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HIGH-RESOLUTION, SHALLOW,
SEISMIC REFLECTION SURVEYS OF THE NORTHWEST
REELFOOQOT RIFT BOUNDARY NEAR MARSTON, MISSOURI

By Jack K. Odum,! Eugene A. Luzietti,2 William J. Stephenson,!
Kaye M. Shedlock,! and John A. Michael!

ABSTRACT

The 1811-12 New Madrid earthquakes are believed to
be among the strongest historical events to have ever
occurred in North America; however, little surficial defor-
mation exists to document this sequence of strong
ground-shaking events. Approximately 9 km southwest of
New Madrid, Mo., six high-resolution seismic reflection
profiles image strata near the presumed epicenter of one of
these historical 1811-12 earthquakes. Three of the six pro-
files image what we interpret to be a master and antithetic
fault pair that are traceable for approximately 6 km. Geo-
morphic evidence suggests that this fault pair may be traced
for as much as 15 km. The trend of these faults, which may
represent a segment of a wider fault zone, is approximately
N. 50°-55° E.—an orientation subparallel to the aeromag-
netically defined Reelfoot rift boundary and other regionally
identified structural features.

Our interpretation shows deformation in the form of
normal and reverse movement across the Paleozoic surface
reflector. Displacement on this reflector decreases from a
maximum of 30 m upward through the section. Although
noticeable vertical displacement decreases upward through
the younger strata, stream-channel entrenchment largely
confined within the downwarped area (graben) between a
master and antithetic fault pair indicates that at least minor
amounts of movement occurred into the middle Eocene. The
lack of surface and near-surface deformation, along with
subtle changes in reflector characteristics across fault traces,
may be indicators that strike-slip fault movement became
prevalent during the late Tertiary.

1U.S. Geological Survey, Mail Stop 966, P.O. Box 25046, Denver
Federal Center, Denver, CO 80225.

2Chevron USA Production Company, 935 Gravier St., New Orleans,
LA 70112.

INTRODUCTION

The northern Mississippi Embayment was rocked by
hundreds of small earthquakes and three high-magnitude
events during the winter of 1811-12. The February 7, 1812,
event, with an estimated magnitude of about M 8.3
(Johnston, in press), totally destroyed the town of New
Madrid, Mo. Although a large amount of the regional strain
energy may have been dissipated by the three large earth-
quakes (December 16, 1811; January 23 and February 7,
1812), an instrumentally defined pattern of concentrated
modern seismic activity currently exists within the northern
Mississippi Embayment (fig. 1) (Stauder and others, 1976;
Johnston and Nava, 1990; Chiu and others, 1992). This pat-
tern of modern seismicity, the New Madrid seismic zone
(NMSZ), geographically encompasses portions of southeast
Missouri, northwest Tennessee, and northeast Arkansas and
is largely confined within the aeromagnetically and grav-
ity-defined boundaries of the Reelfoot rift graben. It is
widely recognized as one of the most seismically active
regions east of the Rocky Mountains.

The New Madrid earthquakes, which occurred during
the winter of 1811-12, are among the strongest historical
events to ever have occurred in a stable continental setting
(Johnston and Kanter, 1990), but little surficial deformation
exists to document this sequence of strong ground-shaking
events. The most common and widespread surficial evidence
include sandblows, earthquake-induced landslides along
river bluffs, sunken terrain (sloughs), and small (generally
less than 10 m) upwarps. Thick deposits of unconsolidated
Pleistocene and Holocene alluvium, and lateral planation
accompanied by cut-and-fill channeling of the ancestral and
modern Mississippi and Ohio Rivers, make it difficult to
identify evidence of faulting in near-surface strata.

Seismic reflection data has been acquired throughout
the Mississippi Embayment to help identify subsurface
structures.  Vibroseis seismic reflection surveys have
been useful in delineating major deformational features
(warping and faulting) that have disrupted Paleozoic and
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Figure 1. Regional map of the northern Mississippi Embayment showing the location of study area seismic reflection sur-
veys (box) in relation to the Reelfoot rift boundaries and inferred plutons (Hildenbrand and Hendricks, 1995), Blytheville
arch (Hamilton and McKeown, 1988), Pascola arch (Grohskopf, 1955), and epicenters (crosses) of earthquakes of M>1.5
(Taylor and others, 1991). Figure is modified from Luzietti and others (1992).

Cretaceous strata (Crone and Brockman, 1982; Hamilton  Tertiary and Quaternary reflectors make it impossible to
and Zoback, 1982; Hamilton and McKeown, 1988; Sex-  trace deformation features into the shallow subsurface.
ton and others, 1982). However, poorly resolved upper  During the last decade, more than 100 km of
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Figure 2. Map showing location of U.S. Geological Survey (USGS) Vibroseis line S-3 (hachured line), six
high-resolution Mini-Sosie seismic reflection lines (heavy black lines), and three drill holes (black well symbols)
used for stratigraphic correlation. Generalized northwestern edge of rift boundary is surface projection of the steep-
est gradient in the magnetic field that is used by Hildenbrand and Hendricks (1995) to delineate the rift boundary.
Open circles are epicenters of earthquakes with M2 1.5. Section A-A’—A”, based on drill-hole data, is presented in

figure 3.

P3



P4 INVESTIGATIONS OF THE NEW MADRID SEISMIC ZONE

high-resolution reflection data have been acquired
throughout the Mississippi Embayment to image Tertiary
and younger strata and permit detailed analysis of shallow
(less than 1 km deep) deformation (Shedlock and Hard-
ing, 1982; Sexton and Jones, 1986, 1988; Luzietti and
Harding, 1991; Luzietti and others, 1992; Schweig and
others, 1992; VanArsdale and others, 1992).

This paper presents the interpretation of six
Mini-Sosie high-resolution seismic reflection profiles in
southeastern Missouri (fig. 2). These profiles are located
within a broad zone that coincides with the surface projec-
tion of the aeromagnetically and gravity-defined north-
western boundary of the Reelfoot rift graben and are in
close proximity to the assumed February 7, 1812, earth-
quake epicenter.

REGIONAL GEOLOGY AND
SEISMICITY

The Mississippi Embayment extends from the Gulf
Coastal Plain northward to approximately the confluence of
the Mississippi and Ohio Rivers. Based on aeromagnetic
and gravity data collected in 1974, a northeast-trending gra-
ben (approximately 300 km long and 70 km wide) has been
interpreted beneath the northern Mississippi Embayment
(Hildenbrand and others, 1977; Kane and others, 1981). The
Reelfoot rift graben, a major near-surface structural feature,
is part of a larger tectonic structure within the craton: the
Reelfoot rift system (Hildenbrand, 1985). Magnetic model-
ing suggests a depth to magnetic basement of 4-5.5 km
within the graben. This represents a variable amount of ver-
tical structural relief (ranging from 1.5 to 2.5 km) with
respect to the regional magnetic basement (Hildenbrand and
Hendricks, 1995). Contouring of the Precambrian surface,
using drill-hole and geophysical data, indicates that the gra-
ben consists of at least two deep basins (half-grabens) sepa-
rated by one or more transverse ridge structures (R.L. Dart,
oral commun., 1993).

The Reelfoot rift graben is believed to have devel-
oped as a result of incipient rifting during latest Protero-
zoic to Early Cambrian time (Bond and others, 1984;
Kolata and Nelson, 1991). By the Late Cambrian, most
tectonic activity had ceased and the rift complex was filled
with approximately 3 km of sediment (Kolata and Nelson,
1991). Deposition of shallow-marine carbonate
sequences, sandstone, siltstone, and shale continued into
the Pennsylvanian (Cushing and others, 1964). Compres-
sive stresses, probably associated with the late Paleozoic
Ouachita and Allegheny orogenies, reactivated some Reel-
foot rift boundary faults, resulting in both normal and
reverse movement (Kolata and Nelson, 1991). These
compressive stresses also induced strike-slip, oblique, and
reverse fault movement along the axial Reelfoot rift fault

zone and possibly caused uplifting of the Pascola arch
(Howe and Thompson, 1984; Kolata and Nelson, 1991).
Zones of weakness along the rift margins and axial fault
zone provided sites for emplacement of felsic and mafic
intrusions (Howe and Thompson, 1984; Kolata and Nel-
son, 1991). Regional uplift lasted into the late Mesozoic,
and extensive erosion removed as much as 4,600 m of
Paleozoic strata from the top of the Pascola arch
(Marcher and Stearns, 1962). Upper Paleozoic to middle
Cretaceous rocks are missing in the northern Mississippi
Embayment.

A renewed episode of basin-wide downwarping during
the Late Cretaceous initiated a cycle of sedimentation with
only two major and a few minor interruptions (Stearns,
1957). Drill-hole and geophysical data have identified mafic
to ultramafic plutons along the rift margins and within the
graben that are thought to have been emplaced during the
late Mesozoic (Hildenbrand and Hendricks, 1995). Follow-
ing the cessation of a major period of subsidence in middle
to late Eocene time, the embayment was uplifted and erosion
dominated until the close of the Tertiary (Stearns, 1957).
Thin sheets of coarse-grained fluvial and alluvial deposits
were laid down during the late Pliocene(?) and early Pleis-
tocene (Potter, 1955; Russell and Parks, 1975). Mid to late
Pleistocene glacial-outwash deposits and windblown loess,
of variable thickness, mantled surfaces within and adjacent
to the Mississippi Embayment. Lateral planation and major
channel shifts by the modern Mississippi and Ohio River
systems are currently eroding and reworking relict braided
streams, glacial-outwash plains, and modern Holocene-age
alluvial deposits (Royall and others, 1991; Autin and others,
1991).

Reelfoot rift system structures have undergone several
episodes of compression and extension. Currently, and
probably beginning as early as the Miocene, the Mississippi
Embayment is being compressed by predominantly uniform
horizontal stresses (Johnston and Nava, 1990). In the
NMSZ, the principal axis of compression is oriented approx-
imately N. 80° E., whereas the principal axis for the Central
United States as a whole is N. 60° E. (Zoback and Zoback,
1981). Within the Reelfoot rift system, faults with north-
east-southwest orientations are believed to respond to the
regional stress orientation, with predominantly right-lateral
strike slip along with small amounts of normal, oblique, and
reverse movement (Russ, 1982; Zoback and Zoback, 1989;
Dart and Swolfs, 1991). The New Madrid seismic zone con-
sists of three major trends of seismicity (fig. 1): a major zone
extends northeast for 120 km along the rift axis from near
Marked Tree, Ark., to Caruthersville, Mo.; a second north-
east-trending zone lies outside of the rift margin along a
40-km-long line from New Madrid to Charleston, Mo. A
third zone, oriented north-northwest, connects these two
zones. Between October 1989 and January 1992, more than
700 earthquake events were recorded on the PANDA (porta-
ble array for numerical data acquisition) network, which is
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P6 INVESTIGATIONS OF THE NEW MADRID SEISMIC ZONE

deployed within this transverse zone (Chiu and others,
1992). Hypocenters are generally 5-15 km deep, and the
earthquakes have magnitudes ranging from <0.0 to 4.6 (Chiu
and others, 1992). The pattern and focal mechanism of the
hypocenters indicate a variety of faulting styles within the
transverse zone including thrust, strike-slip, normal, and
reverse (Chiu and others, 1992). The Marston, Mo., study
area falls within this transverse zone of seismicity (fig. 2).

STRATIGRAPHIC CORRELATION AND
STUDY AREA GEOLOGY

Two geophysically logged exploratory drill holes and
one lithologic log from a water well (fig. 2) provide local
subsurface information that can be used to correlate the
seismic reflection data with stratigraphic horizons. The
two geophysically logged drill holes, the Cordova-Union
Oil/E. Phillips No. 1 and the USGS New Madrid Test
Well 1-X (Crone, 1981) (A and A”, respectively, fig. 2)
are 21 km apart. A stratigraphic cross section (fig. 3),
incorporating the resistivity log interpretations and the
lithologic description from the city of Marston water well
(A"), shows the regional continuity of formation contacts
and thicknesses across the study area. The synthetic seis-
mogram generated from the USGS New Madrid Test Well
1-X geophysical logs indicates that the impedance across
major unconformities and lithologic contacts is significant
enough to produce regionally observable reflectors.

Within the study area, extensive erosion during the late
Paleozoic and Mesozoic removed several kilometers of rock
from the uplifted Pascola arch, leaving behind a Paleozoic
bedrock surface that dips gently southeast toward the embay-
ment axis with a slope of approximately 6.6 m/km (Marcher
and Stearns, 1962; Boswell and others, 1965). The Upper
Cretaceous McNairy Sand, consisting of sand, clay, and marl
deposited within a fluvial and rapidly expanding deltaic
environment, lies unconformably upon this low-relief Paleo-
zoic surface (Pryor, 1960). The Owl Creek Formation,
largely composed of reworked upper McNairy Sand in the
northern embayment, represents an episode of subsidence
and rapid sea transgression following a period of uplift and
tilting (fig. 3) (Pryor, 1960). During the Paleocene, a marine
transgression completely covered the embayment, and shal-
low- to deep-water marine clay and shale were deposited.
The thin, calcareous and sandy Clayton Formation uncon-
formably overlies the Upper Cretaceous rocks. The Clayton
Formation grades upward into the Porters Creek Clay.
Together, these formations make up the Midway Group. In
the northern embayment, a sharp unconformity marks the
contact between the Midway Group and the overlying Pale-
ocene and lower Eocene Wilcox Group (Fort Pillow Sand
and Flour Island Formation). The shallow-water to deltaic
Fort Pillow Sand is overlain by nonmarine back-beach and
deltaic silt and clay of the Flour Island Formation. The

Table 1. Data-acquisition parameters.
[pt, point; gp, group; config, configuration]

Parameter Description
Source type.......cccoveuveenne. 3 earth compactors
Source array.................... 2-m spacing parallel to profile line
Source duration............... 1,500-2,000 impulses per shot pt
Source point interval........ 9.14 m (30 ft)
Geophone array............... 1-m point area
Geophone gp spacing ...... 9.14 m (30 ft)
Geophone config ............. 24 channel, end-on
Field filters..................... 40-180-Hz band pass, 24 dB/octave
Recording system............ I/0 DHR 2400
Sampling rate.................. 1 ms
Trace length.................... 1,000 ms

Claiborne and Jackson Groups, of Eocene age, unconform-
ably overlie the Wilcox Group. The basal unit of the Clai-
borne Group, in the upper Mississippi Embayment, is a
fluvial, deltaic, and coastal-plain sand, regionally referred to
as the Memphis Sand (Grohskopf, 1955). Above this basal
sand are interbedded silt, clay, lignite, and lenticular sand,
which probably correlate with the Cook Mountain and Cock-
field Formations (Grohskopf, 1955). The Jackson Group
(not positively identified within the study area), composed of
very fine to medium-grained fluvial, deltaic, and
coastal-plain sand, was deposited during the last marine
transgression in the upper Mississippi Embayment (Mann
and Thomas, 1968; Stearns, 1957). The northern embay-
ment underwent regional uplift and erosion throughout the
remainder of the Tertiary. The Jackson(?) and Claiborne
Groups are unconformably overlain by veneers of late
Pliocene and Pleistocene alluvium, colluvium, glacial out-
wash, and windblown loess (Guccione and others, 1990;
Autin and others, 1991).

During the Pleistocene, the Mississippi River flowed
west of its present position in the modern western lowlands,
and it was the ancestral Ohio River that laterally scoured out
a large flood plain across the study area (Stephenson and
Crider, 1916; Fisk, 1944; Saucier, 1964). Headward erosion
and stream capture by an Ohio River tributary and (or)
increased flow resulting from melting ice sheets caused the
Mississippi River to gradually abandon its course and join
the Ohio River south of New Madrid, Mo. (Stephenson and
Crider, 1916; Saucier, 1964). The present river configura-
tion was established approximately 10,000 yr B.P. (Teller,
1990; Royall and others, 1991). During the Holocene, the
Mississippi River and its embayment tributaries developed
the sedimentary sequences and geomorphic features associ-
ated with a large meandering river regime (wide flood plain,
point bars, incised and abandoned meander channels, and
laterally extensive clay “plugs™). In some places, modern
channels have eroded into strata of the Tertiary Claiborne
Group; the channels have been abandoned; and they have
been filled with extensive, younger flood-plain deposits.
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