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Introductiom. 1In 1811 and 1812, three great earthquakes struck the
central Mississippi River valley and virtually destroyed the town of New
Madrid, Mo. (1,2). Major earthquakes are known to have occurred in the New
Msdrid region earlier (3), and this is currently the most selsmically active
area of the central and eastern United States (4). Identification of the
tectonic processes responsible for this seismicity is crucial for
reallstlcally evaluating seismic risk and for estimating ground-motion values
needed for the safe design of critical facilities. Moreover, characterization
of the tectonic processes that make this intraplate area unique is important

to the evaluation of seismic hazards throughout the central and eastern United
States. Understandlng the basic geologic framework of the region and
identifying the faults and structures directly related to the seismicity have
provsd difficult because unconsolidated sediments cover the most seismically
active area. 1In this paper, we describe new information on subsurface’
Structure gained through an extensive program of seismic reflection

profiling. These data provide the basis for new insight into the tectonic

i

framework of the New Maérid region.
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Ceologic Setting

The New Madrid region is in the northern part of the Mississippi
embayment: a broad, southwesterly_plunging syncline of unconsolidated Upper
Cretaceous and Cenozoic sediments that unconformably overlie deformed

Paleozoic rocks (Fig. 1). The major tectonic element of the region is thought

e

Fig. 1.--NEAR HERE

to be a northeasterly trending rift of Precambrian age (5). Recent magnetic
and gravity data provide strong evidence supporting the presence of a rift

(6). These geophysical data also suggest the presence of several plutons

located along both the fianks and the axis of the rift, an interpretation that
is consistent with the identification of cuttings of igneous.rocks in well
sampies (7). These cuttings have beén dated by the K-Ar method as late
Paleozoic (Late Mississippian and Permian) and Late Cretaceous (8). Field
mapping suggests that some Tertiary intrusive activity may be associated with
the Newport pluton (9) southwest of the ;eismic zone (Fig. 1). The igneous
rocks in the upper Mississippi embayment region are predominantly alkalic
(10), indicative of a déepéeated origin (8).

Earthquakes in the region (Fig. 1)(11) are concentrated along three
principal zones: 1) a 100 km-long linear zone that extends from Marked Tree,
Ark., to Caruthersville, Mo., aéproximately along the center of the rift
structure; 2) a zone of relatively more intense activity that extends from
near Ridgely, Tenn., northward to west of New Madrid; and 3) a relatively
short, northeasterly trending zone that passes west of New Madrid. Two of fhe

1811-12 earthquakes may have occurred in the northeast-trending zone along the

rift axis (2).

SR)
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Previous workers have attributed earthquakes.in the New Madrid region to
faults associated with the rift (6), to elastic stress concentrations
associated with the mafic or ultramafic plutons (12), to faults projected
southwesterly beneath the embayment from the “New Madrid fault system™ of

Kentucky and Illinois (13,14), and to relief of stress concentrated at tie

intersection of the downwarped Mississippi embayment and the buried Pascola

arch (15).
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Scismic Reflection Profiles

About 280 km of multi-channel (QOmmon-depth-point) seismic reflection
profiles were run throughout the active seismic area (16). 1In order to
resolve small offsets in the post-Paleozoic seétion, one type of profile,
designated "5," was designed to enhance shallower reflections; another type,

’ L

designated "D,"” was shot to enhance resolution of reflectors below the
Paleczoic surface.. No significant reflectors could be seen below the Late—-
Cretaceous—-Paleozoic contact on the 5-1ines. Lines denoted by the prefixes

"T" and "R" were shot as an initial phase of the embayment reflection program

(17). Fig. 2 shows the locations of the profiles and many of the

-

Fig. 2.--NEAR HERE

feat;res discussed in the following sections. To establish a correlation
berween the geclogic units and reflectors, a synthetiec seismogram was
constructed from sonic-velocity and density logs of a research well drilled
into Paleozoié rocks near iine §-10 (Fig. 2). Correlation between the
synthetic and real data is excellent (18). Stratigraphic information from
other wells in the area was also used for correlatiom purposes.

On thé profiles, three stratigraphic contacts could be consistently
identified. The contact of Upper Cretaceous and Tertiary sediments is an
excellent, continuous reflector. The contact of the Upper Cretaceocus
sediments and Paleozoic rocks is also an excellent, continuous reflector, but
in some areas it is discontinuous. Within the Tertiary section, the Eocene-
Paleocene contact at the top of the Porters Creek Clay is a good but somewhat
discontinuous reflector. Within the Eocene section, good reflectors persist

locally but cannot be correlated regionally. The three contacts mentioned

above are all unconformities of generally low relief in the study area (19).

6
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The profiles show numerous vertical offsets and abrupt flexures, as well

as discontinuities and diffractions that are Interpreted to be associated with

faults (20).

Faults
. L3
The resolution of the reflectors is sufficiently precise to identify -
faults with vertical offsets as small as 5 m (21). The locations of faults
that can be correlated between profiles are shown in Fig. 2; numerocus
uncorrelatable faults with small vertical offsets are not shown.

The fault with the largest component of vertical Cenozoic offset is seen

on profile S-6 {(feature C, Fig. 3)}). The Upper Cretaceous/Paleozoic and

Tertiary/Upper Cretaceous reflectors are offset about 80 m. As the offset
appears to continue essentially undiminished into the middle Eocene section,
the faulting is mostly middle Eocéne or younger
An offset with similar displacement as that on line S-6 is seen on line

S-4 (feature C, Fig. 3). Tﬁe simiiar nature of these two offsets (the amount
and sense of displacement) and their uniqueness (no other offsets of similar
size were found) strongly suggest that they are the same structure, striking
N. 40° E. This feature has been designated the Cottonwood Grove fault as it
.lies under the community of that name. Vertical displacement on the fault

diminishes to the northeast but is discernible on line S-5 (feature C, Fig.

3). To the southwest, the Cottonwood Grove fault is not seen on lines $-13

and S5-8.
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Altogether, the Cottonwood Grove fault and other subparallel faults on
lines S-4, 5-5, and S~6 define a northeast-trending horst and graben system
that is generally coincident with the axis of the larger rift (Fig. 2)(22).
As gnterpreted from the profiles, movement on the faults in Fig. 3 is
predominantly post middle Eocene in age. Significéntly; the Cottonwood Gz?ve
and Ridgely faulfs (Fig. 2) lie beneath a northeast-trending topographic
feature known as Ridgely Ridge (23), thereby suggesting recent movement of
these faults.

Evidence of a major, deep—seated structural discontinuity interpreted to
be a fault zone is seen on lines D-1 and b-3 (Fig. 2). The feature coincides
with the northeast-—striking, Marked Tree-Caruthersville seismic zone and is
defined by an abrupt discontinuity in Paleczoic structure. Reflectors below
the Paleozoic surface west of Ehe fault zone on line D-1 have a westerly’
component dip, whereas those east of the zone appear to be nearly horizontal

(Fig. 4). Line D-3 shows northerly dipping reflectors that correlate with

Fig. 4.--NEAR HERE

those west of the fault zone on line D-1. Together, this information defines
a N. 45° E. strike and ~ 12° NW. dip for the reflectors northwest of the

zone. The strike of the fault éone as indicated by the termination of fhese
reflectors on lines D-1 and D-3 is about N. 45° E. Minor faulting seen in the
Paleozoic section on line $-7 may represent th; northeastward continuation of
this fault zone. The gap in seismicity in the vicinity of line 5-7 suggests
that perhaps the offset along this fault is greatly diminished by this point,
but our lack of deep resolution coverage in this area makes this

interpretation uncertain.
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The'rocks underlying the Upper Cretaceous sediments in the region of
lines D-1 and D-3 are probably of Cambrian-Ordovician age (7, 24). As the
maximum thickness of these rocks is about 4 km (24, 25), reflections from the
lower part of D-1 and P-3 may be from Precambrian rocks. If the strongest
reflectors on each side of the fault zone (at about 2.0 sec) are from -
correlative strata, an apparent stratigraphic separation of about 1 km 1is
indicated with the northwest side up.

It is clear that the major vertical displacement on the fault zone pre-
dates Late Cretaceous deposition. Late Cretaceous and younger strata across
the fault zone are disrupted by numerous small faults, with only about 50 m of
apparent cumulative disﬁlacemént from west to east. Thus, some Cenozoic
deformation is indicated.

Fault-plane solutions for earthquakes in the Marked Tree-Caruthersville
zone indicate predominantly right lateral, strike slip movement élong a
northeast-striking nodal plane, with a significant component of dip-slip
movement (26). The sense of the dip-slip component is consistent with that
indicated by the Seismiclreflection profiles. If the current seismicity is
indicative of post-Cretaceous deformation, the predominant strike-slip
component in the fault—plané solutions may explain why little vertical
separation is observed in the younger strata.

In the area west of New Madrid, the largest apparent offset of reflectors
is on line S-2. The vertical displacement is about 35 m on the Tertiary/Upper
Cretaceous and Upper Cretaceous/Paleozoic reflectors with the southeast side
down. The Eocene/Paleocene reflector is not discernably offset. Thus the age
of vertical displacement is Paleocene. The point at which this fault is

crossed is essentially coincident with a northeast-striking zone of seismiéity

(Fig. 2). A similar east side down displacement is seen on line S-1 where
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that line crosses the zone. Farther to the northeast along the same zone of
seismicity, another offset with the east-side-down 1s seen on line S-11. It
appears, therefore, that a fault with a dip-slip component of.southeast-side—
dowﬁ, is closely assoclated with the northeasterly trending zone of
seismicity. The-projection of this zone farther northeast passes near )
Charleston, Mo., (Fig. 1) where one of the two largest earthquakes fo strike
the région since 1812 occurred in 1895 (27). |
Numerous other faults are interpreted on the northern sections, but they
have not been correlated between lines. It is clear, though, that faulting is
more abundant in the area near Ridgely than to the southwest. Several faults
in the Ridgely area show evidence of recurrent movement. Both the Reelfoot
and Ridgely faults (Fig. 2)(17)have significantly less offset on the
Tertiary/Upper Cretaceous refléctor than on the Upper Cretaceous/Paleozoic
reflector. Thus, motion recurred in Cenozoic time on faults of lLate

Cretaceous age or older. Holocene surface displacement is reported on faults

believed to be part of the Reelfoot fault (3).

]
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Intrusives

The seismic reflection profiles provide evidence that intrusive masses
were enplaced in pre-Late Cretaceous, possibly Late Cretaceous, and Cenozoic
time. The intrusive activity is indicated on the profiles by arched
reflectors that diminish in amplitude upward agd by diffractions from below

the Upper Cretaceous/Paleozoic contact. The features aﬁ points B, E, and i
directly east of C énkFig. 3 are interpreted to be the result of intrusive
igneous activity.

Three sets of similarly arched reflectors are present on Fig. 3 at point
B. The character of the arching is the basis for correlgting the reflectors
as a continuous feature with a northeasterly trend. On line 5-4, the
Paleozoic reflector 1s tightly arched; deformation can be traced upwards to
the shallowest correlated reflectors. Such shallow arching can also be seen
on line S5-5. On line §-6, the arch is of approximately the same amplitude,
but is broader; the Eocene/Paleocene contact is only slightly arched a;d
shallower deformation cannot be seen. A strong reflection below the Paleozoic
reflector on S5-6 may indicate the t;p of the intrusive mass.

The features interpreted to be igneous bodies lie near the center of the
rift inferred from magnetic data and are approximately colinear with a pluton
situated directly to the hortheast (Fige 2). They may have their origin in a
deep dike system that fed laccoliths and sills in the upper Paleozoic
section. The presence of tabular intrusive masses in the area 1is documented
bv well daté (10). Furthermore, a gravity high which suggests the presence of
a2 dense body of subsurface rock corresponds to the location of the inferred
intrusive body (23).

Determination of the timing of the Inferred intrusive activity hinges on

the amount of thinning of the Upper Cretaceous section, on how high in the

M
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Tertiary section arching can be traced, and on possible effects produced by
movement on nearby boundary faults. Our preferred interpretation is that in
post middle Eocene time, magma intruded Paleozoic rocks to form laccoliths and
silis. Thinning has reduced the Upper Cretaceous section by about one-third
on line S—6 and one-half on S-4. Such thinning could be achieved by extension
of the strata and compaction. If so, then the arching would be entirely ;bst.
late Cretacecus. Some of the Cretaceous thinning, however, could have
resulted from Late Cretaceous deformation or topographic relief on the
Paleozoic surface. In any case, arching high in the Tertiary section shows
that at least part of the deformation occurred in post m;ddle Eocene time. It
is clear from thinning of the.beds immediately east of the Cottonwood Grove
fault that the arching preceded the faulting.

Evidence for pre-Late Cretaceous igneous activity lies in the nature of
the reflection from the Upper Cretaceous/Paleoczoic contact, and the character
of the reflections and diffractions from below that contact. Areas un;ffected
by such activity have an Upper Cretaceous/Paleozoic refl?ction characterizad
by a simple wavelet and’ good lateral continuity. Also, the level of
incoherent energy below the Faleozoic surface is quite low. 1In contrast,
reflections in the areas of jnferred intrusives lack lateral continuity, have
a "scalloped" appearance owlng to diffractions, and have a high level of
incoherent energy. These chara;teristics are interpreted to indicate
fracturing and alteration caused by nearby intrusive activity (28). Evidence
for such intrusive activity is found in the northern part of the study area,
and is perhaps related to the intrusion of the plutons defined by gravity and
magnetic data (Fig. 2). Profiles §—11 and S-12 show evidence for pre-Late

Cretaceous intrusive activity along their whole length, whereés'profiles to

the south (5-7, 8, and 9) do not show it at all. The profiles in Fig. 3 (5-4,
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5-5, and 556) indicate some areas of pre-Late Cretaceous intrusive activity
(for example, under feature A on line §-4),

The timing of the pre-Late Cretaceous intrusive activity is not well
constrained. In the areas where the Upper Cretaceous-Paleozoic reflector
is extensively disturbed, the shallower reflectors show little evidence of
disruption, indicating that the inferred intrusions predate Late Cretaceous
sedimentation, thus fixing a minimum age, Since Paleozoic rocks in the area
of the reflection profiles are Cambrian and Ordovician in age (7), and since
the reflectibn data show the intrusions postdate the Paleozoic rocks, a maxi-
mum age for this stage of igneous activity is established. A radiometric
date on intrusive igneous rocks from a drill hole near Ridgely yielded a Per-

mian age (8). The presence of diatremes, dikes, and other intrusives that

would disrupt the Paleozoic rocks is well documented in the region (10, 14).
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Tectonic Significance

This new information shows that the seismicity of the northern
Mississippi embayment is spatially related to anclent tectonic structures.
The‘profiles suggest recurrent tectonism in the earthquake zones. They
indicate the presence of a major fault zone of pre-lLate Cretaceous age,
faulting of post middle Eocene age, and intrusive activity of Cenozolc, pgé-
Late Cretaceous, anﬁ perhaps Late Cretaceous age. Moreover, a close
association of faulting, intrusive activity, and current seismicity is
apparent. By integrating these new findings with previously known
information, a more complete interpretation of the histo;y of tectonic
deformation of the northern Mississippi embayment emerges.

Regional geophysical data suggest that the northern Mississippi embayment
is underlain by a Precambrian crustal rift (6). In early Paleozoic time,
subsédence resulted in the accumulation of sedimentary rocks several
kilometers thick. In the upper Mississippi embayment, post Early OdeQician
uplift began to form the Pascola arch (7); erosion removed much of the
Paleczoic section, exposing Cambrian and O;dOVician rocks. In late Paleozolc
time, possibly associated with subsidence of the arch, but certainly before
Late Cretaceous downwarping of the northern embayment, intrusive activity
occurred in the Ridgely area. The deformation of Paleozoic and possibly
Precambrian rocks seen on lines D-1 and D-3 could have occurred either in
association with formation of the Pascola arch or later, possibly associated
with the. intrusive activity. We prefer the latter interpretation since the
axial trend of the arch is southeasterly which would imply southwestward
tilting of the reflectors. In contrast, the reflectors tilt to the
northwest. Another stage of intrusive activity occurred prior to Late

Cretaceous time. Faulting in Late Cretaceous or early Paleocene time, before

13




the next marine invasion, was not widespread. Following deposition of the
middle Eocene sediments, 2 final stage of intrusive activity and the major
post-Paleozoic faulting occurred, including movement on the Cottonwood Grove,
Reeifoot, Ridgely, and numerous other faults. Movement on some éf these
faults occurred in the Holocene.

Characterization of seismogenic faults in intraplate areas such as thz
central and castern United States is a formidable problem. This work has
shown that the net offsets on such faults can be small relative to those along
active continental margins and little, or no, vertical offsets may be
discernible in the sediments overlying bedrock. A variety of reasons account
for this. These faults clearly do not accommodate 1arge.strains and, as
reactivated structures, fhe sense of movement on the faults has.not
necessarily been the same through geologic time. Moreover, the periodicity of
reactivation can apparently be quite long resulting in small cumulative
offsets. Nevertheless, a picture is emerging that suggests that zones of
intense seismicity in the central and eastern United States are associated
with ancient rift zone; (30). In the New Madrid region, the rifting
apparently occurred in Late Precambrian (5); In the seismically active areas
along the Atlantic Coast, rifting occurred in Triassic/Jurassic time related
to the opening of the Atlantic Ocean. The present mode of deformation om the
old faults is greatly influenced by the orientation of the current stress
field. The areas of greatest earthquake potential are likely to be where weak
structures in rift zones are favorably oriented for failure and delineation qf

these features is critical for selsmic risk assessment.

/4
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Captions for Figures
Map of the northern Mississippl embayment region showing:. earthquake
epicenters——open cireles (31); plutons—hachured areas and rift
boundaries——heavy solid lines (29); and faﬁlts—-fine solid lines (14).
Enlargement of part of Fig. 1 showing earthquake eﬁicenters——dots (31) the
-
locations of the seismic reflection profiles——heavy gray lines and
principal faults inferred from the data.
Part of profiles S5-4, S-5, and S~6, and an interpretative, oblique cross-
section of the axial graben system. The main features are: A-——northwest
boundary fault of graben; B—-Cenozoié intrusion and overlying, arched
reflectors; C-—Cottomnwood Grove fault, southeast boundary of the graben;
D——southeést side of horst; and E-—horst or intrusiom. Geologic ages of
rocks are indicated: Te—-Eocene, Tpal--Paleocene, K-—-Cretaceous and Pz—

Paleozoics.

Part of profile D-1 and a corresponding interpretative line drawing.
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