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ABSTRACT

Over 80 km of seismic reflection profiles from the 
northern part of the Mississippi Valley Graben have been 
reprocessed for this work. The reprocessed seismic 
reflection data, well-log information, and other geological 
information have helped determine subsurface features in 
the area. The seismic reflection profiles were located a 
few kilometers southwest of Caruthersville, Mo., in the New 
Madrid rift zone. Previous studies in this region have 
involved seismic reflection, seismic refraction, 
aeromagnetic, gravity, and earthquake data. These earlier 
investigations provided geophysical control for this study.

Basement-controlled faults are interpreted from the 
seismic reflection profiles. Fault planes are coincident 
with recent earthquake hypocenters. These faults may have 
originated during Precambrian rifting in the New Madrid 
region and may have been reactivated episodically during 
Phanerozoic and Recent time.
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Disrupted zones appear on seismic sections as areas of 
noncoherent, discontinuous reflectors. These disrupted 
zones may be caused by igneous intrusions, by rift debris 
deposited in a highly fractured faulted area, or by thin 
layers of igneous intrusives masking reflections from beds 
below. These zones of disrupted reflectors coincide with a 
prominent trend of earthquake epicenters between Marked 
Tree, Ark., and Caruthersville, M o . , in the New Madrid 
fault zone.
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INTRODUCTION 

Study Area

The New Madrid region, in the central Mississippi 
River valley, is located at the northern extent of the 
Mississippi Valley Graben (Figure 1). The Mississippi 
Valley Graben is defined here as the broad synclinal arm of 
the Gulf Coast Plain extending up into southeastern 
Missouri and southwestern Kentucky. Since the occurrence 
of the large, destructive New Madrid, Mo., earthquakes in 
the winter of 1811-12, the deep crustal structure of the 
New Madrid area has been of interest. Geophysical data 
support the interpreted occurrence of Late Precambrian or 
Early Cambrian intracontinental rifting (Ervin and 
McGinnis, 1975).
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Regional Overview

A series of major earthquakes in the central 
Mississippi River valley occurred in the winter of 1811-12 
and are commonly known as "the New Madrid earthquakes." 
These events struck on De c . 16, 1811, Jan. 23, 1812, and 
Feb. 7, 1812, and had respective body-wave magnitudes of 
7.4, 7.2, and 7.5 (Nuttli, 1982). Since that time there 
have been 20 damaging events with body-wave magnitudes of 
5.0-6.2, thus classifying this as the most seismically 
active region in the Central and Eastern United States 
(Nuttli, 1982). Current seismicity in this area coincides 
with the location of what is thought to be a northeasterly 
trending Precambrian rift. The Precambrian rift is defined 
here as the New Madrid rift zone. Sbar and Sykes (1973) 
explained this correspondence as being due to a 
reactivation of movement along preexisting zones of 
crustal weakness. Earthquakes are concentrated in three 
main trends : (1) a 120-km linear, northeasterly trend from
Marked Tree, A r k . to Caruthersville, Mo., (2) a north- 
northwesterly trending zone from Ridgely, Tenn. to west of 
New Madrid, Mo., and (3) a northeasterly trending zone from 
west of New Madrid, Mo., toward Charleston, Mo. (Zoback et
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a l . , 1980 ; Crone et al., 1985). These three trends are 
defined here as the New Madrid fault zone (Figure 2).

During the 1811-12 earthquakes, the New Madrid region 
was sparsely populated. Presently, over 12.5 million 
people live within the area (McKeown, 1982). The reason 
why earthquakes in the central United States are felt and 
cause damage over much larger areas than those of 
comparable size in the Western States is because of the 
relatively low attenuation of surface-wave energy in 
eastern North America and because of the surficial geology 
of the Mississippi River valley (Nuttli, 1973). Surface 
geology in the New Madrid rift zone consists of a thick 
cover of water-saturated alluvium, which during the 1811-12 
earthquake series, resulted in surface displacements 
including fissures and landslides (Nuttli, 1973). The 
recurrence rate for major earthquakes in the New Madrid 
rift zone is approximately 600-700 years, as based on 
geologic and seismologic evidence (Russ, 1979).

Although the existence of a seismic hazard posed by a 
reccurrence of the 1811-12 earthquakes is well recognized, 
the occurrence of such earthquakes in the North American 
eraton is not well understood. Locations of buildings in 
cities such as Memphis, Tenn., on the unconsolidated 
Mississippi River Valley sediments makes these buildings
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far more susceptible to earthquake damage than structures 
with bedrock foundations would be (Johnson, 1982). A large 
earthquake would cause structural damage to "lifelines" 
such as bridges, utilities, and pipelines. Siting and 
design of critical facilities in the New Madrid region, for 
example, nuclear power plants, hospitals, needs to consider 
the potential seismic hazard. Identification of the 
tectonic processes responsible for the seismicity of the 
area is crucial with respect to an accurate determination 
of seismic hazard in the Central United States.

Numerous studies of a geophysical, geological, and 
seismological nature have been conducted in the New Madrid 
rift zone. One of the earliest studies was the 
documentation of the New Madrid earthquake series. 
Historical accounts of seismic activity as well as damage 
reports have accrued over the years. Also, since 1974 , St. 
Louis University has operated a regional, telemetered, 
seismic-array network which has produced reliable 
information about the locations and magnitudes of recent 
earthquakes. The collection of these data have led to more 
advanced studies such as velocity analyses of the area, 
estimation of fault patterns and movement, and seismic 
hazard analysis.
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Recently, studies have been made in the New Madrid 
rift zone retative to oil and gas exploration. Seismic 
reflection and refraction work has resulted in several 
wells being drilled in the area. Seismic reflection 
profiles collected recently (Zoback et a l ., 1980; Hamilton 
and Zoback, 1982) are interpreted to show a number of 
shallow subsurface faults as well as evidence for igneous 
intrusive activity. Well logs and synthetic seismograms 
have yielded valuable information pertaining to correlation 
with stratigraphie units down to a depth of about 700 m. 
However, clear relations between faults and earthquakes 
were undetermined and faults mapped below about 700 m were 
largely conjectural due to the lack of deep seismic 
coverage.

Recent refraction studies in the area have provided 
new information on deep structure that shows new evidence 
for rifting in the northern part of the Mississippi Valley 
Graben (Mooney et a l ., 1983 ; Ginzburg et al., 1983 ). The 
refraction data indicated the presence of juxtaposed low- 
and high-velocity layers in the Earth1s crust. The 
presence of a low-velocity layer underlying the Paleozoic 
carbonate and clastic series may represent the post-rift 
depositional sequence in the graben area. The presence of 
the anomalous high-velocity layer at the base of the crust
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may indicate the existence of a zone of lower crust that 
has been altered by injection of mantle material.

Gravity and aeromagnetic surveys recently conducted 
support the presence of plutons along the edges of the rift 
zone (Hildenbrand et al., 1982a). This situation is 
similar to that of the Midcontinent Rift System which is 
outlined by a pronounced gravity high and a corresponding 
aeromagnetic signature (S. Duff Kerr, J r . , personal 
commun., 1985). Lower Cretaceous plutons are present along 
the flanks of this rift system (Hildenbrand et a l .,
1982b). The Midcontinent Rift System is aseismic, however, 
except in the area of the Nehama Uplift (Thomas Dobecki, 
personal communication, 1985).

Purpose of Investigation

Though many geophysical, geological, and seismological 
investigations have been made, much about this region still 
remains in question due to its complex geological 
environment. Recently, approximately 6,400 km of 48-fold 
and 24- and 48-fold, common-depth-point (CDP) seismic 
reflection profiles were acquired by the U.S. Geological 
Survey in the hope that the reprocessing of these data 
would lead to a better understanding of the tectonic
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framework in the New Madrid rift zone. Meanwhile, 
preliminary studies by Crone et al.,(1985) from reflection 
profiles in the southern part of the rift zone have been 
interpreted to reveal the presence of zones of disrupted 
reflectors coinciding with epicentral trends between Marked 
Tree, Ark. and Caruthersville, Mo. (Figure 3). The extent 
of the disrupted zones helps to define the southwestern 
limit of the earthquake source area.

Over 80 km of seismic reflection profiles from the 
northern part of the rift zone have been reprocessed for 
this work. The reprocessed profiles show locations of the 
disturbed zones in the northern part of the region. Also, 
the seismic data provides evidence for the direct 
correlation of a deep-seated* basement-controlled fault 
zone with recent earthquake activity. These seismic 
profiles will be discussed at length in the following 
sections as will the geological setting of the region.
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reflection profiles (modified from Crone et al., 
1985) .
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GEOLOGICAL SETTING 

Tectonic and Depositional History

The New Madrid Graben is located in the northern 
extent of the Mississippi Valley Graben (Figure 4). The
New Madrid Graben is over 300 km long and 70 km wide with
2-3 km of structural relief on magnetic basement 
(Hildenbrand, 1982). It is buried beneath the thick 
sediments of the Mississippi Valley Graben. The 
Mississippi Valley Graben is a broad reentrant into the 
North American Continent from the south. It is an 
elongate, southwest-plunging trough lying between the Ozark 
Uplift to the west, the Illinois Basin to the north, and
the Nashville Dome to the east (refer to Figure 1). The
Mississippi Valley Graben opens southward into the Gulf 
Coast Plain with the Ouachita Orogeny exposed on its 
southwestern flank and the Appalachian Orogeny exposed to 
the east.

A long series of intermittent geologic events dating 
back to as early as Late Precambrian has contributed to the 
structural development of this area. Because Precambrian 
rocks are not exposed in the rift zone, knowledge of 
Precambrian deposits has been based mainly on information
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from adjacent regions in northern Arkansas and from the 
St.Francois Mountains of Missouri. About 1.2 billion 
years, ago extensive subalkali ne to peralkali ne rhyoli tic 
tuffs were deposited and alkaline granites were emplaced to 
the north of the graben in the St. Francois Mountains of 
the Ozark Uplift (McKeown, 1982). Precambrian events also 
included the intrusion of gabbro and diabase dikes 
(McKeown, 1982). During Ordovician and possibly Cambrian 
time, the upper Mississippi Valley Graben underwent 
subsidence, forming the Reelfoot Basin (Bond et al.,
1971). The center of deposition was in southeastern 
Missouri and western Kentucky (McKeown, 19 82). Clastic 
sedimentation followed by carbonate deposits may have 
exceeded 14,000 ft (4,270 m) in thickness (Bond et al., 
1971). Bordered on the west by the Ozark Dome and on the 
east by the Nashville Dome, the basin was open to the 
southwest and may have connected with the Arkoma Basin. By 
Silurian time, the center of deposition shifted to the 
north and merged with the Illinois Basin (Bond et al., 
1971). Late Paleozoic uplift of the Pascola arch connected 
the Ozark Dome with the Nashville Dome. Uplift and erosion 
continued until the Late Cretaceous when the arch began to 
subside and sediments began to accumulate. Between 2.5 and
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4.5 km of sediments were eroded from the Pascola arch 
before subsidence began (Stearns and Marcher, 1962).

There is a major unconformity in the New Madrid Graben 
between the Paleozoic and Mesozoic rocks. Upper Cretaceous 
lies on Cambrian to Pennsylvanian rocks (Bond et al.,
1971). Some of the Paleozoic limestone deposits were 
exposed to erosion and a karst topography developed (Bond 
et al., 1971). Marine incursion occurred during Late 
Cretaceous resulting in deposition of sands, silts, and 
clays (Crone and Brockman, 1982). Subsidence of the New 
Madrid Graben continued with repeated transgressive- 
regressive cycles which filled the southwest plunging 
trough with Eocene, Paleocene, and Late Cretaceous 
sediments (Bond et al., 1971).

A layer of coarse alluvial and fluvial gravels covered 
the area in the Pliocene or Early Pleistocene (Crone and 
Brockman, 1982). In response to Pleistocene glaciation, 
the ancestral Mississippi and Ohio Rivers filled the 
lowlands of the central Mississippi valley with braided 
stream deposits. Adjacent uplands to the east were capped 
with deposits of loess or windblown silt (Johnson, 1982). 
About 6,000 years ago, the Mississippi and Ohio river 
systems evolved from braided stream systems to a meandering 
regime in the New Madrid area and began to rework the older
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unconsolidated deposits (Saucier, 1974 ) . The rate of 
sedimentation in the New Madrid graben was the greatest in 
the Early Tertiary (McKeown, 1982). The high rate of 
subsidence may have been controlled in part by sea level 
change or tectonic movement.

Rift Model Theory

The most widely accepted theory of the tectonic 
history of the New Madrid area is that the New Madrid 
Graben is associated with an ancient, buried continental 
rift. This rift structure has been studied using seismic 
reflection, seismic refraction, aeromagnetic gravity, and 
petrological data. Burke anë Dewey (1973) discussed this 
rift zone using a model of a late Paleozoic plume-generated 
triple junction near Jackson, Mississippi. In their model, 
active spreading occurred along two arms parallel to the 
edge of the continent that are associated with the opening 
of the Gulf of Mexicoduring early Paleqzoic time, and the 
third arm extended perpendicularly back into the continent 
(Figure 5). The third arm is believed to be a "failed arm" 
or a rift segment that failed to reach the spreading 
stage. Though it did not develop into an active, divergent 
plate boundary, this failed arm would still exhibit all or
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most of the characteristics of an active continental rift 
such as: stretched and faulted crust, magma intrusions,
and positive gravity anomalies (Johnson, 1982). On the 
basis of their triple junction hypothesis, Burke and Dewey 
(1973) suggested that the Mississippi Valley Graben is the 
failed (third) arm of the Jackson, Miss., triple junction.

Ervin and McGinnis (1975) developed a model similar to 
that of Burke and Dewey (1973). Their model, shown in 
Figure 6, proposed a Late Precambrian, plume-generated 
triple junction occurring in east-central Arkansas. Active 
spreading occurred on the two arms parallel to the Gulf of 
Mexico while the New Madrid Graben became the failed arm of 
the triple junction. The subsequent Ouachita Orogeny 
destroyed any direct evidence* of the triple junction.
Ervin and McGinnis (1975), using gravity data, interpreted 
several kilometers of crustal uplift due to the emplacement 
of anomalous mantle at the base of the crust during the 
Precambrian.

The failed arm of the rift, called the Reelfoot Rift 
by Ervin and McGinnis(197 5), began to subside due to 
isostatic forces in early Paleozoic time, forming a basin 
several km deep. Following this, the region was generally 
shallow or slightly emergent with the Pascola arch rising 
up to connect the Ozark Dome with the Nashville Dome by
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mid-Mesozoic time. In conjunction with subsidence and 
tectonism of the Gulf Coast Plain during the late Mesozoic, 
the rift was reactivated. This reactivation was 
accompanied by intrusion of additional high-density masses 
into the upper crust. These additional intrusives are 
believed to be large, mafic plutons derived from partial 
melting of mantle or anomalous mantle material. Renewed 
isostatic subsidence was prompted in the area, resulting in 
the grabenal nature of the New Madrid rift zone as seen 
today.

A third New Madrid rift model using information from 
recent gravity and magnetic studies was developed by Braile 
et al. (1982). In their model, prominent gravity and 
magnetic anomalies were interpretted to be related to the 
boundaries of an extension of the New Madrid rift zone. 
Their model proposed a main rift structure of late 
Precambrian age that trends northeasterly up the 
Mississippi Valley Graben from its intersection with the 
former continental margin at the buried Ouachita Front. At 
the southern tip of Illinois, the rift branched into three 
segments or arms called the St. Louis ar m , the southern 
Indiana arm, and the Rough Creek graben (Figure 7). This 
junction is where the Ohio River joins the Mississippi 
River. The Mississippi River would then flow down the
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middle of the St. Louis arm. Northeast of the rift 
junction, the Ohio River would flow down the center of the 
southern Indiana arm. Many of the world's large river 
systems such as the Mississippi, Niger, Amazon, Rhine, 
etc., flow along failed arms of former rift systems (Burke 
and Dewey, 1973).

The New Madrid rift zone has been compared to the East 
African rift system (Sykes, 1978; McKeown, 1982; and Mooney 
et al., 1983), the Oslo Graben (Ervin and McGinnis, 1975), 
and the Rhine Graben (Mooney et al., 1983 ; Ervin and 
McGinnis, 1975). All of these rift systems exhibit similar 
characteristics such as an anomalous lower crust, or the 
presence of certain igneous intrusions uniquely associated 
with rifting.

In the New Madrid area, alkalic rocks associated with 
rifting are found in plutons along the edge of the rift 
zone. These alkalic rocks range from felsic to mafic 
varieties and include carbonatite, syenite, and lamprophyre 
(McKeown, 1982). The ages of these intrusives range from 
Permian to Cretaceous and strongly suggest a reactivation 
of rifting (Hildebrand et al., 1982a). Large differences 
in rock types (such as the intrusives versus rocks not 
associated with rifting) can "provide differences in 
elastic moduli that may cause local concentrations of
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stress" (McKeown, 198 2) . Seismicity in the New Madrid area 
could be due to a release of accumulated stress near the 
emplaced igneous masses (Hildenbrand et a l .f 1982a;
McKeown, 1982 ) .

Extensional episodes of continental rifting are 
believed to have been widespread in late Precambrian time 
in North America. For example, the Midcontinent Rift 
System developed to the west and north of the New Madrid 
rift zone, the proto-Atlantic Ocean began to form to the 
east, and the Gulf of Mexico underwent its initial rifting 
to the south. When the New Madrid rift system formed, it 
was being subjected to horizontal tensional stress 
(Johnson, 1982). This would have set up initial zones of 
weakness in the earth's crust. A compressional episode 
most likely occurred during the Ouachita Orogeny in the 
late Paleozoic when Gondwanaland collided with Laurasia. 
Possibly the uplifting of the Ozark Dome and the Nashville 
Dome are related to this event. Strike-slip faulting may 
have occurred at this time, which may have lead to horst 
and graben development (Harding, 1985). Following this, 
subsidence in the area is believed to have begun in the 
adjacent Black Warrior Basin rather than in the embayment 
(Ervin and McGinnis, 1975). Increasing stress forced
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subsidence to move westward coinciding with the location of 
the present-day graben.

New Madrid Fault Zone

Currently, a nearly horizontal, compressive stress 
field exists for much of the midcontinent including the New 
Madrid area (Zoback and Zoback, 1980). Because this stress 
system is completely different from that which formed the 
rift zone, present-day seismicity may be due to a 
reactivation of an ancient zone of weakness (Sbar and 
Sykes, 197 3 ; Sykes, 1978 ). The orientation of the linear 
epicenter trends in the New Madrid rift zone are consistent 
with a stress field oriented *i n a direction of N. 60° E. 
(Sbar and Sykes, 1973 ; Zoback and Zoback, 1980 ). In 
addition, the focal mechanism solutions of Herrmann and 
Canas (1978) are in agreement with the current stress 
field. These mechanisms were well constrained and 
indicated a northeast trending fault plane with a 
predominently right lateral strike-slip sense of motion on 
a near-vertical plane for the 120-km-long trend along the 
rift axis. Also, they constructed a mechanism indicating a 
N-NW reverse sense of motion for the Ridgely, Tenn.-New 
Madrid, Mo. trend. In a recent earthquake relocation study
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(Andrews et al., in press), focal mechanisms for the short 
trend from New Madrid, Mo. northeastward to Charleston, Mo. 
also indicated right lateral strike-slip motion on a 
northeast-trendi ng fault plane. Focal mechanism solutions 
of Andrews et a l ., (in press) are shown in Figure 8. The 
seismicity of the New Madrid fault zone may best be 
represented as a left-stepping, right lateral strike-slip 
fault system (Figure 9).

In a system of this type, there is important 
interaction between the ends of the en echelon fault 
segments. The Ridgely, Tenn.-New Madrid, Mo. trend is 
located between the two ends of the northeast-trendi ng en 
echelon fault segments and is undergoing northeast- 
southwest compression. This compression may be responsible 
for the recent tectonic uplift of the Tiptonville Dome 
(Russ, 1982). This is consistent with a left-stepping 
offset model proposed by Segall and Pollard (1980). In 
their model, the offset segment is characterized by upwarp, 
compression, and concentrated earthquake activity. The 
most seismically active area in the New Madrid fault zone 
is the offset segment between Ridgely, Tenn. and New 
Madrid, Mo. These left-stepping offset segments tend to 
store elastic strain energy and may be the sites of large 
earthquakes (Segall and Pollard, 1980). The correlation of



T-3159 25

seismicity with the rift complex strongly supports the 
theory that New Madrid seismicity is caused by regional 
compress ive stress inducing slip along preexisting zones of 
weakness associated with rift tectonics.
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FIGURE 8. Focal mechanism solutions in the New Madrid 
fault zone (modified from Andrews et a l ., in 
press).
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SEISMIC-DATA PROCESSING 

Data Used in This Investigation

The seismic data used in this work consist of four 
reflection profiles (about 80 km) of Vibroseis data (Figure 
10). Originally, these data were shot and processed by 
Western Geophysical for Dow Chemical Co. as part of a 
petroleum exploration program. The original processing was 
only done to 5 s two-way travel time, even though the data 
were recorded down to 7 s two-way travel time. The 
original processing included a technique known as coherency
filtering (Sheriff, 1984 ) which had the effect of mixing
the data. Original processing did not include migration of
the data. The four seismic lines selected for this work
were reprocessed down to 7 s two-way travel time using 
processing techniques that included migration. The 
objective was to better define deep crustal structure in 
the northern part of the New Madrid rift zone.

Data from these four seismic lines were recorded in 
February and March of 1981 as 96-channel reflection 
profiles. These 48-fold, common-depth-point (CDP) data 
were recorded with a DFS V-ADDIT IV amplifier in SEG-B 
format. Energy source was Vibroseis. Data were shot in a
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split-spread pattern with a near offset of 660 ft and a far 
offset of 11,000 ft. There were 36 geophones per group 
with the group interval and vibration-point interval both a 
distance of 220 ft. Data were recorded in the field at a
2-ms sample rate for a record length of 17 s. The sweep 
frequency was 10-48 Hz and the sweep length was 10 s. A 
notch filter was used during the recording of all four 
prof iles.

Processing Sequence

The line geometry was defined to take into account 
offset distances and bearing changes in the line so that 
correction distances to each trace on the ground may be 
calculated. The x-y coordinates were generated so that the 
data could be accurately assembled into CD P 1s later on. 
Surface elevations of each shot and receiver were coded in 
during this step. In this part of the New Madrid rift 
zone, the surface is remarkably flat; for example, surface 
elevations varied by only 8 m. Datum elevation for the 
four profiles was chosen as sea level.

After geometry definition, field reels from each of 
the four lines were demultiplexed. Seismic field recording 
systems are multi-channel systems designed to record data
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from several channels at once. The demultiplexing process 
unsorted the field recording format so that the data 
channels appeared on a demultiplexed tape in a trace 
sequential format. Vibroseis correlation was performed in 
this same step. The input signal for Vibroseis recording 
was a sweep of varying frequencies having a finite time 
duration. Because the input energy was spread out over 
this period of time. A cross correlation of the input 
signal with the returned output signal results in a 
correlogram.

Following an examination of each of the field records r 
noisy and dead traces were edited, traces were muted to 
eliminate first break energy, and dynamic (weathering and 
elevation) corrections were applied. By removing all noisy 
and dead traces during the editing process, these "bad" 
traces were not able to degrade the data when designing 
parameters in other processing steps. The mute pattern was 
designed from measuring arrival times of refracted energy 
on the field records. The mute pattern varied as a 
function of the distance between the source and receiver as 
well as a function of time. Datum statics were computed 
and applied by making a vertical correction to place the 
source and receiver on the same horizontal plane. The 
datum plane was sea level with a correctional velocity of
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6,000 ft/s. Without datum statics corrections, the effects 
of travel time variations due to elevation differences and 
source-receiver separation differences would cause the 
reflecting horizons to be misaligned.

It was then necessary to regroup or "sort" the traces 
into CDP gathers. The use of a CDP sort also helped reduce 
the effects of multiples as well as ambient noise. A CDP 
brute stack was generated as a quality control check. One 
of the main assumptions in seismic processing is that the 
CDP stack represents a zero offset or a coincident source 
and receiver. Zero offset implies that the primary 
reflection energy travels along normal-incidence 
raypaths. Near points of normal incidence reflection, 
energy adds constructively to enhance the signal.
Reflection energy from other points destructively 
interferes with all but the normal incidence reflections 
when frequencies are high or reflectors are deep. For any 
given source-receiver location, every point on the 
reflectors contributes to the wavefield. The CDP stack was 
the result of summing traces together to improve the 
signal-to-noise ratio.

One of the most important steps in seismic data 
processing is velocity analysis. The purpose of velocity 
analysis is to determine the velocity function needed for
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optimum stacking by identifying primary reflections. 
Structural and stratigraphie information is then obtained 
by observing changes in the velocity spectra. In addition, 
because multiples travel more slowly than primaries, they 
can be identified during velocity analysis.

Constant velocity analysis (CVA) was conducted for 
each of the four seismic profiles used in this work. 
Unstacked, CDP-gathered data was used to generate stacked 
and uns tacked velocity panels. Constant velocities from
4,000 ft/s to 22,000 ft/s in increments of 500 ft/s were 
applied to the traces for the entire trace length (0-7,000 
s). Velocity picks were made at an interval of every 50 
CDP's (every 5,500 ft or 1,676 m) on each line. In 
general, the unstacked data enabled making shallow velocity 
picks (above 600 m) through refraction analysis of the 
first arrivals and the stacked panels were used for making 
the deeper velocity picks.

Velocity versus time plots were generated for all four 
seismic reflection profiles. The majority of the interval 
velocity plots versus time plots indicated the presence of 
a low velocity zone. The presence of an altered lower 
crust was also suggested on the velocity versus time plots, 
but spread length of the seismic line was not great enough 
to give reliable velocities at depth. Previous velocity
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models determined from a refraction survey (Mooney et al., 
1983) support the presence of these two anomalous velocity 
zones (Figure 11). Although other velocity models (McCamy 
and Meyer, 1966; Mitchell and Hashim, 1977) did not 
indicate the presence of the low-velocity layer, they did 
support the presence of an altered lower crust. The 
velocity model determined in this work is in basic 
agreement with previous velocity models of the New Madrid 
rift zone.

Deconvolution plays an important role in seismic data 
processing. Deconvolution is the process of removing 
something which has been convolved with a seismic signal. 
The seismic process begins with a pulse or wavelet 
generated at the source. This wavelet travels through the 
earth and is reflected back and recorded. This recorded 
wavelet is usually quite different in shape from the 
original source wavelet. The wavelet becomes distorted as 
it travels through the earth. The goal of deconvolution is 
to re-introduce frequencies lost by the filtering effects 
of the earth and to partially restore a lost bandwidth of 
signals. Deconvolution is also used to remove signal 
distortions caused by multiple reflection effects. 
Deconvolution enhances the resolution of seismic wavelets 
by compressing the reflection wavelets into sharper pulses.
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Deconvolution is the most commonly used processing 
technique to increase the resolution of seismic data 
(Gibson and Larner, 1984). Though random noise can 
severely limit the potential increase of resolution, 
deconvolution parameters may be adjusted to yield an 
optimal balance between an increase in resolution and a 
limit in the increase in noise. Because the correlated 
Vibroseis signature is nominally zero-phase, prediction 
deconvolution (gapped) is commonly applied. The gapped 
(non-unit prediction distance) deconvolution filter does 
not make the assumption that the reflection wavelet is 
minimum phase (as spiking deconvolution does) and is not 
designed to give the output wavelet a flat amplitude 
spectrum. However, it does remove the effects of multiples 
without altering the basic shape of the wavelet. For these 
reasons, a gapped deconvolution operator was applied to all 
four seismic profiles involved in this work.

Parameters used to control the prediction 
deconvolution are the gap length, the operator length, and 
the percentage of white noise added. Varying the gap 
length of the filter has two main effects : (1) change in
the reflection wavelet length and, thus, change in 
resolution, and (2) change in the overall noise in the 
data. As the gap length and wavelet length increase, the
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resolution and the noise level decrease. After testing a 
number of parameter variations, a gap length of 32 ms, an 
operator length of 192 ms, and an addition of 1 percent 
white noise were applied to all four seismic lines

The correction for normal moveout (NMO) was applied to 
the seismic profiles. This correction shifted events 
upward in time-varying amounts. The objective of making 
NMO corrections was to apply the proper time corrections 
that were necessary to remove the effect of different shot- 
to-receiver distances for each recorded trace.

Frequency analysis, residual statics corrections, a 
second velocity analysis, and automatic gain control were 
applied before the final pre-migration stack. Due to the 
fact that the recorded frequency range was rather narrow, a 
bandpass filter with a low-cut of 10-18 Hz and a high-cut 
of 45-48 Hz was applied to all four seismic profiles. 
Frequencies between 18 and 45 Hz were passed at the level 
of 3 decibels down. Filter tapering between 10 and 18 Hz 
and between 45 and 48 Hz was applied at a rate of 18 
decibels per octave. Below 10 Hz and above 48 Hz, 
frequencies were essentially rejected. Spectral analysis 
plots showed that the majority of the seismic energy was 
found to be between 18 and 32 Hz. A steep filter slope 
such as the high-cut of 45-48 Hz can introduce a ringing
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effect into the seismic data. In this case, however, the 
steep filter slope most likely had little, if any, effect 
because less than 1 percent of the seismic energy was above 
40 Hz. The bandpass filter was used to enhance the signal 
while attenuating the noise.

After frequency analysis, residual statics were 
applied to correct for small, localized velocity or 
thickness variations in the low-velocity layers. The 
residual statics corrections were designed to remove short- 
duration statics problems that were not removed by the 
datum statics corrections. A second velocity analysis was 
conducted and isovelocity contour plots were generated 
(Figure 12). Automatic gain control was applied to balance 
the data spacially and in time. The varying amplitudes in
the seismic profiles were balanced so that the deeper
reflectors could more easily be seen.

After stacking, the data were migrated using the 
finite difference approximation to the wave equation. 
Migration was used because various events in a seismic 
section do not usually represent the true locations of the 
subsurface structures. Reflected events on a seismic 
section are plotted as if the seismic energy traveled in
vertical ray paths. In a medium that is not uniformly
layered, however, this assumption is no longer correct.
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Velocity variations and sudden changes along geologic 
interfaces such as faults, can drastically effect the 
direction of propagation of the wavefronts. Due to the 
effects of interference and diffraction, the seismic 
section displays a distorted image of the subsurface 
reflectors. To correct this, events are relocated or 
"migrated" to a more accurate location spatially and in 
time.

One assumption made when using wave-equation migration 
is that the propagating wavefronts more closely resemble 
the reflectors from which they originated when viewed at 
distances nearer to those reflectors. The idea behind 
wave-equation migration is that a wavefront measured at the 
earth1s surface is downward Extrapolated to a series of 
hypothetical recording surfaces in the Earth1s interior.
The image of a seismic reflector becomes focused as the 
recording surface is extrapolated down to that reflector. 
This backward propagation can be viewed as the progressive 
pushing down of the receivers into the earth until they 
rest on the reflecting surfaces and may be described as a 
downward continuation technique. The finite-difference 
method of wave equation migration is based on a parabolic 
approximation to the wave equation. This approximation is 
valid only for reflectors having small angles of dip (less
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than 15°). Because the maximum dip measured on any of the 
stacked seismic sections was less that 5°, the use of the 
finite-difference approximation to the wave equation during 
the migration process was valid.

Migration of any seismic reflection data is 
fundamentally dependent on the velocity structure.
Typically, full stacking velocities are modified, in order 
to avoid the appearance of over- or under-migration. 
Stacking velocities were reduced by 10 percent for the 
migration process for all four seismic lines. Migration of 
lines A, B , and C did not drastically change the appearance 
of the data.Before migration of line D , there was a severe 
"bow-tie" effect due to the distorted and displaced image 
of the geologic model. Migration of line D removed the 
bow-tie effect and more accurately located reflectors at 
their true positions.

An important consideration is that the seismic 
resolution of the Vibroseis data does decrease with 
depth. Below a depth of approximately 11,000 ft., the 
dynamic range begins to decrease on the four seismic 
reflection profiles used in this work. Vibroseis 
correlation can create the appearance of artifical 
reflectors at depth (John Miller, personal commun.,
1985). Reflectors at depth are also modified by the 
scaling factor applied during automatic gain control.
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SEISMIC—DATA INTERPRETATION 

Previous Studies

Seismic reflection profiles provide a basis for 
interpreting the structural and tectonic history of the New 
Madrid rift zone. Recent studies in the New Madrid area 
have involved seismic reflection, seismic refraction, 
magnetic, gravity, and earthquake data. These studies have 
provided a means of geophysical control. The most recent 
investigation involving seismic reflection data was from 
the southern part of the New Madrid rift zone (Crone et 
al., 1985). These data shows the presence of a major zone 
of disrupted reflectors and a large anti form that happen to 
coincide with the linear epicentral trend between Marked 
T r e e , Ark. and Caruthersville, Mo. Reflectors between 
magnetic basement and the top of the Paleozoic commonly 
display upwarping along the flanks of the disrupted zone. 
Crone et al. (1985), suggest that this upwarping of 
reflectors and the origin of the disturbed zone are due to 
intrusion of igneous rocks.

Other seismic reflection surveys in the area have 
shown evidence of high-angle normal faults and high-angle 
reverse faults extending upward from the Cretaceous-
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Paleozoic unconformity, as well as evidence of episodes of 
igneous activity (Zoback et al., 1980). Arched reflectors 
in the Paleozoic rocks and broad, shallow sub-basin 
structures appear just below the top of the Paleozoic rocks 
along the axial zone of the rift (Hamilton and Zoback, 
1982). Because these profiles were relatively shallow (a 
maximum of 3 s two-way travel time), deep features 
involving magnetic basement or sub-basement could not be 
seen.

Additional information about the New Madrid rift zone 
has been gained from a recent seismic-refraction survey 
(Mooney et al., 1983 ; Ginzburg et al., 1983). The 
refraction data indicates the presence of a rift expressed 
by a northeast-trending graben in the upper crust 
containing low-velocity sedimentary rocks. A high-velocity 
layer at the base of the crust has been interpreted as a 
zone of mantle intrusives (Ervin and McGinnis, 197 5; 
Ginzburg et al., 1983; Mooney and other, 1983). These data 
showed that the area can be characterized by six primary 
layers (Figure 13): (1) unconsolidated Tertiary and 
Cretaceous sediments, (2) Paleozoic carbonates and 
elastics, (3) low-velocity layers of late Precambrian or 
early Paleozoic elastics, (4) crystalline upper crust, (5)
lower crust, and (6) altered lower crust. The average
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crustal thickness is 41 km (Mooney et a l ., 1983). The low- 
velocity layer and the zone of altered lower crust support 
the rifting hypothesis because these two layers represent 
deviations from a standard continental crust. According to 
Mooney et al. (1983), the "comparison with other rifts 
shows that both the upper crustal graben and the altered 
lower crust are common featuers of continental rifts.” 
Maximum thickness of the injected mantle material at the 
base of the crust was estimated to be about 20 km (Ginzburg 
et al., 1983). There is an apparent doming of the altered 
lower crust in the New Madrid Graben which could be the 
result of an ancient triple junction located in the New 
Madrid region (Ginzburg et al., 1983 ; Mooney et al., 1983 ).

Magnetic and gravity studies have provided useful 
information about the New Madrid rift zone. Aeromagnetic 
and gravity surveys in the New Madrid rift zone have 
delineated a northeast-trending basement graben that is 
over 300 km long, 70 km wide, and has over 2 km of 
structural relief (Kane et al., 1981). This graben (the 
New Madrid Graben) is a linear feature with nearly parallel 
sides and is outlined by a zone of low magnetic values.
This subdued magnetic expression, when compared with the 
pronounced magnetic highs surrounding the graben, indicates 
that the magnetic basement is dropped in the graben area.
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Magnetic basement is considered to be crystalline 
Precambrian rock, except where intruded by younger igneous 
rocks (Kane et a l ., 1981). Average depth to basement in 
the axial zone of the graben is 4.3 km, versus 1.7-2.7 km 
in the areas bordering the graben (Hildenbrand et al., 
1982). Further analysis of aeromagnetic data supports the 
presence of a series of highly magnetic, shallow (depths of 
1.2-2.1 km) mafic or ultramafic plutons along the graben 
margins (Hildenbrand et al., 1982). Estimated 
magnetization directions for these plutons indicate a 
Mesozoic ag e , which supports the rift-reactivation theory 
(Hildenbrand et al., 1982). Each of these highly magnetic 
anomalies flanking the graben has an associated gravity 
high (Kane et al., 1981). A ..linear trend of positive 
Bouguer anomalies is found to be centered along the axis of 
the New Madrid Graben (Ervin and McGinnis, 1975).

Earthquake data illustrate the relationship between 
the seismicity pattern and the location of the rift (Figure 
14). Composite focal mechanism studies indicate that 
present-day motion along the axial seismicity trend from 
Marked Tree, Ark., to Caruthersville, Mo., is near-vertical 
right-lateral strike slip (Herrmann and Canas, 1978;
Andrews et al., in press). Focal depths on this northeast- 
trending fault plane commonly range from 3 to 14 km
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(Andrews et al., in press). Earthquakes are located 
primarily in the rifted Precambrian rocks of the upper 
crust and in the sedimentary rocks above magnetic 
basement. According to Andrews et al., in press, "the 
events associated with the axial seismicity trend define a 
faulted zone about 100 km long and 10 km wide." Even 
though the area lacks evidence of surface faulting, the 
distribution of seismicity and the focal mechanism 
solutions strongly support the existence of a major faulted 
zone. Analysis of earthquake data also indicates reverse 
faulting in the central part of the New Madrid rift zone 
and right-lateral strike-slip motion in the northern trend 
from near New Madrid, Mo., toward Charleston, Mo. (Herrmann 
and Canas, 1978). Earthquake studies have provided 
geophysical control in the New Madrid rift zone.

Well-Log Information and Discussion

The main source of geologic information about the New 
Madrid rift zone that was used in this work was from we11- 
log information. This information was obtained from the 
Dow-Wilson #1 Well in northeastern Arkansas shown in Figure 
14. Information about the well logs and cuttings from this 
well were provided by R. E. Denison (written commun.,
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1984). The Dow-Wilson #1 Well was drilled to a total depth 
of 14 ,842 ft (4.53 km) , making it the first well known to
penetrate Precambrian(?), crystalline rocks in the
Mississippi Valley Graben. The crystalline Precambrian(?) 
rocks are a regionally metamorphosed granitic gneiss, 
topped at about 14,305 ft in the Dow-Wilson #1 Well. The
granitic gneiss is a light-colored rock with darker 
intervals of a dioritic gneiss which were orginally dikes 
or sills in the granitic host. Although no cores were 
taken in this well, cuttings show that the proportion of 
minerals varies considerably. A crude banding in the rock 
is suggested. The granitic gneiss is mainly composed of 
plagioclase (30-40 percent bulk composition), quartz (35-40 
percent bulk composition), and microcline (5-15 percent 
bulk composition). Accessory minerals represent 10-25 
percent of the bulk composition and include muscovite, 
chlorite, feldspar alterations, anhydrite, iron oxices, 
sphene, carbonate, sillimanite, leucoxene, biotite, 
epidote, apatite, and zircon.

This unusual mineral composition suggests that the 
granitic gneiss had a sedimentary origin. The most 
prominent accessory mineral is muscovite, which varies in 
bulk composition from 5 to 20 percent. The most unusual 
mineral in the granitic gneiss is anhydrite, which varies
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in volume from 1 to 5 percent, where present. Anhydrite is 
unusual because it is rarely reported in crystalline 
rocks. It does not occur systematically with depth in this 
well. The fact that there is no evidence of evaporites 
overlying the granitic gneiss, in conjunction with the 
distribution and textural position of the anhydrite, 
suggests that the anhydrite is a primary, rather than a 
secondary, mineral.

The dark bands of dioritic gneiss within the granitic 
host are mainly composed of plagioclase, hornblende, 
biotite, and epidote. Accessory minerals include quartz, 
sphene, apatite, chlorite, and plagioclase alterations.
Over 50 percent of the rock volume is accounted for by the 
dark minerals. The rather consistent bulk composition of 
the dioritic gneiss indicates an igneous origin and the 
particular mineralogy suggests a depth of burial greater 
than 16 km during metamorphism with temperatures in the 
range of 600° to 700° C.

The crystalline gneisses are overlain by a thick 
(1,685 ft) sequence of red arkosic sandstone. The arkose 
is generally well sorted, medium to fine grained, 
irregularly rounded, and contains a variety of clasts. The 
most common clasts are quartz, microcline, mesoperthite, 
and plagioclase. In lesser amounts, lithic clasts, all of
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fine-grained igneous rocks (mostly rhyolite and 
micrographie quartz-perthite), are present. The red color 
of the arkose is due to hematite found as detrital grains, 
and as disseminated dust in feldspars. The different types 
of clasts in the arkose indicate a mixed source composed of 
the underlying gneiss rocks and of an unmetamorphosed 
granite-rhyolite terrane. In addition, no anhydrite was 
found to be present and there was no evidence of 
metamorphism. Some sandstone samples were porous, 
indicating that the diagenetic changes seen in the arkose 
are those expected from simple burial.

The red arkose is overlain by a white to light-gray 
arkosic sandstone that is probably equivalent in 
stratigraphie position to the Late Cambrian Lamotte 
Sandstone of the St. Francois Mountains. The red and gray 
arkoses are remarkably similar in basic mineralogy, grain 
size, sorting, and diagenetic effects. The gray arkose has 
a more abundant iron-rich carbonate and quartzose 
composition. Minor differences between the two arkoses 
could be due to a transition from a nonmarine to a marine 
environment. (The gray arkose appears to be the basal sand 
of a transgressive sequence.) The gray arkosic sandstone 
is gradational at about 12,290 ft, with an overlying 
dolomite.
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The light-colored, shallow-water dolomite is probably 
equivalent to the Bonneterre Formation of the St. Francois 
Mountains area. The dolomite contains relict oolites; 
hence, the term "shallow water," This dolomite is overlain 
by a very thick sequence (greater than 7,000 ft) of marine 
carbonates interbedded with elastics (Bond et al., 1971). 
This thick sequence is considered to be the Late Cambrian 
and Early to Middle Ordovician Knox Group (Crone et al.,
1985). The Knox Group is chiefly dolomite with small 
percentages of sandstone, chert, and shale (Bond et al., 
1971). Algal deposits are common, but other fossils are 
scarce. The Knox Group correlates with the Arbuckle of the 
Mid-Continent. The clastic content decreases upward and 
grades into a continuous sequence of marine carbonates 
(Crone et al., 1985). Higher up in this thick interval, 
the samples from the Dow-Wilson #1 Well have a dark, 
basinal look. Lamprophyric dikes, probably equivalent to 
the Cretaceous dikes found in the Ouachita Mountains, 
commonly cut parts of this thick sequence.

Unconformably overlying the Knox Group is the St.
Peter Sandstone (Bond et al., 1971). Locally, a unit of 
shale and chert rubble is deposited directly onto the 
complex erosional surface which includes karst and stream 
topography. The St. Peter Sandstone is mostly composed of
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well-sorted, fine- to medium-grained quartz sand.
Thickness of the sandstone is inversely proportional to the 
thickness of the Knox Group (Bond et a l ., 1971).

After the deposition of the St. Peter Sandstone 
through the end of the Mississippian, marine carbonate 
deposition was prédominent (Crone et al., 1985). Units 
deposited during this marine carbonate sequence include 
Lower Devonian cherty limestone and dolomite. Upper 
Devonian Chattanooga shale (dark basal shale), and 
undifferentiated Mississippian limestones with shale and 
sandstone (Bond et al., 1971) . Overlying the Mississippian 
carbonates are the Pennsylvanian clastic rocks, composed 
mainly of sandstone and shale and including thin beds of 
limestone, coal, and underclay (Bond et al., 1971).

There is a major unconformity at the top of the 
Pennsylvanian rocks due to an extended period of erosion. 
Late Cretaceous rocks (poorly sorted chert gravel) are 
directly overlying the Pennsylvanian elastics (Bond et al., 
1971). Late Cretaceous, Paleocene, and lower Eocene rocks 
were deposited over the Paleozoic-Cretaceous unconformity 
in a single sedimentary cycle (Stearns, 1957). The 
Cretaceous deposits are predominantly sandstone, partly 
glauconitic with small amounts of claystone. This 
sandstone is well sorted and is mostly contained in the
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McNairy Formation. The clay contains some marine fossils 
(Stearns, 1957).

Above the Cretaceous sandstones lie the Paleocene 
rocks, which are massive claystone with smaller amounts of 
sandstone. The majority of the Paleocene rocks are 
contained within the Porters Creek Clay Group, which was 
deposited during a maximum marine advancement (Stearns, 
1957). Overlying the Paleocene clays is the lower Eocene 
Wilcox Group, mostly shallow-water, well-sorted sandstone, 
locally containing beds of claystone, siltstone, and 
lignite (Bond et al., 1971). The late Cretaceous, 
Paleocene, and lower Eocene interval are approximately 
3,000 ft thick (Bond et al, 1971). An unconformity appears 
at the top of the Wilcox Group with the late Eocene 
Claiborne Group (interbedded sands, shales, and chert) 
deposited on the unconformity surface (Stearns, 1957). 
Sands, shales, and chert of the Oligocene Jackson Formation 
overlie the Claiborne with Quaternary alluvium overlying 
this on the surface.

The well-log information and other geological 
information provided an important means of geological 
control about the New Madrid rift zone. According to R. E. 
Denison (written commun., 1984), the Precambrian(?) gneiss 
has undergone a regional metamorphism that did not affect
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the igneous rocks in the nearby St. Francois Mountains.
The igneous rocks of the St. Francois Mountains 
(Precambrian rhyolite-epizonal granite about 1 ,500 m . y . 
o l d ) must be younger than the metamorphosed gneiss or the 
metamorphism must have been restricted geographically. It 
seems more probable that the granite-rhyolite suite is 
younger than the metamorphism and, therefore, the age of 
the gneiss is greater than 1,500 m.y., though likely less 
than 1,700 m.y., because that is the oldest known age of 
rocks from the southern interior of the United States (R.
E. Denison, written commun. ,• 1984). The presence of 
anhydrite in the Precambrian crystalline gneiss is most 
unusual. If the anhydrite was deposited during the rifting 
phase of the New Madrid rift zone, then initiation of the 
rifting phase would have to have been during Precambrian 
time.

In addition, the Precambrian granite-rhyolite suite, 
widespread in adjacent areas, is curiously absent in the 
Upper Mississippi Valley Graben. If these rocks were at 
one time present in this area, then they must have been 
removed by erosion. This would mean that the granitic 
gneiss, which was estimated by R. E. Denison (written 
commun., 1984) to have formed at a depth greater than 16 
km, represents a deep erosional cut into the crust, in
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contrast to the surface and near-surface igneous rocks that 
characterize the area. This situation could have occurred 
if the northern part of the Mississippi Valley Graben was 
at one time a structural high, such as a horst block. This 
could have removed the granite-rhyolite suite as well as 
cut down into the Precambrian crust.

The red arkose overlying the crystalline gneiss is 
younger than the gneiss and is almost certainly younger 
than the granite-rhyoli te suite but is older than the gray 
arkose, which was interpreted by R. E. Denison (written 
commun., 1984 ) to be equivalent to the Late Cambrian 
Lamotte Sandstone. Thus, the red arkose is older than 510 
m.y. and younger than 1,500 m.y. During this amount of 
time, the inferred former horst block could have been 
subjected to structural inversion, resulting in a major 
graben area. As the red arkose does not appear to 
represent normal marine sedimentation, it could represent 
debris shed into the graben during the rifting phase of the 
New Madrid rift zone. The color change of the arkose (from 
red to gray) could then indicate the change from nonmarine 
to marine sedimentation and may also represent the 
transition from a rift deposition sequence to a post-rift 
depositional sequence.
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Possibly during Late Cambrian time and certainly by 
the Ordovician, active rifting had ceased and the northern 
Mississippi Valley Graben was the center of a depositional 
basin. By the early part of the Late Cretaceous, the 
northern Mississippi Valley Graben was elevated by a 
structural and topographic dome (the Pascola Arch) standing 
nearly 1,000 ft above sea level (Stearns and Marcher,
1962). Erosion and subsequent leveling of the Pascola Arch 
removed Cambrian, Ordovician, Silurian, and Devonian age 
rock. Further structural movement resulted in downwarping 
of the area and in the development of a structural trough 
during Late Cretaceous and Tertiary time (Stearns and 
Marcher, 1962). During this time, the sea occupied bays 
that followed the Mississippi Valley Graben axis (Stearns, 
1957), coinciding roughly with the present course of the 
Mississippi River (Bond et al., 1971). Continued 
subsidence of the area caused the southwesterly plunging 
Mississippi Valley Graben to be filled with Late 
Cretaceous, Paleocene, and Eocene sediments (Stearns,
1957). Faults cut Paleozoic and post-Paleozoic rock as a 
result of structural adjustment to the subsidence of the 
region (Stearns and Marcher, 1962). Though covered by 
alluvial sediments, the graben is the major geologic 
feature of the area today.
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Horizons Identified on Seismic Data

The seismic reflection profiles used in this work are 
between 2 and 25 km west or southwest of Caruthe rsville,
Mo. (Figure 15). Individual reflecting horizons that are 
labeled on these sections include the Paleozoic 
unconformity, the top of the Knox Group, magnetic basement, 
and a prominent sub-basement reflector (on lines C and 
D ). The Paleozoic unconformity and the top of the Knox 
Group correlate with reflectors identified by Crone et al. 
(1985). Magnetic basement correlates with determinations 
of depth to magnetic basement made by Hildenbrand and et 
al. (1982), as well as with interpretations made by Crone 
et al. (1985) .

Prominent, yet discontinuous, sub-basement reflectors 
are seen on seismic reflection profiles in this part of the 
New Madrid rift zone. Seismic profiles were useful in 
delineating zones of disrupted reflectors versus zones of 
thick sediments. Deep-seated, basernent-controlled faults 
were seen on one of the seismic reflection profiles. 
Information from previous studies was used to supplement 
interpretations made in this work.
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Individual Seismic Profiles

Individual lines will now be discussed in detail, 
beginning with line D located approximately 10 km southwest 
of Caruthersville, Mo. An uninterpreted, unmigrated time 
section of line D is shown in Figure 16. An uninterpreted, 
migrated time section of line D is seen in Figure 17.
Based on the migrated and unmigrated seismic sections, a 
newly discovered fault is inferred across the New Madrid 
rift zone about 10 km southwest of Caruthersville, Mo. An 
interpreted, migrated time section of line D delineating 
this fault, as well as other subsurface features, is shown 
in Figure 18. This fault appears to be the east-bounding 
fault of a sub-graben interpreted in Figure 19. The fault 
appears to extend downward from near the top of magnetic 
basement (about 4.5 km) into midcrustal reflections. The 
fault appears to dip approximately 73° to the west. This 
dip is comparable to the steeply dipping fault-plane 
solutions found in this area by Herrmann and Canas (1978).

The largest amount of displacement is seen where the 
fault cuts a prominent sub-basement reflector, showing an 
apparent throw of 380 m and a net slip of 400 m (Figure 
19). If it is assumed that the sense of movement on this 
fault is strike slip, as indicated by focal mechanism
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FIGURE 16. Seismic line D, uninterpreted, unmigrated time
section.

(•
o

ee
)3

W
ll



TI
M

E
(s

ec
)

T-3159 62

W
5 0 0 4 5 0

COP
4 0 0 3 5 0 3 0 0 2 5 0

2 F r- - - f̂i-SVaS-’S
m m m m

H S I
i M i i S

FIGURE 17. Seismic line D , uninterpreted, migrated time
section.
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studies in this area (Herrmann and Canas, 1978 ; Andrews et 
al., in press), then the apparent displacement on the 
seismic section may be caused by one of two
possibilities. Either the prominent sub-basement reflector 
is dipping in and out of the plane of the fault or the 
fault originated under different conditions than exist 
today. If the second case is correct, then the fault could 
be a reactivation of an ancient weakened zone that is 
suitably oriented for strike-slip motion under the current 
stress field.

Above magnetic basement the fault no longer appears 
to cut any beds (Figure 19). There are approximately 320 m 
of upwarping at the top of magnetic basement. The same 
amount of upwarping is seen at the top of the Knox Group.
No upwarping is detected at the top of the Paleozoic 
unconformity. The fault seen on line D , bounding the 
eastern edge of the sub-graben, may represent a faulting 
pattern that was inherited from older normal faults 
bounding the New Madrid rift zone (Harding, 1985).

There is no obvious expression of displacement seen on 
the fault bounding the west edge of the sub-graben. The 
location of this west-bounding fault was determined through 
analysis of diffraction patters on the unmigrated time 
section and by changes in the direction of dip on the
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reflectors. A structural sag occurs at the top of the 
Paleozoic unconformity, at the top of the Knox Group, and 
at the top of magnetic basement above the location of the 
sub-graben.

An important aspect of this sub-graben and these 
faults is that they appear to be directly associated with 
the locations of recent earthquakes. Figure 20 shows 
earthquake locations occurring within 5 km of line D that 
are plotted on the seismic profile. These earthquake 
locations are projected along the northeastern strike 
associated with the seismicity in this section of the New 
Madrid rift zone. The majority of these earthquakes fell 
within the boundaries of the inferred sub-graben. Faults 
bounding the sub-graben or smaller faults within the sub- 
graben are most likely the source from which the 
earthquakes are originating.

Figure 20 also shows that most of the earthquakes are 
occurring below the top of magnetic basement, although some 
earthquakes are in the sedimentary section on this seismic 
reflection profile. Error in depths of the hypocenters may 
be on the order of several kilometers (Stauder, 1982). All 
of the earthquake hypocenters shown in Figure 20 are recent 
events located during the last 5 years (Central Mississippi 
Valley Earthquake Bulletin Quarterly Reports). The
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majority of these earthquakes are free-depth solutions. 
Before 1980 most depths of earthquakes in this area were 
routinely "fixed" or held at 5- or 10-km depth so events 
before 1980 were not used in this work.

The inferred sub-graben and faults on line D may have 
originated during tectonic movements related to Precambrian 
rifting in the New Madrid area. It is not known what 
relation, if any, this fault zone had with regard to the 
destructive 1811-12 New Madrid earthquakes. It is 
interesting to note that the amount of net slip on the 
prominent sub-basement reflector is slightly less than the 
amount of upwarping at the top of magnetic basement and at 
the top of the Knox Group. There is no apparent upwarping 
at the top of the Paleozoic unconformity. This indicates 
that the east-bounding fault of the sub-graben on line D 
may have been initially activated during Precambrian time 
and may have been episodically reactivated. This fault and 
possibly other undetected faults associated with the sub- 
graben remain active today, as is suggested by current 
seismici ty.

An uninterpreted, unmigrated time section of line C is 
shown in Figure 21. A migrated, uninterpreted time section 
of line C is seen in Figure 22. The southern end of this 
seismic profile is located about 3 km west of
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FIGURE 22. Seismic line C , uninterpreted, migrated time
section.
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Caruthersville, Mo. The interpreted, migrated time section 
of line C is shown in Figure 23. On this seismic profile 
there appears to be one deep-seated, basement-controlled 
fault which may cut a prominent sub-basement reflector at 
an approximate depth of 7 km. Beds above the prominent 
sub-basement reflector do not appear to be cut or upwarped 
(Figure 24). This fault, similar in style to the east- 
bounding fault of the sub-graben on line D , does not have 
any recent earthquake activity associated with it. Lack of 
any apparent faulting or upwarping above the prominent sub
basement reflector, as well as lack of current seismicity 
associated with this fault, suggests that this fault may 
have been active in late Precambrian time during the active 
rift phase, but is not an active fault today.

The entire left side of this section seems to show a 
general lack of coherent reflectors below the top of the 
Paleozoic unconformity. This lack of coherent reflectors 
has been referred to as a disrupted or disturbed zone 
(Crone et al., 1985). The disrupted zone is also seen on 
lines A and B .

Seismic reflection profiles A and B will be discussed 
together because they are very similar. Line A is about 12 
km southwest of Caruthersville, M o . , and line B is located 
about 25 km southwest of Caruthersville, Mo. Line A is an
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east-west line and line B is a north-south line. These two 
lines "tie" or intersect at the extreme west end of line A 
and the extreme north end of line B. Uni nterpreted, 
unmigrated time sections of lines A and B are shown in 
Figures 25 and 26, respectively. Figures 27 and 28 show 
uninterpreted, migrated time sections of lines A and B, 
respectively. Interpreted, migrated time sections of lines 
A and B are seen in Figures 29 and 30, respectively. An 
alternate interpretation of lines A and B is shown in 
Figures 31 and 32, respectively.

Both seismic sections show a zone of strong reflectors 
at approximately 1.5- to 3.3-km depth that are assumed to 
correspond to the thick, section of sedimentary rock 
described in the well-log report. This zone of sedimentary 
rock abruptly grades into a zone of disrupted reflectors. 
This disrupted zone contains noncoherent or discontinuous 
reflectors. Lines A and B show narrow bands of high- 
amplitude energy below the top of magnetic basement. These 
sub-basement reflectors are less prominent in the disrupted 
zone.

In Figures 29 and 30, reflectors above the top of 
magnetic basement are shown as being upwarped along the 
flanks of the disrupted zone. These upwarped reflectors do 
not appear to thin against the flanks of the disrupted
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zone. It is difficult to determine if the magnetic 
basement also dips upward underneath the disrupted zone.
It is difficult to determine if the flat-lying reflectors 
really are upwarped along the flanks of the disrupted zone 
or if the apparent upwarp is caused by an out-of-the-plane 
effect. The alternate interpretation of lines A and B, 
shown in Figures 31 and 32, depicts the latter case.
Several basement-controlled faults are shown in 
interpretations on both lines A and B . Diffraction 
patterns from the unmigrated time sections helped determine 
the locations of these inferred faults.

Discussion

Several theories could be used to explain what is 
causing the appearance of the disrupted zone. One theory 
describes the disrupted zone as an antiformal feature 
produced by igneous intrusions (Crone et al., 1985). Crone 
et al. (1985) interpret the top of magnetic basement to 
remain flat in the disrupted zone ; thus, creating a 
structural divergence between the top of magnetic basement 
and the overlying reflectors.

There is no obvious expression of the disrupted zone 
on magnetic or gravity data (Hildenbrand, 1982 ; Crone et
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al., 1985). This does not mean that the disrupted zone 
could not be caused by igneous intrusions. Some felsic 
igneous rocks have a similar density and magnetic 
susceptibility to that of adjacent sedimentary rocks (Crone 
et al., 1985). It is not unusual for felsic igneous rocks 
to be associated with rift zones (Crone et al., 198 5 ) . 
Repeated episodes of igneous activity have been reported in 
the area (Zoback et al., 1980). The location of the 
intrusive rocks could have been partly controlled by 
preexisting faults that developed during the active rifting 
phase in late Precambrian time.

Another explanation about the cause of the disrupted 
zone is that parts of the New Madrid Graben have undergone 
structural inversion. In this model, the center of the 
graben would have been a structural low during the rifting 
phase. Unmetamorphosed, Precambrian rift sediments and 
debris would have been shed into this low area. During the 
post-rift depositonal sequence, the low center of the 
graben would have undergone structural inversion; thus, 
becoming a structural high or a horst block. On either 
side of the horst block, the graben may have experienced 
some downward movement and the graben would have filled 
with thick sediments. Continued periods of tectonic 
movement would have created drag folds along the flanks of
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the horst block. These drag folds would not necessarily 
have to thin against the flanks of the horst block.
Magnetic basement could dip upward slightly in the horst 
block. The amount of updip on the top of magnetic basement 
may be too slight to have been detected by aeromagnetic or 
gravity surveys (F. A. McKeown, oral commun., 1985). There 
also would not be noticeable contrasts in density, gravity, 
or magnetic data between the Precambrian rift sediments in 
the horst block and the adjacant sedimentary rocks in the 
graben. An extensive period of erosion causing the 
Paleozoic unconformity could have leveled the entire graben 
area (Figure 33).

Tectonic movement would have created numerous weak 
areas or faults. Emplacement of igneous material along 
these faults or in the weakened areas may have occurred, 
these broken reflectors and igneous intrusions would tend 
to mask true reflecting horizons (Figure 34). This could 
create the appearance of a disrupted zone of reflectors as 
seen on the seismic reflection profiles.

An alternate possibility as to the cause of the 
disturbed zone could be that a thin layer of igneous 
intrusives might lie over the top of the disrupted zone. A 
thin intrusive layer such as this might not have been thick 
enough to have been detected by an aeromagnetic survey.



T-3159

M >

FIGURE 33. Erosional unconformity overlying block
tectonics (modified from Weimer et al., 198
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The thin intrusive layer could cause a loss of reflection 
from beds lying underneath of it. Because there is not a 
velocity, density, magnetic, or gravity contrast between 
the disrupted zone and the adjacent sedimentary interval, 
it may be that they represent the same 1ithologies. 
Reflections from flat-lying horizons could be masked in 
areas that are overlain by a thin layer of igneous 
intrusives. If the disrupted zone and the adjacent 
sedimentary interval do represent the same lithologies, 
then the flat-lying reflectors probably would not dip 
upward along the flanks of the disrupted zone. This idea 
was modeled in Figures 31 and 32 as an alternate 
interpretation for lines A and B . In these two Figures, 
the flat-lying sedimentary reflectors are carried across 
the disrupted zone in a rather flat manner. The appearance 
of updipping reflectors along the flanks of the disrupted 
zone could be artifically created by an out-of-the-plane 
effect. This out-of-the-plane-effeet could be caused by 
trying to model a three dimensional body onto a two 
dimensional seismic section.

Well-log information may best be related to the west 
end of line A and the north end of line B . The unusual 
mineral composition of the granitic gneiss suggests a 
sedimentary origin. Perhaps this granitic gneiss was
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deposited in structurally low areas such as the New Madrid 
Graben. The bands of dioritic gneiss, which are suggestive 
of an igneous origin, may be related to igneous intrusive 
activity during Precambrian rifting in the area. There is 
a fairly good acoustic impedance contrast on the siesmic 
profiles between the crystalline gneiss and the overlying 
red arkose.

The thick units of red and gray arkose directly 
overlying the top of magnetic basement may correspond to a 
low-velocity layer seen in this work and in a recent 
refraction survey (Mooney et al., 1983 ; Ginzburg et al., 
1983). If the red arkose represents debris that was shed 
into the graben during rifting, then the change in color 
(from red to gray) in the arkose may represent the 
transition from nonmarine to marine sedimentation. The 
change from red to gray arkose appears to be acoustically 
transparent on the seismic profiles.

Certainly by the time that the gray arkose was 
overlain by the shallow-water dolomite, active rifting had 
ceased and the post-rift depositional sequence had begun. 
The shallow-water dolomite and the overlying Late Cambrian 
to Mid-Ordovician Knox Group make up a thick sedimentary 
interval (over 7,000 ft.) of interbedded elastics and 
carbonates. These interbedded elastics and carbonates have
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very strong acoustic impedance contrasts on the seismic 
sections. The top of the Knox Group is an erosional 
unconformity that is overlain by sandstone. This contact 
boundary is a very strong reflector on the seismic 
profiles.

Overlying the sandstone are the Mississippian 
carbonates which generally do not show much of an acoustic 
impedance contrast on the seismic. The Mississippian 
carbonates grade into Pennsylvanian elastics. The 
Pennsylvanian elastics are topped by an erosional 
unconformity (the Paleozoic unconformity), which creates an 
excellent reflector on all four of the seismic sections. 
Above the Paleozoic unconformity. Late Cretaceous 
sandstones, Paleocene claystdries, and Eocene sandstones 
create strong acoustic impedance contrasts on the seismic 
section.

An isopach map from the top of the Paleozoic 
unconformity down to the top of the Knox Group was 
constructed and is shown in Figure 35. Because not many 
picks could be made in the disrupted zone for the top of 
the Knox Group, making specific conclusions in relation to 
the isopach map is difficult. There seems to be a general 
thickening to the east, which corresponds to the overall, 
regional thickening of the graben to the east. Small
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FIGURE 35. Isopach map from top of Paleozoic unconformity 
to top of Knox Group. Contour intervals are in 
time (seconds).
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variations occur across each of the profiles most likely 
because the top of the Knox Group is an erosional 
unconformity surface.

Line D shows a thickening in the center of the profile 
which corresponds to the location of the sub-graben. Line 
B shows a general thinning toward the south in the area of 
the disrupted zone. Line A shows a general thickening to 
the east into the disrupted zone. A fault possibly cuts 
across line A toward the eastern end of the profile. This 
fault would indicated that the downdropped side of the 
fault is to the east. This inferred fault is located in 
the disrupted zone. Line C shows the thickest section on 
the isopach map, which could also correspond to its being 
located on the downdropped side of the inferred fault on 
line A. No clear relationship between the thicknesses on 
the isopach map and the location of the disrupted zone can 
be reached without looking at more data.

Crone et al. (1985) found that the zone of disrupted 
reflectors generally corresponds to the axial trend of 
current seismicity. Within the disrupted zone, however, no 
faulting related to seismicity can be detected. The 
reflectors in the disrupted zone are too noncoherent to 
detect any existing faults. It is most probable that 
faults, especially basement faults, do exist in the
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disrupted zone because the center of a rifted zone exhibits 
the longest lasting areas of weakness (McKeown, 1982).

Deep-seated, basement-controlled faults are inferred 
on the seismic reflection profiles. These faults are shown 
in map view in Figure 36. Although exact angles of 
orientation of these faults can not be determined, the 
locations of these faults suggests the presence of a 
faulted zone rather than a single fault plane. The 
orientation of these faults corresponds rather well to the 
seismicity trends in the New Madrid fault zone. Only the 
faults on line D appear to be directly related to recent 
seismicity. The faults on the other lines are not related 
to recent earthquakes. All of these faults most likely 
originated in Precambrian time. Faults on line D remained 
active, as evidenced by recent seismicity, and faults on 
the other profiles became inactive. An interesting 
coincidence is that the faults seen on line D are near the 
estimated location of the second earthquake (January 23, 
1812) of the New Madrid earthquake series. Movement along 
these faults may have been partly responsible for the 
January 23, 1812 event.
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FIGURE 36. Map view of faults as interpreted from seismic
reflection profiles.
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SUMMARY

The New Madrid rift zone, which was the site of a 
series of destructive earthquakes in 1811-12, is currently 
the most seismically active region in the Central or 
Eastern United States. Many geophysical, geological, and 
seismological investigations have been conducted in this 
region to gain a better understanding of the complex 
geologic environment. Over 80 km of reprocessed seismic 
reflection data were used along with well-log information 
and other geologic information in order to better determine 
deep crustal structure in the area. Seismic reflection 
data have provided details about subsurface geology in the 
New Madrid rift zone.

A variety of geophysical and geological data provides 
evidence of a major linear structure. This structure is 
expressed in the subsurface as a buried graben trending 
southwesterly from western Kentucky toward east-central 
Arkansas. The Mississippi River flows down the failed arm 
of this rifted area. The modern compressive stress field 
is oriented in a nearly east-west direction. This current 
stress field is much different from the extensional field 
that originally produced the rift and its related faults. 
The current stress field is favorably oriented for the
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ancient faults to undergo movement and to, thus, generate 
earthquakes. Current seismicity could then be due to a 
reactivation of an ancient zone of weakness (Sbar and 
Sykes, 1973). Recent earthquake movements in the New 
Madrid region may best be characterized as a left-stepping, 
right-lateral strike-slip system (Nuttli, 1982).

Seismic reflection data have delineated the location 
of a deep-seated, basement-controlled fault zone that is 
directly associated with current seismicity. The east- 
bounding fault of the sub-graben on Line D shows a break in 
a prominent sub-basement reflector. Beds above this show a 
lesser amount of upwarping. This suggests that the 
initiation of movement along this fault originated during 
Precambrian time, possibly during the active rifting phase 
of the area and may have been episodically reactivated.
This fault zone appears to remain active today, as 
evidenced by recent seismicity. Other deep-seated, 
basement-controlled faults are seen on the seismic 
reflection profiles but these faults are not necessarily 
active today.

The seismic reflection profiles were also useful in 
delineating the extent of a zone of disrupted reflectors in 
the northern part of the New Madrid rift zone. The 
disrupted zone is a zone of reflectors that is
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discontinuous and noncoherent in nature. The location of 
this disrupted zone versus the location of flat-lying 
sedimentary reflectors was easily seen on the seismic 
reflection profiles. The flat-lying sedimentary reflectors 
may represent a post-rift depositional sequence. The 
disrupted zone of reflectors may be caused by igneous 
intrusions, by a horst block filled with many faults and 
fractures, or by a thin layer of igneous intrusives masking 
the true reflectors underneath. The location of the 
disrupted zone may be partly controlled by preexisting 
basement faults and generally correspond with the axial 
seismicity trend in the New Madrid rift zone.. Overall, 
the seismic data does support the rift model theory.

Results from velocity analysis determined in this work 
are similar to results from a recent refraction survey 
(Mooney et al., 1983; Ginzburg et al., 1983). Velocity 
analysis from this work and from the refraction survey both 
indicate the presence of a low-velocity zone above magnetic 
basement. No changes in velocities were noted when going 
from the thick sedimentary rock interval into the disrupted 
zone of reflectors.
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EXPLORATION POTENTIAL

Recently there has been an increase in hydrocarbon 
exploration in the area which should lead to a better 
understanding of the New Madrid region. In the northern 
Mississippi Valley Graben, the Mesozoic and Cenozoic rocks 
are usually flushed with fresh water and, therefore, are 
not considered favorable targets for exploration (Bond et 
al, 1971). Paleozoic rocks fulfill all of the criteria for 
a prospective petroleum province: a thick marine section,
dispersed organic material, oil and gas shows, 
unconformities, folds and faults, and porous and permeable 
reservoir zones (Bond et al., 1971). Problems encountered 
while drilling in the area have ranged from lost 
circulation to hard, almost impenetrable rock (Bond et al., 
1971) .

Prospect areas might be in the flat, sedimentary 
package of carbonates and interbedded elastics where they 
updip against the flanks of the disrupted zone. If these 
updipped beds terminate against the flank or against a 
fault, this might provide a hydrocarbon trap. Also, where 
secondary porosity has developed on the karsted Paleozoic 
bedrock and was later covered by clay, the overlying beds 
might provide a seal for an unconformity trap. Further
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information of a more detailed nature is needed for making 
a reliable estimate of the hydrocarbon potential in the New 
Madrid rift zone.



T-3159 100

CONCLUSIONS

The results of this work have shown that seismic 
reflection data is a valuable tool for delineating 
subsurface geologic features. The seismic reflection 
profiles have shown the location of faults, a zone of 
disrupted reflectors, and the location of thick intervals 
of sedimentary rocks (where hydrocarbon prospects might 
exist). Using the seismic reflection da t a , well-log 
information, and other geological and geophysical 
information the following results have been obtained :

1. There are two deep-seated, basement-controlled faults 
bounding a sub-graben about 10 km southwest of 
Caruthersville, Mo. There is a structural sag over 
the location of the sub-graben. This fault zone may 
have originated in Late Precambrian time during the 
active rifting phase of the New Madrid rift zone. 
Recent earthquake hypocenters locate in this fault 
zone, evidencing that these faults remain active 
today. Movement along these faults may have been 
partly responsible for at least one of the 
destructive 1811-12 New Madrid earthquakes.
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2. Other deep-seated, basement controlled faults are seen
in the Precambrian rocks and most probably originated 
during the Late Precambrian rifting in the New Madrid 
area. These faults may have established preexisting 
zones of weakness. These weakened zones may have 
been reactivated under the entirely different stress 
field of today. This reactivation may be one of the 
reasons why the New Madrid region is currently the 
most seismically active areas in the Central and 
Eastern United States.

3. Thick sedimentary intervals overlie the deep-seated,
basement-controlled faults and most likely correspond 
to the post-rift depositional sequence in the New 
Madrid area. Seismic reflection data supports the 
rift model theory. Hydrocarbon prospect areas may 
exist in these thick sedimentary sections.

4. The location of a zone of disrupted reflectors is seen
on the seismic sections. Noncoherent and 
discontinuous reflectors are seen in this zone, 
giving the data a disrupted appearance. The location 
of this disrupted zone may have been controlled by 
preexisting zones of weakness. In general, the
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location of the disrupted zone appears to correspond 
to recent seismicity. The cause of the disrupted 
zone may be due to igneous intrusions traveling up 
fault and fractures in a horst block or it may be due 
to a thin layer of igneous intrusives overlying and 
masking the true reflecting horizons below.
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RECOMMENDATIONS

Future study is still needed in the New Madrid rift 
zone. In particular, cores from wells and well-logs need 
to be examined in order to better correlate geology with 
seismic data.. A regional study of the depositional 
environment using cores and well-logs from the New Madrid 
area would be very useful. More seismic reflection data is 
needed to determine the extent of the faulted zone.
Seismic reflection data must be migrated in order to better 
approximate true locations of reflectors. Three- 
dimensional seismic arrays are recommended to better 
resolve the nature of the disrupted zone. To date, no 
wells have been drilled in the disrupted zone. Well data 
would be most useful to help determine the cause of the 
zone of disrupted reflectors. Many investigations are 
necessary to gain a more exact understanding of the complex 
geologic nature of the New Madrid rift zone.
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