.8 96.8p -- -

[ Apr 85.7_ 93.8 56.7 95'0 84.7 98.3 100- -.

- May- 78.8 54.3 57.9 80.6' 71.8 95.8 99.5 -94.4 100

-Jun 92.5 93.5 97.3 96.5 88.2- 87.5 93.5 80.1 100
,

* MET-Not telemetered
-

TOTALS. 78.8%-

TOTAL WITH 82.4%- PRIMARY CAUSES OF STATION OUTAGE
. MET-

TOTAL DATA 47,760 * Radio Noise (interference) 112 days
HOURS * Radio Failure 107 days

| USEFUL DATA- '39,371 VC0 Canister Failure 44 days
HOURS-

| Vandalism at Site 38 days

AC Power Outage 15 days

Lightning damage 10 days

j_ Pens clogged 9 days

Seismometer site moved 8 days
! VC0 Battery Failure 7 days

Roderit damage 3 days

! * Accounts for 95% of down time
,

;

i

> - ..

1
,
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LAKE AUSTELL SLIDE (JUNE 1980),
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Figure I-3. Interpretive cross-section of the Lake Austell slide,
Village Creek State Park, Arkansas (after McFarland: 1980).
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A SEISMOLOGICAL STUDY 'F THE NORTHERN EXTENT OF
' '

0
THE NEW MADRID. SEISMIC ZONE. 'r

y Annual Progress Report - Fiscal Year 1980 ;
iK l

Contract No.'NRC-04-76-282- l
h

Robert'B. Herrmann:
'

7 (SaintLouisUniversity-
,

' ! INTRODUCTION

L The' objective-of this' project is to develop a seismological data
; base'in order to answer precise questions on the. nature of the New Madrid -

earthquakes.. This work is.being performed in'conju,nction with_USGS
supported research. In the mind of the principal. investigator,.the

- problem of New Madrid earthquakes cannot be separated from other eastern
.

'

'U.S.. earthquakes.. He'nce,3the resear,ch area is. considerably broader than
the project title implies. The breadth of the studies performed is indi-;

cated somewhat;by the publications.

:This: report contains a. summary of~ecrthquake activity during 1979i. .

.(AppendixJ-1)aswell'as..aninitialstudy,on.the.three-dimensjonaldis-
tribution-of-earthquakes.in.the central Mississippi Valley.(Appendix:J-2).: .

I

| Work has just begun to obtain a surface-wave focal mechanism for the:,

July.27,.1980 northern Kentucky earthquake. :.

i
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APPENDIX J-1. .

-CENTRAL MISSISSIPPI VALLEY ;

EARTHQUAKES -_1979 .

W.-Stauder, R. Herrmann, S. Singh, C. Nicholson,1
D. Reidy, R. Perry, S. Morrissey and E. Haug

-Department of Earth and Atmospheric Sciences
Saint Louis University

P.O. Box 8099 Laclede Station
St. Louis, M0 63156-

During 1979, 238 earthquakes were located and 485 other nonlocatable
earthquakes wera detected by'a twenty-four station regional microearth- ;

quake network operated by Stint Louis-University under contract for the
USGS and NRC, Figure JAl-1 shows the 238 earthquakes located within a

0 0 U4 x4 region centered on 37.0 N. and 89.5 W. ' Seismograph stations are
denoted by the triangles together with the station code. The magnitudes
are indicated by the size of the open symbols. Figure JAl-2 shows the

U 0
locations and magnitudes of 197 earthquakes' located within a 1.5 x 1.5
region centered'at 36.25 N. and 89.75 W. Figures JAl-3 and JAl-4 are

- similar maps to Figures JAl-1 and JAl-2 but with the epicenters scaled
*

according to depth.
Magnitude formulas for the central United States were recently

revised to account for observed time-domain scaling properties. The
significance of the revised formulas is that consistency is now achieved
in assigning body-wave magnitudes to both large and small earthquakes,
using.the attenuation of the Lg wave. The new formulas are given in the
Appendix and were applied to magnitude calculations starting January 1,
1979. Large events previously detected in the central Mississippi Valley

- would not be affected; whereas the magnitudes of small earthquakes would
;-

be revised upwards proportionately. An earthquake previously assigned a
1

magnitude of 0.0 would now have an mb = 0.7, a 1.0 would become a 1.5,

and a'l.8 would become an mb = 2.0.,

F There were two sequences of earthquake swarm activity during the

first quarter of 1979. The Ridgely area of western Tennessee, near the
1

station GRT,' experienced an earthauake swarm of unusual duration from 2'

February to 4 February. 135 earthquakes were recorded in 57 hours. At
.
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least 8 of the earthquakes'were felt in the immediate vicinity of the
swarm epicenters. The 4-largest earthquakes generated MM intensities of
II-III in Ridgely. Focal depths for most of the events were less than 5 ;

km. The Tennessee Earthquake Information Center was able to field port- !

able instruments for part of the swarm's duration. The majority of the,
earthquakes occurred close to Lat. 36.26 N. and Lon. 89.47 N.

The second. swarm occurred near the station POW from 27 February to

28 February. 42 earthquakes were detected in 22 hours. The main event
of 27 February at 2254 UTC was felt strongly in Powhatan, Arkansas (MM
intensity of V), .m 3Hz = 3.5 (FVM). The second event 18 seconds later

b
was also felt in Powhatan, M 3Hz = 3.2 (FVM). pre activity indicated

b
a migration in seismicity from the north to tha .. area near Strawberry,

Arkansas. TEIC was able to field instruments during part of this swarm
sequence.

Other than the above two swarm sequences, the significant earthquakes
during 1979 include the following:
1. 05 February 0531 UTC, 35.84 N., 90.08 W., feltein the Blytheville,

AR area; MM intensity IV at Blytheville A.F.B., m 3Hz = 3.0 (FVM).
b

| 2. 27 February, 0826 UTC, felt in Pine Bluff, AR; m Lg = 2.9 (FVM).
b

'

3. Event of 07 March, 0640 UTC, 35.98 N., 91.42 W., unusually deep

| focus of'29 km; m 3Hz = 2.2 (FVM).
b

|
4. Event of 03 June, 0550 UTC, 38.61 N., 90.52 W., felt in S.W. Ladue

. and Jennings, M0 area. Audible and felt' reports from second story.

,

buildings were reported. m 3Hz = 1.93 (FVM).
b

! 5. Event of 11 June, 0412 UTC, 36.17 N., 80.65 W., felt widely in the

Caruthersville, M0 region and felt as far as Dyersburg, TN. m 3Hz =
b

'

3.9 (FVM).
6. Event of 25 June, 1711 UTC, 35.53 N., 90.43 W., felt in Marked Tree,

AR region. m 3Hz = 3.2 (FVM).
b

7. Event of 08 July, 1235 UTC, 36.89 N., 89.29 W., felt in Charleston,

M0 area, m 3Hz = 3.1 (FVM).
b

U8. Event of 13 July, 0729 UTC, 36.08 N., 89.77 W., felt in Caruthers-
ville, M0 region. m 3Hz = 2.8 (FVM).

b
9. A very shallow event of 12 September, 1059 UTC, 37.74 N., 89.95 W.,

felt S.W. of Perr.yville, M0. A house was reported being shaken,

m 3Hz = 2.54 (FVM). |

b
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10. Event.of 05 November, 1635 UTC, 36.44 N., 91.01 W., felt in Dalton,

AR. MM intensity IV at Dalton, AR._ m Lg = 3.2 (FVM).
. b

1

APPENDIX JA-1

~I. 'For magnitudes determinad by records from the-network telemetered
stations, the formulae used apply to signals in the period range
0.08 sec. 1 T 1.0.12 sec. and for Embayment events only.

.m 10Hz = 0.95 log A(km) + log A (mp) - 1.05 10 km 1 A 140 kmb
m l0Hz = 1.25 log A(km) + log A (mp) - 1.50 40 km 1 a 1 100 km

b
m l0Hz = 1.55 log A(km) + log A (mp) - 2.10 100 km 1 A 1200 kmb
m l0Hz = 2.5 log A(km) + log A (mp) - 4.30 200 km 1 a 1 300 kmb

II. For magnitudes determined by records from near regional stations,
(e.g. FVM, etc.), and for periods 0.2 sec. 1 T 1 0.50 sec.: .

m 3Hz = 0.88 log A (km) + log A (mp) - 1.00 10 km 1 a 1 00 km1
b

m 3Hz = 1.06 log A (km) > log A (mp) - 1.36 100 km 1 A 1 200 kmb
m 3Hz = 1.29 log A A(km) + log A (mp) - 1.89 200 km 1 A 1 400 kmb

III. For all other stations, and for periods 1 + 0.4 sec.:
,

Um Lg = 3.75 + 0.90 log A(0) + log A (p) 0.5 $ A 1 4.0b
m Lg = 3.30 + l.66 log A(0) + log A (p) 4.0 1 6 1 30b

For further information on magnitudes in the central United States,

see Nuttli (1973).

IV. FMAG - duration magnitude for the station (GRT). The equations
are;

D = 2.7 log (T) - 2.7 T > 40 sec.m

D = 0.9 log (T) + 0.2 T 1 40 sec.m

Where T is the coda duration in seconds from the onset of the P-
wave to the time the peak-to-peak trace amplitude drops below 10 mm

as measured off the Develocorder film on the 3-M viewer.
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APPENDIX J-2,. .

-PRELIMINARY RESULTS OF MICR0 EARTHQUAKE STUDIES IN
THE CENTRAL MISSISSIPPI VALLEY

by

Robert B. Herrmann

INTRODUCTION
.

The earthquake problem in eastern North America is interesting as
well as frustrating. Large earthquakes have occurred in the past, such
as the 1811-1812 New Madrid and the 1929 Grand Banks earthquakes, but a
working model for their occurrence has yet to be discovered. There seem
to be patterns of earthquake occurrence, but at the same time damaging
earthquakes also occur away from these patterns.

A statement of the problem is expressed as a series of questions:
a) Why do earthquakes occur in eastern North America, especially in

the middle of a tectonic plate?
b)Giventheoccurrenceoftheseearthquakes,howlargecouldthe

earthquake be?

c) What are the source zones, if any, and where cannot a large
earthquake occur?

Similar questions can be asked about any specific earthquake zone, even
the central Mississippi given recently acquired microearthquake data.

It is the object of this report to present a summary of the present
knowledge of earthquakes in the central Mississippi Valley as well as to
address additional research that is required.

HISTORICAL DATA

Nuttli (1979) compiled a catalog of over 1100 historical earthquakes
in the central United States prior to 1975. Figure JA2-1 shows the 116
earthquakes in the nineteenth century that occurred in the central
Missi+11ppi Valley. The earthquakes in southeast Missouri predominate.

Signiticant earthquakes also occurred in south central Illinois. Figure
JA2-2 shows the location of 265 earthquakes which occurred in the first
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balf af the twentieth century while Figure JA2-3 presents data from 164
earthquak> 'or the third quarter of this century. A very interesting
observation is-the migration of activity southward from Cairo, Illinois
during the twentieth century. Southeastern Illinois seems somewhat spa-

,

tially stable. Finally, Figure JA2-4 shows the 1190 earthquake located
by a regional microearthquake array for the six year period between July 1,

: 1974 and June 30, 1980. Very definite seismicity patterns are obvious i

near New Madrid. In addition an interesting north-south pattern west of |
~

the Missouri bootheel, a north-south pattern in southeastern Illinois and j
a southeast trending pattern near Cape Girardeau, Missouri are evident.

MAGNITUDE PATTERNS
'

One must be careful about the specification of patterns, though,
because they may be due to varying magnitude detection thresholds of the
seismic array. For example, Figure JA2-4 apparently indicates a very
dense cluster of seismicity near New Madrid, M0 and Ridgely, TN with a
" thinning out" southward into Arkansas.

Figures JA2-5, -6, -7 and -8 are plots of all earthquakes located
in a 6 year period with m 1 3.0, mb 1 2.5, m 1 2.0 and m 1 1.5, respec-b b b
tively in a 4 x4 search area. Figures JA2-9, -10, -11 and -12 are

U 0plots of all earthauakes located in the 6 year period in a 1.5 x 1.6
search area for mb 1 3.0, 2.5, 2.0 and 1.5, respectively. No patterns
are obvious in the mb 1 3.0 plots. However, the high seismicity trend
from f;ew Madrid into Arkansas is well defined by the mb g 2.5 data. Besides
this, the pattern seems quite uniform in space. This spatial uniformity

is also apparent in the mb 1 2.0 data. However, the mb 1 1.5 rlots indi-
cate considerable clusterinn- Because of the spatial uniformity at
higher magnitude cutoffs, & N gnitude dependent detection capability is

.

indicated. This indicates that the seismic activity near Tw Madrid, M0
and Ridgely, TN is not necessarily that much different from other areas
within the zone. The north-south trend in Arkansas and southern Missouri

0at 91 W. also suffers from detection capability but may be a legitimate
patte n, or. zone of seismicity. A north-south zone in southeastern

UIllinois at 88.5 W. may also represent a definite source zone.

.
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VERTICAL DEPTH PROFILES

Given the distinctly linear patterns of seismicity near New Madrid,'

a projection of the seismicity onto vertical plane could serve to define
the fault plane orientation. As a first attempt, the six year micro-
earthquake data base was searched for all free depth hypocenter solutions
between January 1, 1976 through December 31, 1979. The epicenters are
plotted in Figure JA2-13 as well as a rectangular search area for a study
of the 100 km long seismicity trend in northeastern Arkansas. The orien-
tations of two planes of projection, WX and YZ, are indicated. Figure
JA2-14 shows the vertical projections. The majority of well located
solutions occur at depths between 5 and 15 km. Profile YZ indicates that
the seismicity pattern is very narrow and extends down i , at least 15 km
and that the fault zone is almost vertical.

Two other zones of interest are examined in Figures JA2-15 and JA2-
16. The Ridgely, TN search area and the corresponding projections, OP
and QR, indicate a northwest striking seismicity zone, which is not that
evident from the epicenter plots. The New Madrid, M0 cluster does not
show much other than the fact that the seismicity has an east-west trend.

The previous plots were contaminated somewhat by the fact that the
earthquake data was extracted from the data base without qualifications.
In an attempt to refine the depth profiles, a search was made of all
earthquakes which occurred between April 1, 1977 and June 30, 1979 which

were located by 4 or more stations and which had data in a distance range
adequate to constrain focal depth. This selected data set was then
relocated using joint hypocenter techniques. Amazingly, there was
little difference in the hypocenter locations before or aftar the JHD
relocation (Figures JA2-17 and JA2-13).

Figure JA2-19 shows the relocated epicenters as well as the search
areas near New Madrid, M0 and Ridgely, TN. Profile 0P now shows a very
narrow pattern for the Ridgely trend, and indicates a steeply dipping
pattern of seismicity to the southwest. It also shows that many of the
earthquakes used really were not well constrained in depth as evidenced
by the migration of focal depths to the minimum depth of 1 km permitted
in the inversion. With respect to the vertical profiles near New Madrid,
a very tight pattern was obtained by allowing the plane of projection to

Ustrike N. 20 E. Thus a southerly dipping fault plane striking N. 110 E.

isinferred(FigureJA2-20).
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REVIEW 0F FOCAL. MECHANISMS

Canas and Herrmann (1978) presented focal mechanisms for earthquakes
in the Central Mississippi Valley obtained by composite focal mechanism f
techniques as well as surface wave studies of larger earthquakes. Unam-
biguous composite focal mechanisms were obtainable for only a few of the
linear patterns of seismicity evident in Figure JA2-12. Along the Arkansas L

' trend, Figure JA2-17, the P-wave first motion ' data could be fit by focal
mechanisms with significant components of right lateral strike-slip motion
with a strike in the direction of the seismicity ttend. The Ridgely, TN
area, Figure JA2-19, indicated a northwest striking reverse fault with
one nodal plane dipping steeply to the northeast and the other dipping
at an angle of about 30 to the southwest.

Surface wave solutions were available for three points along the
Arkansas trend, indicating significant components of right lateral strike
slip motion along a northeast trending nodal plane, and in two of the
solutions, reverse faulting with the nodal plane dipping about 60 to the
northwest. Two surface wave focal mechanisms near the New Madrid trend
of Figure JA2-19 indicated predominantly left lateral strike-slip motion
on an east-west trending nodal plane.

There is some discrepancy between the focal mechanism inferred >

fault plane orientation and the fault plane geometry inferred from the
hypocenter distribution. In particular, the Arkansas trend indicates a
very steeply dipping plane to the southeast while tht. surface wave data

Uinfer a fault plane dippin'g about 60 to the northwest. This is also a
problem on the Ridgely trend. The focal mechanism and hypocenter dips
along the New Madrid trend are in agreement, but the inferred strikes
differ by 30 .

DISCUSSION

We know much more today about central Mississippi Valley earthquakes
than we knew 6 years ago. Major questions remain to be' answered. As

before, we are hampered in seismological studies by relatively low occur-
rence rates as well as high levels of cultural noise, especially in the
active agricultural areas of southern Illinois and the Mississippi Embey-
ment. The major problems that require more data are:
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a) What are the northern and southern extents of a possible 1811-1812
'

earthquake sequence?
~

b) Wha'tarethestronggroundmotionsthatcanbegeneratedbysuch
earthquakes?

c) How can we be specific about the northern and southern extent of
possible major earthquakes if we do not know why the earthquakes are occur-
ring at all? The central Mississippi Valley may be a reactivated ancient
zone of weakness, but what are the precise characteristics of this zone.
These are difficult questions to be answered, but the data base is slowly
being improved upon which judgment can be based.

Some research areas and tasks are suggested, though.
a) Continue monitoring of microearthquake activity with an enhanced

seismic network. The new seismicity patterns in Arkansas and southeastern
Missouri require monitoring.

b)Carefullyreanalyzetheexisting6yeardatabaseusingjoint

hypocenter relocation techniques to pin down the geometrical patterns of
the seismicity. Given this, reconstruct composite focal mechanisms,

c) Obtain e tailed Q, P and S velocity models for the central Mis-
sissippi Valley. The installation of a dense accelerography network in
the area by the USGS will yield important strong motion data, but an
accurate earth model is required for interpretation of that data base.

The earthquakes in the central Mississippi Valley are contributing
a great deal of new data which must continue to be analyzed with the
view of applying these results to the broader problem of earthquake hazard
in eastern North America.
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Figure JA2-5. Plot of all earthquakes located in 6 years with g> 3.0.
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Figure JA2-6. Plot of all earthquakes located in 6 years with g 2.5.
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Figure JA2-9. - Plot of all earthquakes located in 6 years with y 3.0.~
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Figure JA2-ll. Plot of all COrthquakse locct:d in 6 yscro with g>, 2.0.
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Figure JA2-12. Plot of all earthquakes located in 6 years with g>,_1.5.
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Figure JA2-13. Epicenters located between January 1,1976 through
December 31, 1979. The search area for a study of the

Arkansas trend is indicated as well as the orientation
of planes of projection.
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Figure JA2-14. Vertical projections of hypocenters for the Arkansas trend.
I

Error bars are the 954 confidence limits of the IIYP071 solutions. '

'Ihere is no vertical enggeration in the plots.
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Figure JA2-15. Epicenters located between January 1, 1976 and
Dece.nber 31, 1979. Search areas and profiles are
indicated near New Madrid, MO, EF and GH, and Ridgely,
TN, OP and QR.
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Pigurs JA2-16. V;rtieni hypoc:nter profiles corresponding to the
proriles indicated in Figure JA2-15.
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Figure JA2-17. Plot of 177 relocated earthquakes for the time period
April 1,.1977 through June 30, 1979. The search zone
for the Arkansas trend is indicated.
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Figure 2JA2-18.' Vertical depth profiles of- relocated hypocente'rs.'
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Figure JA2-19. Relocated epicenters and search areas near New Madrid,
MO and Ridgely, TN.
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RESEARCH PROGRAMS IN THE NEW MADRID AREA
SPONSORED BY OTHER AGENCIES

During the fiscal year 1980 staff members of the U.S. Geological
Survey published the results of their deep-penetrating seismic reflection
studies in the Mississippi Embayment. The reflection profiles revealed
major faults in northeastern Arkansas that coincided with the main earthquake

trends in the area. Deep-seismic rafraction studies are currently being
performed by U.S.G.S. personnel in the New Madrid region. The purpose of

these surveys is to study the structure of the middle and 1cwer crust in
the area of New Madrid seismicity. Profiles to be established include one
along the axis of the Reelfoot Rift, one parallel to the rift to the south-
east, and two perpendicular to the rift. Preliminary reports of the findings
from this study should be available in Spring of 1981, after the data are
processed.

Several of the participants in the N.R.C. - New Madrid study group
have prepared parrs to be included in a U.S.G.S. Professional Paper on the
New Madrid area. The report is in final stages of editing and should be
published in 1981.

Some of the current U.S.G.S. Earthquake Hazards Reduction programs

that are of significance to the coordinated studies of seismotectonics in
the New Madrid area are shown on table 2.

The U.S. Army Corps of Engineers, St. Louis District, continued
its geological and seismological review of the midwestern United States. They
have prepared a seismic znning map for the region that is currently under-
going in-house review. The Corps published a paper in their series entitled
" State-of-the-Art for Assessing Earthquake Hazards in the United States" -
Miscellaneous Paper S-73-1. It is Report 16, "The relations of sustained
maximum ground acceleration and velocity to earthquake intensity and magnitude,"

| by Otto W. Nuttli, 1979.
The coordinator and other members of our study groep have cooperated

l with the Tennessee Valley Authority, National Oceanic and Atmospheric Adminis-
tration, Oak Ridge National Laboratories, National Science Foundation,
researchers working on Department of Energy programs, and the Federal Emergency

Management Agency. Cooperation and communication have been excellent among

all of the organizations partici~pating in the New Madrid Seismotectonic Study.
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Table 2
,

4

* U.S. Geological Survey
; Earthquake Hazards Reduction Programs>

New Madrid Area - FY 1980

TECTONIC HISTORY OF EASTERN OZARK UPLIFT, E.E. -Glick, U.S. Geological

Survey, Branch of Central Environmental Geology, Denver Federal Center,
Denver, Colorado 80225, (303) 234-3353.

TECTONIC ORIGIN OF EASTERN UNITED STATES SEISMICITY, R.M. Hamilton, U.S.

Geological Survey, Branch of Earthquake Tectonics and Risk,12201
Sunrise Valley Drive, Reston, Virginia 22092, (703) 860-7684.

GE0 PHYSICS OF THE NEW MADRID SEISMIC ZONE, T.G. Hildenbrand, U.S. Geological

Survey, Branch of Regional Geophysics, Denver Federal Center, Denver,
Colorado 80225, (303) 234-5464.

MISSISSIPPI VALLEY SEISM 0 TECTONICS, D.P. Russ, U.S. Geological Survey,
*

Branch of Earthquake Tectonics and Risk, Denver Federal Center, Denver,
Colorado 80225, (303) 234-5065.

TILTMETER RESEARCH PROGRAM IN THE NEW MADRID SEISMIC ZONE, Sean T. Morrissey,

Saint Louis University, Department of Earth and Atmospheric Sciences,'

St. Louis, Missouri 63103, (314) 658-3129.

EARTHQUAKE HAZARD STUDIES IN SOUTHEAST MISSOURI, U.V. Stauder, Saint Louis
University, Department of Earth and Atmospheric Sciences, St. Louis,
Missouri 63103, (314) 658-3131.

)
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U.S. NUCLEA'] REGULATORY COMMISSION,

BIBUOGRAPHIC DATA SHEET NUREG/CR-2129

4. T|TLE AND SUBT|TLE (Add Volums No., at morenste) 2. (Leave bimkl

New Madrid Seismotectonic Study
. RECIPIENT'S ACCESSION NO.Subtitle: Activities During Fiscal Year 1980

7. AUTHOR (S) 5. DATE REPORT COMPLETED

T.C. Buschbach "feYruary 1981
9 | ERFORMING ORGANIZAT8ON N AME AND MAILING ADDRESS (Include 2,p Code / DATE REPORT ISSUED

" "'"
St. Louis University September 1981P.O. Box 8099 - Laclede Station

, ,L,,,, ,,,,,,
St. Louis, M0 63156

8. (Leave blank)

12. SPONSORING ORGANIZATION N AME AND MAILING ADDRESS (Include Iso Codel
10. PROJE CT/ TASK / WORK UNIT NO.

Division of Health, Siting and Waste Management
11. CONTR ACT NO.Office of Nuclear Regulatory Research FIN B6335U.S. Nuclear Regulatory Commission

Washington. OC 20555
13. TYPE OF REPORT PE RIOD CQvE RE D (Incluseve dates)

Technical FY 1980

15 SUPPLEMENTARY NOTES 14. (Leave o/m*/

16. ABSTR ACT 000 vvords or lesst

Parallel linear geophysical trends, similar to those associated
with the New Madrid seismic zone, were found to extend from New Madrid
northeastward into Indiana and northwestward to St. Louis, Missouri. The
origin of the basement structures may be a Precambrian triple junction
associated with rifting during a period of continental break-up. Aero-
magnetic and gravity data from much of the study area have been integrated,
gridded, and ccntoured. Fault studies in the area this year found no faults
that displaced Quaternary deposits. There were 238 earthquakes detected and
located by the St. Louis regional microearthquake array in the New Madrid
area during annual year 1979. A map has been prepared to show the epicenters
of 1190 earthquakes detected and located by that array for the six-year period
between July 1, 1974 and June 30, 1980.

17 KE Y WORDS AND DOCUMENT AN ALYSIS 17a DESCRIPTORS

I

I

17b IDEN'(IFIE RS'OPEN EN DE D TE RMS

18 AV AIL ABILITY STATEMENT 19. SE CURITY CLASS (Tna report / 21 NO Of P AGE S
Unclassified

Unlimited 20 ggiTY Cpgga so,,1 22 aRice

|eC soav aas o tri
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