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Abstract

The USGS is currently leading an effort to compile published geological information on
Quaternary faults, folds, and earthquake-induced liquefaction in order to develop an internally
consistent database on the locations, ages, and activity rates of major earthquake-related fea-
tures throughout the United States. This report is the compilation for such features in the
Central and Eastern United States (CEUS), which for the purposes of the compilation, is
defined as the region extending from the Rocky Mountain Front eastward to the Atlantic
seaboard. A key objective of this national compilation is to provide a comprehensive database
of Quaternary features that might generate strong ground motion and therefore, should be con-
sidered in assessing the seismic hazard throughout the country. In addition to printed versions
of regional and individual state compilations, the database will be available on the World-Wide
Web, where it will be readily available to everyone. The primary purpose of these compilations
and the derivative database is to provide a comprehensive, uniform source of geological infor-
mation that can by used to complement the other types of data that are used in seismic-hazard
assessments.

Within our CEUS study area, which encompasses more than 60 percent of the continuous U.S.,
we summarize the geological information on 69 features that are categorized into four classes
(Class A, B, C, and D) based on what is known about the feature's Quaternary activity. The



CEUS contains only 13 features of tectonic origin for which there is convincing evidence of
Quaternary activity (Class A features). Of the remaining 56 features, 11 require further study in
order to confidently define their potential as possible sources of earthquake-induced ground
motion (Class B), whereas the remaining features either lack convincing geologic evidence of
Quaternary tectonic faulting or have been studied carefully enough to determine that they do not
pose a significant seismic hazard (Classes C and D).

The correlation between historical seismicity and Quaternary faults and liquefaction features
in the CEUS is generally poor, which probably reflects the long return times between succes-
sive movements on individual structures. Some Quaternary faults and liquefaction features
are located in aseismic areas or where historical seismicity is sparse. These relations indicate
that the record of historical seismicity does not identify all potential seismic sources in the
CEUS. Furthermore, geological studies of some currently aseismic faults have shown that the
faults have generated strong earthquakes in the geologically recent past. Thus, the combina-
tion of geological information and seismological data can provide better insight into potential
earthquake sources and thereby, contribute to better, more comprehensive seismic-hazard
assessments.

Introduction

The "World Map of Major Active Faults" Task Group is compiling published fault data, devel-
oping a digital database of the fault data, and preparing a series of maps for the United States
and other countries in the Western Hemisphere that show the locations, ages, and activity rates
of major earthquake-related features such as faults, liquefaction features, and fault-related folds.
This report presents the data that was compiled for the Central and Eastern United States
(CEUS). (Data compiled for the Active Faults project also includes information on Quaternary
folds, but no active folds are known or reported in the CEUS, so we do not include folds in this
report.) These data compilations, the digital database, and the companion map summarize the
published information on these known tectonic features and present the information in an inter-
nally consistent format. The Western Hemisphere effort is sponsored by International
Lithosphere Program (ILP) Task Group II-2; the data compilation, database, and map for the
United States is funded largely by the National Earthquake Hazard Reduction Program
(NEHRP) through the U.S. Geological Survey. Work in the Western Hemisphere is being coor-
dinated by Michael N. Machette, the digital database is being designed and managed by
Kathleen M. Haller, and map data are being digitized and manipulated by Richard L. Dart.
Collectively, these efforts represent a key contribution to the new Global Seismic Hazards
Assessment Program (ILP Task Group II-0) for the International Decade for Natural Disaster
Reduction.

This report is the fourth in a series of state and regional data compilations that will ultimately
constitute a Quaternary fold and fault database for the entire United States. Previously released
compilations include U.S. Geological Survey Open-File Report 96-002 for West Texas (Collins
and others, 1996 #993), Open-File Report 98-521 for New Mexico (Machette and others, 1998),
Colorado State Geological Survey Open-File Report 98-8 for Colorado (Widmann and others,
1998), and a report for western Montana, which will be released as a Montana Bureau of Mines
and Geology publication (Haller and others, #1750).

This compilation of information for the Central and Eastern U.S. is presented in two forms: (1)
this Open-File Report, which provides a printed catalog of the data and (2) a digital database
that is currently being assembled and will be available on the World-Wide Web in the near
future. State and regional compilations are being merged into a national digital database, which



contains referenced values for a variety of geographic, geologic, and paleoseismologic parame-
ters for the features described here, as well as the written descriptions included in this report.

This report and the companion digital database summarize the published evidence of known
Quaternary surface faulting, liquefaction features, and suspect tectonic features in the CEUS,
which is that part of the country east of the Rocky Mountain Front. This large region, which
encompasses more than 60 percent of the area of the contiguous United States, is generally
regarded as being tectonically stable region. With the notable exception of the New Madrid
seismic zone in the central Mississippi Valley, the CEUS has few earthquakes compared to seis-
mically active regions of the country such as the Intermountain West and the plate-margin set-
tings of California, the Pacific Northwest, and Alaska. Furthermore, the rates of deformation on
features in the CEUS is generally low compared to the rate at which surficial geological
processes modify the landscape. As a result, the geologic and geomorphic expression of most
tectonic deformation in the CEUS is commonly subtle to obscure, and is generally difficult to
detect confidently. These low rates of deformation in the CEUS present special challenges for
seismic-hazard assessments and mitigation because damaging earthquakes are infrequent and,
as a result, the population and infrastructure are generally not well prepared to endure strong
ground motion. This general lack of preparedness can result in substantial damage and loss
from even moderate-magnitude events.

This compilation summarizes evidence of tectonic deformation that has occurred in Quaternary
time. The time span encompassed by Quaternary period has been subject to numerous revisions
and on-going discussion over the years. A review of the opinions concerning the age of the
Quaternary-Tertiary boundary is beyond the scope of this report, but for the purposes of this
compilation and the project, the Quaternary period is considered to begin at 1.6 Ma.

Features described in this compilation are classified into one of four categories: Class A, Class
B, Class C, and Class D (Table 1) on the basis of geological evidence of Quaternary faulting or
deformation. The primary types of geological evidence summarized in this report include pale-
oseismological, stratigraphic, geomorphic, structural, and sedimentological information.
Historical earthquakes are direct evidence of Quaternary faulting, but historical earthquakes are
seismological evidence, which we consider as distinct and separate from geological evidence,
for the purposes of this report. Thus, we do not use this seismological evidence in this classifi-
cation scheme.

Features categorized in Class A (fig. 1; tables 1 and 2) have good geological evidence of tec-
tonic origin and are potentially seismogenic. For these features, detailed evidence of
Quaternary deformation or strong ground motion (for example, the Wabash Valley liquefaction
features) has been described and is well documented in the scientific literature. The published-
geologic evidence describing these features compellingly demonstrates evidence of Quaternary
activity. Each Class A feature is labeled by a four-digit integer (table 2) that corresponds to the
feature's number listed in the digital database.

In the CEUS, liquefaction features are a key type of evidence used in many areas to identify
strong ground shaking, and by inference, strong earthquakes, seismic faulting, and Quaternary
deformation. Thus the occurrence of widespread liquefaction features is taken as evidence that
a significant seismogenic fault is located nearby, even though the causative fault may not have
been identified. We recognize that liquefaction features can be caused by non-tectonic
processes, including artesian groundwater and landslides, but generally, these non-tectonic lig-
uefaction features tend to be localized and to occur in recognizable geomorphic settings. In
contrast, the liquefaction features used to identify Class A features have been generally discov-
ered over a significant area and in settings that are not conductive to artesian flow or landslides.
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Figure 1. Map of historical seismicity of the Central and Eastern United States and the location of 13
Quaternary faults and singular or groups of liquefaction features; see discussions of individual features
for details. Study area extends from the Atlantic Coast to the eastern edge of the shaded area on the
map. Quaternary faults and liquefaction features (Class A) are labeled by circled numbers and stars: 1,
Cheraw fault, Colorado; 2, Meers fault, Oklahoma; 3, Western Lowlands liquefaction features, Missouri-
Arkansas; 4, St. Louis-Cape Girardeau liquefaction features, Missouri-lllinois; 5, Reelfoot scarp and New
Madrid seismic zone, Missouri-Arkansas-Tennessee; 6, Thebes Gap area, Missouri; 7, Fluorspar Area
fault complex, lllinois-Kentucky; 8, Wabash Valley liquefaction features, Indiana-lllinois; 9, Charleston-
Bluffton-Georgetown liquefaction features, South Carolina-North Carolina; 10, Central Virginia seismic
zone; 11, Newbury liquefaction features, Massachusetts. See text for explanation of classes. Solid dots
are historical earthquakes of m, 3.0 or greater; seismicity catalog provided by C. Mueller, USGS.



Table 1. Definitions of classes used in the compilation of Quaternary faults, liquefaction features, and
deformation in the Central and Eastern United States.

[This report follow the standard usage in the earthquake-hazards community by distinguishing between seismological
evidence and geological evidence. We use geological evidence to assign possible Quaternary faults and features to one of
the four classed described below. The main types of geological evidence summarized in this report are
paleoseismological, stratigraphic, sedimentological, structural, and geomorphological information. Historical earthquakes
are direct evidence of Quaternary tectonic faulting, but historical earthquakes are seismological evidence, and we do not
use them in this classification]

Class Category Definition

Class A Geologic evidence demonstrates the existence of a Quaternary fault of tectonic origin,
whether the fault is exposed for mapping or inferred from liquefaction or other
deformational features.

Class B Geologic evidence demonstrates the existence of a fault or suggests Quaternary
deformation, but either (1) the fault might not extend deeply enough to be a potential
source of significant earthquakes, or (2) the currently available geologic evidence is too
strong to confidently assign the feature to Class C but not strong enough to assign it to
Class A.

Class C Geologic evidence is insufficient to demonstrate (1) the existence of tectonic fault, or (2)
Quaternary slip or deformation associated with the feature.

Class D Geologic evidence demonstrates that the feature is not a tectonic fault or feature; this
category includes features such as demonstrated joints or joint zones, landslides,
erosional or fluvial scarps, or landforms resembling fault scarps, but of demonstrable
non-tectonic origin.

Table 2. Summary of Quaternary faults, liquefaction features, and deformation in the Central and
Eastern United States.

[ID Number refers to the number assigned to the structure in the fault compilation and the digital database. "Time of MRE"
is time of most recent paleoevent; see the definition of terms in this report for explanation of the time of most recent event
and the slip-rate category. For liquefaction features, the slip-rate category is described as "unknown" because the faults
that generated earthquakes at these sites have not been identified or characterized, and therefore it is impossible to
determine a slip rate. General locations of features are shown in figure 1.]

Structure Name Location ID Time of Slip-Rate Comments
(listed alphabetically) No. MRE Category
Bluffton liquefaction South Carolina| 2658 | Latest unknown Prehistoric liquefaction
features Quaternary features southwest of the

liquefaction from the 1886
Charleston, South Carolina,

earthquake.
Central Virginia Virginia 2653 | Latest unknown Few small late Holocene sand
seismic zone Quaternary dikes reported in area of
modern seismicity.
Charleston liquefaction | South Carolina| 2657 | Historical unknown 1886 earthquake caused
features impressive liquefaction;

paleoseismic studies indicate
multiple prehistoric events.




Table 2. (continued).

Structure Name Location ID Time of Slip-Rate Comments
(listed alphabetically) No. MRE Category
Cheraw fault Colorado 2330 | Latest <0.2 mm/yr | In currently aseismic region;
Quaternary three events in the past ~25 ka.
Georgetown South 2659 | Latest unknown Prehistoric sand blows
liquefaction features Carolina, Quaternary northeast of Charleston, South
North Carolina Carolina that have an age of
about 1.64 ka.
Fluorspar area fault Mlinois, 1028 | Late Quaternary | <0.2 mm/yr | Contains several fault zones
complex Kentucky and structures in the fluorspar
mining district of southern
Illinois and western Kentucky.
Meers fault Oklahoma 1020 | Latest 0.2<1 In currently aseismic region;
Quaternary mm/yr two late Holocene events on
SE section; poor information
on NW section.
Newbury liquefaction Massachusetts | 2651 | Latest unknown Sand dikes injected into
features Quaternary glaciomarine sand; possibly
two events with younger event
occurring in 1727 earthquake.
Reelfoot scarp and Missouri, 1023 | Historical unknown Three M~8 events in 1811-
New Madrid seismic Arkansas, 1812; little known about
zone Tennessee causative faults that are buried
beneath thick Mississippi
embayment sediments.
Reelfoot scarp is the only
confirmed Quaternary tectonic
fault scarp in the region.
St. Louis-Cape Missouri, 1030 | Latest unknown Exposures in stream cuts in SE
Girardeau liquefaction | Illinois Quaternary Missouri and adjacent SW
features I1linois revealed sand blows,
sand dikes or sand sills at 48
sites
Thebes Gap faults Missouri, 1027 | Late Quaternary | unknown Detailed geologic mapping
Illinois identified several faults;
trenching has documented
multiple events on several
faults.
Wabash Valley Mlinois, 1024 | Latest unknown Clastic dikes exposed in river
liquefaction features Indiana Quaternary banks define large area of
prehistoric strong shaking.
Western Lowlands Missouri, 1029 | Latest unknown Prehistoric liquefaction
liquefaction features Arkansas Quaternary features in the area west of

Crowleys Ridge adjacent to
the New Madrid seismic zone
indicate strong ground shaking
from earthquake sources other
than those that generated the
New Madrid earthquakes.




In several locales, detailed studies have shown that liquefaction has occurred multiple times in
the past.

The second category in this compilation is Class B features (table 1; fig. 2), which are also
assigned a four-digit integer in the digital database. As treated in this report, the geologic evi-
dence of Quaternary tectonic activity on Class B features is far less compelling than for Class A
features. In some cases, Class B features may show clear evidence of Quaternary offset or
deformation, but it is uncertain if these surface structures extend to sufficient depths to generate
strong earthquakes and therefore produce strong ground motion. An example of these kind of
structures might be surficial faults in young volcanic terrains or faults in areas of known modern
subsidence (Gulf Coastal Plain), which are probably not true seismogenic structures even
though they displace Quaternary-age deposits or rocks. The second basis for assigning a feature
to Class B is because, in our judgement, the geologic and/or geomorphic evidence of
Quaternary deformation is equivocal. The evidence reported in the geological literature may be
incomplete or inconclusive, but it is tantalizing enough that we cannot dismiss the feature as
probably non-seismogenic. Quaternary activity on these kinds of features is still a possibility;
but considerable uncertainty remains about the feature's future seismogenic potential. Future
studies of Class B features may yield evidence that permits them to be reclassified with greater
confidence, but given the present state of knowledge, we cannot conclusively determine if they
belong in the Class A "known Quaternary feature" category or in the Class C category. Class B
features are assigned a four-digit number followed by “XX", which allows Class B features to
be easily distinguished from Class A features in the database.

Faults and features assigned to Class C do not have demonstrated Quaternary activity and are
not considered to be potential earthquake sources (table 1; fig. 3). Generally, Class C features
are not known to have Quaternary slip. In some cases, detailed studies have revealed evidence
showing that specific features actually have a non-tectonic origin. These non-tectonic features
are assigned to a separate class, Class D, and include features such as solution collapses, fea-
tures related to subsidence, landslides, and erosional scarps. Class C and D features are
included in this compilation and in the database because their inclusion provides a complete
record of all features that have been examined.

This report is not a guide to seismic hazard. It is important to emphasize the distinction
between the seismic hazard of an area and the proximity of Class C features, which lack geo-
logic evidence of Quaternary faulting. It is critical to understand that this compilation is based
only on a collection of reported geological evidence of Quaternary faulting; it does not focus on
information about historical seismicity. This compilation was prepared to support efforts to
update the USGS national seismic-hazard mapping efforts, and other hazard assessments.
Earthquake information is incorporated into hazard maps and assessments separately from geo-
logical information. Seismic-hazard assessments in the CEUS generally rely heavily on histor-
ical seismicity to quantify the hazard, and they use geological information secondarily. This
compilation summarizes geological information. Earthquakes occur on faults, so the occurrence
of earthquakes in a region is seismological proof that movement is occurring on faults, there-
fore, Quaternary tectonic faulting is occurring. However, the evidence of this on-going
Quaternary faulting may or may not be expressed geologically at the surface. Thus, when we
designate a fault as a Class C feature, we base this assignment only on geological evidence.
This assignment largely ignores the fact that historically significant earthquakes may have
occurred in the surrounding area, and the presence of this seismicity indicates the potential for
future significant earthquakes.
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Figure 2. Index map showing historical seismicity of the Central and Eastern United States and the
location of 11 Class B features. See text for explanation of classes. Study area extends from the
Atlantic Coast to the eastern boundary of the shaded area. Shaded triangles show general locations of
Class B features; see text for details and description of features. Solid dots are historical earthquakes of
m,, 3.0 or greater; seismicity catalog provided by C. Mueller, USGS.



Figure 3. Map of historical seismicity of the Central and Eastern United States and location of 45

Class C & D features. See text for explanation of classes. The study area extends from the Atlantic
Coast to the eastern boundary of the shaded area. Shaded triangles show locations of Class C &

D features; triangles containing a number indicate the number of closely spaced features near this
location. See text for additional details. Solid dots are historical earthquakes of m, 3.0 or greater;

seismicity catalog provided by C. Mueller, USGS.



Strategy for Quaternary Fault Map and Database

A primary objective of this national and global compilation of Quaternary faults and folds is to
develop an internally consistent database of geological information that can be used in seismic-
hazard assessments. In regions of low to moderate seismicity, such as the CEUS, geological
data on Quaternary faults or liquefaction features provide valuable information that comple-
ments the record of historical seismicity. In many parts of the United States, especially in low-
seismicity regions, the 200- to 300-year-long historical record is very short compared to the
long recurrence times between significant earthquakes and the generally slow rates of deforma-
tion. As a result, the distribution of 200-300 years of historical earthquakes may not highlight
all potential seismic sources and, therefore, not accurately reflect the full seismic hazard.
Paleoseismic studies commonly document a record of surface faulting or deformation that typi-
cally spans thousands to tens of thousands of years. Therefore, these paleoseismic studies pro-
vide a longer-term perspective of hazards that augments the comparatively short historical
record. Thus, developing a more complete inventory of Quaternary seismogenic faults can be a
useful contribution to improved seismic-hazard assessments in regions of low to moderate his-
toric seismicity (Crone and others, 1997a; Wheeler and Frankel, 2000). Unfortunately, the
inventory in the CEUS is likely incomplete because the region has not been uniformly and sys-
tematically examined for evidence in the field of Quaternary faulting; such a systematic exami-
nation would be a worthy goal for future workers.

The data in this Open-File Report are being entered into the digital database, which is the
source of information for the United States Map of Quaternary Folds and Faults. The database
has been designed to accommodate data for a variety of faults, folds, and neotectonic features
that span a wide spectrum in terms of data quality and abundance. For example, the paleo-
seismic history of many faults in California is known in considerable detail because of they
have been the subject of numerous studies. In contrast, most features elsewhere in the country,
including the CEUS, are poorly studied. As a result, the database of these less-studied features
contains many empty fields, giving an appearance of being incomplete (i.e., unnamed faults,
fields having no data, or limited descriptions). Despite this incomplete appearance, the database
fields will present a uniform, systematic analysis of structures that can be assessed as potential
seismic sources. The presence of incomplete fields in the database shows where future studies
can add new information and increase our knowledge of specific features. Thus, the database is
dynamic and will be updated through time. The information in this Open-File Report (and the
database) is the first iteration of data for faults and structures in the CEUS; as significant new
information becomes available, it will be used to update the digital database. Collectively,
when the information from the CEUS is merged with similar data from other parts of the
country, the database will a valuable source of geological information that will be readily acces-
sible to everyone.

To accommodate these large differences in the level of study, the fault compilation and digital
database have two major subsets of fault descriptions: (1) simple faults or features or (2) sec-
tioned faults or features. Sectioned faults are generally well studied, and the geological data
suggests that the age, slip rate, or recurrence interval for surface faulting changes along the
strike of the feature. This information implies that surface-rupturing earthquakes have occurred
on different parts of the fault at different times in the past. On the basis of this kind of geolog-
ical information, the fault can be logically subdivided into separate structural (or possibly seis-
mogenic) entities (segments) that may rupture independently during surface-faulting
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earthquakes. The Meers fault in southwestern Oklahoma (fig. 4) is the only sectioned fault
described in this report. By the project's standards (and definitions), a fault is subdivided into
sections on the basis of geomorphologic and geologic data (scarp morphology, stratigraphic
control on times of faulting, geologic structures that may control physical segmentation, etc.).
In some cases, such as the Meers fault, pronounced contrasts in the geomorphic expression of
faulting along strike combined with paleoseismic studies that define the chronology of the
youngest events on the fault are sufficient to subdivide the structure into sections.

In comparison, simple faults have limited detailed geological information and few or no paleo-
seismologic studies. In the absence of this type of detailed information, it is not possible to
subdivide these features into sections. With the exception of the Meers fault, all of the features
in the CEUS described in this report are simple features, according to the standards established
for this project.

The term "segment" is popular and commonly used in the earthquake-geology community, but
the term has many ambiguous meanings because different kinds of segments are described in
the scientific literature (dePolo and others, 1991). To avoid confusion, the term "segments" has
been dropped for this project in favor of the general term “sections", which is defined above.

Fourteen numbered features discussed in this report have documented evidence of Quaternary
tectonic faulting or evidence of liquefaction (table 2). Fault traces or areas of liquefaction were
taken from original sources and were digitized at an appropriate scale for use in Arc/Info*—
Geographic Information System (GIS) software that permits rescaling, output in a wide variety
of projections, and assigning attributes to the geographic data (colors, line weights, and symbols
for various maps). The information fields in the database and in this Open-File Report provide
a comprehensive summary of information that is known about these features. Published or pub-
licly available data are referenced extensively, and cited in standard USGS format, with the
exception that we include a database reference number (e.g., Haller and others, 1993 #655).

No faults in the CEUS are known to have had surface-rupturing earthquakes in historic time,
although the series of major earthquakes that struck the New Madrid seismic zone (fig. 5) in
1811-1812 did produce considerable surface deformation (Russ, 1982). The most prominent
expression of this deformation occurred as warping along the Reelfoot scarp, where recent pale-
oseismic studies have documented multiple deformation events in late Quaternary time.
Structures having pre-Quaternary movement are not included in this compilation unless there is
sufficient geological evidence of substantial Quaternary movement. Thus the CEUS faults and
liquefaction features included in this report and in the database are defensible potential sources
of future ground rupturing or strong shaking based on geologic evidence from the Quaternary
period (1.6 million years). The occurrence of seismicity associated with or aligned along pre-
Quaternary faults, buried faults, or folds is not compelling enough evidence (by itself) to
include these pre-Quaternary structures in the compilation and database. This database focuses
on geological evidence only, so although seismicity is suggestive of Quaternary activity, it does
not alone qualify a feature to be included in this geological database.

The digital database contains an extensive listing of information and parameters for each Class
A and B structure such as fault length and dip direction, as well as descriptive geologic, geo-
morphic and paleoseismologic information. Because the project is integrating data from the

*Use of trade or brand names, such as Arc/Info, are for descriptive purposes only and do not constitute endorse-
ment by the U.S. Geological Survey or the Department of Interior.
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Figure 4. Location map (A) and oblique aerial view (B) of the Meers fault, southeastern Oklahoma. Fault
is shown by solid bold line; dashed where scarp is less prominent. Upthrown and downthrown sides of
scarp are designated by U and D, respectively. Open box shows approximate location of the oblique
aerial view shown in (B). Open circles show approximate locations of sites where trenches were exca-
vated. The fault is located in an aseismic part of the Central U.S., but paleoseismic studies have docu-
mented two surface-rupturing earthquakes on the Meers fault during the past 3,000 years. The most
recent event occurred about 1,200 yr B.P. Aerial photograph provided by Kenneth V. Luza, Oklahoma
Geological Suvey.
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Figure 5. Location map (A) and photograph (B) of liquefaction features in the New Madrid seismic zone,
central Mississippi River Valley, Arkansas, Missouri, and Tennessee. A series of magnitude 7-8 earth-
quakes struck the New Madrid region in the winter of 1811-1812. Reelfoot scarp, shown by solid line with
triangles on the upthrown side, is located along the western side of Reelfoot Lake. Paleoseismic studies
have documented the occurrence of several Holocene events that produced wide-spread liquefaction.
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Photograph courtesy of E.S. Schweig, Ill, USGS.
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entire United States, each Class A and B structure has a unique number. Structure names are
determined from the literature and from common usage, and although some structures in dif-
ferent regions have the same name or a similar name, no attempt was made to avoid such dupli-
cations. Geologic data fields include narratives describing the geologic setting, geomorphic
expression, and age of faulted deposits. Additional paleoseismologic data include descriptions
of paleoseismological studies (i.e., trenching) and estimates of recurrence intervals. Field
names are shown in bold and are defined below in “Definition of Database Terms" (see also,
general guidelines of Haller and others, 1993 #655). When the computer database of this report
is implemented, the user will be able to search for data in a specific field or a combination of
fields. Nonsearchable fields, such as "Comments", document the source of data and any perti-
nent details that the compiler deems worthy to explain further.

We have made an effort to include all pertinent data on a structure, especially where conflicting
interpretations may be apparent. Where multiple interpretations exist in the literature, we use a
hierarchy that defines what data will be presented in the primary database fields in order to
achieve some level of consistency. We give highest priority to fault-related studies, particularly
those addressing the Quaternary history of a fault, such as paleoseismic investigations, over
general geologic studies, such as, bedrock mapping. In most cases, more recent studies are
given priority, although some older studies are helpful and authoritative. Investigations based
on detailed mapping (for example, 1:24,000 scale) or similar examinations are given priority
over less detailed mapping (for example, 1:250,000 scale) or regional studies. Thus, even
though we give the most weight to recent paleoseismological studies of Quaternary faulting,
alternative interpretations based on other types of studies are provided in the appropriate
"Comments" field.

Synopsis of Quaternary Faulting and Liquefaction Features
in the Central and Eastern United States

The only previous compilations of Quaternary (and Neogene) faults and structures in the CEUS
were regional studies by Howard and others (1978 #312) and Prowell (1983 #1951) Both com-
pilations were traditional map products that showed the locations and additional information.
Since these landmark efforts, additional Quaternary or potentially Quaternary faults have been
recognized in the region, and several detailed studies have been conducted to better constrain
various paleoseismologic characteristics for selected faults. As mentioned above, detailed
studies have also discounted some suggested Quaternary faults, either by showing them to be
older than Quaternary or by demonstrating that they are non-tectonic features.

Overview of Quaternary faults and liquefaction features

In this compilation, we classify 14 features in the CEUS as having demonstrable Quaternary
tectonic faulting or deformation (Class A) (fig. 1, table 2). Of these features, five are faults,
nine are hidden faults inferred from evidence of Quaternary liquefaction. In addition, we clas-
sify 11 features as Class B features, and, we assign a total of 39 other features to Class C
because they lack geological evidence of Quaternary tectonic deformation. Lastly, we include
six features in Class D because they have been determined not to be tectonic faults.

The 14 Quaternary faults and liquefaction features (or groups of features) in the CEUS are
widely distributed across the region (fig. 1). In most cases, the features remained unnoticed for
many years or are difficult to study because of their poor surficial expression. The small
number of confirmed Quaternary features in such a large part of the country is first-order evi-
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dence of the general tectonic stability of the CEUS. However, based on the relatively recent
recognition of Quaternary activity on faults that were initially mapped decades ago, Meers fault
(fig. 4) and Cheraw fault (fig. 6), it is probable that our inventory of potential seismic sources in
the CEUS is incomplete and other seismogenic features might be identified in the future.

Much of the evidence of paleoearthquakes in the region is derived from evidence of liquefac-
tion, which is secondary evidence of strong ground motion inferred to result from large magni-
tude earthquakes (Obermeier and Pond, 1999). Local and regional mapping and dating of
Quaternary deposits associated with the liquefaction features permit estimates of pale-
oearthquake magnitudes and ages, but this type of secondary evidence does not identify nor
provide detailed information on causative faults. Nevertheless, documenting paleoliquefaction
events provides valuable information that contributes to improved seismic-hazard assessments.

It is worth emphasizing that only selected parts of the CEUS have been carefully and systemati-
cally examined in the field for evidence of Quaternary faulting. Many parts of the CEUS have
never been critically evaluated for field evidence of Quaternary deformation, and therefore, it is
very likely that the inventory presented in this report is incomplete. We suspect that a more
comprehensive, systematic field examination of the entire CEUS would discover other features
that would be classified as Class A or Class B features.

Discussion

The 13 confirmed Quaternary faults and liquefaction features in the CEUS are widely distrib-
uted over an area that covers more than half of the contiguous 48 states. The number of signifi-
cant historical earthquakes in the CEUS is meager compared to the smaller area west of the
Rocky Mountain Front, and no historical CEUS earthquakes have produced documented surface
ruptures. The generally low level of seismicity is testimony to the relative stability of the region
and the low rates of deformation. Despite the evidence of low deformation rates, this part of
the United States is not devoid of seismic hazard nor is it immune to damaging and potentially
devastating earthquakes. In fact, moderate-magnitude events (M 4-6) can cause significant
damage because many buildings and the infrastructure in the CEUS are relatively old and are
not designed to withstand even a modest amount of strong ground motion.

The correlation between the distribution of historical seismicity in the CEUS and the confirmed
Quaternary faults and liquefaction features is highly variable (fig. 1). In some cases, such as the
New Madrid seismic zone and the Charleston, South Carolina region (fig. 7), the correlation is
strong because historical earthquakes have generated many of the geological features described
in this report. Elsewhere, the correlation is weak or non-existent. Some confirmed Quaternary
faults and liquefaction features are located in areas that are aseismic or where the sparse seis-
micity is widely distributed. This variable correlation indicates that, in plate-interior settings,
the historical seismicity may not identify all of the potential seismic source zones (Crone and
others, 1997a).

Recurrence intervals of most features described here are poorly known, but based on evidence
from other analogous plate-interior settings, the average recurrence time for significant earth-
quakes on isolated individual faults could be tens of thousand of years or longer (Crone and
others, 1993, 1997a; Machette and others, 1994). Paleoseismic studies of the Meers fault,
Oklahoma (Crone and Luza, 1990; fig. 4), and the Cheraw fault, Colorado (Crone and others,
1997b; fig. 6), indicate that surface-rupturing earthquakes on these faults occur in temporal
clusters, in which short periods of activity are separated by relatively long quiescent intervals.
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Figure 6. Location map (A) and photograph (B) of Cheraw fault, southeastern Colorado. The combina-
tion of little historical seismicity in the region and the subdued expression of the 44-km-long fault scarp
suggested that the Cheraw fault did not pose a notable seismic hazard. However, paleoseismic studies
show that the most recent surface-faulting event occurred about 8 k.y. ago and that three events have
produced surface rupture in the past approximately 25 k.y.
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Figure 7. Location map (A) of the Charleston-Georgetown-Bluffton area in South Carolina and photo-
graph (B) of damage from the August 31, 1886, earthquake. The 1886 earthquake produced significant
liquefaction. Studies of paleoliquefaction features along the Coastal Plain of South Carolina and North

Carolina have found evidence of multiple episodes of strong ground shaking during the past 3,000-5,000
years, but the faults that generated the earthquakes remain unidentified.
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During active periods, the recurrence time between events is on the order of a few to several
thousand years, whereas quiescent intervals commonly span several tens of thousands of years
or longer. Because of the large variability in inter-event times, it is difficult, and perhaps inap-
propriate, to characterize these faults by a single recurrence interval.

The New Madrid seismic zone (fig. 4) and Charleston, South Carolina, (fig. 7) region are the
most active seismic zones in the CEUS and the sites of the most significant historical earth-
quakes in the region. In both zones, the geological expression of the seismic activity is best
expressed by widespread liquefaction features; little or nothing is known about the causative
faults. However, recent and on-going paleoseismic studies of liquefaction features have greatly
improved our knowledge of recurrence of large earthquakes in these seismically active regions.
These studies suggest that, during the late Holocene, earthquakes large enough to cause lique-
faction have occurred in these zones at time intervals of several hundred to a few thousand
years (for details, see discussions of these specific features). However, subsurface structural
studies show that the rates of late Holocene deformation cannot have been sustained throughout
the Quaternary because the underlying bedrock is not extensively deformed (Coppersmith,
1988; Schweig and Ellis, 1994; Pratt, 1994). This contrast between the high rates of modern
seismicity versus the geologic evidence of lower, long-term rates indicates that either the defor-
mation has only began in the very recent geologic past, or that the temporal pattern of deforma-
tion is very episodic on geological time scales.

We have noted the value of including a list of non-Quaternary or possibly non-tectonic (Class
C) and demonstrated non-tectonic (Class D) features in this compilation because their inclusion
provides a comprehensive list of all features that we've evaluated to date. An additional benefit
is that we provide a brief summary of what is currently known about these features. These
summaries could furnish the starting point for future, more comprehensive studies that re-
examine these features.

In some cases, reexamination of previously dismissed features has revealed evidence of
Quaternary activity. One example is the Meers fault, in southeastern Oklahoma (fig. 4). The
Meers fault is one of a series of faults that define the southwestern margin of the Anadarko
basin, a major, long-lived petroleum province in Oklahoma. A prominent scarp along the fault
is present in resistant Paleozoic bedrock and was originally mapped in the 1930's. The scarp
was explained as an exhumed scarp. However, nearly five decades later in the 1980's, the evi-
dence of Quaternary activity became apparent when field geologists first recognized scarps on
latest Quaternary fluvial deposits; subsequent paleoseismological studies have documented the
occurrence of multiple late Holocene surface ruptures on the fault. This example demonstrates
the merit of reevaluating features that are now discounted as potential seismic sources.

Summary

A systematic evaluation of published information on 69 features in the Central and Eastern U.S.
has led to classifying 13 features as Quaternary tectonic faults or liquefaction features (Class
A), 11 features as Class B features, and 45 features as either pre-Quaternary or non-tectonic
(Class C & D) features. The information from this evaluation is part of a national compilation
of Quaternary faults and folds being led by the USGS. The parameters used to classify features
into the above-cited classes are part of the standards for the national compilation. Information
for the compilation is being assembled and incorporated into a digital database that will be
available on the World Wide Web.
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In the CEUS, few Quaternary faults have conspicuous surface expression, and much of the evi-
dence of Quaternary deformation and earthquakes is derived from historical and ancient lique-
faction features. Although valuable as evidence of past strong ground shaking, liquefaction
features do not identify a specific causative fault. Without identifying a specific fault, it is diffi-
cult to fully characterize the seismic source for hazard analyses. Nevertheless, liquefaction fea-
tures provide invaluable information about the areas affected by strong ground shaking and the
frequency of past earthquakes. In the absence of information about the causative fault, this type
of information can contribute to better hazard evaluations.

The correlation between the distribution of historical seismicity in the CEUS and the confirmed
Quaternary faults and liquefaction features is highly variable, which substantiates the observa-
tion that historical seismicity is an imperfect indicator of potential sources of strong earthquakes
in some tectonic settings. Furthermore, geological studies of aseismic faults such as the Meers
fault show that currently aseismic faults have generated strong earthquakes in the recent geolog-
ical past. Thus, a comprehensive inventory of potentially seismogenic structures in the CEUS
must be derived from both seismological and geological information.

This compilation provides a starting point for future systematic investigations of potentially
seismogenic features in the CEUS. By assembling, summarizing, and classifying information
in the published literature on Quaternary tectonic features, we are providing a resource that will
permit geoscientists to efficiently review the status of knowledge for specific geological fea-
tures. We acknowledge that the CEUS has not been systematically or uniformly examined for
field evidence of Quaternary faulting, which suggests that evidence of Quaternary deformation
on some features may yet remain undiscovered. It follows from this observation that our report
is likely incomplete. Nevertheless, this report serves as a starting point to identify selected fea-
tures that warrant additional detailed study in order to corroborate, better characterize, or refine
the evidence of Quaternary deformation. As a result, this report will ultimately contribute to an
improved understanding of the seismic hazards in the Central and Eastern United States.
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Definition of Database Field Names and Selected Geological Terms

Specialized fields (shown below in bold letters) provide abstracted data, many of which will be
in searchable fields when the digital database is released. In addition to the searchable fields,
more detailed information is provided in the "Comments" sections that follow selected fields. If
no pertinent information was found in the published literature for a field, then we show "none"
or "not reported". The following description provides definitions of fields (in alphabetical
order) and indicates where various information, if known, can be found. In addition, selected
definitions of geological terms are included to assist the reader in understanding the guidelines
used to compile this report and the database.

Parts of the descriptions in the following definitions are taken from standardized definitions for
the entire digital database, and therefore, not all aspects of the definitions may necessarily apply
to CEUS features discussed in this report.

Age of faulted deposits This field includes the ages of faulted deposits at the surface. In gen-
eral, these data are from surficial geologic mapping, but in some cases they may be from
descriptions in referenced work. In some cases, the age of faulted deposits may not agree
with the time of the most recent paleoevent. This inconsistency may arise because of the
manner in which particular studies are given preferable citation based on recency and scope
of the study.

Average strike The average strike of the trace of the structure in degrees is computed from
GIS software and is recorded for faults and fold axes. The strike bearings are confined to
the northwest and northeast quadrants of the compass and are reported as -90° to 90° values,
respectively).

Compiler and affiliation The name and affiliation of the person(s) primarily responsible for
compilation or revision of data presented for a structure. Full names and addresses of these
compilers are shown in the list of contributors.

County If the structure is in more than one county, the county containing the majority of the
structure is listed first, followed by county name(s) for the remainder of the structure. In
cases where the features encompass numerous counties, the counties are listed alphabeti-
cally by state.

Date of compilation This field shows when data were compiled (or revised) for this project
(e.g., 03/13/98; month/day/year).

Dip Measured dip or range of dip values. In many cases, these data are near-surface measure-
ments at specific locations. Additional data, such as approximate location and the type of
material in which the fault is exposed, are included in "Comments".

Dip direction General down-dip direction(s) of the structure defined by compass octants:
north (N), west (W), south (S), east (E), northwest (NW), northeast (NE), southwest (SW),
southeast (SE), or vertical (V). If separate faults dip in different directions, multiple direc-
tions may be listed.

Fault A fracture or zone of fractures along which there has been differential movement. Three
major categories of faults are widely recognized: normal faults, reverse or thrust faults, and
strike-slip faults. Descriptions of these fault types are common in the geological literature.
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Footwall The underlying side of a fault beneath an inclined fault plane. That is, the part of the
fault you would be standing on if you were in a tunnel that was excavated through a fault.

Geologic setting This description provides a generalized perspective of the fault in terms of its
regional geologic setting, amount of total offset, and general age of offset strata.

Geomorphic expression General description of the structure's geomorphic expression
including the presence or absence of fault scarps, offset streams, monoclines, shutter ridges,
associated landslides, efc.

Hanging wall The overlying side of a fault above an inclined fault plane. That is, the part of
the fault you would be over your head if you were in a tunnel that was excavated through a
fault.

Historical Surface Faulting This field (and associated fields) describe surface faulting from
historical earthquakes. The New Madrid seismic zone in the central Mississippi River
Valley is the only location in the CEUS where tectonically induced surface deformation has
occurred in historical time.

Holocene The epoch of the Quaternary period that begins at the end of the Pleistocene and
extends to the present. The time interval encompassed by the Holocene has been the subject
of various definitions. For the purposes of this report, the Holocene is considered to begin
about 10,000 years ago.

Length This field specifies two types of length data. The first is the end-to-end length of the
Quaternary-age fault or fold axes as measured from the most distal ends of the digital data.
In cases where numerous faults are collected under one description, this length is shown as
"not applicable". The second type of length is the trace length. This length is the sum of
lengths of the actual map traces. Faults or fault zones with multiple (overlapping) strands
typically have cumulative trace lengths that exceed the end-to-end length by a factor of 1.5
or more.

Lineament A linear topographic feature or alignment of topography that may be controlled by
the underlying crustal structure. Some lineaments are associated with faults.

Name (Structure name or Section name) The earliest referenced name for a fault, fold, lig-
uefaction feature, or fault section (where appropriate) generally is given preference, except
in cases where a more commonly accepted name is widely used in the recent literature.
"Comments" also contains other names and references in which they are used, the geo-
graphic limits of the structure, north to south or west to east, as shown in this compilation;
various geographic limits that are different in other studies are also included. Minor
changes in original name may have been made for reasons of clarity or consistency where
appropriate.

Number
Structure number The structure (fault, fold, or liquefaction feature) is assigned a number
within the predetermined limits for the region. All fault numbers cited in the text are
bounded by brackets (i.e., [2015]. References to the same structure shown in other compila-
tions are included in "Comments". Only features assigned to Class A and Class B are
assigned structure numbers.; the structure numbers for Class B features are appended with
"XX" to easily identify Class B features.

Section number A lower-case alpha character is assigned to the northernmost or western-
most section of a fault (e.g., fault 207 has three sections: 207a, 207b, 207c¢).

22



Number of sections (only used for faults with sections) Numerical value for number of sec-
tions (e.g., 4) defined in this compilation. "Comments" include reference in which sections
are discussed; if the term "segment" is used in the literature, an explanation of why "sec-
tion" is used in the database is provided.

Normal fault A fault in which the hanging wall appears to have moved down relative to the
footwall. The footwall is the one that you would stand one if the fault plane is exposed.

1° x 2° sheet If the structure is mapped in more than one 1° x 2° quadrangle, the name of the
quadrangle in which the majority of the structure is located is listed first, followed by quad-
rangle name(s) for the remainder of the structure.

Quaternary period The time interval in the Cenozoic era between the Tertiary and the present.
It includes the Pleistocene epoch and the Holocene. The time interval encompassed by the
Quaternary has been the subject of various definitions. For the purposes of this report, the
Quaternary is considered to begin about 1.6 million years ago (Ma).

Paleoseismological Studies This field includes a synopsis of detailed site-specific studies, typi-
cally those involving exploratory trenching. Sites of morphologic studies or detailed map-
ping (without trenching) are not described herein. Study sites are numbered sequentially
from north to south or west to east in the format of fault number, section letter, and site
number (e.g., 601c-3)

Pleistocene The epoch in the Quaternary period that preceded the Holocene. For the purposes
of this compilation, the Quaternary period is considered to begin about 1.6 million years ago
and end at the beginning of the Holocene epoch, about 10,000 years ago.

Province Field contains physiographic province names defined by Fenneman and Johnson
(1946 #461).

Recurrence interval Time interval in years (based on historical data, calendric or calibrated
radiocarbon dates), in 14C yr (based on uncalibrated radiocarbon dates), in k.y. (kiloyears)
(based on less precise dating methods, stratigraphy, or geomorphology), or not reported.
Also includes the time interval (in parentheses) for which this recurrence interval is valid.
(e.g., 10-130 k.y.) Alternative published recurrence intervals, starting with that which
applies to the most recent time interval, are included in "Comments".

References Complete bibliographic citations for all references are included for each structure,
and collectively for all structures in the cumulative reference list. In-text citations of refer-
ences are presented in a standard USGS format with the exception of the addition of a refer-
ence-specific number at the end. This reference number eliminates the need for the
traditional alpha character for authors having multiple publications in the same year (e.g.,
1988a, b).

Reliability of location Reliability of location (Good or Poor) is related to the scale of the
source map for the trace of the structure and to the method by which the trace of the struc-
ture was mapped. To qualify for a "Good" location, the trace of the structure must have
been published on a topographic base map at a scale of 1:250,000 or more detailed and have
been accurately located on the original map using photogrammetry or similar methods, or
the trace of the structure was published on a topographic base map at a scale of 1:100,000
or more detailed, but transferred without photogrammetric methods. Traces that do not
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meet the above standards (less detailed scale, planimetric base, transfer by inspection, efc.)
constitute a "Poor" location. Judgments of reliability may not directly relate to line symbols
(solid, dashed, dotted) that are used; however, all concealed or inferred faults are considered
poorly located.

Reverse fault A fault in which the hanging wall appears to have moved up relative to the foot-
wall. The footwall is the one that you would stand one if the fault plane is exposed.

Section name (see Name)
Section number (see Number)

Sense of movement Includes thrust faulting (motion on a fault having a dip of less than 45°
dip); reverse faulting, (on a fault having a dip greater than 45° dip); dextral slip (right lat-
eral); sinistral slip (left lateral); or normal slip. For oblique slip, principle sense of move-
ment is followed by secondary sense (e.g., dextral>normal). Ratios of the slip components
are included, where known, in order to better characterize sense of movement (e.g., dex-
tral/normal 3:1).

Slip-rate category The primary field shows one of four slip-rate categories: less than
0.2 mm/yr, 0.2 to less than 1 mm/yr, 1 to 5 mm/yr, greater than 5 mm/yr. In the CEUS, the
only rates that apply are the less than 0.2 mm/yr and 0.2 to less than 1 mm/yr categories.
"Unknown" precedes the most likely slip-rate category if no published slip rate is known.
"Comments" include a brief description of published slip rates and pertinent documentation.
Generally, two types of slip rates are reported. The first type is termed a "geologic slip rate"
and is typically derived from the age and amount of offset of surficial geologic deposits.
These rates are not precise, but do place broad limits on possible slip rates, and hence char-
acterize the fault in one of the above-mentioned categories. The second type of slip rate is
termed a "paleoseismic slip rate" and is derived from times of faulting events and amounts
of offset of geologic datums or piercing points. This type of slip rate is more precise, but is
rare owing to the need for detailed studies of the fault (i.e., paleoseismologic investigations
involving trenching and numeric dating). For structures in the CEUS, information on slip
rates is rare because few discrete faults are known, and there is limited information on those
faults. Furthermore, the temporal clustering of surface-rupturing events on these faults
makes it difficult to define a single slip-rate value.

State If the structure is located in more than one state, then the state in which the majority of
the structure is located is listed first, followed by state name(s) for the remainder of the
structure.

Strike-slip fault A fault in which the dominant sense of motion on the fault is parallel to the
fault's trace along the ground surface. Also known as a lateral-slip fault. Motion is com-
monly described as left-lateral (sinistral) or right-lateral (dextral) strike slip.

Structure name (see Name)
Structure number (see Number)

Synopsis This field contains a short summary of information on the structure that follows in
the database.
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Tertiary period The first period in the Cenozoic era of the geological time scale. The Tertiary
era begins at the end of the Cretaceous period (about 65 million years ago) and ends at the
beginning of the Quaternary period (about 1.5-2 million years ago).

Time of most prehistoric faulting (faulting, folding, or liquefaction event) The primary field
shows one of the four prehistoric time categories: latest Quaternary (Holocene and latest
Pleistocene, <15 ka), late Quaternary (Holocene and late Pleistocene, <130 ka), middle and
late Quaternary (<750 ka), or Quaternary (<1.6 Ma). This field only documents prehistoric
surface faulting. If there is historical surface faulting or folding, it would be documented
under "Historical Surface Faulting".
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Fault and Liquefaction Features Database

The following discussion of Quaternary faults and folds in the Central and Eastern United
States east of the Rocky Mountain Front are presented in ascending numerical order by the
structure's number and alphabetically for unnumbered features.
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1020, Meers fault (Class A)
Structure Number 1020

Structure Name Meers fault (Class A)

Comments: Originally named the "Thomas fault" by Harlton (1951 #670). It was renamed
the Meers Valley fault on the 1954 version of the Oklahoma Geologic map (Harlton, 1963
#667), but subsequent common usage has shortened the name to the Meers fault. The sec-
tions of the fault discussed here extend from near Sugar Creek on the northwest to near Beef
Creek (tributary of East Cache Creek) on the southeast.

Synopsis: Fault originally mapped in about the late 1930's, and scarp was considered to be an
erosionally exhumed fault-line scarp. The scarp, formed on late Quaternary deposits, was first
recognized by M. Charles Gilbert in the early 1980's during field studies of the igneous rocks
exposed in the nearby Wichita Mountains. Paleoseismic studies of the fault indicate a tem-
poral clustering of events in the late Quaternary. These studies have established the occur-
rence of two well-dated, late Holocene events, and a preceding event that occurred middle
Pleistocene time or earlier.

Date of compilation 03/03/94

Compiler and affiliation Anthony J. Crone, U.S. Geological Survey
State Oklahoma

County Comanche; Kiowa

1° x 2° sheet Lawton

Province Central Lowland

Geologic setting The fault is one of at least four west- to northwest-trending faults that form
the Frontal Wichita fault system (Harlton, 1951 #670; 1963 #667; 1972 #666), which is the
boundary between the Paleozoic sedimentary rocks in the Anadarko basin to the northeast and
the Cambrian intrusive and extrusive igneous rocks that comprise the Wichita Mountains to
the southwest. Faults in the frontal fault system have a cumulative down-to-the-northeast
throw of as much as 10 km. In contrast, the Quaternary scarp indicates a down-to-the-south-
west sense of throw on the fault. Uncertain amounts of lateral slip have probably occurred on
many faults in the frontal fault system; estimates range from a few kilometers to as much as
120 km. The location and trend of the fault system were probably controlled by zones of
crustal weakness that developed during formation of the Southern Oklahoma aulacogen in
latest Precambrian to Early Cambrian time.

Number of sections 2

Comments: The two sections described here are based on the distinctly different surficial
expression of the fault along each section. A conspicuous, continuous Holocene scarp is
present along a 26-km-long section of the fault, but low-sun angle photography suggests that
the Holocene rupture along this section may be as much as 37 km long (Ramelli and others,
1987 #668; Ramelli and Slemmons, 1990 #665). This 26- or possibly 37-km-long section is
considered as section "b" in this compilation. A poorly studied section is located northwest of

28



section "b", and is referred to as section "a" in this compilation. Knowledge and information
on this northwesterly section based solely on work by Cetin (1990 #658; 1992 #674). The
actual length and details of the subsurface extent of the Meers fault are not well known, but
subsurface (Harlton, 1951 #670; 1963 #667) and magnetic (Jones-Cecil and Crone, 1989
#663; Jones-Cecil, in press #673) data show that the fault extends for tens of kilometers to the
northwest and southeast of the Quaternary scarp (section b). Other sections of the fault may
exist at depth that are not expressed in Quaternary deposits.

Length End to end (km): 54.16
Cumulative trace (km): 72.85

Comments: This end-to-end length includes the poorly known and poorly mapped north-
western section of the fault. Cumulative length is the collective length of all strands.

Average strike -26.1°

1020a, Unnamed (northwest) section
Section number 1020a
Section name Unnamed (northwest) section

Comments: Cetin (1990 #658; 1992 #674) discusses this section of the fault, but does not give
it a name. This section is confined to Kiowa County and extends from near Sugar Creek on
the northwest to the Comanche County line on the southeast.

Quality of location Poor

Comments: Location based on 1:100,000-scale sketch map in Cetin (1992 #674). Cetin
(1990 #658) contends that evidence exists that indicates Holocene surface deformation
extends about 30 km northwest of the northwestern end of the continuous scarp (1020b).

Sense of movement Sinistral reverse

Comments: Exposures in stream cuts reveal down-to-the-southwest vertical offset. Lateral
slip is inferred to be the same as that for the adjacent section of the fault to the southeast
(1020Db).

Dip 30-40°

Comments: Drill-hole and seismic-reflection data indicate that the faults in the frontal fault
system dip at moderate angles (approximately 30-40°) to the southwest at depth. The
assigned dip value assumes that this section of the fault has a dip at depth that is similar to
other major faults in the frontal fault system. In the exposures discussed by Cetin (1992
#674), the fault's dip is probably near vertical based on his schematic maps, which show steep
dips ranging from about 80° NE to about 60° SW.

Main dip direction SW
Geomorphic expression none

Age of faulted deposits at the surface late Holocene?? (Cetin, 1990 #658).
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Paleoseismological studies Cetin (1992 #674) examined natural exposures along the banks of
Saddle Mountain Creek, Longhorn Mountain Creek, and Sugar Creek and their tributaries for
evidence of deformation and possible faulting. He mapped seven exposures in detail, but in
the 1992 report, he only discussed three exposures, all of which are in Kiowa County: 1) a
site on a branch of Saddle Mountain Creek (NE, SW, Sec. 30, T. 5 N., R. 14 W.), 2) on
Longhorn Creek (NW, NE, Sec. 23, T. 5 N., R. 14 W.), and 3) on Sugar Creek (SW, NW, Sec
16, T. 5 N, R. 14 W.). At these sites he reports folding in Paleozoic rocks that are commonly
undeformed elsewhere, cracks in the rocks that are filled with Quaternary sediments, and
overthickened A horizons on the downthrown side of the fault.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: The only studies of this section of the fault are those of Cetin (1990 #658; 1992
#674) in which he cites buried organic soil horizons, displaced terrace deposits, deflected
stream alignments, and buried fragments of soil A horizons in colluvium on the downthrown
side of the fault as evidence of Holocene fault movement in this area. He indicates that the
faulting is late Holocene in age because of radiocarbon ages of 1090 yr B.P. and 706 yr B.P.
(apparently uncalibrated ages) on soil organics in stream exposures. It is difficult to confi-
dently determine the stratigraphic relations between the dated samples and the inferred
faulting. The absence of a conspicuous scarp along this section of the fault seems to be con-
trary to the inference of late Holocene faulting. Without further study, the evidence of late
Holocene rupture on this section is suspect because relations between dated samples and
stratigraphic units that are inferred to indicate faulting are unclear.

Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr

Comments: Little is known about the surface-faulting events on this section, but long-term
slip rate is probably much less that 1 mm/yr due to poor surface expression of fault. The sub-
dued geomorphic expression of the fault along this section argues that the late Quaternary slip
rate on this section is lower than the rate on the southeastern section (1020b).

Length (km) Endto end: 18.35
Cumulative: 27.74

Comment: This section is poorly studied and poorly mapped, so the significance of these
length values is uncertain.

Average strike (azimuth) -23.3°

1020b, Unnamed (southeast) section

Section number 1020b
Section name Unnamed (southeast) section

Comments: Fault has not been formally divided into sections or segments, although, as
described above, only part of the entire fault has a Quaternary scarp. Therefore, in most dis-
cussions of the region's Quaternary tectonics, the "Meers fault" usually refers to this section
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of the fault that has a Quaternary scarp, in contrast to the subsurface Meers fault which is
much longer than the fault scarp. The part of the fault discussed in this section extends from
the northern boundary of Comanche County southeastward to near Beef Creek, which is a
tributary of East Cache Creek.

Quality of location Good

Comments: The northwestern 26-km-long part of this section from the northern boundary of
Comanche County to about 1.5 km southwest of Richards Spur has a prominent scarp that is
very obvious, especially on low-sun-angle photography (Ramelli and others, 1987 #668).
Southeastward from the Richards Spur area, discontinuous, more subtle scarps increase the
total length of this section to 37 km (Ramelli and Slemmons, 1990 #665); these subtle scarps
have not been carefully checked in the field because they are in an artillery range of the U.S.
Army Fort Sill. The location of the 26-km-long section is based on A.J. Crone's mapping of
the scarp using 1: 18,000-scale aerial photographs and transferring its location to 1:50,000-
scale topographic maps. The location of the subtle scarps is based on a 1:160,000-scale map
shown as figure 5 of Ramelli and others (1987 #668).

Sense of movement: Sinistral reverse

Comments: Estimates of the ratio of sinistral to vertical displacement vary from approxi-
mately 1.3:1 (Kelson and Swan, 1990 #659) to >5:1 (Crone and Luza, 1990 #661). A ratio of
2:1 is probably a good general estimate. Reverse sense of movement is based on northeast-
erly dip in shallow subsurface, however, at depth, the fault probably dips to the southwest.
The very linear trace of the fault suggests that it has a near-vertical dip in the shallow subsur-
face.

Dip 40°SW-76°NE

Comments: Drill-hole and seismic-reflection data indicate that the major faults in the frontal
fault system dip at moderate angles to the southwest. At depth, the Meers fault has a mod-
erate dip (about 40°) to southwest (McConnell, 1989 #660)). In the shallow subsurface, near-
vertical to northeasterly dips are common (Crone and Luza, 1990 #661; Miller and others,
1990 #664). The northeasterly to vertical dips in the shallow subsurface may be the result of
steepening and refraction of fault as it approaches the surface.

Main dip direction SW

Geomorphic expression This section has a prominent, continuous, linear scarp for 26 km and
to the southeast, an additional 9 km of subtle, discontinuous, arcuate scarps. The linear part
of the scarp strikes N. 60° W. The scarp is formed on two lithologically different Permian-
age rock types. The northwestern part of the scarp is formed on the Post Oak Conglomerate,
which is a well-indurated, resistant limestone-pebble conglomerate in a calcareous matrix.
Eastward from about 2 km west of Canyon Creek, the scarp is formed on the Hennessey
Shale, which is much less resistant to erosion. In the Post Oak terrain, the scarp is very
prominent and sharp, whereas in the Hennessey terrain, it is more subdued but still obvious on
conventional and low-sun-angle aerial photography and on the ground. The 9-km-long subtle
scarps at the eastern end of this section are not obvious on conventional aerial photography;
their existence was recognized from low-sun-angle photography (Ramelli and others, 1987
#668).
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Age of faulted deposits at the surface late Holocene (Luza and others, 1987 #544; 1987
#669; Ramelli and others, 1987 #668; Madole, 1988 #662; Crone and Luza, 1990 #661;
Kelson and Swan, 1990 #659; Swan and others, written commun. 1993 #675).

Paleoseismological studies Detailed studies have been conducted at 5 locations along this sec-
tion. Starting from the northwest, site 1020b-1 is named the "Valley site" of Kelson and Swan
(1990 #659) and Swan and others (written commun. 1993 #675) where a 1.5-m-high scarp is
formed on Holocene alluvium. The vertical displacement from brittle deformation at this site
is estimated to be about 1.8 m, and the total vertical deformation from both faulting and
folding is estimated to be about 3.6 m. Their best estimate of sinistral displacement is about 9
m. A 21-m-long trench at this site exposed stratigraphic evidence of two late Holocene
faulting events; the age of the older event is bracketed between 2000 and 2900 years ago, and
the younger event occurred 800-1600 years ago.

At site 1020b-2 "Northwestern Ponded Alluvium" site of Kelson and Swan (1990 #659) and
Swan and others (written commun. 1993 #675), a small northeastward-flowing drainage has
deposited alluvium against an uphill-facing scarp. A network of 7 trenches at this site indi-
cate about 1.8 m of vertical and 3.1 m of sinistral displacement in a channel thalweg. The
trenches exposed two fault-related colluvial wedges; radiocarbon dating of stratigraphic units
in the trenches indicates that the older event occurred sometime before 1700 years ago and the
younger event probably occurred about 1050 years ago.

Site 1020b-3 corresponds to the "Ponded Alluvium" sites of Crone and Luza (1990 #661) and
the "Southeastern Ponded-Alluvium" site of Kelson and Swan (1990 #659) and Swan and
others (written commun. 1993 #675). Here, Holocene movement on the fault has created a
1.1-m-high, uphill-facing scarp on Post Oak Conglomerate that has disrupted the gradient of
several small drainages and ponded alluvium against the scarp. Crone and Luza (1990 #661),
Kelson and Swan (1990 #659) and Swan and others (written commun. 1993 #675) excavated
a network of trenches parallel to and across the scarp. Studies of these trenches yield esti-
mates of vertical displacement that range from 0.7 m to 2.7 m and estimates of sinistral dis-
placement that range from 3.4 to 5.0 m. Scarp-derived colluvial wedges indicate two late
Holocene faulting events. The older event preceded deposition of a colluvial-wedge deposit
that yielded a radiocarbon age of 3400 yr B.P. The most recent event immediately preceded
deposition of a younger colluvial wedge that yielded a radiocarbon age of 1050 yr B.P.

Site 1020b-4 is the "Canyon Creek" site of Luza and others (1987 #544), Luza and others
(1987 #669), Crone and Luza (1990 #661), Kelson and Swan (1990 #659) and Swan and
others (written commun. 1993 #675). Two trenches at this site were excavated in Hennessey
Shale and Quaternary alluvium. The trenches did not find convincing stratigraphic evidence
of multiple Holocene faulting events; the absence of this evidence may be related to the abun-
dant ductile deformation in the shale, which minimized the likelihood of a surface-rupturing
earthquake forming a scarp with a discrete free face. Without a free face, faulting-related col-
luvial wedges never formed to leave a record of multiple rupturing events. Based on the sim-
ilar size of the scarp here with the measured vertical offsets at sites in the Post Oak
Conglomerate terrain (sites 1020b-1, 1020b-2, 1020b-3), the two Holocene events recorded
elsewhere along this section likely ruptured the fault at this site. These trenches did yield an
estimate of 1100-1300 yr B.P for the age of the most recent event. At this site, scarp profiles
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on Holocene deposits and on middle(?) Pleistocene deposits indicate a similar amount of ver-
tical displacement (5.1-5.4 m) (Kelson and Swan (1990 #659) and Swan and others, (written
commun. 1993 #675) on both deposits. These data suggest that, prior to the two late
Holocene events, no surface ruptures had occurred extending back to at least middle
Pleistocene time.

Site 1020b-5 is the "Browns Creek" site of Madole (1988 #662). Natural exposures along the
creek reveal fault-related fan alluvium that is at least 1.4 m thick adjacent to the fault.
Radiocarbon dating brackets the age of the fan alluvium to be less that 1,360+100 years old
and greater than 470+150 years old.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: Two late Holocene events are documented--one between 1,100-1,300 yrs ago
(Luza and others, 1987 #669; Luza and others, 1987 #544; Madole, 1988 #662; Crone and
Luza, 1990 #661; Kelson and Swan, 1990 #659), and a preceding event between 2,000-2,900
yrs ago (Kelson and Swan, 1990 #659; Swan and others, written commun. 1993 #675). The
discontinuous scarps east of the prominent linear scarp are unstudied but are presumed to be
Holocene in age.

Recurrence interval 0.6-1.7 k.y. (<2.9 ka)

Comments: The recurrence interval is based on timing of the two documented Holocene
events. However, it is difficult to assign a conventional recurrence interval because the avail-
able data suggests temporal clustering of events. Stratigraphic evidence of pre-Holocene
faulting events is lacking. Topographic profiles of scarps formed on Pleistocene deposits
show that the Pleistocene deposits are vertically offset about the same amount as the
Holocene deposits (Crone and Luza, 1990 #661; Kelson and Swan, 1990 #659). Based on the
degree of soil development on these deposits, they are thought to be middle Pleistocene in age
(on the order of 130-790 ka) (Madole, 1988 #662). These relations indicate that the middle
Pleistocene deposits have only been deformed by the late Holocene events. Therefore, prior
to the two late Holocene events, no surface faulting events have occurred for 100 k.y. or more.

Slip-rate category unknown; probably 0.2 mm/yr

Comments: There are no known published slip rates for this section of the Meers fault, prob-
ably because slip rate is difficult to determine because geologic evidence indicates temporal
clustering of events—the two late Holocene events occurred about 700-1,800 years apart and
any older events are more than about 130 ky. The only geologic constraints on the time of the
surface deformation that preceded these two Holocene events is that it occurred more than
100 k.y. earlier and possibly many hundreds of thousands of years earlier.

Based on the time interval between the two late Holocene events, the late Holocene slip rate
would be about 0.9-4.9 mm/yr, but these must be viewed as a maximum values. The time
between the late Holocene events is 700-1,800 years based on the estimated ages of these
events (1,100-1,300 and 2,000-2,900 yrs ago, respectively). The only slip-per-event data
available are the Holocene events are based on measuring the total slip for the two late
Holocene events and dividing the value by 2, which yields slip-per-event estimates as small as
1.6 m and as large as 3.4 m (Kelson and Swan, 1990 #659; Swan and others, written commun.
1993 #675). The 3.4-m-per-event value was determined at site 1020b-4 where only the ver-
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tical component of slip was measured. These ranges of inter-event times and slip-per-event
yield a short-term Holocene slip rate of 0.9-4.9 mm/yr (1.6 m in 1,800 yr and 3.4 m in 700
yr); however, the values probably have very large uncertainties.

Geological evidence indicates that the short-term, Holocene slip rate is anomalously high
compared to the fault's long-term behavior. The cumulative net slip in Quaternary deposits is
on the order of 3.9-5.9 m (Kelson and Swan, 1990 #659; Swan and others, written commun.
1993 #675). If these total slip values are divided by 100,000 years (the minimum estimated
age of the Quaternary deposits), then the maximum long-term slip rates are 0.039-0.059
mm/yr. If the Quaternary deposits are actually older, then the calculated slip rates decrease
accordingly.

The measurements of lateral and vertical displacement along the fault presented by Ramelli
and others (1987 #668) and Ramelli and Slemmons (1990 #665) permit another estimate of a
long-term slip rate. These authors note a location near the center of the scarp where the lat-
eral slip may be about 20 m, and the scarp is slightly less than 5 m high. These values sug-
gest a net slip of about 20.6 m. The age of the scarp at this location is unknown, but it is
formed in the highly resistant Post Oak Conglomerate. Thus, the scarp could be hundreds of
thousands of years old. If we use a conservative estimate of 200,000 years for the age of the
scarp in resistant bedrock, then the long-term slip rate is 0.1 mm/yr; if the bedrock scarp is
500,000 years old, then the slip rate is 0.04 mm/yr. The conclusion is clear—the long-term
slip rate for this section of the Meers fault is very likely a small fraction of a millimeter per
year, and the short-term rate, which is computed using the time interval between the two late
Holocene events, indicates an anomalously high rate of fault slip. Thus we assign the Meers
fault of a slip-rate category of less than 0.2 mm/yr because this value probably reflects the
long-term rate of displacements on the fault

Length (km) End to end: 35.31
Cumulative: 45.11

Comment: This section is relatively well studied and mapped using low-sun-angle air photog-
raphy.

Average strike (azimuth) -27.8°

Endpoints (lat.—long.) 34° 50' 50.83"N; 98° 38' 20.74"W

34°42'41.68"N; 98° 17' 24.07"W
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fault scarp (1020b), southeastern Oklahoma. Solid dots identify location of sites that are discussed in the

text.
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1023, Reelfoot scarp and the New Madrid seismic zone (Class A)
Structure Number 1023

Structure Name Reelfoot scarp and the New Madrid seismic zone (Class A)

Comments: These features are located in the central part of the Mississippi River Valley. At
present, structural and tectonic information about specific seismogenic faults is limited, in part
because the seismogenic faults are not expressed or are poorly expressed at the surface.
Furthermore, the entire river valley is covered by latest Quaternary sediments, so only the
geologically youngest deformation is expressed at the surface. The Reelfoot scarp is a topo-
graphic escarpment that extends south-southeastward from near the town of New Madrid,
Missouri, along the western margin of Reelfoot Lake, to a point south of the lake. It is the
most prominent geomorphic feature in the entire seismic zone that is clearly known to have a
tectonic origin.

Synopsis: In the winter of 1811-1812, at least three major earthquakes occurred in the New
Madrid seismic zone, and the area remains the most seismically active area in central and
eastern North America. The 1811-1812 earthquakes were among the largest historical earth-
quakes to occur in North America and were perhaps the largest historical intraplate earth-
quakes in the world. The earthquakes produced widespread liquefaction throughout the
seismic zone and prominent to subtle surface deformation is several areas, but they did not
produce any known surface faulting. Other than the pervasive sand blows throughout the
seismic zone, the Reelfoot scarp is the most prominent geomorphic feature that has been pro-
duced by the modern tectonism. Recent studies of the scarp have provided valuable informa-
tion on the recurrence of deformation on the scarp, calculated uplift rates, and the history of
faulting.

Date of compilation April 12, 1994; revised May, 1999, April, 2000.
Compiler and affiliation Anthony J. Crone and E.S. Schweig, U.S. Geological Survey
State Arkansas, Missouri, Tennessee, Kentucky

County Craighead, Crittenden, Mississippi, Poinsett (Arkansas); Dunklin, Mississippi, New
Madrid, Pemiscot (Missouri); Dyer, Lake (Tennessee)

1° x 2° sheet Blytheville, Dyersburg, Memphis, Poplar Bluff
Province Coastal Plain
Quality of location Good

Comments: Many features shown on maps of the New Madrid seismic zone are not discrete
faults; the most notable exception is the Reelfoot scarp, which is located along the western
shore of Reelfoot Lake in extreme northwestern Tennessee. The three most commonly noted
features associated with the contemporary deformation are: (1) the Lake County uplift and
Reelfoot scarp, (2) areas of suspected coseismic subsidence, and (3) areas of abundant lique-
faction during the 1811-1812 earthquakes. The locations of these features are derived from
the digital data used to generate the suite of seismotectonic maps of the New Madrid,
Missouri area (Wheeler and Rhea, 1994 #754; Rhea and others, 1994 #3814).
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Geologic setting The modern seismicity in the New Madrid seismic zone is intimately associ-
ated with the Reelfoot rift (Ervin and McGinnis, 1975 #735), a northeasterly-trending, 70-km-
wide graben that has as much as 2 km of structural relief on magnetic basement (Hildenbrand
and others, 1982 #721; Hildenbrand, 1985 #736). The rift is best defined by magnetic data,
which also reveals the presence of major positive magnetic anomalies along the flanks and
axis of the rift that are inferred to be mafic plutons (Hildenbrand and others, 1982 #721;
Hildenbrand, 1985 #736).

The follow sequence of events summarizes the geologic history of the Reelfoot rift and the
current tectonic setting of the New Madrid seismic zone. Crustal extension that resulted in
development of the Reelfoot rift began in latest Precambrian or Early Paleozoic time. It is
likely that the Reelfoot rift is generally contemporaneous with other large-scale late
Precambrian-Early Paleozoic, extensional features along the rifted margin of southeastern
North America, including the Southern Oklahoma aulacogen, the Rough Creek-Rome graben
system, and the Marathon rift (Thomas, 1991 #678). Active rifting ceased by Late Cambrian
time, and the Reelfoot rift was filled with a 1- to 4-km-thick sequence of marine clastic and
carbonate sedimentary rocks. During the Late Paleozoic and much of the Mesozoic, the
region was uplifted, and several kilometers of sedimentary rocks were eroded from the crest
of the Pascola arch. In Permian time, mafic igneous dikes and sills intruded the sedimentary
rocks; radiometric dating of a mica-peridotite dike in a drill hole near Reelfoot Lake in north-
western Tennessee yielded an age of 267 Ma. Near the end of the Mesozoic, probably begin-
ning in early to middle Cretaceous time, regional subsidence occurred again. Also in early
Cretaceous time, a series of igneous intrusions were emplaced along the margins of the rift;
the emplacement of these intrusions is cited as evidence of reactivation of the rift, although
extensional features are not known. During the late Cretaceous and continuing through the
Eocene, subsidence resulted in formation of the Mississippi embayment. The embayment was
filled with a southward-thickening wedge of predominantly clastic marine and continental
sediments. Oligocene sediments are generally absent in the northern Mississippi embayment.
In late Quaternary time and probably in earlier episodes, tremendous volumes of glacial melt-
water from much of North America flowed down the Mississippi-Ohio Rivers drainage system
and through the northern embayment. Braided streams that transported the meltwater
deposited outwash sand and gravel in the embayment that is typically tens of meters thick in
the New Madrid region. In early Holocene time, the Mississippi River changed from a braided
stream to a meandering regime and began developing the modern meander belt. As a mean-
dering river, fine-grained overbank sediment that was deposited as annual floods spread across
wide expanses of the modern river valley.

The contemporary seismicity and current deformation in the New Madrid region is controlled
by a regional stress field in which the maximum compressive stress is oriented approximately
east-northeast-west-southwest. Within this stress field, ancient faults, most of which origi-
nally formed as extensional features during rifting, have been reactivated mainly as strike-slip
faults. The modern seismicity is concentrated into three major trends that form a zigzag pat-
tern that has an overall northeasterly trend. The modern seismicity is largely associated with
rift-related features. The southwesternmost trend is a narrow, linear, 120-km-long zone of
earthquakes in northeastern Arkansas and extreme southeastern Missouri; this zone of earth-
quakes roughly coincides with the position of an axial fault zone that is commonly present
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along the center of most rifts. Focal mechanisms for earthquakes in this zone indicate mainly
dextral slip (Herrmann and Canas, 1978 #732; Herrmann, 1979 #733). This zone of seis-
micity coincides with the Blytheville arch, which is an enigmatic subsurface structure that is
only known from seismic-reflection data and is pre-middle Ordovician in age (Herrmann and
Canas, 1978 #732; Crone and others, 1985 #728). At the northeastern end of this 120-km-
long zone, the second seismicity trend extends north-northwestward from extreme north-
western Tennessee to near the town of New Madrid, Missouri. This zone of earthquakes is
can be referred to as the "cross-rift" trend of seismicity because is cuts obliquely across the
northeasterly trend of the Reelfoot rift. Earthquakes in this trend form a diffuse pattern and
have a variety of focal-mechanism solutions including reverse and normal faulting; recent
studies suggest that many earthquakes in this cross-rift trend are occurring on southwesterly
dipping reverse faults (Chiu and others, 1992 #730). The third prominent zone of zone of
earthquakes is a linear trend that extends northeasterly from the town of New Madrid and is
close to the northwestern margin of the rift. Few earthquakes in this trend have yielded good
focal mechanisms, but the available data indicates dextral slip on faults in this trend
(Herrmann and Canas, 1978 #732; Herrmann, 1979 #733). Thus the current seismicity indi-
cates that contemporary deformation in the New Madrid seismic zone is occurring on a two
left-stepping, en echelon, dextral slip faults.

Sense of movement dextral reverse

Comments: The sense of movement on active faults is derived from seismological data,
which is summarized in the preceding section. These data indicate that the regional deforma-
tion is dominated by dextral slip in the two northeast-trending linear zones of seismicity. The
two linear seismicity trends are linked by a zone of northwest-trending seismicity. Accurately
located earthquakes in this northwesterly trend highlight the presence of a southwesterly dip-
ping reverse fault (Chiu and others, 1992 #730). Modeling of deformation and comparison
with geomorphic features are consistent with this interpretation.

Based on combined information from seismological, seismic-reflection profiling, geomorphic,
and geological studies, Reelfoot scarp is interpreted as an east-dipping moncline which is the
surface expression of a fault-propagation fold associated with the underlying blind Reelfoot
thrust fault (Van Arsdale and others, 1995 #3965; Kelson and others, 1996 #3811; Mueller
and others, 1999 #3963; Van Arsdale, 2000 #3968). In the shallow subsurface, the scarp is
composed of a series of flexures that collectively produce the total topographic relief on the
scarp (Mueller and others, 1999 #3963) .

Dip near-vertical to 31°

Comments: Focal mechanisms and hypocenter locations indicate near-vertical dips for faults
in the linear, northeasterly trending seismicity zones (Herrmann and Canas, 1978 #732;
Herrmann, 1979 #733; Chiu and others, 1992 #730; Pujol and others, 1998 #3793).
Hypocenter locations indicate dips of about 31°-48° on faults in the cross-rift trend (Chiu and
others, 1992 #730), which is the down-dip extension of the Reelfoot fault. Thus, at depths of
7-14 km, the microseismicity indicates that the Reelfoot fault has a dip of about 34° (Chiu
and others, 1992 #730), upward toward Reelfoot scarp, this plane has a dip of about 55°
between depths of 0.5 and 7 km, and at depths of less than 0.5 km, the fault plane probably
has a dip of 16° or less (Mueller and others, 1999 #3963).
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Main dip direction SW for faults in cross-rift trend, which includes the blind Reelfoot thrust
fault.

Geomorphic expression The geomorphology of the New Madrid seismic zone is dominated
by the fluvial features of the Mississippi River and the latest Pleistocene braided stream ter-
races that are primarily composed of outwash sand and gravel. The most prominent geomor-
phic expression of the contemporary tectonism is the Lake County uplift (feature 1023-1), a
teardrop-shaped uplift in extreme northwestern Tennessee that has a maximum length of about
50 km and maximum width of about 23 km (Russ, 1982 #722). Geomorphic studies indicate
that recent deformation the uplift has elevated the late Holocene fluvial sediments as much as
9 m.

Part of the eastern margin of the Lake County uplift is defined by Reelfoot scarp (feature
1023-2), which separates the uplift from Reelfoot Lake on the east. The scarp is the only tec-
tonic scarp in the entire seismic zone. A trench across the scarp exposed a group of normal
faults at the scarp’s base (Russ, 1979 #753), and seismic-reflection data shows that the scarp
coincides with the Reelfoot fault, a near-vertical down-to-the-east fault (Zoback, 1979 #731).
Recent studies have revealed as much as 9 m of structural relief on the scarp (Mueller and
others, 1999 #3963), which is the result of a monoclinal flexure, with secondary normal
faulting across the crest of the flexure (Kelson and others, 1992 #729; Kelson and others,
1996 #3811).

The surface expression of Reelfoot scarp is most distinctive along the western margin of
Reelfoot Lake, even though the shallow sediments are only tilted to the east at slopes of 5-7°
(Mueller and others, 1999 #3963). Original studies of the scarp traced its length for a dis-
tance of only 11 km, but recent work suggests that the scarp extends from west of New
Madrid, Missouri, through the Kentucky bend, along the west side of Reelfoot Lake to just
south of the lake: a total distance of about 32 km. Farther southeastward, no scarps are
known, but on the basis of seismic-reflection and geomorphic data, Van Arsdale and others
(1999 #3967) propose that the subsurface fault may be approximately 70 km long.

Initial studies of the surficial effects of the 1811-1812 earthquakes suggested possible uplift
elsewhere in the New Madrid region (Fuller, 1912 #723), but geologic and geomorphic
studies have yet to confirm the presence of these features. Fuller (1912 #723) also noted sev-
eral areas where subsidence probably or possibly occurred during the 1811-1812 earthquakes.
One area of probable subsidence is Reelfoot Lake (Van Arsdale and others, 1998 #3966).
Historical accounts and geomorphic evidence indicate that the lake was enlarged as a result of
the earthquakes (Russ, 1982 #722), but it is unclear if the enlargement was the result of subsi-
dence beneath the lake, uplift of the Lake County uplift, which resulted in damming of
drainage through Reelfoot Lake, or a combination of both processes.

Of the many "sunklands" described by Fuller (1912 #723), only two have been studied in suf-
ficient detail to provide insight into their origin: the Big Lake (feature 1023-3) and the St.
Francis (1023-4) "sunklands" in northeastern Arkansas (Guccione and others, 1988 #3809;
Guccione and Hehr, 1991 #737; Guccione and others, 1994 #739). Bathymetric and sedimen-
tologic evidence and radiocarbon dating suggest that these areas were drowned in a time
frame that is consistent with subsidence induced by the 1811-1812 earthquakes. Other "sunk-
lands", described by Fuller (1912 #723) and predicted by modeling, appear on old maps, but
have not been studied.
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A recently recognized, 135-km-long lineament named the Bootheel lineament (feature 1023-
5) has been speculated to be the surface expression of a coseismic fault related to the 1811-
1812 earthquakes (Schweig and Marple, 1991 #725; Schweig and others, 1992 #726). The
expression of the lineament varies along strike and is marked by (1) a distinct contrast in the
density of sand blows and liquefied sand, (2) shallow linear depressions along the feature, (3)
continuous and discontinuous linear sand bodies at the surface, and (4) meander scars that
appear to truncate at the lineament (Schweig and Marple, 1991 #725; Schweig and others,
1992 #726). In detail, parts of the lineament are composed of individual, en echelon, linear
segments. Locally there is as much as 1.0 m of topographic relief across the feature, but the
sense of topographic relief varies, that is, in places the western side is high and elsewhere, the
eastern side is high. Eight trenches have been excavated across the feature at four sites.
These trenching studies have revealed that the lineament is typically associated with large-
scale liquefaction features, especially major sand-blow feeder dikes (Schweig and Marple,
1991 #725; Schweig and others, 1992 #726; Crone and others, 1995 #883). The origin of the
lineament is still unclear, but Schweig and Marple (1991 #725) speculate that it may mark the
location of a lateral-slip fault even though little of the modern seismicity is spatially associ-
ated with it. Johnston and Schweig (1996 #3810), using historical descriptions of the effects
of the 1811-1812 New Madrid earthquakes, suggest that the first large event occurred, in part,
on the Bootheel lineament.

The most widespread expression of recent strong earthquakes in the New Madrid region is the
abundant liquefaction features (sand blows and sand-filled fissures), which are concentrated in
a 40- to 60-km-wide belt from near Charleston, Missouri on the northeast to south of Marked
Tree, Arkansas (Obermeier, 1988 #3813). Geologic conditions in the New Madrid region are
near optimum for the development of liquefaction features during strong earthquakes: a thin
(2-8 m thick), fine-grained "topstratum" deposit overlies water-saturated, unconsolidated "sub-
stratum" sand and gravel. Extensive liquefaction occurred during the 1811-1812 earthquakes;
locally the ground surface was buried by more than 1 m of liquefied sand, and hundreds of
square kilometers of the land surface are have been mapped as being more than 25 percent
covered by liquefied sand (Obermeier, 1988 #3813). Haller and Crone (1986 #718),
Obermeier and others (1990 #717), Rodbell and Schweig (1993 #716), Wesnousky and Leffler
(1992 #713), and Tuttle and Barstow (1996 #3815) describe the attributes of selected sand
blows and liquefaction features from the 1811-1812 earthquakes.

The 1811-1812 earthquakes caused at least 221 landslides along the bluffs that define the
eastern boundary of the Mississippi River alluvial plain (Jibson and Keefer, 1988 #715). The
majority of the landslides are covered by mature vegetation, which indicates that they did not
form within the last few decades and field evidence suggests that most of the landslides are
approximately the same age (Jibson and Keefer, 1988 #715). This implies that most of the
landslides were triggered by a single event, which is likely to have been the 1811-1812 earth-
quakes. Dynamic and static slope stability analyses of one landslide revealed that the land-
slide would be stable under all geologic conditions except those caused by strong
earthquake-induced ground motion (Jibson and Keefer, 1992 #714).

Age of faulted deposits at the surface Late Holocene fluvial sediments are deformed in the
Lake County uplift and along Reelfoot scarp; small-displacement reverse faults are associated
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with the scarp but it is not clear if these faults are directly connected to the Reelfoot fault at
depth.

Paleoseismological studies The first detailed studies of the 1811-1812 earthquakes and their
surficial effects was conducted by M.L. Fuller nearly a century after the shocks (Fuller, 1912
#723). Since Fuller’s pioneering work, numerous studies have examined diverse aspects of
the geology, geomorphology, and tectonics of the New Madrid region. Many of those studies
are cited in other parts of this discussion.

Detailed studies of the Reelfoot scarp in northwestern Tennessee have documented evidence
of three deformation events within the past 2,400 years and characterized the style of near-
surface deformation associated with the scarp (Kelson and others, 1996 #3811). Late
Holocene fluvial deposits are warped into an 8-m-high, east-facing monocline. Borehole data
and trenches at three sites characterized the style of near-surface deformation associated with
the scarp and constrain the timing of three deformation events on the scarp.

The Crittenden County fault zone (feature 1023-6) in northeastern Arkansas has no known
surface expression but extensive seismic-reflection studies suggest that Quaternary sediments
are deformed by movement on the fault (Luzietti and others, 1992 #705). The fault zone, in
part, coincides with the southeastern margin of the Reelfoot rift and has sense of vertical
offset that is opposite to the net structural relief in the underlying rift (Crone, 1992 #706).
Drill-hole and seismic-reflection data show that the top of Paleozoic rocks are vertically offset
about 80 m across the fault zone and that shallower strata are offset progressively less
(Luzietti and others, 1992 #705; Crone, 1992 #706) . Deformation associated with the fault
zone can be confidently traced through the Tertiary rocks that fill the Mississippi embayment
(Luzietti and others, 1992 #705). Very high-resolution reflection data confirm that late
Quaternary deposits are faulted, and a deformed reflector as shallow as 6-7 m could be
resolved with these data (Williams and others, 1995 #3820). The lack of nearby stratigraphic
control precluded determining if this reflector represented Holocene strata. An exploratory
trench coincident with the very high-resolution reflection profile failed to find any unequiv-
ocal evidence of Holocene movement on the fault zone (Crone and others, 1995 #883).

Timing of most prehistoric deformation latest Quaternary (<15 ka)

Comments: Some details of the chronology of prehistoric earthquakes in the New Madrid
region are becoming clear after more than two decades of work. Although some earlier
studies reported no definitive evidence of pervasive liquefaction similar to that which occurred
in 1811-1812 in the region during the Holocene (Wesnousky and Leffler, 1992 #713; Rodbell
and Schweig, 1993 #716), others, including all recent studies by the same investigators, have
demonstrated repeated late Holocene paleoliquefaction on a regional scale. In the northern
part of the seismic zone, Russ (1979 #753) described stratigraphic evidence of two prehistoric
earthquakes that postdate the maximum age of 2,250 radiocarbon years for the fluvial sedi-
ments exposed in his trench across Reelfoot scarp (feature 1023-2). Subsequent trenching
studies (Kelson and others, 1992 #729; 1996 #3811) have constrained the timing of the most
recent paleoevent on the scarp to have occurred between A.D. 1310 and A.D. 1540 and have
yielded equivocal evidence of a preceding event that occurred prior to about A.D. 900 (see
below). Saucier (1991 #711) reported evidence of a strong earthquake north of New Madrid
that occurred shortly before A.D. 539 and presents weaker evidence of a younger event about
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A.D. 991. Tuttle and others (1998 #3817) have found evidence from the central and northern
parts of the seismic zone for an earthquake that occurred A.D. 1530+130yr.

Tuttle and Schweig (1995 #3818; 1996 #3819) and Tuttle and others (1996 #3816; 1998
#3817) report widespread evidence throughout the New Madrid seismic zone of a prehistoric
event around A.D. 900. They have also found scattered evidence for earlier events that caused
less liquefaction. Thus, currently available paleoseismic data in parts of the New Madrid
region suggests the occurrence of a penultimate event about 470 years ago, but the evidence is
not uniform or widespread. However, evidence for an event at 1,000 years ago is widespread
and well dated archeologically and with radiocarbon age determinations.

Deformation on the scarp associated with the 1811-1812 New Madrid earthquake sequence
produced extensive liquefaction, folded the fluvial sediments, and caused minor reactivation
of small faults that bound an extensional graben in the uplifted (hanging wall) of the Reelfoot
scarp (Kelson and others, 1996 #3811). The penultimate deformation event occurred between
A.D. 1260 and 1650 (350-740 yr B.P.), produced about 1.3 m of throw in the graben-
bounding faults, and caused folding and development of the scarp. The oldest documented
event associated with the scarp occurred between A.D. 780 and 1000 (1000-1120 yr B.P.), and
initially produced the small graben in the hangingwall of the Reelfoot fault.

Recurrence interval unknown

Comments: Despite considerable efforts, reliable geologic data on the recurrence of strong,
potentially damaging earthquakes in the NMSZ has been elusive, and the currently available
data are limited, inconclusive and contradictory.

Paleoseismic studies (Russ, 1979 #753; Saucier, 1991 #711; Kelson and others, 1992 #729;
1996 #3811) have suggested a recurrence interval of about 500-1100 years for earthquakes
that are large enough to produce significant surface deformation or liquefaction in various
parts of the seismic zone. The most recent studies (Tuttle and Schweig, 1995 #3818; Tuttle
and others, 1996 #3816; 1996 #3819; 1998 #3817) suggest that there were about 900 years
between the last two New-Madrid-size events (A.D. 900 to A.D. 1811) and that widespread
liquefaction occurs every few hundred years. However, the record studied thus far is too short
to be used for a long-term recurrence rate.

The detailed investigations of the Reelfoot scarp described above provide information that
permitted Kelson and others (1996 #3811) to estimate a recurrence interval of 150-900 years,
with a more likely range of about 400-500 years. It is not clear if these rate estimates reflect
the overall behavior of major events for the entire seismic zone or only apply to the Reelfoot
scarp. In the absence of better data for the entire seismic zone, we choose to categorize the
recurrence interval as unknown.

Slip-rate category unknown

Comments: In the absence of well-determined data on the timing of paleoevents and the
amount of tectonic slip produced by those events, it is impossible to estimate reliable or even
meaningful Holocene or late Quaternary slip rates.

Despite the lack of well-constrained slip-rate data for specific faults in the New Madrid
region, some general inferences can be made about general deformation rates using structural
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and stratigraphic data (McKeown, 1982 #709). A wide range of fault slip rates can be calcu-
lated in the New Madrid region depending on time intervals and datums that are being consid-
ered. Long-term slip rates of 0.001-0.0009 mm/yr result from measuring the amount of
vertical displacement of various Paleozoic, Mesozoic and Cenozoic stratigraphic horizons and
assigning an age for those horizons (McKeown, 1982 #709; Van Arsdale, 2000 #3968).
Estimated short-term slip rates are much higher than these long-term values, and some of the
short-term slip rates are comparable the rates of major plate-boundary faults. Based on the
amount of Holocene deformation associated with the Lake County uplift (feature 1023-1) and
the Reelfoot scarp (1023-2), the calculated rate on the fault is as much as 6.1+£0.7 mm/yr
(Mueller and others, 1999 #3963). Based on the geometric relationship between the Reelfoot
fault and faults along the main rift-axis zone of seismicity, Mueller and others (1999 #3963)
compute a slip rate of 1.8-2.2 mmy/yr on the axial faults.

Geodetic studies in the New Madrid seismic zone have yielded results that imply contrasting
slip rates. One geodetic study in part of the New Madrid seismic zone yields a very high con-
temporary slip rate of 5-7 mm/yr (Liu and others, 1992 #708), but this high slip rate must be
an anomalously high, very short-term rate, considering the lack of regional topography. Also,
if sustained, these rates would have produced much more faulting and deformation in
Paleozoic and Cretaceous rocks than actually exists. A more recent geodetic study has ques-
tioned whether the Liu and others (1992 #708) results are statistically significant (Newman
and others, 1999 #3964). Geodetic data analyzed by Newman and others (1999 #3964) indi-
cate virtually no significant deformation is currently occurring, that is, their results show that
the measured rate does not differ significantly from zero. The significance of the divergent
results from these two studies remains unresolved and is the subject of considerable discus-
sion.

Because various studies yield such diverse slip-rate estimates, we choose to define the slip
rate for deformation in the New Madrid seismic zone as unknown.

Length (km) Not applicable

Comment: The New Madrid seismic zone is defined on the basis of abundant and widespread
historical and microseismicity that is concentrated in three prominent trends. These concen-
trations of microseismicity and the major earthquakes that occurred in 1811-1812 indicate that
Quaternary faulting is occurring in the seismic zone, but with the exception of the Reelfoot
scarp, discrete faults are not expressed at the surface. Therefore it is difficult to assign a spe-
cific length for the entire zone. Overall, the abundant seismicity extends from near Marked
Tree, Arkansas, on the southwest to near Charleston, Missouri, on the northeast, which is a
distance of about 180 km, but diffuse seismicity extends a greater distance.

Recent studies have shown that the Reelfoot scarp is about 32 km long and the subjacent
Reelfoot fault may be as much as 70 km long. However, this fault is the only that has con-
spicuous surface expression and therefore can be studied at the surface. Based on the histor-
ical seismicity, there are other significant but unexposed faults in the seismic zone.

Average strike (azimuth) Not applicable

Comment The New Madrid seismic zone is not a single feature but is defined by the region
of abundant seismicity in the central Mississippi River Valley. Accordingly, it is not possible
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to define an average strike but most of the seismicity is associated with the Reelfoot rift,
which has a northeasterly trend. The Reelfoot scarp is a well-defined feature, but is small in
comparison to the general dimensions of the seismic zone. The average azimuth of the
Reelfoot scarp is 337°.
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Figure 9. Schematic diagram showing the Reelfoot scarp and selected features in the area of the New
Madrid seismic zone. Light shaded area shows location of abundant sand blows and medium shaded

area shows location of abundant modern seismicity. Selected features are: LCU, Lake County uplift

(1023-1); RS, Reelfoot scarp (1023-2); BLSL, Big Lake sunklands (1023-3); SFSL, St. Frances sunk-

lands (1023-4); BHL, Bootheel lineament (1023-5); CCFZ, Crittenden County fault zone (1023-6).

49



Historical surface deformation, the New Madrid earthquakes

Comments: Consisted of a series of at least 3 and possibly 4 major (M = 7.5) events during a
period of 2 months in the winter of 1811 and 1812 (Street and Nuttli, 1984 #724; Johnston,
1996 #1842). Strong aftershocks persisted in the region for at least one year (Street and
Nuttli, 1984 #724). The first major earthquake occurred at 2:15 a.m. (all times are local
times) on December 16, 1811. It was followed by another major earthquake at 8:15 a.m. the
same day that was the smallest of the 4 major events; most reports of the New Madrid earth-
quakes note three principle events, and this event is commonly not cited as one of the prin-
ciple earthquakes. The next major event occurred at 9 a.m. on January 23, 1912; historical
accounts suggest that this event was intermediate in size between the first and last major
shocks. The last and largest earthquake occurred at 3:45 a.m. on February 7, 1812.

Affected Structure(s), Segment(s), or Section Numbers 1023
Date 04/7/94; updated 5/14/99
Magnitude or intensity maximum MMI=X-XII; estimated m,=7.01-7.54

Comments: The New Madrid earthquakes predate modern seismological instruments, there-
fore all magnitude and moment estimates are based on establishing scaling relations between
earthquake intesnsityintensity data and various magnitude scales. Nuttli (1973 #745) reported
the majority of the available intensity data that was obtained from published accounts of the
earthquakes. Nuttli (1979 #756) reported that the felt areas for the three principleprincipal
shocks was were about 5,000,000 kmZ. Johnston (1996 #1842) used Stover and Coffman’s
(1993 #1986) revised contours to estimate that the felt area for the first December 16, 1811,
earthquake was about 4,200,000 km?2. Johnston assumed a reduced felt area west of the
Mississippi River, as noted in the 1895 Charleston, Missouri, earthquake. Originally Nuttli
(1983 #743) Nuttli (1973, 1979) assigned body-wave estimates of 7.1-7.4 for the three prin-
ciple shocks, but he later revised the estimates slightly upward to 7.2-7.5 (Nuttli and others,
1979). and Estimated ssurface-wave magnitudes for the three principle shocks are 8.0, 7.8,
and 8.2 (Nuttli, 1979), he revised these values upward toof 8.5, 8.4, and 8.8 in subsequent
reports (Nuttli, 1983). .

Moment magnitude or seismic moment M,=4.01.8 x 10287, 2.56.3 x 1027, 7.91.0 x 10287
dyne-cm; M 8.1+0.3,. M 7.8+0.3, M 8.0+0.3.

Comments: Estimates of seismic moment (M) and moment magnitude (M) are from Nuttli
Johnston (1996 #1842). These estimates are not based on measurements from seismogrames,
but are based on regression of seismic moment against isoseismal areas for global and eastern
North America stable continental regionsscaling relations between intensity data and the
moment of recent historical earthquakes. Because these moment magnitude and seismic
moment values are estimates, seismologists continue to discuss the accuracy of these esti-
mates.

Location of epicenter 36° N., 90° W.; 36.3° N., 89.6°W.; 36.5° N., 89.6° W.

Comments: Epicentral locations are for the three principleprincipal shocks in the series. The
locations are very generalized and are based solely on isoseismal maps that were constructed
from limited historical accounts of the earthquakes (Nuttli, 1982 #720).

50



Depth of epicenter unknown

Comments: no data is available to offer insight into the depths of the 1811-1812 earthquakes.
However, monitoring of the recent seismicity indicates that the depth of the brittle-ductile
transition zone in the crust (that is, the change from brittle faulting in the upper part to ductile
deformation below) ranges from about 14 km deep in the southwestern part of the seismic
zone to 16-17 km in the northwestern part of the seismic zone (Himes and others, 1988 #742).
If the 1811-12 earthquakes were similar to other large intraplate earthquakes in the world and
nucleated at the base of the brittle crust, then one can speculate that the depths of the epicen-
ters was in the range of 15 km deep.Johnston (1996 #1842) suggests that rupture must have
initiated in the brittle zone, which he takes as about 20 km, but could have ruptured down-
ward to 33 km, the depth at which feldspardeformation converts from brittle to ductile
processes.

Sense of movement unknown

Comments: Based on focal mechanisms of the current seismicity, it is likely that some of the
major events were dextral slip events and others probably had a significant component of
reverse slip.

Dip unknown

Comments: Joint hypocentral determination studies by Pujol and others (1998 #3793) indi-
cate that modern faulting is occurring on nearly vertical faults, with a stepover zone dipping
about 31°-48° to the southwest. This stepover zone is located in extreme western Tennessee
and adjacent southeastern Missouri in the are approximately between Dyersburg, Tennessee,
and New Madrid, Missouri.

Maximum slip at surface unknown

Comments: Recent studies have suggested that the stream bed of Running Reelfoot Bayou
was uplifted perhaps 2 m probably during the February 7, 1812, earthquake (Van Arsdale and
others, 1999 #3795).

Geophysical average slip unknown
Length of surface rupture unknown

Comments: The great historical earthquakes did not produce any discrete surface rupture.
They did produce additional uplift of the Lake County uplift, northwestern Tennessee (Russ,
1982 #722; Stahle and others, 1992 #3794) and may have caused subsidence in the “sunk
lands” in northeastern Arkansas (Guccione and others, 1988 #738; Guccione and Hehr, 1991
#737; Guccione and others, 1994 #739) and southeastern Missouri (Ellis and others, 1995
#3474).
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1024, Wabash Valley Liquefaction Features (Class A)
Structure Number 1024

Structure Name Wabash Valley liquefaction features (Class A)

Comments: Includes the southern halves of Indiana and Illinois. There is no known
Quaternary surface rupture on faults in the Wabash Valley region. Quaternary faults have
recently been reported in southernmost Illinois, near Metropolis (Nelson, 1996 #2837), but
none can be linked with liquefaction features throughout the southern halves of Indiana and
Illinois. The following discussion focuses on the presence of paleoliquefaction features
throughout the study area. On the basis of the strong evidence that these liquefaction features
are late Quaternary in age, they are listed as Class A features in this compilation.

Synopsis: Clastic dikes filled with sand and gravel, interpreted to be the result of earthquake-
induced liquefaction, occur throughout much of southern Indiana and adjacent parts of
Illinois. At least seven and probably eight prehistoric earthquakes have been documented
during the Holocene, as well as, at least one during the latest Pleistocene. Nearly all of these
liquefaction features originated from earthquakes centered in southern Indiana and Illinois,
and not further south in the nearby source region of the great 1811-12 New Madrid earth-
quakes.

The recognition of different earthquakes is based mainly on establishing limits on the timing
of liquefaction features in combination with the regional pattern of liquefaction effects, but
some earthquakes have been recognized only by geotechnical testing at sites of liquefaction.

Prehistoric magnitudes were probably on the order of moment magnitude M 7.5, which
greatly exceeds the largest historical earthquakes of M 5.5 in the region. The strongest pre-
historic earthquakes had epicenters in the vicinity of the lower Wabash Valley, where the
valley borders both Indiana and Illinois.

Date of compilation 04/15/94; updated 02/27/97, 04/03/00
Compiler and affiliation Steven F. Obermeier & Anthony J. Crone, U.S. Geological Survey
State Indiana, Illinois

County Southern halves of Indiana-Illinois, and especially the following counties: Clark,
Crawford, Jasper, Lawrence, Wabash, White (Illinois); Daviess, Gibson, Know, Pike, Posey,
Sullivan, Vigo (Indiana)

1° x 2° sheet Evansville, Vincennes, Indianapolis, Paducah, Belleville, Decatur
Province Interior Low Plateaus, Central Lowland

Reliability of location Poor
Comments: Precise location of the structures that produced the strong ground motion, which
formed the liquefaction features, is unknown.

Geologic setting The Wabash Valley region in southeastern Illinois and southwestern Indiana
has been an area of persistent seismicity (Nuttli, 1979 #756) and the site of several moderate
magnitude (M=4.5-5.8) historical earthquakes (Taylor and others, 1989 #699; Langer and
Bollinger, 1991 #700), but little is known about the causative faults. The most prominent net-
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work of faults in the region is the Wabash Valley fault system (Bristol and Treworgy, 1979
#703), a series of north-northeast-trending normal faults that are mapped at the surface.
Seismic-reflection data show that the faults are rooted in Precambrian basement and define a
40-km-long, 22-km-wide graben named the Grayville graben (Bear and others, 1997 #2833).
Dip-slip displacements on some of the faults are as much as 0.6 km, and laterally offset struc-
tural trends suggest 2-4 km of lateral displacement on some faults.

On the basis of gravity and magnetic data, Braile and others, (1982 #702) proposed that the
Wabash Valley fault zone is part of the northeastern arm of a late Precambrian-early
Phanerozoic rift complex in the central mid-continent. However subsequent studies indicate
that the Wabash Valley faults are the expression of relatively minor tectonic structures and are
probably not part of a failed rift arm (Hildenbrand and Ravat, 1997 #2835). At present, the
seismicity in the region cannot be directly associated with any bedrock structures at shallow
depth, although a geophysical magnetic and gravity lineament seems to be a good candidate
(Hildenbrand and Ravat, 1997 #2835), and a possible fault zone has been located at depth
(McBride and others, 1996 #2836). The lineament, some 600 km in length, extends from
Arkansas into the Wabash Valley, and terminates in the epicentral region of the strongest pale-
oearthquakes (M~7.5 and 7.1). Alternatively, McBride and others (1996 #2836) have identi-
fied structural features in the upper crust that might correlate with the location of a M 5.5
earthquake that occurred in the area on November 9, 1968.

Some historical seismicity also persists throughout southern Indiana-Illinois, but the strongest
events are concentrated in the vicinity of the Wabash Valley.

Sense of movement unknown

Comments: Earthquake focal mechanisms for events in the Wabash Valley region indicate
dominantly strike-slip and reverse-slip motion (Herrmann, 1979 #733; Taylor and others,
1989 #699; Langer and Bollinger, 1991 #700). Without knowledge of the structural features
that are present at hypocentral depths, it is impossible to determine the preferred nodal planes
for the focal mechanisms.

Dip unknown

Dip direction unknown

Geomorphic expression Causative fault do not have any surface expression. The only evidence
of the paleoearthquakes (related to the strong ground motion) is liquefaction features exposed
along the banks of major rivers in the study area (Obermeier and others, 1991 #601; Munson
and others, 1992 #697; Obermeier and others, 1992 #698, 1993 #704; Hajic and others, 1995
#2834; Munson and Munson, 1996 #2838; Munson and others, 1997 #2839; 1997 #2840;
McNulty and Obermeier, 1999 #3906).

Age of faulted deposits Holocene and late Pleistocene

Paleoseismological studies Detailed studies of these paleoliquefaction features are those of
(Obermeier and others, 1993 #2841; Munson and Munson, 1996 #2838; Pond and Martin,
1997 #1363; Munson and others, 1997 #2839; Obermeier, 1997 #2840; McNulty and
Obermeier, 1999 #3906). These studies describe the characteristics and distribution of the
dikes and offer magnitude estimates of earthquakes that likely caused the liquefaction.
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The persistent historical seismicity in the region suggested the possibility of significant
seismic source zones in the region. A systematic search for paleoliquefaction features was
begun in 1990, and more than 1000 paleoliquefaction dikes have been discovered. The dikes
are typically filled with sand and gravel, are planar, and have a near-vertical orientation. In
the river-bank exposures, many of the dikes extend as much as 4 m above the source beds.
The maximum dike widths exceed 2.5 m at one site, 50 cm at 8 sites and 30 c¢cm at several
tens of sites. Liquefaction features from the strongest paleoearthquake, a magnitude of about
7.5 event that struck in about 6,100 yr BP in the Wabash Valley, cover an area that has a diam-
eter of about 300 km; based on the size and distribution of the dikes, the source region for the
strongest earthquakes is in the vicinity of Vincennes, Indiana.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: At least seven notable paleoevents probably occurred during the Holocene, and
one occurred about 12,000 yr BP. Nearly all events probably had magnitudes in excess of M
6. No historical earthquakes in the Wabash Valley region have been strong enough to cause
liquefaction. It is likely that numerous other M 6-7 Holocene earthquakes have struck the
region, but did not leave a record because of the lack of liquefiable deposits in large parts of
the region.

Recurrence interval Not reported

Comments: Studies have not definitively determined recurrence intervals on individual faults,
however a regional recurrence interval for M >6 earthquakes of at least every 500-1,000 years
is reasonable in the southern half of Indiana and Illinois.

Slip-rate category unknown

Comments: Causative faults have not been identified in the Wabash Valley area. In the
absence of well-determined data on the timing of paleoevents and the amount of tectonic slip
associated with those events, it is impossible to estimate reliable or even meaningful Holocene
or late Quaternary slip rates.

Length (km) Not applicable
Average strike (azimuth) Not applicable
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1027, Faults of Thebes Gap area (Class A)
Structure Number 1027
Structure Name Faults of Thebes Gap area (Class A)

Comments: The individual named faults discussed here are not sections of a single long fault.
Instead, they are individual strands in a fault complex. They have different strikes, dips, slip
senses, and slip histories, and they are only the best studied faults in an unnamed complex of
named and unnamed faults that covers most of two adjacent 7.5-minute quadrangles. Most
individual faults in the fault complex, and the longest faults, strike northeasterly to north-
northeasterly, but numerous shorter cross faults strike easterly and northwest. Several
Quaternary faults occur in the Thebes Gap area. The better known faults recognized to date
are: English Hill fault zone, Commerce fault, Happy Hollow fault, Sassafras Canyon faults,
Albrecht Creek fault, and Lambert trench at intersection of English Hill and Albrecht Creek
faults.

Synopsis Quaternary faulting at English Hill was first recognized by in the early 1940's and
described as a northeast-striking graben that down dropped the late Wisconsinan Peoria Loess.
No further investigations were made on faulting at English Hill until the 1990's when the U.S.
Geological Survey (USGS) and the Missouri Department of Natural Resources/Division of
Geology and Land Survey (MDNR/DGLS) began cooperative studies in the area. These
studies included trenching and geophysical investigations. Quaternary faulting along the
Commerce fault was first recognized in 1994 from exposures in a road cut in Commerce,
Missouri; the Happy Hollow fault and Sassafras Canyon faults were discovered in 1997 from
fault-exploration trenching; and Quaternary faulting along the Albrecht Creek fault was dis-
covered from detailed geologic mapping in 1994. The possibility of Quaternary faulting at
the intersection of the English Hill and Albrecht Creek faults was raised by detailed geologic
mapping and was substantiated by the Lambert trench.

Date of compilation 11/17/97; edited and reformatted as sectioned fault 5/27/99 by R.L.
Wheeler

Compiler and affiliation Richard W. Harrison, U.S. Geological Survey
State Missouri, Illinois

County Scott (Missouri); Alexander (Illinois)

1° x 2° sheet Paducah, Kentucky, Illinois, Missouri, Indiana

Province Coastal Plain

Geologic setting The Thebes Gap area is located at the head of the Mississippi Embayment,
approximately 15-20 miles north of the New Madrid seismic zone. Numerous north-north-
east- to northeast-striking strike-slip faults and associated normal faults, high-angle reverse
faults, folds, and transtensional pull-apart grabens have been recognized in the area (Harrison
and Schultz, 1994 #2822; Harrison, 1999 #2821; Harrison and others, 1999 #3415). These
structures have had a long-lived and complex Phanerozoic tectonic history. Fault-zone kine-
matics indicate an overall right-lateral sense of movement on the north-northeast- to north-
east-striking faults. However, individual faults typically display complex patterns. Step-overs
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in displacement between different strands have produced zones of transtension and transpres-
sion.

Number of sections 6

Comments: The faults discussed in detail in the following sections are part of a complex net-
work of faults mapped by Harrison [1999 #2821]. The individual "sections" described below
are not sections of a single, continuous fault, but rather are descriptions of parts of individual
faults that are members of this complex system.

Length not determined

Comments: The lengths of these individual faults is difficult to determine because they are
part of an array of subparallel and interconnected faults that merge and diverge along strike.
Because of these complex relations, it is difficult, if not impossible, to clearly identify termi-
nations of specific faults.

Average strike (azimuth) not determined
Comments: The major faults in the complex system of faults in the Thebes Gap area trend
north-northeasterly to northeasterly, but the converging and diverging character of the indi-
vidual faults makes it difficult to identify termination points and thus compute an average
strike.

1027a, English Hill fault zone

Section number 1027a

Section name English Hill fault zone

Quality of location Good

Comments: The fault zone was mapped at a scale of 1:24,000 by (Harrison, 1999 #2821).
Fault locations in trenches, cut banks, and road cuts are well known; extensions along strike
are poorly constrained because of dense vegetation, extensive colluvial sedimentation, and the
blanket-like nature of Quaternary loess that covers the area.

Sense of movement Dextral or Sinistral, Thrust, Reverse and Normal

Comments: Strike-slip, thrust, normal, and high-angle reverse faults are all represented at
English Hill. See Harrison and others (1997 #2823; 1999 #3415) and Nelson and others
(1999 #3890) for details.

State Missouri, Illinois

County Scott, Missouri; Alexander, Illinois
1° x 2° sheet Paducah

Province Coastal Plain

Sense of movement

Dip 8° - vertical

Comments: See Harrison and others (1999 #3415) and Nelson and others (1999 #3890) for
details.
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Main dip direction NW, SE, NE
Geomorphic expression Subtle breaks in slope observed along some faults at English Hill.

Age of faulted deposits At least six and possibly seven Quaternary fault episodes are recog-
nized at English Hill (Harrison and others, 1997 #2823; 1999 #3415). Faulted deposits
include Pliocene-Pleistocene Mounds Gravel, Sangamon Geosol, Wisconsinan Roxana Silt,
late Wisconsinan Peoria Loess, and Holocene colluvial-wedge deposits. The identification of
faulted loesses was confirmed by thermoluminescence dating (see Harrison and others, 1997
#2823; Nelson and others, 1999 #3890). Faulted Holocene colluvial-wedge material contains
charcoal that has yielded bimodal “C ages: eight samples from 4,980-4,740 yr B.P. and
1,310-1,210 yr B.P. (Harrison and others, 1999 #3415).

Paleoseismological studies English Hill: (Palmer and others, 1997 #1364; Harrison and others,
1997 #2823; Palmer and others, 1997 #2824; Nelson and others, 1999 #3890). The approxi-
mate center of the English Hill site and its 11 trenches is at 37° 08'N, 89° 30'W; center W1/2,
sec. 34, T29N, R14E.

Timing of most prehistoric faulting latest Quaternary (<15 ka)
Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr

Comments: No slip rate has been reported. However, a sustained slip rate of 0.2 mm/yr
would produce a cumulative slip of more than 2 m in Holocene time, which should leave a
detectable geologic record. In the absence of any significant geomorphic expression of the
fault, a slip rate of less than 0.2 mm/yr seems likely.

Length not determined

Comments: Fault length is uncertain. The length of the English Hill fault zone is difficult to
determine because it is part of an array of subparallel and interconnected faults that merge and
diverge along strike. Because of these complex relations, it is difficult, if not impossible, to
clearly identify the termination of a specific fault. If the English Hill, Albrecht Creek, and
Lambert trench faults are the same and continuous, then their joint length could be as much as
12.8 km

Average strike (azimuth) not determined
Comments: The major faults in the complex system of faults in the Thebes Gap area trend
north-northeasterly to northeasterly, but the converging and diverging character of the indi-
vidual faults makes it difficult to identify termination points and thus compute an average
strike.

1027b, Commerce fault

Section number 1027b

Section name Commerce fault

Quality of location Good

Comments: The fault was mapped at a scale of 1:24,000 by Harrison (1999 #2821). Fault
locations in trenches, cut banks, and road cuts are well known; extensions along strike are
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poorly constrained because of dense vegetation, extensive colluvial sedimentation, and the
blanket-like nature of Quaternary loess that covers the area.

State Missouri, Illinois

County Scott, Missouri; Alexander, Illinois
1° x 2° sheet Paducah

Province Coastal Plain

Sense of movement Not reported

Comments: See Harrison and others (1999 #3415) for details. Dextral faulting is constrained
only to post-date the Pliocene-Miocene Mounds Gravel and pre-date the post-Wisconsinan
Peoria Loess. Thus, dextral faulting might be of Pliocene age, and no proven Quaternary
faulting is reported on this section of the fault complex.

Dip vertical
Comments: See Harrison (1995 #2820) for details.

Main dip direction Not reported
Geomorphic expression none

Age of faulted deposits Cuts Pliocene-Pleistocene Mounds Gravel, does not cut late
Wisconsinan Peoria Loess.

Paleoseismological studies Harrison and others (1999 #3415). The studied exposure of the
Commerce fault is at 37° 09' 31"N, 89° 26' 57"W, or SW1/4 SW1/4 sec9, T16S, R3W.

Timing of most recent paleoevent late Quaternary (<130 ka)
Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr

Comments: No slip rate has been reported. However, a sustained slip rate of 0.2 mm/yr
would produce a cumulative slip of more than 2 m in Holocene time, which should leave a
detectable geologic record. In the absence of any significant geomorphic expression of the
fault, a slip rate of less than 0.2 mm/yr seem likely.

Length:not determined

Comments: Fault length is uncertain. The length of the Commerce fault is difficult to deter-
mine because it is poorly exposed, is largely mapped as a concealed structure, and is part of
an array of subparallel and interconnected faults that merge and diverge along strike. Because
of the poor exposure and these complex relations, it is difficult to clearly identify the termina-
tion of a specific fault. Therefore, a fault length has not been computed.

Average strike (azimuth) not determined

Comments: The general strike of the fault is northeasterly. However, the Commerce fault is
poorly exposed, is mapped largely as a concealed structure, and studies of the fault are based
on examination of limited exposures. Also, it is a member of a complex system of faults in
the Thebes Gap area that trend north-northeasterly to northeasterly, but the converging and
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diverging character of the individual faults makes it difficult to identify termination points and
thus compute an average strike.

1027¢c, Happy Hollow fault
Section number 1027c
Section name Happy Hollow fault

Quality of location Good

Comments: The fault was mapped at a scale of 1:24,000 by (Harrison, 1999 #2821). Fault
locations in trenches, cut banks, and road cuts are well known; extensions along strike are
poorly constrained because of dense vegetation, extensive colluvial sedimentation, and the
blanket-like nature of Quaternary loess that covers the area.

Sense of movement Reverse, Thrust

Comments: See Harrison and others (1999 #3415) and Nelson and others (1999 #3890) for
details.

State Missouri

County Scott, Missouri
1° x 2° sheet Paducah
Province Coastal Plain
Dip 42° - 85°

Comments: See Harrison and others (1999 #3415) and Nelson and others (1999 #3890) for
details.

Main dip direction NW, SE, SW
Geomorphic expression none

Age of faulted deposits Cuts Sangamon Geosol, Illinoian (?) colluvial-fluvial deposits of
Metropolis Fm. (informal), and Pliocene-Pleistocene Mounds Gravel.

Paleoseismological studies Harrison and others (1999 #3415) and Nelson and others (1999
#3890). Fault length is uncertain. The trench exposure of the Happy Hollow fault is at 37° 09'
36.3"N, 89° 27' 01.8"W, or SE1/4 SE1/4 sec24, T29N, R14E.

Timing of most recent paleoevent late Quaternary (<130 ka)
Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr

Comments: No slip rate has been reported. However, a sustained slip rate of 0.2 mm/yr
would produce a cumulative slip of more than 2 m in Holocene time, which should leave a
detectable geologic record. In the absence of any significant geomorphic expression of the
fault, a slip rate of less than 0.2 mm/yr seem likely.
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Length:not determined

Comments: Fault length is uncertain. The length of the Happy Hollow fault is difficult to
determine because it is poorly exposed and is part of an array of subparallel and intercon-
nected faults that merge and diverge along strike. Because of the poor exposure and these
complex relations, it is difficult to clearly identify the termination of a specific fault.
Therefore, a fault length has not been computed.

Average strike (azimuth) not determined

Comments: The general strike of the fault is northeasterly. However, the Happy Hollow fault
is poorly exposed, is mapped largely as a concealed structure, and studies of the fault are
based on examination of limited exposures. Also, it is a member of a complex system of
faults in the Thebes Gap area that trend north-northeasterly to northeasterly, but the con-
verging and diverging character of the individual faults makes it difficult to identify termina-
tion points and thus compute an average strike.

1027d, Sassafras Canyon faults
Section number 1027d
Section name Sassafras Canyon faults

Quality of location Good

Comments: The faults were mapped at a scale of 1:24,000 by (Harrison, 1999 #2821). Fault
locations in trenches, cut banks, and road cuts are well known; extensions along strike are
poorly constrained because of dense vegetation, extensive colluvial sedimentation, and the
blanket-like nature of Quaternary loess that covers the area.

State Missouri

County Scott, Missouri
1° x 2° sheet Paducah
Province Coastal Plain

Sense of movement Reverse, Thrust, Dextral

Comments: See Harrison and others (1999 #3415) and Nelson and others (1999 #3890) for
details.

Dip 20° - vertical

Comments: See Harrison and others (1999 #3415) and Nelson and others (1999 #3890) for
details.

Main dip direction NW, SW, SE, NE
Geomorphic expression none

Age of faulted deposits Faults cut Pliocene-Pleistocene Mounds Gravel and Holocene colluvial
deposits (14C ages pending), related folds deform Illinoisian (?) Metropolis Fm.
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Paleoseismological studies Harrison and others (1999 #3415) and Nelson and others (1999
#3890). The trench exposures of the faults in Sassafras Canyon are at 37° 09' 39.3"N, 89° 27"
10.4"W, or NW1/4 SE1/4 sec24, T29N, R14E.

Timing of most recent paleoevent late Quaternary (<130 ka)
Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr

Comments: No slip rate has been reported. However, a sustained slip rate of 0.2 mm/yr
would produce a cumulative slip of more than 2 m in Holocene time, which should leave a
detectable geologic record. In the absence of any significant geomorphic expression of the
fault, a slip rate of less than 0.2 mm/yr seem likely.

Length not determined

Comments: Fault length is uncertain. The length of the Sassafras Canyon fault is difficult to
determine because it is poorly exposed and is part of an array of subparallel and intercon-
nected faults that merge and diverge along strike. Because of the poor exposure and these
complex relations, it is difficult to clearly identify the termination of a specific fault.
Therefore, a fault length has not been computed.

Average strike (azimuth) not determined

Comments: The general strike of the fault is northeasterly. However, the Sassafras Canyon
fault is poorly exposed, is mapped largely as a concealed structure, and studies of the fault are
based on examination of limited exposures. Also, it is a member of a complex system of
faults in the Thebes Gap area that trend north-northeasterly to northeasterly, but the con-
verging and diverging character of the individual faults makes it difficult to identify termina-
tion points and thus compute an average strike.

1027e, Albrecht Creek fault
Section number 1027¢
Section name Albrecht Creek fault

Quality of location Good

Comments: The fault was mapped at a scale of 1:24,000 by (Harrison, 1999 #2821). Fault
locations in trenches, cut banks, and road cuts are well known; extensions along strike are
poorly constrained because of dense vegetation, extensive colluvial sedimentation, and the
blanket-like nature of Quaternary loess that covers the area.

State Missouri, Illinois

County Scott, Missouri; Alexander, Illinois
1° x 2° sheet Paducah

Province Coastal Plain

Sense of movement Sinistral, Reverse

Comments: See Harrison and others (1999 #3415) and Nelson and others (1999 #3890) for
details.

64



Dip 68° - 85°
Comments: See Harrison and others (1999 #3415) and Nelson and others (1999 #3890) for
details.

Main dip direction NE, NW, SW

Geomorphic expression none

Age of faulted deposits Fault cuts Pliocene-Pleistocene Mounds Gravel and Ilinoisian (?)
Metropolis Formation; it does not cut Holocene terrace deposits that contains charcoal dated
by 4C at 1,540 B.P.

Paleoseismological studies Harrison and others (1999 #3415) and Nelson and others (1999
#3890). The cutbank that exposes the Albrecht Creek fault is at 37° 10' 58.5"N, 89° 27'
54.8"W, or NW1/4 SW1/4 secl13, T29N, R14E.

Timing of most recent paleoevent late Quaternary (<130 ka)
Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr

Comments: No slip rate has been reported. However, a sustained slip rate of 0.2 mm/yr
would produce a cumulative slip of more than 2 m in Holocene time, which should leave a
detectable geologic record. In the absence of any significant geomorphic expression of the
fault, a slip rate of less than 0.2 mm/yr seem likely.

Length:not determined

Comments: Fault length is uncertain. The length of the Albrecht Creek fault is difficult to
determine because it is poorly exposed and is part of an array of subparallel and intercon-
nected faults that merge and diverge along strike. Because of the poor exposure and these
complex relations, it is difficult to clearly identify the termination of a specific fault.
Therefore, a fault length has not been computed.

Average strike (azimuth) not determined

Comments: The general strike of the fault is north-northeasterly. However, the Albrecht
Creek fault is poorly exposed and studies of the fault are based on examination of limited
exposures. Also, it is a member of a complex system of faults in the Thebes Gap area that
trend north-northeasterly to northeasterly, but the converging and diverging character of the
individual faults makes it difficult to identify termination points and thus compute an average
strike. If the English Hill, Albrecht Creek and Lambert trench faults are the same structure
and are continuous, then their joint length could be as much as 12.8 km.

1027f, Lambert trench at intersection of English Hill and Albrecht Creek faults
Section number 1027f

Section name Lambert trench at intersection of English Hill and Albrecht Creek faults

Quality of location Good

Comments: The faults were mapped at a scale of 1:24,000 by (Harrison, 1999 #2821). Fault
locations in trenches, cut banks, and road cuts are well known; extensions along strike are
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poorly constrained because of dense vegetation, extensive colluvial sedimentation, and the
blanket-like nature of Quaternary loess that covers the area.

State Illinois

County Alexander

1° x 2° sheet Paducah

Province Coastal Plain

Sense of movement Not reported

Comments: See Harrison and others (1999 #3415) for details. Two faults show normal slip.

Dip Not reported

Comments: See Harrison and others (1999 #3415) for details. Faults dipping nearly vertically
to the SE and W were exposed in the bottom of a trench, but dip values are not reported.

Main dip direction SE, W
Geomorphic expression none

Age of faulted deposits Fault offsets Holocene gravel dated by the radiocarbon method at
6,310+100 yr B.P. by “C but does not cut Holocene gravel dated at 6,085+£95 yr B.P.

Paleoseismological studies Lambert trench: (Wiscombe, 1997, unpublished #2826). The
trench is at 37° 14' 45.6"N, 89° 25' 50.8"W, or NE1/4 SW1/4 sec3, T15S, R3W.

Timing of most recent paleoevent latest Quaternary (<15 ka)
Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr

Comments: No slip rate has been reported. However, a sustained slip rate of 0.2 mm/yr
would produce a cumulative slip of more than 2 m in Holocene time, which should leave a
detectable geologic record. In the absence of any significant geomorphic expression of the
fault, a slip rate of less than 0.2 mm/yr seem likely.

Length End to end (km): Not applicable
Cumulative trace (km): Not applicable

Comments: This discussion refers to a paleoseismic study at a specific site where the Engish
Hill and Albrecht Creek faults converge. Therefore it is not appropriate to determine a length
from a single point on a fault. However, if the English Hill, Albrecht Creek and Lambert
trench faults are the same structure and are continuous, then their joint length could be as
much as 12.8 km.

Average strike (azimuth) not determined

Comments: The general strikes of faults in the Thebes Gap area are north-northeasterly to
northeasterly, but the converging and diverging character of the individual faults makes it dif-
ficult to identify termination points and thus compute an average strike. Furthermore, the rela-
tions of faults studied at this site to faults that were mapped in the area are not definitively
known.
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1028, Fluorspar Area Fault Complex (Class A)
Structure Number 1028
Structure Name Fluorspar Area Fault Complex (class A)

Comments: The name Fluorspar Area fault complex refers to the multitude of fractures in the
fluorspar-mining district of southern Illinois and western Kentucky. Fault orientations vary,
but most trend NE-SW in Illinois, curving to ENE-WSW eastward into Kentucky. Most
faults dip 65 degrees or steeper and they comprise normal, reverse, strike-slip, and oblique-
slip faults, many showing evidence of two or more episodes of movement. Associated with
faulting are Permian ultramafic dikes, sills, diatremes, and a large intrusive breccia structure
known as Hicks Dome. This was historically the richest fluorite-mining district in the United
States. Sizeable quantities of lead, zinc, silver, barite, and other minerals also were mined
from vein and bedded-replacement deposits. The Fluorspar Area Fault Complex overlies the
junction area of a Proterozoic-Cambrian failed rift complex that consists of the northeast-
trending Reelfoot rift and the east-trending Rough Creek graben. Of more than passing sig-
nificance, the New Madrid seismic zone also lies within the Reelfoot Rift and is directly in
line with the Fluorspar Area fault complex. Good overviews of the structure of the Fluorspar
Area Fault Complex are found in Hook (1974 #3885), Trace and Amos (1984 #3895), Nelson
(1991 #3887), and Potter and others (1995 #3892).

See other fields on individual sections that show Quaternary movement.

Synopsis: In most of the area of the Fluorspar Area fault complex, thin and patchy Quaternary
sediments overlie Paleozoic bedrock, and the time of faulting is known only to be post-
Pennsylvanian. Younger movement comes to light where the faults pass southwestward into
thicker Cretaceous, Tertiary, and Quaternary deposits of the Mississippi Embayment.
Mapping in southernmost Illinois, Ross (1963 #3893; 1964 #3894) interpreted Tertiary and
possible Quaternary displacements on some faults of the complex. However, Kolata and
others (1981 #3886), reviewing the evidence, concluded that no post-Cretaceous tectonism
could be demonstrated. Tertiary and Quaternary activity in the Fluorspar Area fault complex
finally was documented through detailed geologic mapping combined with test drilling, high-
resolution seismic surveys, and trenching (Nelson and others, 1997 #3888; 1999 #3889; 1999
#3890). In Kentucky, geologic quadrangle maps depict faults of the Fluorspar Area fault
complex displacing the Mounds Gravel, which is of late Miocene to early Pleistocene age
(Amos and Wolfe, 1966 #3882; Amos, 1967 #3880; 1974 #3881). Together, these studies
reveal multiple episodes of post-Cretaceous tectonic activity in the Fluorspar Area fault com-
plex. Narrow NE- to NNE-trending grabens that contain Tertiary and Pleistocene (Illinoian
and older) sediments are characteristic. Several grabens show more than 30 m of dip-slip
offset on Pleistocene units; in one case the throw may exceed 150 m. Deformation of
Wisconsinan sediments is localized and small, less than 3 m. No Holocene movement has
been detected.

Date of compilation 12/28/99; edited 1/28/00 by R.L. Wheeler
Compiler and affiliation W. John Nelson, Illinois State Geological Survey

State Illinois; Kentucky
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County Massac, Pulaski (Illinois); Livingston (Kentucky)
1° x 2° sheet Paducah
Province Interior Low Plateaus; Coastal Plain

Geologic setting The area where Quaternary displacements of the Fluorspar Area fault complex
are known is at the northern edge of the Mississippi Embayment, an extension of the Coastal
Plain. Cretaceous and lower Tertiary sediments of the Embayment overlap mainly
Mississippian-age bedrock of the Shawnee Hills. The study area lies just south of the south-
ernmost limit of Pleistocene continental glaciation. All uplands are mantled in wind-blown
Pleistocene silt known as loess. Valley bottoms contain a variety of Quaternary fluvial and
lacustrine deposits. Following are descriptions of field work done on each section.

Section 1028a (Rock Creek graben): A 10-meter-wide section of the bank of Mallard Creek
was cleared with a backhoe, and we drilled several shallow test holes close to the creek
(Nelson and others, 1999 #3889). The test holes did not indicate significant displacement of
Quaternary deposits. However, the backhoe exposure showed two episodes of Quaternary
faulting.

Section 1028b (Barnes Creek fault zone): Exposures in the banks of Barnes Creek were
examined repeatedly and logged, and some were improved using hand tools and heavy equip-
ment. No datable material was found. A seismic reflection profile, 2 km long, was conducted
along the creek, and numerous test borings were made. See Nelson and others (1997 #3888;
1999 #3889; 1999 #3890). Kolata and others (1981 #3886) discussed the "Metropolis site",
which may be part of the Barnes Creek fault zone. Faults formerly were exposed (at low
water) on the bank of the Ohio River near historic Fort Massac in the city of Metropolis. One
fault displaced the Mounds Gravel, four others displaced Cretaceous strata but not the
Mounds. The faults described by Kolata and others now are covered by concrete and riprap.

Section 1028c (Hobbs Creek fault zone): Ross (1963 #3893; 1964 #3894) and Kolata and
others (1981 #3886) reported an outcrop of tilted Mounds Gravel at abnormally low elevation
along a narrow, linear valley in line with known faults. Kolata and others conducted seismic
and earth-resistivity surveys, but the results were ambiguous, and origin of the structure
remained unknown. Nelson (1996 #3898) mapped the area at 1:24,000 scale, finding addi-
tional outcrops that strengthened the tectonic hypothesis. A cored test hole drilled in 1995
demonstrated a deep graben filled with Neogene to Quaternary sediment. Follow-up studies
included two seismic-reflection surveys, a ground-penetrating radar survey (inconclusive),
many shallow test holes, and a second, deeper, cored test hole (Nelson and others, 1997
#3888; 1999 #3889; 1999 #3890).

Section 1028d (Raum fault zone): Post-Cretaceous tectonic faulting along this zone was first
identified at the Reineking Hill site (Nelson, 1996 #3898; Nelson and others, 1997 #3888).
Geologic mapping farther southwest at 1:24,000 scale (W.J. Nelson and J.M. Masters, unpub-
lished data) indicated that the Mounds Gravel, and locally the Metropolis Formation is
faulted. Follow-up studies included a seismic reflection survey, ground-penetrating radar
(which yielded no useful data), and numerous test borings (Nelson and others, 1999 #3889).

Section 1028e (Lusk Creek fault zone): Geologic mapping in the Joppa Quadrangle at
1:24,000 scale indicated possible Quaternary displacement along the Lusk Creek (W.J. Nelson
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and J.M. Masters, unpublished data). The log and samples (incomplete) from a water well at
the Maple Grove School suggested a graben. We ran a high-resolution seismic survey and
drilled seven shallow test holes along the seismic line. Then we drilled a cored test hole to
bedrock at the Maple Grove School.

Section 1028f (Kelley structure): Many test pits and soil borings were made in the railroad
cut, then a backhoe removed soil from the entire width of the structure on the north side of
the tracks, and the geology was logged in detail. Two seismic-reflection profiles were run, one
adjacent to the railroad, the other about 0.4 km south of and parallel to the tracks (Nelson
and others, 1999 #3889).

Number of sections 6
Length Not applicable

Comments: Nelson and others (1999 #3889) demonstrated Quaternary faulting at seven sites
on six fault sections. The lengths of Quaternary ruptures are unknown.

Average strike Not applicable

Comments: Average strikes are given for each section, where available. The sections are par-
allel, independent faults, instead of adjoining sections of the same fault.

1028a, Rock Creek graben
Section number 1028a
Section name Rock Creek graben

Comments: The Rock Creek graben is a large, complex graben of the Fluorspar Area Fault
Complex. The Rock Creek follows a curving path southwestward from Union County,
Kentucky into Hardin County, Illinois, back into Kentucky, finally returning to Pope and
Massac Counties, Illinois where Quaternary activity is in evidence.

Reliability of location Good

Comments: Like other structures of the Fluorspar Area Fault Complex, the Rock Creek
graben is exposed directly in a few places, accurately mapped at some, and covered by surfi-
cial materials along much of its trace. Quaternary displacements are known from a single
site, the bank of Mallard Creek in NE 1/4 SW 1/4, Sec. 20, T15S, R6E, Massac County,
[linois.

Sense of movement Normal; reverse

Comments: The exposure on Mallard Creek that showed Quaternary faulting was only 10 m
wide, and it revealed two faults that strike N. 25° E., two that strike N. 55° W., and one that
strikes N. 10° E. On none of these were any slip indicators observed. Overall, the Rock
Creek graben is composed dominantly of high-angle normal faults that trend northeast.

Dip 80°-90°
Comments: At Mallard Creek.
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Dip direction E, NE, W, NW

Comments: The small exposure on Mallard Creek shows faults having a variety of trends (see
"Sense of movement" entry).

Geomorphic expression Linear ridges and valleys along the fault zone reflect differential ero-
sion of hard and soft material. Within the Mississippi Embayment area, several streams run
parallel with the inferred fault trace, but this may be coincidence. At Mallard Creek the fault
zone is not expressed in the topography.

Age of faulted deposits At Mallard Creek, faults offset a gravel younger than the Pleistocene
Metropolis Formation, the Metropolis Formation (Pleistocene; Illinoian and older), and the
McNairy Formation (Cretaceous). Age of the younger gravel was not determined due to lack
of dateable material; most likely, the gravel is Wisconsinan. The uppermost 1 m of sediment,
which almost certainly is Holocene, is not deformed (Nelson and others, 1999 #3889).

Paleoseismological studies None
Timing of most recent paleoevent late Quaternary (<130 ka)
Recurrence interval Not reported
Slip-rate category <0.2 mm/yr
Comments: Sediments more than 100,000 years old are displaced only about 1 meter.
Length Not applicable

Comments: The length of Quaternary rupture is unknown because it was demonstrated at only
one site.

Average strike +35°

Comments: This value was measured on fig. 2 of Nelson and others (1999 #3889), as the
strike of the fault zone at the Mallard Creek site.

1028b, Barnes Creek fault zone
Section number 1028b
Section name Barnes Creek fault zone

Comments: The fault zone has been mapped about 40 km across Illinois (Baxter and others,
1967 #3883, W.J. Nelson, unpublished mapping). It strikes NE-SW, and along most of its
length consists of either a single fault or a pair of faults that outline a graben less than 300 m
wide. Where it enters the Mississippi Embayment, the Barnes Creek widens to nearly 2 km
and becomes much more complex. It is here that Quaternary deformation has been demon-
strated.

Reliability of location Good

Comments: Like other elements of the Fluorspar Area Fault Complex, the Barnes Creek fault
zone is largely concealed by surficial materials, but it is accurately mapped in a number of
places, and numerous exposures of fault surfaces have been found or dug out. Quaternary
displacements are principally known from Barnes Creek in Massac County, Illinois (Sec. 9,
T15S, RSE).
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Sense of movement Normal; reverse

Comments: Strike-slip component is strongly suspected, but unproven. A seismic profile
shows positive and negative flower structures. Deep, narrow grabens that resemble pull-apart
grabens are common.

Dip 45°-90°
Comments: Most faults dip 65 degrees or steeper.
Dip direction E, W

Comments: Most common is ESE-WNW to SE-NW, but some faults dip E-W to ENE-WSW.
East and west dips are about equally represented. Pairs of faults commonly outline grabens
that range from a few cm to tens of meters wide.

Geomorphic expression In Paleozoic bedrock uplands, well-defined linear valleys mark the
fault trace(s), and probably reflect enhanced erosion of fractured rock in the fault zone.
Within the Mississippi Embayment, northeast-southwest alignment of ridges and valleys is
apparent in some places, but not in others. There is no sign of the fault zone where it passes
under late Wisconsinan and Holocene alluvial/lacustrine valley fill.

Age of faulted deposits Many faults juxtapose the Cretaceous McNairy Formation with the
Metropolis Formation, a pebbly silt/sand unit of early to middle Pleistocene age. The
youngest part of the Metropolis is probably Illinoian, as indicated by Sangamon Geosol devel-
oped in the upper part of the unit. In one graben, the base of the Metropolis is displaced at
least 27 m. A few faults offset the Sangamon Geosol itself, along with overlying silts and
gravels. These deposits most likely are Wisconsinan age, although Holocene age cannot be
ruled out. The largest post-Sangamon displacement is approximately 1 meter. No faults pen-
etrate the uppermost 3 m of sediment, which is probably Holocene.

Paleoseismological studies Exposures in the banks of Barnes Creek were examined repeatedly
and logged, and some were improved using hand tools and heavy equipment. No datable
material was found. A seismic reflection profile 2 km long was conducted along the creek,
and numerous test borings were made. See Nelson and others (1997 #3888; 1999 #3889;
1999 #3890). Five kilometers north of the Barnes Creek site, along Massac Creek, another
exposure of the Barnes Creek fault zone also shows Quaternary faulting. Kolata and others
(1981 #3886) discussed the "Metropolis site", which may be part of the Barnes Creek fault
zone. Faults formerly were exposed (at low water) on the bank of the Ohio River near his-
toric Fort Massac in the city of Metropolis. One fault displaced the Mounds Gravel, four
others displaced Cretaceous strata but not the Mounds. The faults described by Kolata and
others now are covered by concrete and riprap.

Timing of most recent paleoevent late Quaternary (<130 ka)
Recurrence interval Not reported

Comments: Nelson and others (1999 #3889, p. 394) estimated tens of thousands of years
between events that produced surface rupture.

Slip-rate category <0.2 mm/yr
Comments: Nelson and others (1999 #3889, p. 394) estimated a rate of 0.01 to 0.03 mm/year
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for dip-slip displacement in Quaternary grabens. If the faults have a strike-slip component,
the net slip rate may be considerably different from the measured dip-slip.

Length 5 km

Comments: Probably the length of Quaternary rupture is at least 5 km, because Quaternary
ruptures were demonstrated at two sites that far apart along the fault zone (see
"Paleoseismological studies").

Average strike +45°

Comments: This value was measured on fig. 2 of Nelson and others (1999 #3889), as the
strike of the fault zone at the Westerman graben site.

1028¢, Hobbs Creek fault zone
Section number 1028c
Section name Hobbs Creek fault zone
Reliability of location Good

Comments: Like other elements of the Fluorspar Area Fault Complex, the Hobbs Creek is
exposed in a few places, accurately located in many places, and totally concealed by surficial
deposits in other places. At the Massac Creek site, where Quaternary deformation is docu-
mented, the faults are accurately located by means of borehole and geophysical data.

Sense of movement Normal; reverse

Comments: Seismic profiles show that most faults are high-angle normal, but a few reverse
faults are present. As with other faults listed here, strike-slip appears likely, but no informa-
tion on the magnitude or direction of strike-slip is available.

Dip 70°-90°
Dip direction SE, NW

Comments: Northwest and southeast dips are about equally represented. Pairs of faults com-
monly outline grabens and horsts. The southeast dip is listed first and regarded as dominant,
because the interior of the Massac Creek graben at the study site dips northwest into the
southeast-dipping normal fault (Nelson and others, 1997 #3888).

Geomorphic expression Like other fault zones of the Fluorspar Area Fault Complex, the
Hobbs Creek is expressed by linear ridges and valleys where it crosses bedrock uplands. At
the Massac Creek site, within the Mississippi Embayment, a valley coincides with the fault
zone. Faults have no expression where they pass under Quaternary alluvium.

Age of faulted deposits At the Massac Creek site the youngest unit known to be faulted is the
Metropolis Formation, which comprises Illinoian and older Pleistocene alluvial deposits.
Core-drilling in a deep graben shows the Metropolis downthrown approximately 30 m.
Beneath the Metropolis are found, in descending order, 79 m of unidentified Neogene to
lower Pleistocene sand, silt, and clay; 12 m of Miocene to Pliocene Mounds Gravel, 11 m of
Paleocene Midway Group, and finally 37 m of Cretaceous strata (bottom not reached).
Evidently, this graben subsided intermittently through much of Tertiary and Pleistocene time.
No displacement of Wisconsinan loess or Holocene alluvium can be detected.
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Paleoseismological studies None
Timing of most recent paleoevent middle and late Quaternary (<750 ka)
Recurrence interval Not reported

Comments: Nelson and others (1999 #3889, p. 394) estimated tens of thousands of years
between events that produced surface rupture.

Slip-rate category <0.2 mm/yr

Comments: The Massac Creek graben contains about 120 m of upper Miocene and younger
sediments. Dividing 120 m into roughly 10 million years yields 0.012 mm/year for the
average rate of graben subsidence. This estimate does not allow for possible strike-slip
motion.

Length 1 km

Comments: The length of Quaternary rupture is probably at least 1 km. Drilling showed that
the Pleistocene Metropolis Formation is displaced in the Massac Creek graben at Weaver
farms and Rosebud Road, 1 km apart.

Average strike +20°

Comments: This value was measured on fig. 2 of Nelson and others (1999 #3889), as the
strike of the fault zone at the Massac Creek site.

1028d, Raum fault zone
Section number 1028d
Section name Raum fault zone

Comments: The Raum fault zone outlines the southeast side of the Dixon Springs graben,
one of several large, complex grabens within the Fluorspar Area Fault Complex. Where the
Raum enters the Mississippi Embayment, it displaces Cretaceous strata and the Miocene to
lower Pleistocene Mounds Gravel. Detailed investigations were carried out at the Choat site
in western Massac County, Illinois.

Reliability of location Good

Comments: As with other segments of the Fluorspar Area Fault Complex, a few faults of the
Raum fault zone are exposed, some are accurately located by outcrop and borehole data, but
large extents of the zone are concealed by surficial deposits.

Sense of movement Normal; reverse

Comments: Most faults are high-angle normal, but high-angle reverse faults are present. Two
or more episodes of displacement are indicated (Weibel and others, 1993 #3896). A strike-
slip component is suspected, but cannot be documented.

Dip 70°-90°

Comments: Most faults dip 70 degrees or steeper.
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Dip direction SE, NW

Comments: Southeast and northwest dips are about equally represented. Faults commonly
outline narrow grabens and horsts. The southeast dip is listed first and considered dominant,
because the southeast-dipping border fault of a graben that contains the study site is longer
than the northwest-dipping border fault (Nelson and others, 1997 #3888).

Geomorphic expression Linear ridges and valleys mark the fault trace across bedrock uplands.
Subtle alignment of ridges and valleys can be detected within the Mississippi Embayment.
There is no topographic expression in alluvial bottom lands.

Age of faulted deposits The youngest unit affected is the Metropolis Formation, an alluvial
deposit of early to middle Pleistocene (Illinoian) age. Small northeast-trending faults having
1 m or less of throw were observed cutting Metropolis Formation along a stream southwest of
Choat. These faults are truncated by undisturbed Holocene alluvium. At the Metropolis city
landfill, part of the Choat site, the Mounds Gravel (Miocene to lower Pleistocene) is tilted and
faulted, and unconformably overlain by horizontal, unfaulted loesses: the Loveland Silt
(Illinoian), and the Roxana and Peoria Silts (Wisconsinan). Drilling elsewhere in the Choat
area suggests the Metropolis Formation is faulted, but younger sediments are unaffected.

Paleoseismological studies None

Timing of most recent paleoevent middle and late Quaternary (<750 ka)
Recurrence interval Not reported

Slip-rate category unknown; probably <0.2 mm/yr

Length Not applicable

Comments: The length of Quaternary rupture is unknown because it was demonstrated at
only two sites, which are on different strands of the same fault zone.

Average strike +24°

Comments: This value was measured on fig. 2 of Nelson and others (1999 #3889), as the
average of the strikes of the fault zone at Reineking Hill site (+20°) and the Choat site (+27°).

1028e, Lusk Creek fault zone
Section number 1028e

Section name Lusk Creek fault zone

Comments: The Lusk Creek fault zone delimits the northwest margin of the Fluorspar Area
Fault Complex and also was a northwest boundary fault of the Proterozoic-Cambrian Reelfoot
Rift. The southeast-dipping master fault was a normal fault during the Cambrian, a reverse
fault during the Alleghenian Orogeny, and a normal fault again later (Nelson, 1991 #3887).
The net displacement is down to the southeast and increases toward the northeast, where the
Lusk Creek merges with the western end of the Rough Creek Fault System.

Reliability of location Good

Comments: In bedrock uplands this fault zone has strong geomorphic expression, and out-
crops of deformed rocks are numerous. Within the Mississippi Embayment, mapping is
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based almost entirely on subsurface data. At the Maple Grove site, faults are imaged on a
high-resolution seismic profile.

Sense of movement Normal; reverse

Comments: Principally high-angle normal faults, but high-angle reverse faults are present.
The fault zone has undergone at least two reversals of displacement. In the northeastern part
of the fault zone, outcrop data signify dominantly dip-slip displacements.

Dip 70°-90°
Comments: Most faults dip 70 degrees or steeper.
Dip direction SE

Comments: The master fault dips southeast and becomes slightly listric at depth (Bertagne
and Leising, 1991 #3884). Smaller faults, mainly in the hanging wall of the master fault, dip
either northwest or southeast and probably intersect the master fault at depth.

Geomorphic expression Strongly linear ridges and valleys mark the fault zone across bedrock
uplands. Topographic expression in the Mississippi Embayment is subtle, at best. The fault
zone has no topographic expression in alluvial bottom lands.

Age of faulted deposits At the Maple Grove site, the Cretaceous McNairy Formation is faulted
extensively. Core-drilling at the Maple Grove School revealed a graben that contains sand
and gravel, tentatively identified as Eocene, overlain by the lower to middle Pleistocene
(Illinoian and older) Metropolis Formation. We interpret the Metropolis to be displaced a
maximum of 10 m. The Peoria and Roxana Silts (Wisconsinan) and the Loveland Silt
(Illinoian) are not faulted. Along a stream west of Maple Grove School, systematic vertical
joints and a few small (< 30 cm throw) normal faults were observed in the Metropolis
Formation.

Paleoseismological studies None

Timing of most recent paleoevent middle and late Quaternary (<750 ka)
Recurrence interval Not reported

Slip-rate category unknown; probably <0.2 mm/yr

Length Not applicable

Comments: The length of Quaternary rupture is unknown because it was demonstrated at
only one site.

Average strike +30°

Comments: This value was measured on fig. 2 of Nelson and others (1999 #3889), as the
strike of the fault zone at Maple Grove site.
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10281, Kelley structure
Section number 1028f

Section name Kelley structure

Comments: The Kelley structure, which trends N-S to NNW-SSE, lies along what may be a
cross-fault connecting the Lusk Creek and Raum fault zones. The site takes its name from
exposures in a railroad cut known as Kelley Switch (Nelson and others, 1999 #3889).

Reliability of location Good

Comments: The structure is known from exposures in a railroad cut and two seismic profiles
less than 0.5 km apart. Its extent beyond these points is not known.

Sense of movement Normal; reverse

Comments: The near-surface structure visible in the railroad cut is a graben, but seismic
reflection profiles indicate a positive flower structure, containing high-angle reverse faults, in
Paleozoic bedrock. Evidently, this structure underwent (1) an episode of compression, fol-
lowed by extension, and/or (2) a component of strike-slip motion. No slip indicators were
found.

Dip 45°-90°

Comments: Faults that dip as gently as 40-50 degrees at the surface appear to steepen to
nearly vertical at depth.

Dip direction E, W

Comments: East and west dips are about equally represented. There is no evidence with
which to select faults dipping in either direction as dominant, larger, or younger. Seismic-
reflection profiles (see "Geologic setting") indicate the graben is nearly symmetrical with
respect to fault displacements.

Geomorphic expression No linear topography is evident. Projected to the north, the Kelley
structure passes beneath alluvial bottom lands of the Cache Valley.

Age of faulted deposits The Mounds Gravel (Miocene to lower Pleistocene) is downdropped at
least 30 m into a graben. The Loveland Silt (Illinoian) is confined to the central trough of the
structure, and may be faulted. The Roxana Silt (mid-Wisconsinan) and Peoria Silt (late
Wisconsinan) both thicken into the trough, but are not faulted. These observations imply that
major faulting was pre-Illinoian, but the graben continued to subside approximately 3 m
during the Wisconsinan.

Paleoseismological studies Many test pits and soil borings were made in the railroad cut, then
a backhoe removed soil from the entire width of the structure on the north side of the tracks,
and the geology was logged in detail. Two seismic-reflection profiles were run, one adjacent
to the railroad, the other about 0.4 km south of and parallel to the tracks (Nelson and others,
1999 #3889). Six thermo-luminescence analyses on silts produced dates much younger than
expected from the stratigraphy, so the stratigraphic age constraints were used instead.

Timing of most recent paleoevent late Quaternary (<130 ka)
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Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr
Length

Comments: Known length is only 0.5 km, but if this fault zone links the Lusk Creek and
Raum fault zones, it may be as long as 8 km.

Average strike -10°

Comments: North-south. In the railroad cut, the eastern boundary fault of the graben strikes
N. 20° W. and the western fault trends N. 10° E. Using the two seismic profiles along with
the outcrop data, we map a cluster of faults that seems to be narrowing and converging toward
the north.
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1029, Western Lowlands liquefaction features (Class A)
Structure Number 1029
Structure Name Western Lowlands liquefaction features (Class A)

Comments: The Western Lowlands of Missouri and Arkansas form the part of the north-
western Mississippi embayment that lies west of the uplands of northeast-trending Crowleys
Ridge (Saucier and Snead, 1991 #2021). Several prehistoric liquefaction features west of
Crowleys Ridge are here informally grouped under the name Western Lowlands.

Synopsis: The evidence for Quaternary faulting in the Western Lowlands of Missouri and
Arkansas consists of late Quaternary liquefaction features that are attributed to prehistoric
earthquakes, and of seismic-reflection profiles that show offsets of Quaternary reflectors.

Date of compilation 02/23/00; revised 04/20/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Missouri; Arkansas

County Stoddard, New Madrid (Missouri); Randolph (Arkansas)

1° x 2° sheet Poplar Bluff

Province Coastal Plain

Reliability of location Poor

Comments: The liquefaction was recognized as the type that is caused by strong ground
motion for example, (Obermeier, 1996 #2256), and the strong motions are presumed to have
been caused by slip on one or more preexisting faults. However, the causative faults have not
been identified and the locations and sizes of the liquefaction features identified to date pro-
vide poor constraints on the sources of the shaking.

Geologic setting The northern Mississippi embayment is approximately bisected by the
Mississippi River. West of the Holocene meander belt of the river, the embayment is domi-
nated by lowlands of nearly flat, terraced, outwash deposits of late Wisconsinan braided
streams (Saucier and Snead, 1991 #2021). The part of the embayment west of the Mississippi
River is itself approximately bisected by the uplands of north-northeast-trending Crowleys
Ridge. Thus, the ridge divides the outwash deposits, and smaller areas of late Wisconsinan
dunes and Holocene floodplains, into the Western Lowlands and Eastern Lowlands (Vaughn,
1994 #3924; Vaughn and others, 1996 #3925).

The New Madrid seismic zone is east of Crowleys Ridge, in and east of the Eastern Lowlands
and the Mississippi River (for example, Wheeler and Rhea, 1994 #754). Therefore, the
seismic zone is generally 30 km or more east of the area summarized here. The New Madrid
seismic zone is spatially associated with the Reelfoot rift. The main upper crustal expression
of the rift is the Mississippi Valley graben. All of the Western Lowlands paleoseismological
sites studied by Vaughn (1994 #3924), Tuttle and others (1998 #3817), and Tuttle (1999
#3921) lie several tens of kilometers northwest of the floor of the graben, and also northwest
of the wide, step-faulted margin of the graben (see summary by Rhea and Wheeler, 1994
#3919). However, several of the sites lie near or on an aeromagnetic lineament that trends
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northeast (Vaughn, 1991 #3922; Tuttle, 1999 #3921). The lineament is part of the Commerce
geophysical lineament, which, after magnetic and gravity modeling, Langenheim and
Hildenbrand (1997 #3917) attributed to a mafic dike swarm that they suggested may have
formed parallel to and coevally with the Reelfoot rift. If this part of the lineament, the
inferred dike swarm, and the rift formed coevally, then likely the mafic magmas intruded frac-
tures that formed or reopened with an extensional component of movement. Thus, the forma-
tion of the source of the Commerce geophysical lineament may have involved at least a
component of normal faulting. This reasoning indicates that the paleoseismological sites in
the Western Lowlands may lie near one of the northwesternmost normal or normal-oblique
faults of the rift, even if the sites lie outside the main part of the step-faulted rift margin.

Paleoliquefaction sites 1, 2, 6, and 7 of Vaughn (1994 #3924) surround Dudley ridge. Two
high-resolution seismic-reflection profiles across the western slope of the ridge are interpreted
as showing three faults that extend from Paleozoic and Cretaceous bedrock upward into
Quaternary sediments (Shoemaker and others, 1997 #3920; Shoemaker and others, 1998
#3955). Another high-resolution reflection profile across the Commerce geophysical linea-
ment approximately 30 km southwest of Dudley ridge shows about 20 m of dip separation on
a reflector within the Quaternary sequence (Stephenson and others, 1999 #3954). Thus, the
profile interpretations support the liquefaction evidence (see "Paleoseismological studies") of
Quaternary faulting.

Vaughn (1991 #3922) and Boyd and Schumm (1995 #3916) identified several geomorphic
anomalies, including diverted rivers, in the Western Lowlands, and speculated about possible
Quaternary tectonism. However, any such tectonism need not occur coseismically, or even
involve faulting. Accordingly, this assessment of the Western Lowlands focuses on paleoseis-
mological evidence for prehistoric earthquakes.

Sense of movement Not reported

Comments: The prehistoric earthquakes are known only from locations and age estimates of
liquefaction. No surface ruptures are known from the earthquakes.

Dip Not reported

Comments: The causative fault or faults remain unidentified and uncharacterized.
Dip direction Not reported

Geomorphic expression The liquefaction features generally lack geomorphic expression, being
exposed in walls of excavations and cut banks. Some sand blows are exposed at ground level
(Vaughn, 1994 #3924; Tuttle, 1999 #3921).

Age of faulted deposits late Wisconsinan (Saucier and Snead, 1991 #2021)

Paleoseismological studies The main reports on liquefaction features in the Western Lowlands
are those of Vaughn (1994 #3924), Tuttle and others (1998 #3817), and Tuttle (1999 #3921).
Vaughn (1994 #3924) summarized results from 12 sites. Four of the sites are east of
Crowleys Ridge in the Eastern Lowlands and will not be considered further here. Of the eight
sites in the Western Lowlands, all contained liquefaction features attributed to prehistoric
earthquakes. However, dateable materials were recovered only at sites 1 (Dudley Main Ditch,
site DM-1 of Wheeler and Rhea, 1994 #754; site V1 of Tuttle, 1999 #3921), 2 (Mingo Ditch,
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site MD-1 of Wheeler and Rhea, 1994 #754; site V2 of Tuttle, 1999 #3921), 3 (Wilhelmina
Cutoff of the St. Francis River, site SF-2 of Wheeler and Rhea, 1994 #754; site V3 of Tuttle,
1999 #3921), and 6 (Dudley Main Ditch). These four sites yielded evidence of at least four
prehistoric events (individual earthquakes or sequences of earthquakes). Vaughn (1994
#3924) suggested that a small surficial sand blow at site 3 may have formed during the 1811-
12 New Madrid earthquakes. The sites are within 27 km of each other (Vaughn, 1994 #3924,
fig. 2).

The first two events are best represented by crosscutting dikes at site 1. A dike of event 1 fed
a crater and a sand blow. Three dikes of event 2 cut the older dike, crater, and sand blow.
Both events are bracketed by dates of 22,750 radiocarbon yr B.P., from wood 35 cm below the
event 1 sand blow, and of 3,570 yr B.P., from wood at the base of a paleochannel that post-
dates both events. Elsewhere at site 1, a late Wisconsinan channel deposit contained a bone
dated at 12,570 yr B.P. The channel deposit is cut by a dike, which is itself cut by a younger
dike. The younger dike is truncated by a second, late Holocene channel deposit with wood at
its base that yielded a date of 590 yr B.P. Therefore, the two dikes represent two liquefaction
episodes between 12,570 yr B.P. and 590 yr B.P. These episodes might or might not corre-
spond to events 1 and 2. At site 6, deformed beds beneath a sand blow contain wood and
bone; the bone gave a date of 17,990+150 yr B.P. Vaughn (1994 #3924) assumed that the
sand blow was coeval with event 1. Thus, events 1 and 2 are younger than 22,750 yr B.P.
Note that, depending on the validity of the correlations elsewhere in site 1 and to site 6, both
events may be younger than 17,990 yr B.P. Alternatively, the dikes elsewhere in site 1 might
have formed in unrecognized events between events 2 and 3. Regardless, events 1 and 2
occurred before 3,570 yr B.P.

Dikes and buried sand blows at site 2 were attributed to event 2. A carbonaceous silt 58-62
cm below a sand blow was dated at 13,430+£170 yr B.P. Early Archaic archeological artifacts
are on the terrace surface that overlies the sand blow, indicating that the event predated 9,000-
10,000 yr B.P. (Vaughn, 1994 #3924).

Events 3 and 4 are known only from site 3 (Vaughn, 1994 #3924). Two surficial sand blows
about 100 m apart bury dated soils, and Vaughn (1994 #3924) suggested that the ages of the
soils approximate the ages of the events. Organic material in the soil horizon immediately
beneath the larger sand blow was dated as 1660+70 and 1110465 yr. B.P., which give cali-
brated ages of A.D. 240-560 and 770-1020, respectively (Vaughn and others, 1993 #3923;
Vaughn, 1994 #3924). Thus, event 3 was estimated to have occurred during A.D. 240-1020.
Similarly, organic material from the soil horizon immediately beneath the smaller sand blow
was dated as A.D. 1440-1540 (calibrated), which is the estimated age of event 4.

Tuttle and others (1998 #3817), and Tuttle (1999 #3921) sought to define the ages and size
distribution of liquefaction features in and near the New Madrid seismic zone, including the
Western Lowlands. She summarized results from 116 liquefaction and archeological sites, of
which 25 are in the Western Lowlands. Of these 25 sites, 15 contained prehistoric liquefac-
tion features attributed to earthquakes. Most of the features are sand dikes. Only three sand
blows were found and two of these were dated at Current River 8 and at Current River 2 of
Tuttle (1999 #3921). Current River 8 is at or near site 4 of Vaughn (1994 #3924), and Current
River 2 is newly discovered.
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At the Current River 2 site, a sand blow buried a cypress knee. Later, a tree root, now burned,
penetrated a paleosol above the sand blow. Calibrated dates on the cypress knee and the
burned root constrained the sand blow to have formed during A.D. 1310-1450 (Tuttle, 1999
#3921).

The Current River 8 site records two to four liquefaction episodes (Tuttle, 1999 #3921). Sand
dikes and a sand blow (episode 1) were intruded by later sand sills (episode II). Other sills
were intruded (episode III) into sediment that had been deposited on top of the sand blow.
The sills of episode III were themselves cut by younger dikes (episode IV). No structural or
stratigraphic evidence precludes episodes II-IV from having formed during the same earth-
quake or earthquake sequence. The only age control is from wood found 15 cm below the
episode I sand blow. The wood yielded a calibrated date of 3490-3470 B.C. and 3380-3090
B.C. Thus, episodes I-IV postdate 3490 B.C. (Tuttle, 1999 #3921).

Tuttle (1999 #3921) combined her results with those of several other paleoliquefaction
studies, including that of Vaughn (1994 #3924), to deduce the occurrence of very large to
great earthquakes or earthquake sequences in the New Madrid seismic zone in A.D. 900+£100
yr, A.D. 1530+130 yr, and, of course, 1811-12. Additional liquefaction events occurred
before A.D. 900, but their ages and geographic distributions remain poorly constrained.
Because no sand blows were found in the area that could be attributed to the 1811-12 New
Madrid earthquakes, Tuttle (1999 #3921) suggested that the sand blow at Current River 2,
which formed in A.D. 1380+70 yr, may be too large to have been caused by an earthquake in
the New Madrid seismic zone 80 km or more distant. Instead, Tuttle (1999 #3921) suggested
that the sand blow may be related to a separate source in the Western Lowlands. Earlier,
Vaughn (1994 #3924) had attributed his event 2 to a possible source in a different part of the
Western Lowlands. The two to four liquefaction episodes at Current River 8 (site V4 of
Vaughn, 1994 #3924) are known only to postdate 3490 B.C. One or more of liquefaction
episodes II-IV at Current River 8 might have been coeval with the single episode at Current
River 2 (Tuttle, 1999 #3921). Events 3 and 4 at site 3 of Vaughn (1994 #3924; site V3 of
Tuttle, 1999 #3921) are attributed to the A.D. 900+100 yr and A.D. 1530£130 yr earthquakes
or earthquake sequences in the New Madrid seismic zone (Tuttle, 1999 #3921, figure 47).
The zone is only approximately 50 km away from site 3, at which Vaughn (1994 #3924) sug-
gested that a smaller surficial sand blow may be attributed to the 1811-12 New Madrid earth-
quakes.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: Probably A.D. 1380+70 yr (Tuttle, 1999 #3921) (see "Paleoseismological
studies").

Recurrence interval Not reported

Comments: Vaughn (1994 #3924) attributed his event 2 to a possible source in the Western
Lowlands between 22,750 yr BP and 3,570 yr BP. Tuttle (1999 #3921) also attributed a lique-
faction event at A.D. 1380+70 yr to a Western Lowlands source. However, the two events
were recognized at sites approximately 70 km apart, and are poorly characterized as to the
geographic distributions of coeval liquefaction features. Accordingly, neither potential source
is known to have had more than one earthquake, so no recurrence interval can be calculated.
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Slip-rate category unknown
Comments: No causal fault, surface rupture, or dated fault offset is known.
Length Not applicable

Comments: No causal fault is known. The only paleoseismological expression of faulting is
prehistoric liquefaction features of poorly constrained and widely different ages at widely sep-
arated sites.

Average strike Not applicable

Comments: No causal fault is known. The only paleoseismological expression of faulting is
prehistoric liquefaction features of poorly constrained and widely different ages at widely sep-
arated sites.
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1030, St. Louis-Cape Girardeau liquefaction features (class A)
Structure Number 1030

Structure Name St. Louis-Cape Girardeau liquefaction features (class A)

Comments: Tuttle and others (1999 #3904) examined sand blows, sand dikes, and sand sills
that were found during systematic searches of streams in southeastern Missouri and south-
western Illinois. The search extended approximately 50 to 90 km west and east of the
Mississippi River, between the St. Louis area on the northwest and the Cape Girardeau area
on the southeast. The study area is named here informally after these two cities.

Synopsis: Correlation and dating of the liquefaction features remain uncertain. The present
interpretation involves an earthquake of moment magnitude M > 6, and perhaps exceeding 7,
occurring approximately 6,500 years ago, roughly 60 km east of St. Louis. The smaller the
earthquake east of St. Louis, the more likely it is that another earthquake of M > 5.2 occurred
in or very near St. Louis. A second earthquake caused strong ground shaking in the area
during the past 4,000 years.

Date of compilation 01/28/00; revised 04/26/00
Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Missouri; Illinois

County Bollinger, Cape Girardeau, Franklin, Jefferson, Perry, St. Francois, St. Louis, Ste.
Genevieve, Washington, Wayne (Missouri); Clinton, Jackson, Johnson, Madison, Massac,
Monroe, Pulaski, Randolph, St. Clair, Washington (Illinois)

1° x 2° sheet St. Louis, Paducah, Belleville, Rolla
Province Central Lowland, Ozark Plateaus, Interior Low Plateaus, Coastal Plain
Reliability of location Poor

Comments: The liquefaction was recognized as the type that is caused by strong ground
motion (Obermeier, 1996 #2256), and the strong motions are presumed to have been caused
by slip on one or more preexisting faults. However, the causative faults have not been identi-
fied and the locations and sizes of the liquefaction features studied to date provide poor con-
straints on the sources of the shaking.

Geologic setting The study area straddles the Mississippi River and the western edge of the
Illinois basin, spanning approximately 37°-39° N. Immediately southeast of the study area is
the New Madrid seismic zone. Regionally, bedrock consists of Paleozoic strata that dip north-
eastward from the Ozark uplift toward the center of the Illinois basin. Historical earthquakes
are scattered throughout the study area. The earthquakes are part of the broad, diffuse halo of
scattered seismicity that surrounds the New Madrid seismic zone. Numerous large faults,
monoclines, and other folds of Paleozoic age are known throughout the region, and most
involved the basement.

Sense of movement Not reported

Comments: The prehistoric earthquakes are known only from locations and age estimates of
liquefaction. No surface ruptures or other deformation are known from the earthquakes.
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Dip Not reported
Comments: The causative fault or faults remain unidentified and uncharacterized.
Dip direction Not reported

Geomorphic expression None. Sand blows, dikes, and sills are exposed in cut banks of
streams. Among the recognized liquefaction features, sand dikes are far more numerous than
sills or sand blows.

Age of faulted deposits The liquefaction features are in late Wisconsinan and Holocene
deposits (Tuttle and others, 1999 #3904; McNulty and Obermeier, 1999 #3906).

Paleoseismological studies Two coeval, multiple-year studies covered areas that overlap in
west-central Illinois. (1) Tuttle and others (1996 #3956; 1998 #3957; 1999 #3904) searched
for liquefaction features along 447 km of stream cutbanks in southeastern Missouri and south-
western Illinois, within approximately 50 to 90 km east and west of the Mississippi River.
The search area was chosen to include several large faults and anticlines that are near clusters
of epicenters; however, no faults were found to cut Quaternary strata. In addition, Tuttle and
others (1999 #3904) documented 308 sites having liquefaction and soft-sediment structures
and dateable materials. They found possible or confirmed liquefaction features (sand dikes,
blows, or sills) at 48 sites, and soft-sediment structures of less certain origin (folds, small
faults, sand diapirs, load structures, slumps, and the like) at some of these sites as well as at
another 24 sites. Geotechnical data from 51 boreholes at 15 locations near liquefaction fea-
tures allowed estimation of the magnitudes and distances of earthquakes that could have pro-
duced the observed liquefaction features. (2) McNulty and Obermeier (1997 #3900; 1997
#3901; 1999 #3906) reported results from 21 sites, some of which were also documented by
Tuttle and others (1999 #3904). The 21 sites had been found during extensive surveys of the
region that is immediately to the east of, and overlapped by, the study area of Tuttle and
others (1999 #3904) (Obermeier, 1996 #3903; Munson and others, 1997 #2839; McNulty and
Obermeier, 1997 #3900; 1997 #3901; Obermeier, 1998 #3902; McNulty and Obermeier, 1999
#3906).

Tuttle and others (1999 #3904) suggested three alternative scenarios that could explain the
results: (1) an earthquake of moment magnitude M > 7 with an epicentral area 50-60 km east
of St. Louis, near Germantown, Illinois; (2) an earthquake of M > 7.5 with an epicentral area
35 km farther east near Centralia, Illinois, perhaps on the Centralia fault-Du Quoin mono-
cline; or (3) three separate earthquakes, an M > 6 near Germantown (McNulty and
Obermeier, 1997 #3900; 1997 #3901; 1999 #3906), an M > 5.2 near St. Louis, and an M >
7.5 near New Madrid, Missouri. The absence of dikes in liquefiable deposits of suitable age
near Centralia argues against scenario (2) (McNulty and Obermeier, 1999 #3906). Consistent
with scenario (1), McNulty and Obermeier (1999 #3906) estimated that the earthquake near
Germantown was at least as large as M 6.5, based on the greatest distance to observed lique-
faction features. Under scenarios (1) and (2), other liquefaction features that formed during
the last 4,000 years might have been caused by one or more of the very large earthquakes that
other studies have shown occurred in the New Madrid seismic zone in approximately A.D.
900 +/- 100 yr and A.D. 1530 +/- 140 yr, and during the winter of 1811-1812 (see review in
Tuttle and others, 1999, p. 1-5).
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Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: Timing remains uncertain, and depends on how liquefaction features are corre-
lated. Resolution of the uncertainty requires more study, dates, and geotechnical work (Tuttle
and others, 1999 #3904; McNulty and Obermeier, 1999 #3906). See "Paleoseismological

studies."
Recurrence interval Not reported

Comments: The number, location, and size of prehistoric earthquakes in the study area
remain uncertain, and depend on uncertain correlation of liquefaction features. See "Paleo-
seismological studies."

Slip-rate category unknown; probably <0.2 mm/yr

Comments: No dated fault offset is known, so no slip rate can be calculated. Nonetheless,
the plotting program that makes maps of the active faults in this compilation requires an esti-
mation of the slip rate, so the slowest was chosen for this reason alone. This rate has no other
meaning and should not be used for hazard estimates.

Length (km) Not applicable

Comments: Individual Quaternary faults have not been identified. Instead, prehistoric lique-
faction features are recognized over a large area and attributed to several earthquakes that
occurred on unidentified faults.

Average strike (azimuth) Not applicable

Comments: Individual Quaternary faults have not been identified. Instead, prehistoric lique-
faction features are recognized over a large area and attributed to several earthquakes that
occurred on unidentified faults.
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2330, Cheraw fault (Class A)
Structure Number 2330
Structure Name Cheraw fault (Class A)

Comments: The Cheraw fault was first recognized during regional geologic mapping in the
late 1960's and 1970's (Sharps, 1976 #2741). Kirkham and Rogers (1981 #792) formally
named the fault for the small town of Cheraw, Colorado, which is located about 10 km south
of the scarp.

Synopsis: The Cheraw fault was originally mapped in the 1970's as part of a regional mapping
program (1:250,000 scale) and was considered as a possible source of earthquakes. No
detailed studies of the fault were conducted during the next two decades. In 1994 a trench
was excavated across the scarp and exposed a record of late Quaternary surface ruptures.
Thus the trenching confirmed the fault as a potential source of future strong earthquakes.
This documentation establishes the Cheraw fault as only the second confirmed (after the
Meers fault, Oklahoma) late Quaternary fault east of the Rocky Mountains in the U.S.

Date of compilation 10/31/97

Compiler and affiliation Anthony J. Crone, U.S. Geological Survey
State Colorado

County Crowley, Kiowa, Otero

1° x 2° sheet: Lamar

Province Great Plains

Quality of location Good

Comments: Trace from 1:24,000-scale mapping, transferred to 1:250,000-scale base. Along
much of its trace, the fault is conspicuous because of its down-to-the-northwest sense of throw
that opposes the southeasterly regional slope. This sense of motion results in overland flow
forming local ponds against the scarp and enhancing vegetation adjacent to the scarp (the
region has a semi-arid climate, and vegetation is sparse). The increase in the density of vege-
tation along the scarp makes it a distinctive feature that is relatively easy to map on aerial
photographs. For this reason, the reliability of the fault's location is considered to be good.

Scale of digital trace 1:250,000-scale

Geologic setting The Cheraw fault is located on the High Plains of southeastern Colorado,
about 100 km east of the city of Pueblo, Colorado, and about 140 km east of the range front
of the Rocky Mountains (Crone and others, 1997 #2680). Structurally, the fault is located
above the west-northwesterly sloping basement surface between the north-trending Las Ani-
mas arch to the east and the Denver basin to the northwest (Curtis, 1988 #2682); accordingly,
the fault lies on the western side of the arch and along the southeastern margin of the basin.
The down-to-the northwest sense of motion that occurred during late Quaternary faulting
events has the same vertical sense as the tectonic relief on the Precambrian crystalline rocks.

The Las Animas arch is a prominent, but relatively low-relief, 300-km-long, positive structural
element in southeastern Colorado. The crest of the arch is approximately 20-40 km east of
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the fault. Minor uplift probably occurred along the arch in late Paleozoic time, but most of
the present structural relief formed in Laramide time when the gentle westward slope on the
western side of the arch developed as a result of downwarping of the Denver basin (Curtis,
1988 #2682). As the basin subsided, Cretaceous rocks were tilted westward from their orig-
inal eastward-sloping depositional gradient.

There is little evidence that throw on the fault has substantially offset the bedrock (only tens
of meters are demonstrable), thus the fault does not appear to have a long history of recurrent
movement. For example, the cumulative throw on the fault is less than the thickness of the
Smoky Hill Shale Member (150215 m thick in the area) because neither the Fort Hays
Limestone Member nor the Pierre Shale (all Upper Cretaceous), which are stratigraphically
below and above the Smoky Hill Shale Member, respectively, are exposed along the fault.

As part of his regional mapping, Sharps (1976 #2741) drew a structure-contour map on the
top of the Lower Cretaceous Dakota Sandstone. The subsurface control for the structure con-
tours is sparse, and the elevation control suggests that the contours could contain a significant
amount of uncertainty. Nevertheless, a direct interpretation of the contours indicates an esti-
mated 6-8 m of down-to-the-northwest throw on the fault, with is comparable with the
amount of throw on early Quaternary alluvial deposits. The Cheraw fault disrupts the gradual
westward gradient of Cretaceous rocks that rise up onto the arch; immediately east of the
fault, these rocks have a gradient of about 5 m/km, and west of the fault they have a gradient
of about 8 m/km. Even if the cumulative offset of Cretaceous rocks is four or five times
greater than the estimated 6-8 m, the average Neogene slip rate on the fault is very low, and
the fault could not have a long history of movement at rates comparable to the latest
Pleistocene rate.

Sense of movement Normal

Comments: The sense of motion on the fault is not well known, but is inferred to be a down-
to-the-northwest motion on a normal fault based on the attitude of the faults exposed in the
trench across the scarp (Crone and others, 1997 #2680).

Dip 66°

Comments: Dip measurement is based on the average dip of the main fault as mapped by
Crone and others (1997 #2680) the trench across the fault. This 3-4 m deep trench provided
the only known exposure of the fault.

Main dip direction NW

Comments: Dip direction and attitude are based on the fault exposed in trench of Crone and
others (1997 #2680).

Geomorphic expression In his regional mapping, Sharps (1976 #2741) showed the fault as
approximately located where it crosses the Upper Cretaceous Smoky Hill Shale member of
the Niobrara Formation, and showed it as inferred or concealed where it crosses lower
Pleistocene Rocky Flats Alluvium and middle (?) Pleistocene Verdos Alluvium. Locally, the
fault forms a rounded but distinct scarp on lower Pleistocene Rocky Flats Alluvium; this scarp
vertically offsets the alluvium about 7-8 m (Crone and Machette, 1995 #2679).

At the trench site of Crone and others (1997 #2680), the scarp is 3.6 m high and has a max-
imum slope angle of 11°. Based on fault-scarp morphology studies in the nearby Basin and
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Range Province of the Western U.S., a fault scarp of this size having this morphology would
be inferred to be considerably older than the Holocene age indicated by the trenching studies.
However, comparing the scarp on the Cheraw fault with Basin and Range fault scarps is com-
plicated by the fact that the Cheraw scarp is the product of multiple surface-faulting events,
whereas Basin and Range scarp-morphology studies focus on features formed during single
rupture events. In addition, eolian deposition and ponded alluvium has partially buried the
hanging wall of the Cheraw scarp fault, both of which contribute to the scarp's subdued mor-
phology. The net result is that, morphologically, the scarp appears to be an older feature than
was documented by the trenching study.

Age of faulted deposits at the surface Lower Pleistocene (Rocky Flats Alluvium), middle (?)
Pleistocene Verdos Alluvium, locally unnamed latest Pleistocene loess and alluvium, and
Holocene colluvium.

Paleoseismological studies The only detailed paleoseismologic study of the fault conducted to
date is that reported by Crone and others (1997 #2680). In that study, they excavated a 110-
m-long trench across a 3.6-m-high scarp and reported evidence of two latest Pleistocene
faulting events and an early Holocene event. The timing of these events was constrained by
one radiocarbon age on charcoal fragments, four radiocarbon ages on soil organic concen-
trates, and nine thermoluminescence age estimates. The trench exposed Cretaceous Smoky
Hill Shale bedrock in the footwall of the fault, but only exposed a mixture of scarp-derived
colluvium and paludal deposits on the hanging wall side. Within the colluvial sequence, there
is clear evidence of three events.

Timing of most prehistoric faulting: latest Quaternary (<15 ka)

Comments: The age of the most recent event is relatively well constrained by radiocarbon and
TL age estimates (Crone and others, 1997 #2680), although these estimates only provide a
maximum limit on the timing of the events. Detrital charcoal fragments deposited within a
faulted A-horizon (soil) have a calibrated AMS radiocarbon age of 8.4 ka. Based on the prox-
imity of these charcoal fragments to the paleo-ground surface, Crone and others (1997 #2680)
argue that the most recent event has an age of about 8 ka (early Holocene).

Recurrence interval 8 k.y.

Comments: The average recurrence interval is about 8§ ka in the past about 25 ka with a range
of 4-12 ka between individual events. Crone and others (1997 #2680) estimated that surface-
rupturing events on the fault occurred at about 8 ka, 12 ka, and 20-25 ka based on their
trenching study. They also speculated that events older than about 25 k.y. must have occurred
before about 100 ka because of the time needed to incise, widen, and backfill the paleo-stream
channel that is now filled with latest Pleistocene deposits. The latest Pleistocene deposits at
the trench site was deposited in a low-gradient paleo-stream channel that was cut into
Cretaceous shale. The length of time required to erode this wide channel down through older
Pleistocene alluvial deposits and into the bedrock is thought to be on the order of 100,000
years or longer. The cumulative vertical offset on the Cretaceous shale is 3.2-4.1 m, which is
the total offset from the three late Quaternary events. Thus the evidence suggests that during

the past 100,000 years or longer, the only surface-faulting events have occurred in the past
25,000 years.
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The frequency of surface-faulting earthquakes that occurred in the past about 25 ky could not
have been sustained throughout all of the Pleistocene because, if this frequency had been sus-
tained, then a scarp on the Rocky Flats Alluvium (estimated age of about 1.2 Ma) would have
to be more than 100 m high. However, the Rocky Flats Alluvium is only offset about 7 to 8
m by the fault.

Based on this apparent temporal pattern, Crone and others speculated that the fault's long-
term behavior is characterized by temporal clustering of earthquakes, in which relatively short
time intervals of activity (e.g., 15-20 k.y.) are separated by long intervals of quiescence (e.g.,
100 k.y.). If correct, this pattern of temporal clustering makes it difficult to assign a realistic
recurrence interval for the fault. The suggested 8 ka average recurrence interval is based
solely on the estimated timing of the latest Pleistocene and Holocene events documented in
the trenching study. This recurrence interval may only apply to periods of time when the fault
is in an active phase; during a quiescent phase, surface-faulting earthquakes may not occur for
hundreds of thousands of years.

Slip-rate category unknown; probably <0.2 mm/yr

Comments: The latest Pleistocene to Holocene slip rate on the Cheraw fault is much less than
I mm/yr. A rigorous calculation of latest Pleistocene to Holocene slip rates yields values of
0.23-0.09 mm/yr based on the data of Crone and others (1997 #2680). During the time
interval between 20-25 ka and 8 ka, two surface-faulting events occurred. The cumulative
vertical offset of these two events ranges between 1.6 m and 2.7 m. A maximum latest
Pleistocene slip rate would be based on the shortest time interval between these events (20 ka
to 8 ka) and the maximum vertical offset in that time interval (2.7 m); this yields a slip rate of
0.225 mm/yr. Similarly, a minimum latest Pleistocene slip rate would be calculated by taking
the longest time interval between events (25 ka and 8 ka) and the minimum vertical offset
during that time interval (1.6 m); this yields a slip rat of 0.094 mm/yr. These slip-rate values
apply to periods of time when the fault is in an active phase.

More simplistic calculations (but not rigorously correct) of a latest Pleistocene-Holocene slip
rate are between 0.14-0.18 mm/yr. These rough slip rates are determined by dividing the
amount of offset (3.6 m) on the oldest faulted deposits by the age of the deposits (20-25 ka);
these resulting slip rates are similar to the more rigorous values described above.

The long-term slip rate on the Cheraw fault would be extremely low if one were to include
the effect of quiescent phases of activity. The best estimate of a long-term slip rate is <0.007
mm/yr based on a cumulative offset of about 8 m on the 1.2 Ma Rocky Flats Alluvium.
However, because of the apparent temporal clustering of events, one might question whether
using a single slip-rate value is an appropriate way to characterize the rate of movement on
this fault.

Length End to end (km): 44.27
Cumulative trace (km): 45.39

Comments: The length of the fault is about 44 km based on mapping by Sharps (1976
#2741).

Average strike +45.6°
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2651, Newbury liquefaction features (Class A)
Structure Number 2651
Structure Name Newbury liquefaction features (Class A)

Synopsis: The evidence for Quaternary faulting at this locale in northeastern Massachusetts
consists of (1) eyewitness reports of liquefaction during an earthquake of MMI VII ( moment
magnitude M 4.8) in 1727, (2) sand dikes found in trenches and attributed to the 1727 earth-
quake, and (3) mid- to late Holocene sand dikes and a sand sill that are cut by the 1727 dikes.
The causative fault remains unidentified.

Date of compilation 04/10/98; revised 01/28/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey; Martitia P. Tuttle,
University of Maryland

State Massachusetts
County Essex

1° x 2° sheet Boston
Province New England
Reliability of location Poor

Comments: The liquefaction was recognized as the type that is caused by strong ground
motion (Tuttle and Seeber, 1991 #1911), and the strong ground motion is presumed to have
been caused by slip on a preexisting fault (for example Hamilton, 1981 #2035). However,
despite the presence of large, mapped faults in the vicinity (Tuttle and Seeber, 1991 #1911),
the fault responsible for the liquefaction remains unidentified.

Geologic setting The study site in northeasternmost coastal Massachusetts is within the area in
which liquefaction occurred during an earthquake of MMI VII in 1727 (Tuttle and others,
1987 #2061). Johnston (1994 #2042) estimated the moment magnitude as M 4.8. This part of
New England has been seismically active during and since colonial times (Ebel and Kafka,
1991 #2008). The area is underlain by Paleozoic and Precambrian metamorphic and igneous
rocks that were folded and juxtaposed by slip on numerous mapped faults during the
assembly of the northern Appalachians (Zen and others, 1983 #1960). However, the locations
of both earthquakes and faults at depth have large uncertainties. Thus, to date no New
England earthquakes have been convincingly associated with known faults.

Sense of movement Not reported

Comments: The 1727 earthquake is known only from reports of shaking and of liquefaction.
No other deformation is known from this or any older earthquake at the site.

Dip Not reported
Comments: The causative fault remains unidentified and uncharacterized.
Dip direction Not reported

Geomorphic expression The geomorphic expression is chiefly liquefaction features: sandblows
at the surface and sand dikes in excavations (Tuttle and Seeber, 1991 #1911). In addition, two
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new springs formed in 1727, and localized elevation of marshland at the same time might
have been caused by a lateral spread (Tuttle and others, 1987 #2061).

Age of faulted deposits The location of the fault is unknown. The area is underlain by Late
Pleistocene, glaciomarine deposits: clay at the surface is underlain by sand and then bedrock
(Tuttle and others, 1987 #2061). The sand is very susceptible to liquefaction. Tuttle and
Seeber (1991 #1911) presumed the sand to be the source of the sand dikes.

Paleoseismological studies The only paleoseismological study is that of Tuttle and Seeber
(1991 #1911). During reconnaissance of sand and gravel pits and other excavations in Late
Pleistocene glacial deposits in northeastern Massachusetts and southeastern New Hampshire,
Tuttle and Seeber (1991 #1911) found abundant soft-sediment deformation features. None of
the features could be attributed solely to earthquakes. However, accounts of the 1727 earth-
quake described several areas of ground failure typical of earthquake-induced liquefaction.
Tuttle and Seeber (1991 #1911) relocated these areas by studying family genealogies, transfer
of property through wills and deeds, and old maps. They then excavated trenches at these
sites. In one or more trenches at a single site, they observed that dikes of white, very fine-
grained sand cut the Late Pleistocene, glaciomarine clay and a sandy soil B horizon. The
glaciomarine clay also contains reddish, medium-grained sand domains that Tuttle and Seeber
(1991 #1911) suggested are remnants of dikes older than those of the white, fine-grained
sand. At a second site 5 km away, the sandy B horizon contains a basal layer of gray, silty,
virtually unweathered sand, which Tuttle and Seeber (1991 #1911) interpreted as a sill
emplaced beneath possibly frozen ground. Some dikes appear to feed the sill, whereas other
dikes cut across it. Tuttle and Seeber (1991 #1911) took the sill and the dikes that cut it as
evidence of two episodes of liquefaction. Tuttle and Seeber (1991 #1911) suggested that the
younger liquefaction episode was caused by the 1727 earthquake. A separate reconnaissance
of riverbank and marsh outcrops in northeastern Massachusetts and nearby New Hampshire
found no evidence of liquefaction in salt marsh deposits that are 1500-3000 years old and
underlain by highly liquefiable sands (Gelinas and others, 1993 #1826).

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: Accelerator mass spectrometric (AMS) dates on wood samples that are strati-
graphically related to the sand dikes constrain both liquefaction episodes to between 110 and
4,430 yr B.P.

Recurrence interval 4 k.y. (4,430yr B.P. — 1727 A.D.)

Comments: From the AMS dates, Tuttle and Seeber (1991 #1911) suggested a maximum
recurrence interval of approximately 4,000 years for earthquakes large enough to cause lique-
faction in the study area.

Slip-rate category Unknown

Comments: No dated fault offset is known, so no slip rate can be calculated.

Length Not applicable

Comments: The causative fault or faults are unknown. The only evidence of prehistoric
faulting is sand dikes at two sites 5 km apart.
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Average strike Not applicable

Comments: The causative fault or faults are unknown. The only evidence of prehistoric
faulting is sand dikes at two sites 5 km apart.
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2653, Central Virginia seismic zone (Class A)
Structure Number 2653
Structure Name Central Virginia seismic zone (Class A)

Comments: The Central Virginia seismic zone was named by Bollinger (1973 #1797; 1973
#1798). It is a roughly circular area with a diameter of 120-150 km, with a low level of dif-
fuse seismicity, three-quarters of which is in the upper 11 km of the crust (1985 #1801).

Synopsis: The geologic evidence for Quaternary faulting in the Central Virginia seismic zone
consists of one site with a few, small, latest Holocene sand dikes, and a second site several
tens of kilometers away with a few, small, possible dikes of early Holocene or lesser age
(Obermeier and McNulty, 1998 #1872). The causative faults remain unidentified.

Date of compilation 05/21/98; revised 9/11/98
Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Virginia

County Amelia; Buckingham; Caroline; Chesterfield; Cumberland; Fluvanna; Goochland;
Hanover; Henrico; Louisa; Orange; Powhatan; Richmond; Spotsylvania

1° x 2° sheet Richmond; Roanoke; Washington; Charlottesville
Physiographic province Piedmont
Reliability of location Poor

Comments: The largest historical earthquake in the zone occurred in 1875 near the center of
the zone (Oaks and Bollinger, 1986 #2216). Intensity was MMI VII and magnitude was m,

5.0 and M 4.8 (Bollinger and Hopper, 1971 #1799; Bollinger and Sibol, 1985 #1801,
Johnston, 1994 #2042). No surface rupture or liquefaction is reported. Similarly, no prehis-
toric surface rupture is known in the seismic zone, and the only reported paleoliquefaction
features are those few described below under "Paleoseismological studies". Hypocenters of
microearthquakes plot within an upper crustal complex of thrust sheets (Coruh and others,
1988 #1807), but the locational uncertainties of both the hypocenters and the individual thrust
faults are typically a few kilometers. Therefore, hypocenters and faults cannot be convincingly
associated with each other. The result is that the individual seismogenic faults in the Central
Virginia seismic zone remain unidentified.

Geologic setting The Central Virginia seismic zone is underlain by Precambrian and Paleozoic
metamorphic and igneous rocks that were folded, juxtaposed, and superimposed by numerous
nappes and thrust faults, mostly southeast-dipping, during the assembly of the Appalachians
(for example Glover and others, 1983 #1827; Glover and others, 1989 #2034; Hatcher and
others, 1989 #2036).

Sense of movement Not reported

Comments: Single-earthquake focal mechanisms from the seismic zone are variously oriented
and show reverse and strike-slip faulting (Munsey and Bollinger, 1985 #1867; Davison, 1988
#2027). However, the associated hypocenters are scattered geographically, and no surface rup-
tures are known, so no systematic sense of movement is known.
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Dip Not reported

Comments: The causative faults remain unidentified and uncharacterized. However, single-
earthquake focal mechanisms have nodal planes with generally steep dips, averaging
61°(Bollinger, 1987 #2196).

Dip direction Not reported

Geomorphic expression There is no geomorphic expression of the seismic zone beyond the
few, small sand dikes described in "Paleoseismological studies" below.

Age of faulted deposits No Quaternary fault is known.

Paleoseismological studies Obermeier and McNulty (1998 #1872) examined cutbanks along
more than 300 km of many streams throughout the seismic zone, searching for geologic evi-
dence of paleoliquefaction. The geologic record that should have recorded any paleoliquefac-
tion extends back 2,000-3,000 years throughout the seismic zone, and at least 5,000 years in
the east. One site has a few small clastic dikes that formed within the last few centuries. A
second site tens of kilometers away has a few small, severely weathered, probable dikes that
might have formed as long ago as early Holocene. From the close spacing of the searched
streams and the paucity of observed dikes, Obermeier and McNulty (1998 #1872) concluded
that (1) the seismic zone has not had an earthquake of magnitude larger than approximately 7
for the last 2,000-3,000 years, and for the last 5,000 years in the east, and (2) the geologic
records of one or a few earthquakes of magnitudes 6-7 might be concealed between streams
or between cutbanks, but such earthquakes could not have been abundant in the seismic zone.

Timing of most recent paleoevent latest Quaternary (<15 ka)
Comments: One and perhaps two sites contain clastic dikes of Holocene age.
Recurrence interval Not reported

Comments: Two exposures each contain a few small dikes (Obermeier and McNulty, 1998
#1872). Radiocarbon data and lack of severe weathering indicate that the dikes in one expo-
sure are a few centuries old. Severity of weathering indicates that the dikes in the other expo-
sure could be as old as early Holocene. However, the two exposures are several tens of
kilometers apart across the regional structural grain, so they are unlikely to record earthquakes
on the same fault. Accordingly, no recurrence interval for an individual Quaternary fault can
be calculated.

Slip-rate category unknown
Comments: No dated offset is known, so no slip rate can be calculated.
Length Not applicable

Comments: The causal fault or faults are unknown. The evidence for prehistoric faulting con-
sists of sand dikes at two sites tens of kilometers apart.

Average strike (azimuth) Not applicable

Comments: The causal fault or faults are unknown. The evidence for prehistoric faulting con-
sists of sand dikes at two sites tens of kilometers apart.
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2657, Charleston liquefaction features (Class A)
Structure Number 2657
Structure Name Charleston liquefaction features (Class A)

Synopsis The evidence for Quaternary faulting at this locale in central coastal South Carolina
consists of (1) eyewitness reports of widespread liquefaction during an earthquake in 1886 of
moment magnitude M 7.3 and intensity MMI X (Bollinger, 1977 #1966; Johnston, 1996
#1842), (2) middle to late Holocene craters, sand blows, and sand fissures produced by large,
prehistoric earthquakes, and (3) the recognition that the liquefaction and paleoliquefaction
features are attributable to strong shaking caused by seismic faulting (Obermeier and others,
1987 #2050; Obermeier, 1996 #2256).

Date of compilation 08/05/98; revised 12/15/98

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State South Carolina

County Charleston; Dorchester; Berkeley

1° x 2° sheet Savannah; Augusta; James Island; Georgetown
Physiographic province Coastal Plain

Reliability of location Poor

Comments: The liquefaction was recognized as the type that is caused by strong ground
motion (Obermeier, 1996 #2256), and the strong motions are presumed to have been caused
by slip on one or more preexisting faults. However, the causative fault or faults have not been
identified and the locations and sizes of the liquefaction features provide poor constraints on
the source or sources of the shaking.

Geologic setting The land is flat and near sea level, and the water table is near or at the surface
(Obermeier, 1996 #2256). Five to 25 meters of Quaternary beach, marine, and fluvial deposits
overlie 500-1100 m of Tertiary and Cretaceous Coastal Plain strata, which in turn overlie
Triassic and Jurassic basalt and rift basins and Paleozoic metamorphic and igneous rocks
(Ackermann, 1983 #1961; Daniels and others, 1983 #1962; McCartan and others, 1990
#1969).

The Charleston area is part of a seismically active region that spans most of South Carolina
(Bollinger, 1973 #1798; Bollinger and others, 1991 #2005). Seismicity in the region sur-
rounding the 1886 earthquake has been higher than typical for the Southeast as a whole since
1886, but was markedly lower during the preceding half century than it has been since 1886
(Bollinger and Visvanathan, 1977 #1967; Armbruster and Seeber, 1984 #1790). McCartan and
others (1990 #1969) reported that no faults were known to cut Quaternary deposits. However,
study of paleoliquefaction features has led to a chronology of large, prehistoric earthquakes
that spans at least the latter half of the Holocene (Amick and Gelinas, 1991 #1787; Talwani,
1994 #1977; Talwani, 1996 #2234; Obermeier, 1996 #2256, and preceding reports summa-
rized by these authors). Amick and Gelinas (1991 #1787) and D. Amick (oral commun., 1998)
noted that ground-water level was lower before 3 ka than at present, and still lower before
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5 ka. Low water tables can suppress liquefaction (Obermeier, 1996 #2256). Thus, earthquakes
older than 3-5 ka. and large enough to cause liquefaction may be underrepresented in the
South Carolina earthquake chronology, and their magnitudes may be underestimated.

Despite considerable geological, seismological, and other geophysical work conducted over
more than two decades, the fault or faults that slipped to produce the 1886 earthquake remain
unknown (for example Rankin, 1977 #1970; Gohn, 1983 #1964; Dewey, 1985 #2030;
Talwani, 1990 #2013). Geomorphic and geodetic anomalies in and near the meizoseismal area
of the 1886 earthquake have not yet been clearly linked to seismogenic faulting, partly
because many kinds of neotectonic evidence cannot demonstrate that prehistoric deformation
of the ground surface occurred suddenly (Rhea, 1989 #1886; Talwani, 1990 #2013; Marple
and Talwani, 1993 #1857; Talwani and others, 1997 #2058; Talwani and Marple, 1997
#2236).

Sense of movement Not reported

Comments: The 1886 earthquake is known only from reports of damage, shaking, lateral
spreading, and liquefaction. The prehistoric earthquakes are known only from locations and
dates of liquefaction. No surface ruptures or other deformation are known from any of the
earthquakes. Single-earthquake focal mechanisms and hypocenter locations that were calcu-
lated with corrected polarities and a three-dimensional velocity structure (Shedlock, 1987
#1982) have not yet yielded constraints on the movement sense of the 1886 earthquake.

Dip Not reported

Comments: The causative fault or faults remain unidentified and uncharacterized.
Dip direction Not reported

Geomorphic expression The numerous sandblows that formed in 1886 can be expressed as
shallow craters as wide as several meters. However, all craters of prehistoric sandblows are
filled with sediment. Consequently, the prehistoric craters lack geomorphic expression and are
recognized only in the walls of excavations (Obermeier, 1996 #2048).

Age of faulted deposits The liquefaction features formed in Quaternary deposits (McCartan
and others, 1990 #1969). Most areas searched for liquefaction features are those underlain by
deposits 80,000-250,000 years old, because older deposits have low liquefaction susceptibility
and younger ones have too high a water table to permit searches of excavation walls
(Obermeier, 1996 #2048).

Paleoseismological studies Obermeier and others (1985 #1871) and Talwani and Cox (1985
#1902) first reported pre-1886 liquefaction features of the sorts produced by prehistoric earth-
quakes. Obermeier and others (1987 #2050; 1989 #2218), Weems and Obermeier (1989
#2241), and Amick and others (1990 #1788) described criteria for searching for, recognizing,
and dating prehistoric liquefaction features throughout coastal South Carolina. Amick and
Gelinas (1991 #1787), Rajendran and Talwani (1993 #1882), and Talwani (1994 #1977; 1996
#2234) reported results in the form of an evolving chronology of large earthquakes.

Interpretations of the number of large Charleston earthquakes are complicated by the fact that
the main source at Charleston appears to be flanked on both sides by secondary sources of lig-
uefaction, approximately 100 km to the northeast near Georgetown, South Carolina, and
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approximately 100 km to the southwest near Bluffton, South Carolina. Each secondary source
is described separately in this compilation. Approximately synchronous liquefaction at two
adjacent sources or at all three sources could be caused by a single large earthquake at one of
the sources, or by smaller, coeval earthquakes at each source.

Additional complications arise because a prehistoric liquefying earthquake is assigned to one
source or another according to the number and sizes of liquefaction features of appropriate
ages that have been found at each source. However, continuing fieldwork leads to the recogni-
tion of additional paleoliquefaction features and to revised age estimates for the liquefying
earthquakes. Thus, for example, Amick and Gelinas (1991 #1787) reported evidence of a lig-
uefying earthquake at or near the Charleston source 580 + 104 years ago. Rajendran and
Talwani (1993 #1882) reported new results and revised the estimated location to the Bluffton
area and the estimated time to 500 + 180 years ago. More complete results returned the most
likely location to the Charleston area and revised the estimated age to 546 + 17 years ago
(Talwani, 1996 #2234, and S.F. Obermeier, written commun., 1998).

The following chronology of large, liquefying earthquakes follows Talwani (1996 #2234),
who applied dendrochronological corrections to all previous age estimates (P. Talwani, oral
communs., 1998). Eight earthquakes occurred in coastal South Carolina, in 1886, and prehis-
torically at 0.55 ka, 1.00 ka, 1.64 ka, 1.96 ka (1754-2177 yr B.P.), 3.55 ka, 5.04 ka, and 5.80
ka. The first two and last three age estimates correspond straightforwardly to estimates
reported by earlier workers. The earthquake at 1.00 ka corresponds to the events dated
between 1.13 ka and 1.25 ka by Amick and Gelinas (1991 #1787), Obermeier (1996 #2256),
Rajendran and Talwani (1993 #1882), and Talwani (1994 #1977). The earthquake at 1.64 ka
corresponds to the events dated at 1.72 ka (Amick and Gelinas, 1991 #1787) and 1.80 ka
(Talwani, 1994 #1977). Paleoliquefaction features attributed to the 1.64 ka earthquake have
been reported only from the Georgetown source area thus far. The earthquake at 1.96 ka cor-
responds to the events dated at 2.35 ka (Rajendran and Talwani, 1993 #1882) and 2.20 ka
(Talwani, 1994 #1977). Evidence for the 1.96 ka earthquake has thus far been reported only
from the Bluffton source area.

Amick and Gelinas (1991 #1787) and Obermeier (1996 #2256) considered the relative sizes
of the prehistoric liquefaction features as compared to those from 1886 and elsewhere in the
world, the geographic distribution of features of a particular age, source sand compactness,
water table depth, and other factors in arguing that the prehistoric earthquakes were larger
than M 5 and probably larger than M 5.5, and that some might have exceeded the magnitude
of the 1886 shock. Amick and Gelinas (1991 #1787) and D. Amick (oral commun., 1998)
noted that ground-water level was lower before 3 ka than at present, and still lower before 5
ka. Thus, large earthquakes older than 3-5 ka might be underrepresented in the South Carolina
earthquake chronology, and their magnitudes might be underestimated.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: The most recent prehistoric earthquake at the Charleston source that was large
enough to produce liquefaction occurred at 0.55 ka (Amick and Gelinas, 1991 #1787;
Obermeier, 1996 #2048; Talwani, 1996 #2234)
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Recurrence interval 0.44 or 0.46 k.y. (< 3.2 ka)

Comments: There are two suggested earthquake chronologies for the Charleston source. As
noted above under "Detailed studies", eight liquefying earthquakes occurred at approximately
0.11, 0.55, 1.00, 1.64, 1.96, 3.55, 5.04, and 5.80 ka (Talwani, 1996). One chronology has all
occurring in the Charleston source area, and the second has the 1.64 ka earthquake occurring
at or near Georgetown and the 1.96 ka earthquake at or near Bluffton (P. Talwani, oral com-
muns., 1997, 1998). In addition, as noted above under "Geologic setting", the water table was
lower than at present before 3 ka, and still lower prior to 5 ka (Amick and Gelinas, 1991
#1787, and D. Amick, oral commun., 1998). Lower water tables could produce an incomplete
record of large prehistoric earthquakes.

If all eight earthquakes occurred in the Charleston source area, the resulting seven intervals
would have a mean of 0.81 k.y. If the 1.64 and 1.96 ka earthquakes occurred at or near
Georgetown and Bluffton, respectively, the resulting five intervals would average to 1.14 k.y.
Excluding the two earthquakes that occurred before 5 ka, when the water table was lowest,
would result in a recurrence estimate of 0.69 k.y. (5 intervals) if all earthquakes were in the
Charleston source area, and 1.15 k.y. (3 intervals) if the 1.64 and 1.96 ka earthquakes
occurred at or near Georgetown and Bluffton. Excluding all three earthquakes that occurred
before 3 ka, when the water table was lower than at present, would result in a recurrence esti-
mate of 0.46 k.y. (4 intervals) if all earthquakes were in the Charleston source area, and 0.44
k.y. (2 intervals) if the 1.64 and 1.96 ka earthquakes were at or near Georgetown and Bluffton.

The last two estimates, 0.44 and 0.46 k.y., are preferred. The preferred estimates use only
earthquakes younger than 3 ka. The five earthquakes since 3 ka occurred 0.32-0.64 k.y. apart,
whereas the three before 3 ka occurred 0.76-1.59 k.y. apart. Two possible explanations for this
decrease in recurrence intervals are that (1) lower water tables before 3 ka produced an
incomplete paleoseismological record of liquefaction, and (2) the record is complete and
recurrence intervals decreased markedly between 3.55 and 1.96 ka. In either case, earthquakes
since 3 ka are the most likely to represent the current and continuing behavior of the
Charleston source. Note also that whether the earthquakes at 1.64 and 1.96 ka occurred at
Charleston, or at Georgetown and Bluffton, has only a negligible effect on the recurrence rate
estimated for the Charleston source.

Slip-rate category unknown

Comments: No causal fault, surface rupture, or dated fault offset is known. Talwani (1999
#2235) showed that a slip rate estimated from Global Positioning System data could produce
an 1886-sized earthquake in approximately the recurrence interval given above ("Recurrence
interval").

Length Not applicable

Comments: The causative fault of faults are unknown. The only recognized expression of the
prehistoric faulting is liquefaction features scattered over an area. The area adjoins of merges
with the areas of liquefaction that can be attributed to earthquakes farther southwest, near
Bluffton, and father northeast, near Georgetown.
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Average strike Not applicable

Comments: The causative fault of faults are unknown. The only recognized expression of the
prehistoric faulting is liquefaction features scattered over an area. The area adjoins of merges
with the areas of liquefaction that can be attributed to earthquakes farther southwest, near
Bluffton, and farther northeast, near Georgetown.
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2658, Bluffton liquefaction features (Class A)
Structure Number 2658

Structure Name Bluffton liquefaction features (Class A)

Comments: Obermeier and others (1987 #2050; 1989 #2218) and Weems and Obermeier
(1989 #2241) reported prehistoric liquefaction features near Bluffton, South Carolina, approx-
imately 100 km southwest of Charleston, South Carolina. Amick and Gelinas (1991 #1787)
and Talwani (1994 #1977) referred to the Bluffton area as the southern area. Widespread and
longstanding practice is to refer to the liquefaction features near Charleston by the name of
that city, and Rajendran and Talwani (1993) implicitly followed this practice in referring to
the features near Bluffton. This compilation follows the same practice in use for the
Charleston features.

Synopsis: The evidence for Quaternary faulting at this locale in southwestern coastal South
Carolina consists of late Holocene liquefaction features produced by a large, prehistoric earth-
quake. The causative fault remains unidentified.

Date of compilation 08/05/98; revised 12/15/98

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State South Carolina

County Beaufort

1° x 2° sheet Savannah

Physiographic province Coastal Plain

Reliability of location Poor

Comments: The liquefaction was recognized as the type that is caused by strong ground
motion (Obermeier, 1996 #2256), and the strong motions are presumed to have been caused
by slip on a preexisting fault. However, the causative fault has not been identified and the
locations and sizes of the liquefaction features provide poor constraints on the source of the
shaking.

Geologic setting The land is flat and near sea level, and the water table is near or at the surface
(Obermeier, 1996 #2256). Several meters of Quaternary beach, marine, and fluvial deposits
overlie approximately 1 km of Tertiary and Cretaceous Coastal Plain strata, which in turn
overlie Triassic and Jurassic basalt and rift basins and Paleozoic metamorphic and igneous
rocks (Ackermann, 1983 #1961; Daniels and others, 1983 #1962; McCartan and others, 1990
#1969). The locale is inside the southwestern edge of a seismically active region that spans
most of South Carolina (Bollinger and others, 1991 #2005). Amick and Gelinas (1991 #1787)
and D. Amick (oral commun., 1998) noted that ground-water level was lower before 3 ka than
at present, and still lower before 5 ka. Thus, earthquakes older than 3-5 ka and large enough
to cause liquefaction may be underrepresented in the South Carolina chronology.

Sense of movement Not reported

Comments: The prehistoric earthquake is known only from locations and age estimates of lig-
uefaction. No surface ruptures or other deformation is known from the earthquake.
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Dip Not reported
Comments: The causative fault remains unidentified and uncharacterized.
Dip direction Not reported

Geomorphic expression The craters of prehistoric sandblows are filled with sediment.
Consequently, the prehistoric craters lack geomorphic expression and are recognized only in
the walls of excavations (Obermeier, 1996 #2256).

Age of faulted deposits Most areas searched for liquefaction features are those underlain by
deposits 80,000-250,000 years old, because older deposits have low liquefaction susceptibility
and younger ones have too high a water table to permit searches of excavation walls
(Obermeier, 1996 #2256).

Paleoseismological studies The Bluffton source is approximately 100 km southwest of the
Charleston source. Obermeier and others (1987 #2050; 1989 #2218), Weems and Obermeier
(1989 #2241), and Amick and others (1990 #1788) described criteria for searching for, recog-
nizing, and dating prehistoric liquefaction features throughout coastal South Carolina. Amick
and Gelinas (1991 #1787), Rajendran and Talwani (1993 #1882), and Talwani (1994 #1977,
1996 #2234) summarized results for the Bluffton area in the form of an evolving chronology
of liquefying earthquakes.

The following and other factors complicate interpretation. First, approximately synchronous
liquefaction at the Charleston and Bluffton sources could be caused by a single large earth-
quake at one of the sources, or by smaller, coeval earthquakes at each source. Second, addi-
tional complications arise because a prehistoric liquefying earthquake is assigned to one
source or another according to the number and sizes of liquefaction features of appropriate
age that have been found at each source. However, continuing fieldwork leads to the recogni-
tion of additional paleoliquefaction features and to revised age estimates for the liquefying
earthquakes. Thus, for example, Amick and Gelinas (1991 #1787) reported evidence of a lig-
uefying earthquake at or near the Charleston source 580 + 104 years ago. Rajendran and
Talwani (1993 #1882) reported new results and revised the estimated location to the Bluffton
area and the estimated time to 500 + 180 years ago. More complete results returned the most
likely location to the Charleston area and revised the estimated age to 546 + 17 years ago
(Talwani, 1996 #2234, and S.F. Obermeier, written commun., 1998). Third, Amick and
Gelinas (1991 #1787) and D. Amick (oral commun., 1998) noted that ground-water level was
lower before 3 ka than at present, and still lower before 5 ka. Thus, earthquakes older than 3-5
ka and large enough to cause liquefaction may be underrepresented in the South Carolina
earthquake chronology.

Amick and Gelinas (1991 #1787) and Obermeier (1996 #2256) considered the relative sizes
of the prehistoric liquefaction features as compared to those from 1886 and elsewhere in the
world, the geographic distribution of features of a particular age, source sand compactness,
water table depth, and other factors. They argued that the prehistoric earthquakes of coastal
South Carolina, including the Bluffton area, were larger than moment magnitude M 5 and
probably M 5.5 or larger, and that some might have exceeded the magnitude of the 1886
shock at Charleston. Talwani (1996 #2234) applied dendrochronological corrections to all pre-
vious age estimates from coastal South Carolina, including those from the Bluffton area. He
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concluded that eight liquefying earthquakes occurred in coastal South Carolina between 1886
and 5.8 ka, but only one of these at 1.96 ka may have occurred in the Bluffton source area
(2.35 ka earthquake of Rajendran and Talwani, 1993 #1882; 2.20 ka earthquake of Talwani,
1994 #1977). P. Talwani (oral communs., 1997, 1998) holds open the possibility that the 1.96
ka liquefaction might have been a distant effect of a large earthquake near Charleston.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: The most recent prehistoric earthquake large enough to cause detected liquefac-
tion may have occurred at 1.96 ka (Rajendran and Talwani, 1993 #1882; Talwani, 1994
#1977; 1996 #2234). Alternatively, the liquefaction features that formed at 1.96 ka in the
Bluffton area might be distant effects of an earthquake at the Charleston source (P. Talwani,
oral communs., 1997, 1998). In the latter case, there would be no evidence for paleoevents at
or near Bluffton, nor evidence of a discrete source there.

Recurrence interval Not reported

Comments: As noted above under "Paleoseismological studies", a liquefying earthquake at
1.96 ka occurred in either the Charleston or the Bluffton source areas. In neither case can one
calculate an estimate of the Bluffton recurrence interval.

Slip-rate category unknown

Comments: No causal fault, surface rupture, or dated fault offset is known, so no slip rate can
be calculated.

Length (km) Not applicable

Comments: The causative fault or faults are unknown. The only recognized expression of the
prehistoric faulting is liquefaction features scattered over an area. The area adjoins of merges
with the area of liquefaction that is attributed to Charleston earthquakes.

Average strike (azimuth) Not applicable

Comments: The causative fault or faults are unknown. The only recognized expression of the
prehistoric faulting is liquefaction features scattered over an area. The area adjoins of merges
with the area of liquefaction that is attributed to Charleston earthquakes.
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2659, Georgetown liquefaction features (Class A)
Structure Number 2659

Structure Name Georgetown liquefaction features (Class A)

Comments: Obermeier and others (1987 #2050; 1989 #2218) and Weems and Obermeier
(1989 #2241) reported prehistoric liquefaction features near Georgetown, South Carolina,
approximately 100 km northeast of Charleston, South Carolina. Weems and Obermeier (1989
#2241) concluded that the features near Georgetown were caused by local earthquakes instead
of by a distant earthquake source near Charleston. Amick and Gelinas (1991 #1787) and
Talwani (1994 #1977) referred to the Georgetown area of prehistoric liquefaction features as
the northern area. Widespread and longstanding practice is to refer to the liquefaction features
near Charleston by the name of that city. This compilation follows the same practice, and uses
the name of Georgetown, near which many of the northern liquefaction features exist, and the
seat of Georgetown County, South Carolina.

Synopsis: The evidence for Quaternary faulting at this locale in northeastern coastal South
Carolina consists of late Holocene liquefaction features that are attributed to a single large,
prehistoric earthquake. The causative fault remains unidentified

Date of compilation 08/05/98; revised 01/28/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State South Carolina; North Carolina

County Georgetown; Horry (South Carolina); Brunswick (North Carolina)
1° x 2° sheet Georgetown; Florence

Physiographic province Coastal Plain

Reliability of location Poor

Comments: The liquefaction was recognized as the type that is caused by strong ground
motion (Obermeier, 1996 #2256), and the strong motions are presumed to have been caused
by slip on a preexisting fault. However, the causative fault has not been identified and the
locations and sizes of the liquefaction features provide poor constraints on the source of the
shaking.

Geologic setting The land is flat and near sea level, and the water table is near or at the surface
(Obermeier, 1996 #2256). Several meters of Quaternary beach, marine, and fluvial deposits
overlie several hundred meters of Tertiary and Cretaceous Coastal Plain strata, which in turn
overlie Triassic and Jurassic basalt and rift basins and Paleozoic metamorphic and igneous
rocks (Ackermann, 1983 #1961; Daniels and others, 1983 #1962; McCartan and others, 1990
#1969). The locale is on the northeastern edge of a seismically active region that spans most
of South Carolina (Bollinger and others, 1991 #2005). Amick and Gelinas (1991 #1787) and
D. Amick (oral commun., 1998) noted that ground-water level was lower before 3 ka than at
present, and still lower before 5 ka. Thus, earthquakes older than 3-5 ka and large enough to
cause liquefaction might be underrepresented in the South Carolina chronology.
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Sense of movement Not reported

Comments: The prehistoric earthquake is known only from locations and age estimates of lig-
uefaction. No surface rupture or other deformation is known from the earthquake.

Dip Not reported

Comments: The causative fault remains unidentified and uncharacterized.
Dip direction Not reported

Geomorphic expression The few sandblows that formed in 1886 this far northeast of the
causative earthquake at Charleston can be expressed as shallow craters. However, the craters
of prehistoric sandblows are filled with sediment. Consequently, the prehistoric craters lack
geomorphic expression and are recognized only in the walls of excavations (Obermeier, 1996
#2256).

Age of faulted deposits Most areas searched for liquefaction features are those underlain by
deposits 80,000-250,000 years old, because older deposits have low liquefaction susceptibility
and younger ones have too high a water table to permit searches of excavation walls
(Obermeier, 1996 #2256).

Paleoseismological studies The Georgetown source is approximately 100 km northeast of the
Charleston source, and might have caused liquefaction of poorly constrained age in south-
eastern North Carolina. Obermeier and others (1987 #2050; 1989 #2218), Weems and
Obermeier (1989 #2241), and Amick and others (1990 #1788) described criteria for searching
for, recognizing, and dating prehistoric liquefaction features throughout coastal South
Carolina and southeastern North Carolina. Amick and Gelinas (1991 #1787) and Talwani
(1994 #1977; 1996 #2234) summarized results for the Georgetown area in the form of an
evolving chronology of large earthquakes. Talwani (1996 #2234) recognized one prehistoric
earthquake at 1.64 ka that may have occurred in the Georgetown area (the 1.7 ka earthquake
of Amick and Gelinas, 1991 #1787; the 1.80 ka earthquake of Talwani, 1994 #1977). Known
liquefaction features of that age are restricted to the Georgetown area. Most liquefaction fea-
tures of other ages are interpreted as distant effects of earthquakes near Charleston. P. Talwani
(oral communs., 1997, 1998) holds open the possibility that the 1.64 ka liquefaction could be
similarly attributed to the Charleston source. Amick and Gelinas (1991 #1787) and Obermeier
(1996 #2256) considered the relative sizes of the prehistoric liquefaction features as compared
to those from 1886 and elsewhere in the world, the geographic distribution of features of a
particular age, source sand compactness, water table depth, and other factors. They argued
that the prehistoric earthquake that may have occurred near Georgetown was larger than
moment magnitude M 5 and probably larger than M 5.5. Amick and Gelinas (1991 #1787)
and D. Amick (oral commun., 1998) noted that ground-water level was lower before 3 ka than
at present, and still lower before 5 ka. Thus, earthquakes older than 3-5 ka and large enough
to cause liquefaction may be underrepresented in the South Carolina earthquake chronology.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: Talwani (1996 #2234) reported liquefaction dated at 1.64 ka near Georgetown.
Alternatively, the liquefaction features that formed at 1.64 ka might be distant effects of an
earthquake in the Charleston source area (P. Talwani, oral communs., 1997, 1998). In the
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latter case, there would be no evidence for paleoevents centered at or near Georgetown, nor
evidence for a discrete source there.

Recurrence interval Not reported

Comments: As noted above under "Paleoseismological Studies", a liquefying earthquake at
1.64 ka occurred in either the Charleston or Georgetown source areas. In neither case can one
calculate an estimate of the Georgetown recurrence interval.

Slip-rate category unknown
Comments: No dated fault offset is known, so no slip rate can be calculated.
Length Not applicable

Comments: The causative fault or faults are unknown. The only recognized expression of
prehistoric faulting is liquefaction features scattered over an area. The area adjoins or merges
with the area of liquefaction that is attributed to earthquakes near Chalreston.

Average strike Not applicable

Comments: The causative fault or faults are unknown. The only recognized expression of
prehistoric faulting is liquefaction features scattered over an area. The area adjoins or merges
with the area of liquefaction that is attributed to earthquakes near Chalreston.
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707XX, Brockton-Froid fault zone (Class B)
Structure Number 707XX

Comments: The Brockton-Froid fault zone forms the northeastern part of entry 147 of Johns
and others (1982 #259).

Structure Name Brockton-Froid fault zone (Class B)

Comments: The fault zone was mapped by Colton (1963 #3653; 1963 #3654) and named by
Colton and Bateman (1956 #3655; 1956 #3656). Thomas (1974 #3688) referred to its expres-
sion on 1:20,000-scale aerial photographs as the Brockton-Froid lineament. Johns and others
(1982 #259) combined the fault zone with the Weldon fault, which is parallel to the Brockton-
Froid fault zone and on strike several tens of kilometers to the southwest, and named the com-
bination the Weldon-Brockton-Froid fault zone. The most detailed mapping of the fault zone
is by Colton (1963 #3653; 1963 #3654), who showed its southwesternmost 24 km. As Colton
mapped the zone, it strikes N. 55° E. across the Brockton 15’ quadrangle and beyond to the
northeast, and extends southwest 2 km into the Poplar 15’ quadrangle. Colton (1963 #3653;
1963 #3654) mapped the zone as straight, approximately 0.5 km wide, and made of two
nearly parallel faults that bound a structurally lower block.

Synopsis: Quaternary outwash, alluvium, and colluvium deposits are mapped in a long, narrow,
straight zone with tills on both sides. The zone has been mapped as fault-bounded, but it is
unclear whether the faults penetrate deeply enough to pose a seismic hazard, and whether the
hazard remains high now or decreased shortly after the ice sheets melted. Accordingly, the
zone is classified as Class B.

Date of compilation 07/27/99; revised 01/31/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Montana

County Roosevelt

1° x 2° sheet Wolf Point

Province Great Plains

Reliability of location Good

Comments: The Brockton-Froid fault zone was mapped by Colton (1963 #3653; 1963 #3654)
at a scale of 1:62,500.

Geologic setting The Brockton-Froid fault zone strikes northeast in the glaciated plains of
northeastern Montana. Bedrock dips are low. Local relief between streams and uplands is gen-
erally 100 ft (30 m) or less, and the ground is covered by glacial deposits (Witkind, 1959
#3702).

The nature of the fault zone is uncertain and its origin is enigmatic. No dip directions are
indicated, so it is unknown whether the dip-slip components of the faulting are normal or
reverse. At several places, one or two smaller faults are also mapped. The lower block
between the faults exposes mainly late Wisconsinan sandy gravel and silt that were deposited
as outwash in contact with melting ice, and Quaternary sheetwash alluvium and colluvium
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(Colton, 1963 #3653; 1963 #3654, D. S. Fullerton, oral commun., 1999). Outside the fault
zone are mainly pre-Illinoian, Illinoian, and late Wisconsinan tills, Quaternary dune sand, and
Tertiary and Cretaceous bedrock (Colton, 1963 #3653; 1963 #3654, D. S. Fullerton, oral
commun., 1999). Two traverses of auger holes across the fault zone show markedly thicker
Quaternary sequences between the faults than outside them (Colton, 1963 #3653). A third
auger traverse shows the same thing, and a fourth traverse based on outcrops indicates that
exposed lignites are offset 75 ft (23 m) vertically across the fault zone with the southeast side
down (D. S. Fullerton, oral commun., 1999, based on R. B. Colton, unpub. data). Faulting is
inferred from the auger traverses; nowhere was a fault found exposed with outwash in one
wall and till in the other (R. B. Colton, oral commun., 1999).

Earlier, Colton and Bateman (1956 #3656) mapped the fault zone at a scale of 1:125,000,
showing it as a pair of parallel faults. Colton and Bateman traced the fault zone for 42 km,
including 21 km of the length mapped by Colton (1963 #3653; 1963 #3654) and an additional
21 km to the northeast. Colton and Bateman used petroleum well data to draw structure con-
tours on the Cretaceous Greenhorn limestone, which underlies the fault zone approximately 1
km below ground level. The regional pattern of the structure contours indicates that the fault
zone offsets the Greenhorn limestone as much as 300 ft (90 m), with the southeast side down.
The fault traces mapped by (Colton, 1963 #3653; 1963 #3654) at the surface are 100-300 m
farther northwest than the faults mapped by Colton and Bateman (1956 #3656) on the
Greenhorn, and this difference is consistent with the normal separation indicated by Colton
and Bateman. However, only four widely-spaced wells control the Greenhorn structure near
the fault zone. These four control points could be honored with contours that show no
faulting at the Greenhorn level. Thus, from the evidence presented by Colton and Bateman
(1956 #3656), it is unclear how deeply the fault zone mapped by Colton (1963 #3653; 1963
#3654) extends.

In contrast, Gott and others (1959 #3701) mapped a still larger extent of the fault zone as an
unfaulted glacial outwash channel. Their 1:62,500-scale map shows four linear, northeast-
trending, aligned, discontinuous deposits of outwash and colluvium. The four deposits
together span 41 km, including the northeasternmost 12 km mapped by Colton (1963 #3654)
and another 29 km northeast of that. Of the 41 km, the linear deposits of outwash and collu-
vium cover 26 km with 15 km of gaps that lack outwash and colluvium. The linear deposits
are 100-400 m wide and 4-12 km long. Witkind (1959 #3702, p. 38-39) named the aligned
linear deposits the “Linear channel”. As described here under “Geomorphic expression”, the
Linear channel contains elongated, closed depressions that are anomalously large for the area
traversed by the Linear channel. The floor of the Linear channel slopes inward and downward
from both ends, toward where Big Muddy Creek crosses and interrupts the Linear channel
near its middle. “This channel deposit is unusual and difficult to explain” (Witkind, 1959
#3702, p. 39). Witkind speculated about alternative origins, including an ice contact feature, a
buried fault-controlled valley, and drainage for a long, straight crevasse in glacier ice.

Finally, Thomas (1974 #3688) used 1:20,000-scale aerial photographs to map a photolinea-
ment that coincides with the Brockton-Froid fault zone. The readily visible photolineament
begins approximately 2 km northeast of the eastern edge of the map area of Colton (1963
#3653; 1963 #3654), and extends 38 km to the northeast (fig. 3 of Thomas, 1974 #3688).
Thus, the Brockton-Froid fault zone was mapped over 24 km by Colton (1963 #3653; 1963
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#3654), and it appears to extend another 40 km to the northeast (Colton and Bateman, 1956
#3656; Gott and others, 1959 #3701; Thomas, 1974 #3688).

The Brockton-Froid fault zone is a real feature, but, as mentioned at the start of this section,
its nature is unclear and its origin is enigmatic. Its straightness and its path uphill and down-
hill across streams and interfluves argue against an origin in fluvial processes or outwash
streams. Similarly, the fault zone has no obvious glacial origin, according to D. S. Fullerton
(oral communs., 1999), who has examined it in the field. Glaciotectonic structures can involve
bedrock, but typically are folds or reverse faults that trend at high angles to the direction of
ice movement. In this part of northeastern Montana, Wisconsinan ice advanced from northeast
to southwest (Flint and others, 1959 #3663; Colton, 1963 #3653). However, the fault zone
trends nearly parallel to this direction, and, as suggested previously in this section, any dip
slip components are more likely to be normal than reverse.

Another puzzling aspect of the fault zone is the absence of till in three of the auger holes in
the structurally lower block. Each of the three auger traverses that crosses the fault zone has
two holes inside the zone and another two bracketing it (Colton, 1963 #3653; D. S. Fullerton,
oral commun., 1999, based on R. B. Colton, unpub. data). On each traverse, one hole inside
the fault zone lacks till, having outwash directly overlying bedrock; whereas, the other three
holes of the traverse have till separating outwash from bedrock. Normally one might attribute
the absence of till to scouring by flowing meltwater. For example, Colton (1963 #3653)
showed several examples of logged holes without till, in a meandering meltwater channel in
the northwest part of the Brockton quadrangle. However, till is widely exposed adjacent to the
fault zone (Colton, 1963 #3653; 1963 #3654), so probably any scouring meltwater would
have flowed along the fault zone. This is unlikely because, as explained under “Geomorphic
expression”, the zone rises and falls tens of feet to follow a straight line across present-day
topography. Therefore, the local absence of till inside the fault zone remains unexplained.

The simplest explanation of the fault zone is that of a basement fault that was reactivated
during glacial or post-glacial time. The Weldon fault is 74 km southwest of, and on trend
with, the Brockton-Froid fault zone (Collier and Knechtel, 1939 #3651). The Weldon fault
strikes northeast. It is 13 km long and its southeast side has slipped down in the subsurface
for 100-160 ft (30-50 m) at the level of the Upper Cretaceous Fox Hills sandstone (Collier
and Knechtel, 1939 #3651). At greater depth, the Mississippian Kibby limestone is similarly
offset, with its southeast side down 300-400 ft (90-120 m) (Edmisten and Foster, 1985
#3658). At ground level, the Weldon fault appears to be expressed as a concentration of north-
east-trending LANDSAT lineaments (Larson, 1985 #3678). Feltis (1981 #3660; 1981 #3661)
used well data to draw structure contours on the Mississippian Madison Group. Feltis inter-
preted the Weldon fault as extending 84 km farther southwest than did Collier and Knechtel
(1939 #3651), and 36 km farther northeast, for a total inferred length of 133 km. The separa-
tion at the level of the Madison Group is well constrained by pairs of wells, and is as great as
600-700 ft (180-210 m), although the separation decreases to the northeast. Thus, Feltis (1981
#3660) extended the Weldon fault to within 38 km of the Brockton-Froid fault zone as
mapped by Colton (1963 #3654). Indeed, Johns and others (1982 #259) used an aeromagnetic
map to speculate that the Brockton-Froid and Weldon faults are two parts of the same long
basement fault, and Hansen (1966 #3666) and Thomas (1974 #3688) speculated that the
Brockton-Froid fault zone is underlain by a basement fault zone. Horner and Hasegawa (1978
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#3671) speculated that four historical and early instrumental earthquakes in the region might
have occurred on the Brockton-Froid fault and a southwestward extension; however, these
early earthquakes are too poorly located to test the speculation.

Unfortunately, the basement-fault explanation is a poor fit to some of the observed properties
of the fault zone. Three arguments cast some doubt on the attribution of the Brockton-Froid
fault zone to tectonic faulting that extends to basement. (1) Exposed bedrock near the fault
zone is Paleocene, lignite-bearing Fort Union Formation (Colton, 1963 #3653; 1963 #3654).
Nine subsurface lignites were correlated and mapped near and beneath the fault zone at
depths of approximately 800 ft (240 m) or less (Hardie and Van Gosen, 1986 #3670; Hardie
and Arndt, 1989 #3668; 1990 #3669). Neither structure contours on the individual lignites,
isopachs of the lignites, nor structure contours on the base of the Fort Union Formation show
detectable offset across the Brockton-Froid fault zone (Hardie and Arndt, 1988 #3667,
Biewick and others, 1990 #3649). In addition, at greater depth, Feltis (1981 #3662) extended
the Madison-level structure contours into the vicinity of the fault zone. Well control there was
sparse, and could not rule out small offsets, but Feltis did not draw the fault zone on his map.
In North America east of the Rocky Mountains, earthquake depths are typically 5-15 km, with
a median of approximately 10 km (Wheeler and Johnston, 1992 #2243). If the fault zone does
not penetrate into basement and reach hypocentral depths, then it is unlikely to pose much
seismic hazard. (2) As already mentioned, no exposures of the fault have been observed
(Colton, oral commun., 1999). (3) As noted previously in this section, any dip-slip component
of the faulting is more likely to be normal than reverse. However, the Brockton-Froid area is
part of the North American stable continental region (SCR) (Johnston, 1989 #2039), and
SCRs worldwide typically undergo contractional deformation (Zoback and others, 1989
#1923). Extensional faulting occurs in SCRs in thermally uplifted areas and in gravitational-
collapse settings like the Gulf coast of the U.S., but neither analogy would apply to north-
eastern Montana.

However, tectonic faulting is not the only alternative to fluvial, glacial, or glaciotectonic for-
mation of the Brockton-Froid linear features. The Brockton-Froid fault zone might have
formed by post-glacial faulting, as summarized below. Attribution of the Brockton-Froid fault
zone to reactivation of a basement fault and to post-glacial faulting are equally speculative; in
both cases the phenomenon is real, but in neither case is there evidence that it applies to the
Brockton-Froid fault zone. However, the following speculation demonstrates the existence of
at least one alternative explanation for the fault zone. Northern Scandinavia and northern
North America contain exceptionally large, reverse-faulting, surface ruptures that formed in
early post-glacial times, in cratonic areas that are now sparsely seismic (for example,
Johnston, 1996 #2205). The scarps along the surface ruptures can be meters high and tens of
kilometers long. Johnston (1989 #3676) and Thorson (1996 #3689) demonstrated that loading
of the upper crust by an ice sheet could stabilize faults that would otherwise slip in occasional
earthquakes. In such a case, horizontal tectonic stress could accumulate unrelieved. When the
ice melted, the vertical stress would decrease and the accumulated excess horizontal stress
could be released relatively quickly, in a cluster of earthquakes larger and more frequent than
normal for the region. Afterward the region would return to its normal low level of seismicity.
The Brockton-Froid fault zone is approximately parallel to the northeasterly direction of S

Hmax

(greatest horizontal compressive stress) in this part of North America (Zoback and Zoback,
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1989 #1922). If post-glacial stress release reactivated the fault zone, the faulting would not be
reverse, but normal or normal-oblique, consistent with the mapping by Colton (1963 #3653),
to allow northwest-southeast extension in response to S This speculation, if borne out by

Hmax*
testing, would also indicate that the fault zone may pose little or no seismic hazard today,
because probably the strain stored during ice loading has since been released.

In summary, the Brockton-Froid fault zone contains Quaternary deformation, and the defor-
mation probably, but not certainly, occurred by faulting. However, it is not clear whether the
faults penetrate deeply enough into the crust to pose a seismic hazard. Even if they do pene-
trate deeply, it is not clear whether the hazard remains high now, or was only high shortly
after the ice melted. For these reasons, the fault zone is placed in class B. What is question-
able is primarily the potential for seismic faulting, and only secondarily the presence of
faulting. Perhaps the most effective way to answer these questions is with (1) high-resolution
seismic-reflection profiles across the fault zone to determine whether faulting penetrates
deeply into bedrock, and preferably into basement, and (2) paleoseismological study,
including trenching and dating, to test the presence of faulted Quaternary materials and to
constrain the time of faulting.

Sense of movement Not reported

Comments: The geologic maps of Colton (1963 #3653; 1963 #3654) show no indications of
strike slip along the fault zone, nor any indications of dip direction of the individual faults.
The maps show the fault zone as a straight, fault-bounded block a few hundred meters wide
and at least 24 km long, with the block structurally lower than the areas on either side of the
fault zone. Accordingly, only dip slip is inferred, and present information cannot determine
whether it was normal or reverse.

The sense of movement on the fault zone is unknown. The straightness of the zone favors
strike slip, but Colton (1963 #3653; 1963 #3654) showed no indications of strike slip along
the zone. Any dip-slip components of the faulting are more probably normal than reverse. The
nearly constant width of the structurally lower block along the mapped length of the fault
zone is reminiscent of a graben formed between a single, large normal fault and a smaller,
antithetic normal fault that dips toward the main fault. Such structures are common in
extended terranes, for example along young faults of the Basin and Range province. In
reverse-faulted terranes, such long, narrow, structurally low blocks of such constant width are
uncommon except on the crests of anticlines; no such fold is known under the Brockton-Froid
fault zone.

Dip Not reported
Comments: It is unknown whether the dip slip, if any, was normal or reverse
Dip direction Not reported

Geomorphic expression As mapped by Colton (1963 #3653; 1963 #3654), Gott and others
(1959 #3701), and Thomas (1974 #3688), the Brockton-Froid fault zone strikes northeast
across ten 1:24,000-scale topographic quadrangles. The zone extends from the Poplar NE and
Sprole quadrangles on the southwest to the Capeneys Lake quadrangle on the northeast. In
some areas the zone is expressed as alignments of northeast-trending stream segments and
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valleys, ridges and elongated hills, and closed depressions that are unusually large for the
area. The grain is most pronounced in the northeastern quadrangles, in parts of the Medicine
Lake, Johnson Lake, and Rocky Point quadrangles, which have a contour interval of five feet
(2 m), and in part of the Calais quadrangle, which has a contour interval of 10 ft (3 m). Where
the geomorphic expression of the zone is well developed, the zone descends into valleys to
cross streams and climbs to cross interfluves, both without obvious deflection. The zone
descends and rises several tens of feet at several places, and in part of the Calais quadrangle,
the elevation change along the zone is approximately 200 ft (60 m).

Age of faulted deposits late Quaternary
Paleoseismological studies None
Timing of most recent paleoevent late Quaternary

Comments: Colton (1963 #3653) showed the faults in the zone cutting the younger of two
Wisconsinan tills and late Wisconsinan outwash deposits, as well as Quaternary fan alluvium
and colluvium and Quaternary dune sands. Depending on the ages of the till and outwash
deposits, the faulting could have been either late Pleistocene or early Holocene.

Recurrence interval Not reported

Comments: No individual faulting events have been identified.
Slip-rate category unknown

Comments: The vertical displacement on the faults is unknown.
Length 53.7 km

Comments: Measured as 40.62 km (Gott and others, 1959 #3701), plus an additional 11.19
km on the remaining (western) half of the overlapping map of Colton (1963 #3653), plus a
final 1.88 km (Colton, 1963 #3654). The measured length includes gaps and solid, dashed,
and dotted lines on the three maps. Measurement was along a ruler fit to the center of the
0.5km-wide feature.

Average strike +55°

Comments: The northeastern 40.62 km trend +55° and the southwestern 24.26 km trend +57°.
A length-weighted mean strike is +55°.
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924XX, Gulf-margin normal faults, Texas (Class B)
Structure Number 924XX

Structure Name Gulf-margin normal faults, Texas (Class B)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico, in westernmost Florida, southwestern Alabama, southern Mississippi, all of
Louisiana and southernmost Arkansas, and eastern and southern Texas (Ewing and Lopez,
1991 #2032). This compilation evaluates the faults in four large groups because faults
number in the hundreds, and because their ability to have significant earthquakes is doubtful.
To reflect regional differences in the characteristics of the faults, those in Florida and Alabama
are evaluated together in a single group, as are those in Mississippi, those in Louisiana and
Arkansas, and those in Texas.

Synopsis: The gulf-margin normal faults are categorized in Class B because they exist in sedi-
ments and poorly lithified rocks, which are materials that may not be unable to endure the
stresses required for the propagation of significant seismic ruptures that could cause damaging
ground motions.

Date of compilation 07/28/99; revised 01/28/00
Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Texas

County Anderson; Angelina; Aransas; Atascosa; Austin; Bastrop; Bee; Bowie; Brazoria;
Brazos; Brooks; Burleson; Calhoun; Cameron; Camp; Cass; Chambers; Cherokee; Colorado;
De Witt; Delta; Duval; Falls; Fayette; Fort Bend; Franklin; Freestone; Frio; Galveston;
Goliad; Gonzales; Gregg; Grimes; Hardin; Harris; Harrison; Henderson; Hidalgo; Hopkins;
Houston; Hunt; Jackson; Jasper; Jefferson; Jim Hogg; Jim Wells; Karnes; Kaufman; Kenedy;
Kleberg; La Salle; Lavaca; Lee; Leon; Liberty; Limestone; Live Oak; Madison; Marion;
Matagorda; McMullen; Milam; Montgomery; Morris; Nacagdoches; Navarro; Newton;
Nueces; Orange; Panola; Polk; Rains; Refugio; Robertson; Rusk; Sabine; San Augustine; San
Jacinto; San Patricio; Shelby; Smith; Starr; Titus; Trinity; Tyler; Upshur; Van Zandt; Victoria;
Walker; Waller; Washington; Webb; Wharton; Willacy; Wilson; Wood; Zapata

1° x 2° sheet Alexandria; Austin; Bay City; Beaumont; Beeville; Brownsville; Corpus Christi;
Crystal City; Dallas; Houston; Lake Charles; Laredo; McAllen; Palestine; Port Arthur;
Sequin; Sherman; Shreveport; Texarkana; Tyler; Waco

Province Coastal Plain

Reliability of location Poor

Comments: Most of the area was evaluated with regional maps at scales smaller than
1:250,000, because no individual fault has sufficient evidence of seismic slip to justify sin-
gling it out for attention here at a larger map scale. Faults in some areas, particularly the
Houston metropolitan area, are mapped at scales as large as 1:24,000. Faults in areas with
many well logs may be better located in the subsurface than at the surface.

Geologic setting A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico. These gulf-margin faults face southwest in westernmost Florida, southwestern
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Alabama, and southern Mississippi; south in Louisiana and southernmost Arkansas; and
southeast in eastern and southern Texas (Ewing and Lopez, 1991 #2032). In early to middle
Mesozoic time, the opening of the Gulf of Mexico formed a south-facing, rifted, passive
margin at the southern edge of North America (DuBar and others, 1991 #2010; Salvador,
1991 #2019; Salvador, 1991 #2020). Subsequently, the rifted margin was buried beneath the
thick, Middle Jurassic, Louann Salt and an overlying, carbonate and clastic, marine sequence
that continues to accumulate today. This post-rift sequence thickens seaward (Salvador, 1991
#2020). It is at least 2 km thick everywhere in the belt of gulf-margin normal faults. At the
coastline, the sequence is at least 10 km thick west of the Mississippi River and at least 5 km
thick farther east. Thicknesses exceed 12 km under coastal Texas and southern Louisiana and
perhaps 16 km offshore Louisiana.

Rapid deposition and the resulting enormous thickness of the post-rift sediment pile caused it
to collapse and spread seaward. Salt flowed southward and pierced upward, and the overlying
pile extended on listric, normal, growth faults that flatten downward into detachments in the
salt and in overpressured shales (Ewing, 1991 #1994; Nelson, 1991 #1995). These listric
normal faults, their splays, and their antithetic and transfer faults make up the belt of gulf-
margin normal faults that concern us here.

Regional fluctuations in the overall deposition rate led to division of the belt of gulf-margin
faults into two parts with different main ages of faulting and different degrees of Quaternary
faulting. (1) The Interior zone of Ewing (1991 #1994) includes the entire belt except southern
Louisiana, coastal Texas, and their offshore extensions. Triassic-Jurassic rifting and sedimen-
tation, including deposition of the Louann Salt, led to Mesozoic growth faulting and salt tec-
tonism. A line of large grabens approximates the landward limit of Jurassic salt, and
Cenozoic faulting is sparse in the Interior zone (Ewing, 1991 #1994; Salvador, 1991 #2019;
Ewing and Lopez, 1991 #2032). The San Marcos arch plunges southeastward, from the Llano
uplift of central Texas toward the coast. On the arch the landward limit of the Louann salt is
embayed southeastward to within 60 km of the coast (Ewing, 1990 #3659; Ewing and Lopez,
1991 #2032). Accordingly, on the arch the landward edge of the Interior zone departs south-
eastward from the line of large grabens just mentioned, to the Karnes fault zone (Ewing, 1991
#1994, his Figure 1 and p. 35). Approximately 100 km west of the Karnes fault zone, at the
western end of the Charlotte-Jourdantown fault zone, the landward limit of the belt of normal
faults steps gulfward approximately 40 km to exclude most of the Rio Grande embayment
(Ewing, 1990 #3659; Ewing and Lopez, 1991 #2032). The embayment contains some thin
salt but lacks the large, southeast-facing, normal faults that indicate gulfward gravitational
collapse (Ewing, 1991 #1994, p. 33). (2) The Coastal zone of Ewing (1991 #1994) covers
southern Louisiana, coastal Texas, and their offshore extensions, and is separated from the
Interior zone by the Early Cretaceous shelf edge (Ewing, 1991 #1994; Ewing and Lopez,
1991 #2032). Sawyer and others (1991 #3685) summarized total tectonic subsidence (TTS)
analyses to infer that the Early Cretaceous shelf edge formed above a crustal boundary that
was inherited from the crustal thinning accompanying Triassic-Jurassic rifting. The boundary
separates less thinned continental crust on the north from more thinned continental crust on
the south. The TTS results indicate that the boundary approximately overlies crust that was
thinned to half its original thickness before deposition of the post-rift sequence (Sawyer and
others, 1991 #3685, figures 5 and 6). After formation of the Early Cretaceous shelf edge,
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Late Cretaceous and especially Cenozoic clastic sediments prograded southward, and their
load led to abundant Cenozoic and continuing growth faulting and salt tectonism (for example
DuBar and others, 1991 #2010, p. 584-585; Salvador, 1991 #2019). The post-rift sequence as
a whole is at least 9-11 km thick throughout the Coastal zone (Salvador, 1991 #2020). In
addition to causing seaward gravitational collapse of the thick post-rift sequence, the crustal
load from rapid Quaternary sedimentation may also aid Quaternary normal faulting and reac-
tivate Tertiary faults of the Coastal zone by imposing extensional bending stresses on the post-
rift sequence; older extensional stresses imposed by the Mesozoic sediment load have had
time to relax (Nunn, 1985 #2215).

Epicenter maps show only sparse, low-magnitude seismicity within the belt of normal faults
(Engdahl, 1988 #1959; Stover and Coffman, 1993 #1986). The only damaging earthquakes
reported through 1989 in this huge tract of land are four MMI VI earthquakes in westernmost
Florida (1780), southern Louisiana (1930), and eastern Texas (1891, 1932) (Stover and
Coffman, 1993 #1986). This level of seismicity is even less than that of sparsely seismic
North and South Dakota, which together cover approximately the same area as the belt of
gulf-margin faults, and had seven earthquakes of MMI VI since 1909 (Stover and Coffman,
1993 #1986). Furthermore, global analogs suggest that some of the sparse seismicity in the
normal-fault belt may be artificially induced (Yerkes and Castle, 1976 #3700). Earthquakes
of my;, 3.4 and 3.9 and My, 4.0 and 4.7 in southeastern Texas and M 4.9 in southwestern

Alabama may have been induced by extraction of oil and gas or injection of fluids for sec-
ondary recovery (Pennington and others, 1986 #1876; Chang and others, 1998 #1806;
Gomberg and others, 1998 #1828; Gomberg and Wolf, 1999 #3440). Therefore, the natural
seismicity rate in the normal-fault belt might be even less than the recent historical record
would indicate.

Perhaps seismicity is low because the post-rift sequence and its belt of gulf-margin normal
faults are mechanically decoupled from the underlying crust. There are two reasons why one
might expect this to be true. First, one horizontal deviatoric component of the stress field is
extensional throughout the post-rift sequence in both the Interior and Coastal zones of the
normal-fault belt, as determined mostly from well data that demonstrate fault slips and well
bore breakouts (Zoback and Zoback, 1991 #2006). The orientations of S, . are radial to the

Gulf of Mexico, in contrast to the east-northeast trends of Sy, ., that characterize most of

North America east of the Rocky Mountains; the stress field in the crust beneath the thick
post-rift sequence is unknown (Zoback and Zoback, 1991 #2006). Consistent with the stress
field in the post-rift sequence, the normal-faulting focal mechanism of the 1997, M 4.9 earth-
quake in southwestern Alabama recorded south-southwest extension (Chang and others, 1998
#1806). Second, the presence of the seaward-facing normal faults throughout the post-rift
sequence from westernmost Florida to southern Texas (Ewing and Lopez, 1991 #2032) indi-
cates that probably the sequence is sliding and extending seaward on detachments in weak salt
and overpressured shales. The salt and overpressured shales may be too ductile to transmit
tectonic stresses upward from the underlying crust into the post-rift sequence. Additionally,
the post-rift sequence itself is young, only partly dewatered, and poorly lithified, particularly
in its Cenozoic part. The post-rift sequence lacks the elastic strength to transmit tectonic
stresses as efficiently as upper crustal metamorphic and igneous rocks. In particular, the post-
rift sequence may be unable to support the widespread, high stresses that are necessary to
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drive a large, seismogenic rupture. Locally, individual beds may dewater and lithify before
surrounding sediments, and become able to support local stress concentrations that could
cause small earthquakes. The sequence may be similarly unable to support the propagation of
high stresses or seismogenic ruptures that might enter it from the underlying crust. This sug-
gestion is consistent with the observation that low velocity, near-surface materials, whether
they are thick fault gouge or poorly lithified sediments, tend to suppress the propagation of
seismic ruptures (Marone and Scholz, 1988 #1856).

In summary, the belt of gulf-margin normal faults from Florida through Texas is assigned to
class B, because much of the fault system might be unable to generate as many significant
earthquakes as can the faults in continental crust that lies north of the gulf-margin fault
system.

Sense of movement Normal

Comments: There might be a few strike-slip faults that form transtensional links between
normal faults.

Dip 0°-90°

Comments: Dips vary, but faults are generally steeper in their upper parts and they flatten
downward. Dips are dominantly southeast in the Coastal zone, seaward of the early
Cretaceous shelf edge. However, in the Interior zone, northwest of the shelf edge, southeast
and northwest dips are locally paired in grabens (Ewing and Lopez, 1991 #2032).

Dip direction SE, NW

Geomorphic expression Scarps and drainage, topographic, and tonal lineaments (DuBar and
others, 1991 #2010), particularly near the coast (see “Timing of most recent paleoevent”
below).

Age of faulted deposits Cretaceous to Holocene (Winker, 1990 #3698; Barnes, 1992 #3703).
See also “Timing of most recent paleoevent” below.

Paleoseismological studies None. No detailed paleoseismological studies involving trenching
are reported.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico (Ewing and Lopez, 1991 #2032). Ewing (1991 #1994) and Ewing and Lopez (1991
#2032) divided the faults into an Interior Zone and a Coastal Zone, which are separated by a
boundary that begins in southeastern Louisiana and runs westward across Louisiana and
Texas, approximately 100 km inland from the coast in eastern Texas and more than 200 km
inland in southwestern Texas. In the Interior Zone, Quaternary slip is rarely reported (but see
figure 3 in DuBar and others (1991 #2010) ). In contrast, the Coastal zone contains more
abundant evidence of Quaternary slip. Widespread Quaternary and historical normal faulting
has long been recognized at the surface from Louisiana to Mexico (Groat, 1973 #3665;
Verbeek, 1979 #3691; 1979 #3692; Berryhill and Trippet, 1980 #3648; O’Neil and Van
Siclen, 1984 #3681; Ewing, 1990 #3659; Ruhl and Norman, 1992 #3684; White and Morton,
1997 #3697). The faulting is generally attributed to regional, late Cenozoic, gravitational col-
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lapse of the thick, unlithified to partly lithified, water-saturated materials of the Coastal zone,
locally greatly accelerated by subsidence that arises from pumping of oil, gas, and water.
Historical subsidence and surface normal faulting are particularly pronounced in and around
Houston (Pratt and Johnson, 1926 #3682; Verbeek and Clanton, 1978 #3693; Clanton, 1979
#3650; Sheets, 1979 #3686; 1979 #3694; Verbeek and others, 1979 #3695; Holzer and
Verbeek, 1980 #3675; Mastroianni and Norman, 1992 #3680). The subsidence, faulting, and
occasional small earthquakes resemble the effects of withdrawal of subsurface fluids in other
urban areas worldwide (Yerkes and Castle, 1976 #3700; Holzer, 1980 #3672). At Houston,
slowing of pumping to allow recovery of ground water levels was followed by slowing of sub-
sidence and faulting (Holzer and Gabrysch, 1982 #3673; Holzer and others, 1983 #3674).

Recurrence interval Not reported

Comments: Estimates of recurrence interval are premature because it is not yet clear whether
these faults can generate significant tectonic earthquakes, as explained under “Geologic set-
ting”.

Slip-rate category unknown

Comments: The tectonic slip rate is unknown. However, a slip rate of 0.2 mm/yr would pro-
duce 320 m of slip during the 1,600,000 years of the Quaternary. It is unlikely that any single
fault in the gulf-margin belt of normal faults has such a large Quaternary offset. Therefore,
probably the long-term rate is less than 0.2 mm/yr.

Length Not applicable
Comments: Many faults are mapped, of widely varying lengths.
Average strike +50°

Comments: Faults vary widely in strike, from approximately +00° to +90°
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1021XX, Crooked Creek Fault (Class B)
Structure Number 1021XX
Structure Name Crooked Creek fault (Class B)

Comments: Also called the Crooked Creek-Fowler fault by Gutentag and others (1981
#2811).

Synopsis: This feature is classified as a Class B feature because of the uncertainty concerning
the cause of the subsurface deformation. As discussed below, it is uncertain if the strati-
graphic offset related to the Crooked Creek fault is solely the result of dissolution of soluble
subsurface strata or is related to genuine, deep-seated tectonic movements (Frye and Hibbard,
1941 #2810). The fault is defined largely on the basis of drill-hole data (Izett and Honey,
1995 #2812) and anomalous geomorphic features above the subsurface structure. No expo-
sures of the fault are known. Deformation associated with the feature has resulted in a struc-
tural depression in the subsurface and an elongate topographic trough (Smith, 1940 #2813).

Date of compilation 09/22/98

Compiler and affiliation Anthony J. Crone, U.S. Geological Survey
State Kansas

County Meade, Ford

1° x 2° sheet Dodge City

Province Great Plains

Reliability of location Poor

Comments: Subsurface location of the fault is based on scattered drill-hole data that indicates
the presence of an anomalously large change in the elevation of stratigraphic units between
adjacent drill holes (Izett and Honey, 1995 #2812). This large change suggests the presence
of a fault because stratigraphic units throughout the region are nearly flat-lying, having
regional dips of only 1.8-3.6 m per km (Smith, 1940 #2813).

Geologic setting The oldest exposed rocks in the Meade County area are Lower Permian sedi-
mentary rocks, although older Paleozoic rocks are present in the subsurface. Shallow seas
covered the region periodically during Paleozoic time, and in Permian time, there was a pro-
gressive transition to non-marine sedimentation. At times during this transition, extensive
evaporation of isolated inland seas resulted in the deposition of salt and gypsum (Hutchinson
Salt Member of the Wellington Formation; estimated to be about 165 m thick based on geo-
physical logs shown in Figure 3 of Izett and Honey, (1995 #2812). Non-deposition and ero-
sion during much of the Mesozoic created an unconformity between Paleozoic rocks and the
overlying Tertiary sediments (Frye, 1942 #2809). The Miocene-age, silty sandstone and
gravels that comprise the Ogallala Formation are the most widespread Tertiary rocks in south-
western Kansas. In the area of the Crooked Creek fault in Meade County, the Ogallala
Formation is overlain by claystone, siltstone, sand, and gravels of the Pliocene Rexroad
Formation and Stump Arroyo Member, and the Pliocene/Pleistocene Crooked Creek
Formation (Izett and Honey, 1995 #2812). All of these materials are generally undeformed
and nearly flat lying.

133



Sense of movement Not reported

Comments: The sense of movement on the inferred fault is not well known because the
Crooked Creek fault is only known from subsurface data. Stratigraphic relations based on
subsurface data suggest a significant vertical offset (the amount of offset is not explicitly
stated), but no information exists to determine if the offset is the product of normal or reverse
slip. Based on the current topography, the southern part of the fault would have a down-to-
the-west vertical offset. The stratigraphic offsets between adjacent drill holes in the area are
certainly suggestive of faulting, but as Smith (1940 #2813) correctly observes, some of the
structural depression in the subsurface could be described as a structural trough, and the
depression may not be caused wholly by faulting.

The exact origin of the stratigraphic offset remains uncertain. Some authors propose that
these offsets are related to tectonic faulting (Haworth, 1896 #2814; Smith, 1940 #2813)
whereas others propose that they are the result of dissolution of evaporite minerals in the
Permian rocks (Gutentag and others, 1981 #2811; Izett and Honey, 1995 #2812). Smith
(1940 #2813, p. 133-136) summarized the strengths and weaknesses of the interpretations of
faulting and dissolution to explain the Crooked Creek fault.

Dip Not reported
Comments: For reasons similar to those described above, the dip of the fault is unknown.

Dip direction Not reported

Geomorphic expression An abrupt, anomalous change in the course of Crooked Creek in
Meade County, an area of unusual artesian flow of groundwater, and unusual surficial depres-
sions (sinkholes) first drew attention to the area of the Crooked Creek fault. The prevailing
topographic slope in southwestern Kansas is about 2.37 m/km in a southeasterly direction
(Gutentag and others, 1981 #2811). The upper 30-40 km of Crooked Creek flows in a gener-
ally east to southeasterly direction, but at the eastern border of Meade County about 10 km
north of the town of Fowler, the stream valley turns abruptly to the southwest, and maintains
this flow direction for about 45 km before it turns abruptly and again flows to the southeast.
The anomalous southwesterly-flowing reach of the stream coincides with the area of artesian
aquifers and the area of sinkholes. The spatial coincidence of these unusual geomorphic fea-
tures and the groundwater condition suggest a common explanation.

The exact cause of the unusual geomorphology in the area still remains uncertain. Haworth
(1896 #2814) first suggested that these features could be related to faulting, whereas other
authors contend that dissolution of subsurface evaporites and subsequent collapse of overlying
strata have played a major role in the area’s geomorphology (Frye, 1942 #2809). Gutentag
and others (1981 #2811) and Izett and Honey (1995 #2812) report that the stratigraphic off-
sets are only the result of dissolution of subsurface evaporites.

Age of faulted deposits The age of the youngest faulted deposits is uncertain. If the strati-
graphic offsets are solely caused by dissolution, then Holocene deposits are “faulted” because
sinkholes have formed during historical time (Frye, 1942 #2809). The geological history
related to the Crooked Creek fault is poorly known, but Smith (1940 #2813) suggests that the
late stages of movement history included “. . . renewal of downward movement along the
southern part of the trough in early Pleistocene time, leading to the deposition of the Odee
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formation; and continued movement in later Quaternary time, outlining the details of the
present topography . .’ Frye and Hibbard (1941 #2810 p. 397) state that “The latest move-
ment along the Crooked Creek fault occurred in the Recent epoch, displacing the Pleistocene
formations and again giving surface expression to the basin.”

Paleoseismological studies None. No detailed studies of the faulting history of this feature
have been completed to date. The historical formation of sinkholes shows that subsurface dis-
solution continues to play an important role in the region’s geomorphology. A key unresolved
question is whether the localized occurrence of dissolution features is a secondary effect of
deep-seated tectonic faulting, which has fractured bedrock and enhanced groundwater circula-
tion, or is all of the stratigraphic offset solely the result of dissolution. Because of this uncer-
tainty concerning the tectonic aspects of the feature, it is categorized as a Class B feature.

Timing of most recent paleoevent Not reported
Comments: Because the uncertainty related to the origin of Crooked Creek fault, it is not
possible to assign a time of the most recent paleoevent.

Recurrence interval Not reported
Comments: Because the uncertainty related to the origin of Crooked Creek fault, it is not pos-
sible to assign a recurrence interval.

Slip-rate category unknown
Comments: Because the uncertainty related to the origin of Crooked Creek fault, it is not pos-
sible to assign a slip rate.

Length not determined

Comments: The Crooked Creek fault is only known from subsurface data; it does not have
any clear surface expression, therefore, is poorly located and defined. Thus, it is not possible
to determine a length for the fault.

Average strike not determined

Comments: The Crooked Creek fault is only known from subsurface data; it does not have
any clear surface expression, therefore, is poorly located and defined. Thus, it is not possible
to determine an average strike for the fault.
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1022XX, Gulf-margin normal faults, Louisiana and Arkansas (Class B)
Structure Number 1022XX
Structure Name Gulf-margin normal faults, Louisiana and Arkansas (Class B)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico, in westernmost Florida, southwestern Alabama, southern Mississippi, all of
Louisiana and southernmost Arkansas, and eastern and southern Texas (Ewing and Lopez,
1991 #2032). This compilation evaluates the faults in four large groups because faults number
in the hundreds, and because their ability to have significant earthquakes is doubtful. To
reflect regional differences in the characteristics of the faults, those in Florida and Alabama
are evaluated together in a single group, as are those in Mississippi, those in Louisiana and
Arkansas, and those in Texas.

Synopsis: The gulf-margin normal faults are assigned to class B because they exist in sediments
and poorly lithified rocks. Most of these materials may be unable to support the stresses
required for the propagation of significant seismic ruptures that could cause damaging ground
motions.

Date of compilation 08/11/98; revised 01/28/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey; Paul V. Heinrich,
Louisiana Geological Survey

State Louisiana; Arkansas

County Acadia; Allen; Ascension; Assumption; Avoyelles; Beauregard; Bienville; Bossier;
Caddo; Calcasieu; Caldwell; Cameron; Catahoula; Claiborne; Concordia; De Soto; East Baton
Rouge; East Carroll; East Feliciana; Evangeline; Franklin; Grant; Iberia; Iberville; Jackson;
Jefferson; Jefferson Davis; Lafayette; Lafourche; La Salle; Lincoln; Livingston; Madison;
Morehouse; Natchitoches; Orleans; Ouachita; Plaquemines; Pointe Coupee; Rapides; Red
River; Richland; Sabine; Saint Bernard; Saint Charles; Saint Helena; Saint James; Saint John
the Baptist; Saint Landry; Saint Martin; Saint Mary; Saint Tammany; Tangipahoa; Tensas;
Terrebonne; Union; Vermilion; Vernon; Washington; Webster; West Baton Rouge; West
Carroll; West Feliciana; Winn (Louisiana); Ashley; Bradley; Calhoun; Chicot; Columbia;
Hempstead; Lafayette; Miller; Nevada; Ouachita; Union (Arkansas)

1° x 2° sheet Alexandria; Baton Rouge; Breton Sound; Jackson; Lake Charles; Mobile;
Natchez; New Orleans; Port Arthur; Shreveport; Tyler (Louisiana); El Dorado; Greenwood;
Texarkana (Arkansas)

Province Coastal Plain
Reliability of location Poor

Comments: Most of the cited maps are regional compilations at 1:2,500,000, because no indi-
vidual fault has sufficient evidence of seismic slip to justify singling it out for attention here at
a larger map scale. Faults in areas with many well logs may be better located in the subsur-
face than at the surface.

Geologic setting A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico. These gulf-margin faults face southwest in westernmost Florida, southwestern
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Alabama, and southern Mississippi; south in Louisiana and southernmost Arkansas; and
southeast in eastern and southern Texas (Ewing and Lopez, 1991 #2032). In early to middle
Mesozoic time, the opening of the Gulf of Mexico formed a south-facing, rifted, passive
margin at the southern edge of North America (DuBar and others, 1991 #2010; Salvador,
1991 #2019; Salvador, 1991 #2020). Subsequently, the rifted margin was buried beneath the
thick, Middle Jurassic, Louann Salt and an overlying, carbonate and clastic, marine sequence
that continues to accumulate today. This post-rift sequence thickens seaward (Salvador, 1991
#2020). It is at least 2 km thick everywhere in the belt of gulf-margin normal faults. At the
coastline, the sequence is at least 10 km thick west of the Mississippi River and at least 5 km
thick farther east. Thicknesses exceed 12 km under coastal Texas and southern Louisiana and
perhaps 16 km offshore Louisiana.

Rapid deposition and the resulting enormous thickness of the post-rift sediment pile caused it
to collapse and spread seaward. Salt flowed southward and pierced upward, and the overlying
pile extended on listric, normal, growth faults that flatten downward into detachments in the
salt and in overpressured shales (Ewing, 1991 #1994; Nelson, 1991 #1995). These listric
normal faults, their splays, and their antithetic and transfer faults make up the belt of gulf-
margin normal faults that concern us here.

Regional fluctuations in the overall deposition rate led to division of the belt of gulf-margin
faults into two parts with different main ages of faulting and different degrees of Quaternary
faulting. (1) The Interior zone of Ewing (1991 #1994) includes the entire belt except southern
Louisiana, coastal Texas, and their offshore extensions. Triassic-Jurassic rifting and sedimen-
tation, including deposition of the Louann Salt, led to Mesozoic growth faulting and salt tec-
tonism. A line of large grabens approximates the landward limit of Jurassic salt, and Cenozoic
faulting is sparse in the Interior zone (Ewing, 1991 #1994; Salvador, 1991 #2019; Ewing and
Lopez, 1991 #2032). (2) The Coastal zone of Ewing (1991 #1994) covers southern Louisiana,
coastal Texas, and their offshore extensions, and is separated from the Interior zone by the
Early Cretaceous shelf edge (Ewing, 1991 #1994; Ewing and Lopez, 1991 #2032). Late
Cretaceous and especially Cenozoic clastic sediments prograded southward and led to abun-
dant Cenozoic and continuing growth faulting and salt tectonism (for example DuBar and
others, 1991 #2010, p. 584-585; Salvador, 1991 #2019). The post-rift sequence as a whole is
at least 9-11 km thick throughout the Coastal zone (Salvador, 1991 #2020). Calculations show
that the crustal load from rapid Quaternary sedimentation may aid Quaternary normal faulting
and reactivate Tertiary faults of the Coastal zone, by imposing extensional bending stresses on
the post-rift sequence; older extensional stresses imposed by the Mesozoic sediment load have
had time to relax (Nunn, 1985 #2215).

Epicenter maps show only sparse, low-magnitude seismicity within the fault belt (Engdahl,
1988 #1959; Stover and Coffman, 1993 #1986). The only damaging earthquakes reported
through 1989 in this huge tract of land are four MMI VI earthquakes in westernmost Florida
(1780), southern Louisiana (1930), and eastern Texas (1891, 1932) (Stover and Coftman,
1993 #1986). This level of seismicity is even less than that of sparsely seismic North and
South Dakota, which together cover approximately the same area as the belt of gulf-margin
faults, and had seven earthquakes of MMI VI since 1909 (Stover and Coffman, 1993 #1986).
Furthermore, some of the sparse seismicity in the normal-fault belt may be artificially
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induced. Earthquakes of my,;, 3.4 and 3.9 in southeastern Texas and M 4.9 in southwestern
Alabama may have been induced by extraction of oil and gas or injection of fluids for sec-
ondary recovery (Pennington and others, 1986 #1876; Chang and others, 1998 #1806;
Gomberg and others, 1998 #1828; Gomberg and Wolf, 1999 #3440). Therefore, the natural
seismicity rate in the normal-fault belt might be even less than the recent historical record
would indicate.

There are two reasons to suspect that the post-rift sequence and its belt of gulf-margin normal
faults may be mechanically decoupled from the underlying crust. First, the stress field is
extensional throughout the post-rift sequence in both the Interior and Coastal zones of the
normal-fault belt, as determined mostly from well data that demonstrate fault slips and well
bore breakouts (Zoback and Zoback, 1991 #2006). The orientations of S, are radial to the

Gulf of Mexico, in contrast to the east-northeast trends of S;; ., that characterize most of

North America east of the Rocky Mountains; the stress field in the crust beneath the thick
post-rift sequence is unknown (Zoback and Zoback, 1991 #2006). Consistent with the stress
field in the post-rift sequence, the normal-faulting focal mechanism of the 1997, M 4.9 earth-
quake in southwestern Alabama recorded south-southwest extension (Chang and others, 1998
#1806). Second, the presence of the normal faults throughout the post-rift sequence from
westernmost Florida to southern Texas (Ewing and Lopez, 1991 #2032) demonstrates that the
sequence is sliding and extending seaward on detachments in weak salt and overpressured
shales. The salt and overpressured shales may be too ductile to transmit tectonic stresses
upward from the underlying crust into the post-rift sequence. Additionally, the post-rift
sequence itself is young, only partly dewatered, and poorly lithified, particularly in its
Cenozoic part. The post-rift sequence lacks the elastic strength to transmit tectonic stresses as
efficiently as upper crustal metamorphic and igneous rocks. In particular, the post-rift
sequence may be unable to support the widespread, high stresses that are necessary to drive a
large, seismogenic rupture. Locally, individual beds may dewater and lithify before sur-
rounding sediments, and become able to support local stress concentrations that could cause
small earthquakes. The sequence may be similarly unable to support the propagation of high
stresses or seismogenic ruptures that might enter it from the underlying crust. This suggestion
is consistent with the observation that low velocity, near-surface materials, whether they are
thick fault gouge or poorly lithified sediments, tend to suppress the propagation of seismic
ruptures (Marone and Scholz, 1988 #1856).

In summary, the belt of gulf-margin normal faults from Florida through Texas is assigned to
class B, because much of the fault system might be unable to generate as many significant
earthquakes as the continental crust that borders it on the north.

Sense of movement Normal

Comments: There might be a few strike-slip faults that form transtensional links between
normal faults.

Dip 0°-90°

Comments: Dips vary, but faults are generally steeper in their upper parts and they flatten
downward. Dips are dominantly south in southern Louisiana, with south and north dips paired
in grabens in northern Louisiana and southern Arkansas.
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Dip direction S, N

Geomorphic expression Scarps and drainage, topographic, and tonal lineaments (DuBar and
others, 1991 #2010), particularly in southern Louisiana (see "Timing of most recent paleo-
event" below).

Age of faulted deposits Eocene to Holocene (Saucier and Snead, 1991 #2021; Haley and
others, 1993 #1932). See also "Timing of most recent paleoevent" below.

Paleoseismological studies None. No detailed paleoseismological studies involving trenching
are reported.

Timing of most recent paleoevent Quaternary (<1.6 Ma)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico (Ewing and Lopez, 1991 #2032). Ewing (1991 #1994) and Ewing and Lopez (1991
#2032) divided the faults into an Interior Zone and a Coastal Zone, which are separated by a
boundary that begins in southeastern Louisiana and runs westward across Louisiana and Texas
approximately 100 km inland from the coast. In the Interior Zone, which includes central and
northern Louisiana and southernmost Arkansas, Quaternary slip is not reported (but see figure
3 in DuBar and others, 1991 #2010). In contrast, the Coastal Zone contains more abundant
evidence for more widespread Quaternary slip (Hanor, 1982 #2200; Heinrich, 1988 #2201;
McCulloh, 1991 #2210; McCulloh and Autin, 1991 #2253; McCulloh, 1996 #2211, Heinrich,
1997 #2202). Quaternary and historical faulting have been demonstrated in southern
Louisiana, along the Tepetate and Baton Rouge fault systems and related faults (Durham and
Peeples, 1956 #3829; Hanor, 1982 #2200; Heinrich, 1988 #2201; McCulloh, 1991 #2210;
McCulloh and Autin, 1991 #2253; McCulloh, 1996 #2211; Heinrich, 1997 #2202). Together
these active faults cross the State from Beauregard and Calcasieu Parishes in the west to St.
Tammany and St. Bernard Parishes in the east, between approximately latitudes 30° and
30°30’ N. Geologic mapping and analyses of well logs, soil surveys, topographic maps, and
aerial photographs documented Quaternary scarps on active and reactivated normal faults in
the Coastal zone of Ewing (1991 #1994). However, as explained in "Geologic setting" above,
it is unclear whether such slip was seismic or is likely to occur seismically.

Recurrence interval Not reported

Comments: Estimates of recurrence interval are premature because it is not yet clear whether
these faults can generate significant tectonic earthquakes, as explained under "Geologic set-
ting".

Slip-rate category unknown

Comments: The slip rate is unknown. However, a slip rate of 0.2 mm/yr would produce 320 m
of slip during the 1,600,000 years of the Quaternary. It is unlikely that any single fault in the
gulf-margin belt of normal faults has such a large Quaternary offset. Therefore, probably the
long-term rate is less than 0.2 mm/yr.

Length Not applicable
Comments: Many faults are mapped, of widely varying lengths.

140



Average strike -80°

Comments: Faults vary widely in strike, from approximately -30° to +50°.
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2654XX, Gulf-margin normal faults, Alabama and Florida (Class B)
Structure Number 2654XX
Structure Name Gulf-margin normal faults, Alabama and Florida (Class B)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico, in westernmost Florida, southwestern Alabama, southern Mississippi, all of
Louisiana and southernmost Arkansas, and eastern and southern Texas (Ewing and Lopez,
1991 #2032). This compilation evaluates the faults in four large groups because faults number
in the hundreds, and because their ability to have significant earthquakes is doubtful. To
reflect regional differences in the characteristics of the faults, those in Florida and Alabama
are evaluated together in a single group, as are those in Mississippi, those in Louisiana and
Arkansas, and those in Texas.

Synopsis: The gulf-margin normal faults are in class B because they exist in sediments and
poorly lithified rocks. Most of these materials may be unable to support the stresses required
for the propagation of significant seismic ruptures that could cause damaging ground motions.

Date of compilation 08/11/98; revised 01/28/00
Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Alabama; Florida

County Baldwin; Choctaw; Clarke; Escambia; Mobile; Monroe; Washington (Alabama);
Escambia; Santa Rosa (Florida)

1° x 2° sheet Andalusia; Hattiesburg; Mobile; Pensacola
Province Coastal Plain
Reliability of location Poor

Comments: Most of the cited maps are regional compilations at 1:2,500,000, because no indi-
vidual fault has sufficient evidence of seismic slip to justify singling it out for attention at a
larger map scale. Faults in areas with many well logs may be better located in the subsurface
than at the surface.

Geologic setting A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico. These gulf-margin faults face southwest in westernmost Florida, southwestern
Alabama, and southern Mississippi; south in Louisiana and southernmost Arkansas; and
southeast in eastern and southern Texas (Ewing and Lopez, 1991 #2032). In early to middle
Mesozoic time, the opening of the Gulf of Mexico formed a south-facing, rifted, passive
margin at the southern edge of North America (DuBar and others, 1991 #2010; Salvador,
1991 #2019; Salvador, 1991 #2020). Subsequently, the rifted margin was buried beneath the
thick, Middle Jurassic Louann Salt and an overlying, carbonate and clastic, marine and paralic
sequence that continues to accumulate today. This post-rift sequence thickens seaward
(Salvador, 1991 #2020). It is at least 2 km thick everywhere in the belt of gulf-margin normal
faults. At the coastline, the sequence is at least 10 km thick west of the Mississippi River and
at least 5 km thick farther east. Thicknesses exceed 12 km in coastal Texas and southern
Louisiana and perhaps 16 km in offshore Louisiana.
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Rapid Mesozoic and Cenozoic deposition by large rivers and the resulting enormous thickness
of the post-rift sediment pile caused it to collapse and spread seaward. Salt flowed southward
and pierced upward, and the overlying pile extended on listric, normal, growth faults that
flatten downward into detachments in the salt and in overpressured shales (Ewing, 1991;
Nelson, 1991). These listric normal faults, their splays, and their antithetic and transfer faults
make up the belt of gulf-margin normal faults that concern us here. The faults decrease in size
and abundance inland to the landward limit of Jurassic salt, which is marked in many places
by large grabens of the normal-fault belt (Ewing and Lopez, 1991 #2032). The belt of normal
faults remains active as a whole, and particularly in its seaward parts, because the prograding
fluvial deposition that loads the sediment pile and drives its seaward collapse continues (for
example DuBar and others, 1991 #2010 p. 584-585, 594; Salvador, 1991 #2019).

Epicenter maps show only sparse, low-magnitude seismicity within the fault belt (Engdahl,
1988 #1959; Stover and Coffman, 1993 #1986). The only damaging earthquakes reported
through 1989 in this huge tract of land are four MMI VI earthquakes in westernmost Florida
(1780), southern Louisiana (1930), and eastern Texas (1891, 1932) (Stover and Coftman,

1993 #1986). This level of seismicity is even less than that of sparsely seismic North and
South Dakota, which together cover approximately the same area as the belt of gulf-margin
faults, and had seven earthquakes of MMI VI since 1909 (Stover and Coffman, 1993 #1986).
Furthermore, some of the sparse seismicity in the normal-fault belt may be artificially
induced. Earthquakes of my,;, 3.4 and 3.9 in southeastern Texas and moment magnitude M 4.9

in southwestern Alabama may have been induced by extraction of oil and gas or injection of
fluids for secondary recovery (Pennington and others, 1986 #1876, Chang and others, 1998
#1806; Gomberg and others, 1998 #1828; Gomberg and Wolf, 1999 #3440). Therefore, the
natural seismicity rate in the normal-fault belt might be even less than the recent historical
record would indicate.

There are two reasons to suspect that the post-rift sequence and its belt of gulf-margin normal
faults may be mechanically decoupled from the underlying crust. First, the stress field in the
post-rift sequence and in the normal-fault belt is extensional, as determined mostly from well
data that demonstrate fault slips and wellbore breakouts (Zoback and Zoback, 1991 #2006).
The orientations of S, ;. are radial to the Gulf of Mexico, in contrast to the east-northeast

trends of Sy,

stress field in the crust beneath the thick post-rift sequence is unknown (Zoback and Zoback,
1991 #2006). Consistent with the stress field in the post-rift sequence, the normal-faulting
focal mechanism of the 1997, M 4.9 earthquake in southwestern Alabama recorded south-
southwest extension (Chang and others, 1998 #1806). Second, the presence of the normal
faults throughout the post-rift sequence from westernmost Florida to southern Texas (Ewing
and Lopez, 1991 #2032) demonstrates that the sequence is sliding and extending seaward on
detachments in weak salt and overpressured shales. The salt and overpressured shales may be
too ductile to transmit tectonic stresses upward from the underlying crust into the post-rift
sequence. Additionally, the post-rift sequence itself is young, only partly dewatered, and
poorly lithified, particularly in its Cenozoic part. The post-rift sequence lacks the elastic
strength to transmit tectonic stresses as efficiently as upper crustal metamorphic and igneous
rocks. In particular, the post-rift sequence may be unable to support the widespread, high

that characterize most of North America east of the Rocky Mountains; the
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stresses that are necessary to drive a large, seismogenic rupture. Locally, individual beds may
dewater and lithify before surrounding sediments, and become able to support local stress
concentrations that could cause small earthquakes. The sequence may be similarly unable to
support the propagation of high stresses or seismogenic ruptures that might enter it from the
underlying crust. This suggestion is consistent with the observation that low velocity, near-
surface materials, whether they are thick fault gouge or poorly lithified sediments, tend to sup-
press the propagation of seismic ruptures (Marone and Scholz, 1988 #1856).

In summary, the belt of gulf-margin normal faults from Florida through Texas is assigned to
class B, because much of the fault system might be unable to generate as many significant
earthquakes as the continental crust that borders it on the north.

Sense of movement Normal

Comments: There might be a few strike-slip faults that form transtensional links between
normal faults.

Dip 0°-90°
Comments: Dips vary, but faults are generally steeper in their upper parts and shallow down-

ward. Dip direction is dominantly southwest, with southwest and northeast dips paired in
grabens.

Dip direction SW, NE

Geomorphic expression Scarps and drainage, topographic, and tonal lineaments (DuBar and
others, 1991 #2010)

Age of faulted deposits Eocene to Holocene (Szabo and Copeland, 1988 #1946; DuBar and
others, 1991 #2010)

Paleoseismological studies None
Timing of most recent paleoevent Quaternary (<1.6 Ma)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico (Ewing and Lopez, 1991 #2032). Ewing (1991 #1994) and Ewing and Lopez (1991
#2032) divided the faults into an Interior Zone and a Coastal Zone, which are separated by a
boundary that begins in southeastern Louisiana and runs westward across Louisiana and Texas
approximately 100 km inland from the coast. In the Interior Zone, which includes south-
western Alabama and westernmost Florida, Quaternary slip is little documented (but see
figure 3 in DuBar and others, 1991 #2010). However, probably many or most faults in the
Interior Zone have potential for Quaternary to present-day slip. As explained in "Geologic set-
ting", it is unclear whether such slip was or is likely to occur seismically. In contrast, the
Coastal Zone contains more abundant evidence for more widespread Quaternary slip, but this
slip may be even less likely to occur seismically than slip in the Interior Zone.

Recurrence interval Not reported

Comments: Estimates of recurrence interval are premature because it is not yet clear whether
these faults can generate significant tectonic earthquakes, as explained under "Geologic set-
ting".
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Slip-rate category unknown

Comments: The slip rate is unknown. However, a slip rate of 0.2 mm/yr would produce 320
m of slip during the 1,600,000 years of the Quaternary. It is unlikely that any single fault in
the gulf-margin belt of normal faults has such a large Quaternary offset. Therefore, probably
the long-term rate is less than 0.2 mm/yr.

Length Not applicable
Comments: Many faults are mapped, of widely varying lengths.
Average strike -50°

Comments: Faults vary widely in strike, from approximately -10° to -80°
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2655XX, Gulf-margin normal faults, Mississippi (Class B)
Structure Number 2655XX
Structure Name Gulf-margin normal faults, Mississippi (Class B)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico, in westernmost Florida, southwestern Alabama, southern Mississippi, all of
Louisiana and southernmost Arkansas, and eastern and southern Texas (Ewing and Lopez,
1991 #2032). This compilation evaluates the faults in four large groups because faults number
in the hundreds, and because their ability to have significant earthquakes is doubtful. To
reflect regional differences in the characteristics of the faults, those in Florida and Alabama
are evaluated together in a single group, as are those in Mississippi, those in Louisiana and
Arkansas, and those in Texas.

Synopsis The gulf-margin normal faults are assigned to class B because they exist in sediments
and poorly lithified rocks. Most of these materials may be unable to support the stresses
required for the propagation of significant seismic ruptures that could cause damaging ground
motions.

Date of compilation 08/11/98; revised 01/28/00
Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Mississippi

County Adams; Amite; Attala; Claiborne; Clarke; Copiah; Covington; Forrest; Franklin;
George; Greene; Hancock; Harrison; Hinds; Holmes; Humphreys; Issaquena; Jackson; Jasper;
Jefferson; Jefferson Davis; Jones; Lamar; Lawrence; Leake; Lincoln; Madison; Marion;
Newton; Pearl River; Perry; Pike; Rankin; Scott; Sharkey; Simpson; Smith; Stone; Walthall;
Warren; Washington; Wayne; Wilkinson; Yazoo

1° x 2° sheet Greenwood; Hattiesburg; Jackson; Meridian; Mobile; Natchez
Province Coastal Plain
Reliability of location Poor

Comments: Most of the cited maps are regional compilations at 1:2,500,000, because no indi-
vidual fault has sufficient evidence of seismic slip to justify singling it out for attention at a
larger map scale. Faults in areas with many well logs may be better located in the subsurface
than at the surface.

Geologic setting A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico. These gulf-margin faults face southwest in westernmost Florida, southwestern
Alabama, and southern Mississippi; south in Louisiana and southernmost Arkansas; and
southeast in eastern and southern Texas (Ewing and Lopez, 1991 #2032). In early to middle
Mesozoic time, the opening of the Gulf of Mexico formed a south-facing, rifted, passive
margin at the southern edge of North America (DuBar and others, 1991 #2010; Salvador,

1991 #2019; Salvador, 1991 #2020). Subsequently, the rifted margin was buried beneath the
thick, Middle Jurassic Louann Salt and an overlying, carbonate and clastic, marine and paralic
sequence that continues to accumulate today. This post-rift sequence thickens seaward
(Salvador, 1991 #2020). It is at least 2 km thick everywhere in the belt of gulf-margin normal
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faults. At the coastline, the sequence is at least 10 km thick west of the Mississippi River and
at least 5 km thick farther east. Thicknesses exceed 12 km in coastal Texas and southern
Louisiana and perhaps 16 km in offshore Louisiana.

Rapid Mesozoic and Cenozoic deposition by large rivers and the resulting enormous thickness
of the post-rift sediment pile caused it to collapse and spread seaward. Salt flowed southward
and pierced upward, and the overlying pile extended on listric, normal, growth faults that
flatten downward into detachments in the salt and in overpressured shales (Ewing, 1991;
Nelson, 1991). These listric normal faults, their splays, and their antithetic and transfer faults
make up the belt of gulf-margin normal faults that concern us here. The faults decrease in size
and abundance inland to the landward limit of Jurassic salt, which is marked in many places
by large grabens of the normal-fault belt (Ewing and Lopez, 1991 #2032). Over the entire
northern Gulf margin the belt of normal faults remains active as a whole, and particularly in
its seaward parts, because the prograding fluvial deposition that loads the sediment pile and
drives its seaward collapse continues (for example DuBar and others, 1991 #2010, p. 584-585,
594; Salvador, 1991 #2019). However, locally in central Mississippi and adjacent Alabama,
the Pickens-Gilbertown fault zone at the landward limit of Jurassic salt is longer and more
important structurally than the belt of younger, more numerous faults in southern Mississippi
(Ewing, 1991 #1994).

Epicenter maps show only sparse, low-magnitude seismicity within the fault belt (Engdahl,
1988 #1959; Stover and Coftman, 1993 #1986). The only damaging earthquakes reported
through 1989 in this huge tract of land are four MMI VI earthquakes in westernmost Florida
(1780), southern Louisiana (1930), and eastern Texas (1891, 1932) (Stover and Coftman,
1993 #1986). This level of seismicity is even less than that of sparsely seismic North and
South Dakota, which together cover approximately the same area as the belt of gulf-margin
faults, and had seven earthquakes of MMI VI since 1909 (Stover and Coffman, 1993 #1986).
Furthermore, some of the sparse seismicity in the normal-fault belt may be artificially
induced. Earthquakes of m,;, 3.4 and 3.9 in southeastern Texas and moment magnitude M 4.9

in southwestern Alabama may have been induced by extraction of oil and gas or injection of
fluids for secondary recovery (Pennington and others, 1986 #1876; Chang and others, 1998
#1806; Gomberg and others, 1998 #1828; Gomberg and Wolf, 1999 #3440). Therefore, the
natural seismicity rate in the normal-fault belt might be even less than the recent historical
record would indicate.

There are two reasons to suspect that the post-rift sequence and its belt of gulf-margin normal
faults may be mechanically decoupled from the underlying crust. First, the stress field in the
post-rift sequence and in the normal-fault belt is extensional, as determined mostly from well
data that demonstrate fault slips and wellbore breakouts (Zoback and Zoback, 1991 #2006).
The orientations of S, ;, are radial to the Gulf of Mexico, in contrast to the east-northeast

trends of S

stress field in the crust beneath the thick post-rift sequence is unknown (Zoback and Zoback,
1991 #2006). Consistent with the stress field in the post-rift sequence, the normal-faulting
focal mechanism of the 1997, M 4.9 earthquake in southwestern Alabama recorded south-
southwest extension (Chang and others, 1998 #1806). Second, the presence of the normal
faults throughout the post-rift sequence from westernmost Florida to southern Texas (Ewing
and Lopez, 1991 #2032) demonstrates that the sequence is sliding and extending seaward on

that characterize most of North America east of the Rocky Mountains; the

Hmax
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detachments in weak salt and overpressured shales. The salt and overpressured shales may be
too ductile to transmit tectonic stresses upward from the underlying crust into the post-rift
sequence. Additionally, the post-rift sequence itself is young, only partly dewatered, and
poorly lithified, particularly in its Cenozoic part. The post-rift sequence lacks the elastic
strength to transmit tectonic stresses as efficiently as upper crustal metamorphic and igneous
rocks. In particular, the post-rift sequence may be unable to support the widespread, high
stresses that are necessary to drive a large, seismogenic rupture. Locally, individual beds may
dewater and lithify before surrounding sediments, and become able to support local stress
concentrations that could cause small earthquakes. The sequence may be similarly unable to
support the propagation of high stresses or seismogenic ruptures that might enter it from the
underlying crust. This suggestion is consistent with the observation that low velocity, near-
surface materials, whether they are thick fault gouge or poorly lithified sediments, tend to sup-
press the propagation of seismic ruptures (Marone and Scholz, 1988 #1856).

In summary, the belt of gulf-margin normal faults from Florida through Texas is assigned to
class B, because much of the fault system might be unable to generate as many significant
earthquakes as the continental crust that borders it on the north.

Sense of movement Normal

Comments: There might be a few strike-slip faults that form transtensional links between
normal faults.

Dip 0°-90°

Comments: Dips vary, but faults are generally steeper in their upper parts and they flatten
downward. Dips are dominantly southwest, with southwest and northeast dips paired in
grabens.

Dip direction SW, NE

Geomorphic expression Scarps and drainage, topographic, and tonal lineaments (DuBar and
others, 1991 #2010)

Age of faulted deposits Eocene to Holocene ? (Bicker, 1969 #1925; DuBar and others, 1991
#2010; Saucier and Snead, 1991 #2021)

Paleoseismological studies None
Timing of most recent paleoevent Quaternary (<1.6 Ma)

Comments: A belt of mostly seaward-facing normal faults borders the northern Gulf of
Mexico (Ewing and Lopez, 1991 #2032). Ewing (1991 #1994) and Ewing and Lopez (1991
#2032) divided the faults into an Interior Zone and a Coastal Zone, which are separated by a
boundary that begins in southeastern Louisiana and runs westward across Louisiana and Texas
approximately 100 km inland from the coast. In the Interior Zone, which includes southern
Mississippi, Quaternary slip is little documented (but see figure 3 in DuBar and others, 1991
#2010). However, probably many or most faults in the Interior Zone have potential for
Quaternary to present-day slip. As explained in "Geologic setting", it is unclear whether such
slip was or is likely to occur seismically. In contrast, the Coastal Zone contains more abun-
dant evidence for more widespread Quaternary slip, but this slip may be even less likely to
occur seismically than slip in the Interior Zone.
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Recurrence interval Not reported

Comments: Estimates of recurrence interval are premature because it is not yet clear whether
these faults can generate significant tectonic earthquakes, as explained under "Geologic set-
ting".

Slip-rate category unknown
Comments: The slip rate is unknown. However, a slip rate of 0.2 mm/yr would produce 320
m of slip during the 1,600,000 years of the Quaternary. It is unlikely that any single fault in

the gulf-margin belt of normal faults has such a large Quaternary offset. Therefore, probably
the long-term rate is less than 0.2 mm/yr.

Length Not applicable
Comments: Many faults are mapped, of widely varying lengths.
Average strike -60°

Comments: Faults vary widely in strike, from approximately -30° to -90°.
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2650XX, Kentucky River fault system (Class B)
Structure Number 2650XX
Structure Name Kentucky River fault system (Class B)

Synopsis: Kentucky River fault system is one of a series of major regional fault systems that
extends east-northeasterly across Kentucky. The western members of these fault systems are
the Shawneetown and Rough Creek (discussed separately as Class C faults) fault systems in
southern Illinois and western Kentucky. The Kentucky River fault system crosses central and
eastern Kentucky, and the Woodward fault is the eastern member of this network in western
West Virginia. Information on Quaternary faulting in the fault system is based on work of
Van Arsdale (1986 #684). Although this study found evidence of Quaternary deformation in
trenches across various strands of the fault system, the amount of deformation is generally
small and could be related to collapse from solution of the underlying bedrock. The evidence
is equivocal, and thus the feature is assigned to Class B in this compilation.

Date of compilation 03/17/94

Compiler and affiliation Anthony J. Crone, U.S. Geological Survey
State Kentucky

County Clark; Madison

1° x 2° sheet Winchester

Physiographic province Interior Low Plateaus

Reliability of location Good

Geologic setting The Kentucky River fault system (KRFS) forms part of the northern
boundary of the Rome trough, which is interpreted to be part of an east-trending aulacogen of
late Precambrian to early Paleozoic in age. In Early Paleozoic time, the north-south-trending
Cincinnati arch developed in central Kentucky. The part of the KRFS studied by Van Arsdale
(1986 #684) lies on the eastern flank of the arch. Throughout their history, faults in the
system have had senses of slip that included sinistral, dextral, normal, and reverse slip. The
net throw on the faults is down-to-the-south, and cumulative displacement of Precambrian
rocks in Van Arsdale's study area is approximately 463 m (cited by Van Arsdale).

Sense of movement Reverse

Comments: Van Arsdale (1986 #684) documents folding and faulting in trenches at several
sites, all of which indicate compressional deformation in Quaternary deposits. In contrast,

these faults are mapped as normal faults on the state geologic map McDowell and others
(1981 #693).

Dip 25°-80°
Comments: Dips reported in the trenches range between 25°-80°
Dip direction SW, NE

Geomorphic expression none
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Age of faulted deposits Quaternary terrace deposits of the Kentucky River. Age of deposits is
uncertain but is believed to be Pliocene-Pleistocene.

Paleoseismological studies Van Arsdale (1986 #684) describes detailed studies at four sites
along the fault system. These detailed study sites were identified following reconnaissance
work that consisted of electrical-resistivity surveys and drilling a series of auger holes across
the projected traces of faults at 25 sites.

At one site, no deformation was documented in Quaternary deposits.

At the second site, Van Arsdale excavated five trenches across these faults and found faulted
Quaternary deposits in two of the trenches. Faulted Quaternary deposits in one trench have a
maximum stratigraphic separation of 0.7 m across a reverse fault that dips 70° to the north-
east, and in another trench, two N. 40° W.-trending faults formed a small graben.

At a third site, Van Arsdale (1986 #684) describes evidence of folding that post-dates deposi-
tion of Kentucky River terrace deposits; these deposits may have as much as 1.1 m of strati-
graphic separation. He cites three possible explanations for the folding including solution
collapse. On the basis of one radiocarbon date, he concludes that the deformation occurred
within the past 350 years.

At the fourth site, he did not find evidence of faulting or deformation in Quaternary deposits.

Van Arsdale (1986 #684) argues that solution collapse is not likely to be responsible for the
features found in the trenches. However the characteristics of the deformation are not incon-
sistent with minor subsidence related to the development of solution-collapse features in car-
bonate rocks. The existing evidence of a tectonic origin for these features is equivocal, and
therefore they are classified as Class B features.

Timing of most recent paleoevent Quaternary (<1.6 Ma)

Comments: The age of faulted Quaternary deposits is poorly known. At Van Arsdale's
second site (1986 #684), he indicates that the faulted deposits are estimated to be pre-Illinoian
(730,000-900,000) based on the weathering profile formed in the deposits.

Recurrence interval Not reported
Slip-rate category unknown; probably <0.2 mm/yr.

Comments: The greatest vertical displacement of Quaternary deposits reported by Van
Arsdale (1986 #684) is 0.7 m at the second site. At the third site, Quaternary deposits, con-
servatively estimated to be 500,000 yr old, may have as much as 1.1 m of stratigraphic sepa-
ration. On the basis of this information, the lowest slip-rate category is suggested for the
KRFS.

Length (km) Not applicable

Comments: The Kentucky River fault system is known and defined from faulted Paleozoic
strata and is not expressed in Quaternary deposits. The studies cited above that suggest pos-
sible Quaternary deformation were conducted as several localized sites. On the basis of these
studies, it is not clear if faulting at one site would necessarily be connected to another site, so
it is not valid to infer any length value for a possible Quaternary rupture.
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Average strike (azimuth) +71°

Comments: This azimuth value is the general strike of the fault zone as expressed in
Paleozoic rocks, but because evidence of possible Quaternary deformation is limited and is
only known from a few specific locations, it is not possible to determine an azimuth for fea-
tures that might possibly be related to Quaternary deformation.
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1025XX, Monroe Uplift (Class B)
Structure Number 1025XX
Structure Name Monroe uplift (Class B)

Comments: The Monroe uplift is a subsurface structure that is defined largely on the basis of
unconformities and stratigraphic pinch-outs of Jurassic through Upper Cretaceous rocks
(Ewing, 1991 #1994). The uplift has been also referred to as the Ouachita uplift and the
Sharkey platform; it has also been included as part of the Sabine uplift by some authors
(Johnson, 1958 #2816).

Synopsis: This feature is classified as a Class B feature because the results of a study described
by Burnett and Schumm (1983 #2815) and Schumm (1986 #2817), which suggests the possi-
bility of Quaternary deformation, but the available evidence is not compelling. The evidence
of possible Quaternary uplift is based on an analysis of the fluvial geomorphology of rivers
and streams that cross the Monroe uplift. Burnett and Schumm (1983 #2815) also briefly
describe corroborative evidence of uplift from repeat geodetic surveys. Furthermore, if
Quaternary deformation is occurring, it is not clear if the deformation is truly tectonic in
origin or if it could be related to non-tectonic processes such as salt tectonics or differential
subsidence.

Date of compilation 04/16/98
Compiler and affiliation Anthony J. Crone, U.S. Geological Survey
State Louisiana, Arkansas, Mississippi

County: Morehouse, Madison, East Carroll, West Carroll, Richland, Franklin, Ouachita
(Louisiana); Ashley, Chicot (Arkansas); Issaquena, Sharkey, Warren, Washington, Yazoo
(Mississippi)

1° x 2° sheet Greenwood, Jackson, Shreveport

Physiographic province Coastal Plain

Reliability of location Poor

Comments: The feature's location is poorly known because it is largely defined on the basis
of drill-hole data; it does not have any prominent surficial expression. Furthermore, the limits
of the uplift vary depending on the stratigraphic truncation that is used to define its boundary.
If the uplift is defined on the truncation of the Annona chalk (Cretaceous age), then it is
approximately 80 miles (129 km) in diameter; this is the generally accepted limit of the uplift
according to Johnson (1958 #2816).

Geologic setting The Monroe uplift is a small feature centered in extreme northeastern
Louisiana and is defined on the basis of subsurface data. It is a second-order structural fea-
ture (Ewing, 1991 #1994) located along the northern flank of the Gulf of Mexico basin. The
uplift is a complex structural dome that blends into the regional structure to the north and
northwest (Johnson, 1958 #2816). It is bounded by the North Louisiana salt basin and the
Mississippi salt basin on the southwest and southeast, respectively (Ewing, 1991 #1994). The
uplift is associated with Late Cretaceous igneous activity. The Monroe uplift developed as a
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discrete structural feature in Late Cretaceous time when uplift resulted in as much as 3 km of
strata being eroded from the top of the feature. Uplift ended in latest Cretaceous time, and
the feature was buried by Paleocene and younger sediments.

Sense of movement Not reported

Comments: No movement on specific faults is reported. The geomorphic evidence reported
by Burnett and Schumm (1983 #2815) and Schumm (1986 #2817) infers vertical uplift of the
feature; there is no evidence of movement on specific faults.

Dip Not reported
Dip direction Not reported

Geomorphic expression The Monroe uplift does not have any conspicuous geomorphic
expression, but the evidence used to infer Quaternary movement is derived from analysis of
the area's fluvial geomorphology. The uplift is located in the floodplains of the Ouachita,
Mississippi, and Yazoo Rivers (Johnson, 1958 #2816). The evidence of Quaternary uplift
reported by Burnett and Schumm (1983 #2815) and Schumm (1986 #2817) includes longitu-
dinal valley profiles and changes in channel morphology of five rivers across the uplift.
Longitudinal profiles of Pleistocene and Holocene terraces along these drainages show pro-
nounced convexities that are indicative of deformation (Schumm, 1986 #2817). Changes in
the sinuosity, gradient, depth, and channel erosion and deposition of the rivers across the
uplift are also interpreted as evidence of fluvial responses to uplift. Schumm (1986 #2817)
notes that the Mississippi River has a highly irregular thalweg profile through the uplift and
that the gradient of the thalweg slope is reduced and even reversed in part of the uplift.

Burnett and Schumm (1983 #2815) and Schumm (1986 #2817) suggest that modern uplift
may be responsible for these changes in the river's fluvial geomorphology and that the uplift
is currently occurring because these geomorphic changes are affecting the modern river chan-
nels.

As further support for their contention of modern uplift, they report that repeat geodetic sur-
veys across the Monroe and the nearby Wiggins uplift indicate uplift rates of about 5 mm/yr.
Other than simply noting these rates, they do not provide any detailed description or cite any
references concerning the geodetic data.

Age of faulted deposits Holocene. See comments in "Timing of most recent paleoevent" sec-
tion.

Paleoseismological studies Information indicative of possible neotectonic uplift of the Monroe
uplift is from a study described by Burnett and Schumm (1983 #2815) and Schumm (1986
#2817). This study analyzed the channel morphology and longitudinal profiles of several
major drainages that cross the uplift. They report that recent uplift has reduced the slope of
stream valleys across the Monroe uplift, and as a result, sinuosity of the streams has been
reduced and an anastamosing drainage pattern has developed. They also report that repeat
geodetic surveys suggest an uplift rate of about 5 mm/yr on the Monroe uplift. See the "Slip
Rate" section of this discussion for further details. No additional studies have been conducted
to confirm the conclusions of the geodetic or geomorphic investigations. Without additional
confirmation, the Monroe uplift is considered to be a Class B feature because it is located in a
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region of minimal historical seismicity and because the inferred deformation rates are anom-
alous for the geologic setting of the Gulf Coastal plain.

Timing of most recent paleoevent latest Quaternary (<15 ka)
Comments: Deposits associated with the uplift are not faulted, but Burnett and Schumm
(1983 #2815) and Schumm (1986 #2817) note that the modern river channels are responding
to the deformation, which is indicative of contemporary deformation. Thus, the most recent
deformation is Holocene in age.

Recurrence interval Not reported

Comments: The geomorphic evidence of Quaternary uplift implies that the deformation is a
steady, on-going process. It is not clear that the deformation is episodic or coseismic, so it is
impossible to quantify the deformation in terms of recurrence intervals.

Slip-rate category <0.2 mm/yr

Comments: The inferred "slip rate" of this feature is not a "slip rate" in the conventional
sense; it is really a an inferred uplift rate of the entire feature.

Burnett and Schumm (1983 #2815) cite that geodetic data that suggest an uplift rate of about
5 mm/yr, and Schumm (1986 #2817) estimates uplift rates of 0.01-1.4 mm/yr based on the
amount of deformation that has affected terraces of various ages. A profile of Macon Ridge,
the oldest, highest terrace described by Schumm (1986 #2817), has been affected by about 3.8
m of deformation. This terrace has an estimated age of about 33 ka, which indicates a low
late Pleistocene uplift rate. If the amount of deformation and age of the terrace given by
Schumm (1986 #2817) are correct, then the calculated uplift rate is an order of magnitude
lower than the 1.0 mm/yr rate given by Schumm (1986 #2817). The slip-rate category cited
favors a low geologic rate, in contrast to the high geodetic rate (see following discussion).

The 5 mm/yr geodetic uplift rate is exceedingly high and is incompatible with the geologic
and broad tectonic setting of the Gulf Coast province. If this rate were sustained for a geolog-
ically significant period of time, then the geomorphic and geologic expression of the uplift
would be far more pronounced than it is at present. Thus, this geodetic rate is suspect in
terms of it accurately reflecting a long-term uplift rate.

The geologic rates of 0.01-1.4 mm/yr reported by Schumm (1986 #2817) are more consistent
with the regional geologic setting, but it is not clear if this uplift occurs seismically or aseis-
mically. Based of the sparse historical earthquakes in the region, aseismic deformation seems
more likely. Furthermore, it is not clear if the uplift reflects long-term tectonic processes that
produce tectonic strain that could be released by damaging earthquakes. Until some of these
fundamental questions about the nature of the deformation are answered, the Monroe uplift is
classified as a Class B feature.

Length (km) Not applicable

Comment: The Monroe uplift is a structural feature defined on the basis of subsurface data.
It has an areal extent, and is not a linear feature therefore, determining its length is inappro-
priate.
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Average strike (azimuth) Not applicable

Comment: It is inappropriate to determine a average strike for this feature for the same rea-
sons cited in the comments on the length determination.
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2652XX, Pembroke faults (Class B)
Structure Number 2652XX
Structure Name Pembroke faults (Class B)

Comments: Five faults in terrace deposits of probable Quaternary age were reported but not
named by Bollinger and others (1992 #1800) and Law and others (1992 #1850). Mills (1994
#1864) referred to the faults collectively as "the Pembroke fault". The faulted locality is along
the north side of the New River Valley, between Pembroke and Pearisburg, Virginia, approxi-
mately 1 km west of Pembroke.

Synopsis: Probable Quaternary faults overlie a steeply dipping, tabular zone of hypocenters.
However, it has not yet been determined whether the faults are tectonic or the result of solu-
tion collapse.

Date of compilation 05/26/98; revised 01/28/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Virginia

County Giles

1° x 2° sheet Bluefield

Physiographic province Valley and Ridge

Reliability of location Good

Comments: The faulted locality is shown on a 1:24,000 topographic base in Figure 25 of
Dennison and Stewart (1998 #2029).

The faults are in terrace deposits of the New River, which flows northwestward across the
Valley and Ridge province. The New River crosses the Giles County seismic zone at
Pearisburg and Pembroke. The terrace deposits are underlain by N. 60° E.-trending, folded
and thrust faulted, Ordovician carbonate rocks of the southern Appalachian Valley and Ridge
province (McDowell and Schultz, 1990 #1974; Virginia Division of Mineral Resources, 1993
#1952). The terrace deposits are arched into a broad anticline, approximately 100 m wide, that
trends N. 64° E. and has limb dips up to 30° (Law and others, 1993 #1851; 1998 #2045).
Hundreds of small extensional faults cut the terrace strata with individual dip separations that
typically are less than 30 cm (Law and others, 1997 #1852; 1998 #2045). In addition, reverse
faults on both limbs of the anticline dip inward under its crest with slips of several decimeters
(Law and others, 1994 #2044). In contrast to the small extensional and reverse faults, five
extensional faults have dip separations measured in meters, as described in "Sense of move-
ment" below.

Law and others (1992 #1850; 1993 #1851; 1994 #2044; 1997 #1852; 1998 #2045) excavated
new benches and trenches across the Pembroke faults and the anticline, and reported analyses
and descriptions of the structures. Results of seismic refraction, electrical, gravity, and magne-
tometer surveys allowed the fault system that is exposed in an embankment to be traced
southwestward at least 100 m from its exposure, into a hay field (Law and others, 1994
#2044; Robinson and others, 1994 #1887; Law and others, 1998 #2045; Peavy and Sayer,
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1998 #1878). Law and others (1992 #1850; 1994 #2044; 1997 #1852; 1998 #2045) suggested
that the faults might be tectonic, but alternatively that they might have formed above solution
collapses or slumps. Seismic reflection and ground-penetrating radar results indicate that the
anticline and extensional faults might both be caused by stratal drape over an underlying
reverse fault (Williams and Callis, 1996 #1917; Callis and Williams, 1997 #1805). Law and
others (1997 #1852) interpreted all the data together in terms of the exposed graben system
being nested in the center of a larger, subsurface graben.

Sense of movement normal dextral and normal sinistral

Comments: The five largest extensional faults have dip separations of 1.0 to at least 8.5 m
(Law and others, 1993 #1851; 1998 #2045). The five faults bound two grabens and one half
graben in or near the hinge of the anticline, strike N. 46°-80° E., dip 46°-70° NW and SE, and
have slickenlines that plunge 37°-70° west to southwest, thereby indicating normal slip that
slightly exceeds dextral and sinistral strike slip (Law and others, 1992 #1850; 1993 #1851,
1994 #2044; 1997 #1852; 1998 #2045).

Dip 54°-72°

Comments: The five extensional faults bound two grabens and a half graben, as described in
"Sense of movement" above.

Dip direction NW and SE

Geomorphic expression The faults near Pembroke have no geomorphic expression, having
been discovered in an embankment produced by excavations for landfill material (Bollinger
and others, 1992 #1800; Law and others, 1992 #1850; 1998 #2045). On a more regional scale,
Mills (1986 #1863; 1994 #1864) and Mills and Bartholomew (1986 #1865) examined eleva-
tions of stream terraces for several tens of kilometers along the New River, within and
upstream and downstream of the Giles County seismic zone and the Pearisburg-Pembroke
area. Mills (1986 #1863) noted that terraces downstream (northwest) of the seismic zone were
higher above modern river level than those upstream (southeast) of the zone. He noted that the
location and sense of the change in terrace elevation was what would be expected from
seismic slip in the seismic zone. However, later Mills and Bartholomew (1986 #1865) and
Mills (1994 #1864) found evidence of a prehistoric course change in the New River, which
could also explain the change in terrace elevation without recourse to earthquakes.
Nonetheless, Granger and others (1997 #2199) used a novel application of 26Al/19Be dating to
estimate rates of New River downcutting on both sides of the Giles County seismic zone.
Granger and others (1997 #2199) suggested faster downcutting downstream (northwest) of the
seismic zone, consistent with the observation of Mills (1986 #1863).

Age of faulted deposits Early Quaternary to latest Pliocene (1.5 £0.4 to 2.0+0.4 Ma:
26A1/10Be burial ages of D. Granger, reported by Law and others, 1997 #1852; 1998 #2045).

Paleoseismological studies No paleoseismological studies have been reported of the anticline
and faults in the terrace deposits near Pembroke. More regionally, in 1981 Mills (1985 #1981)
found no evidence of seismic shaking, faulting, or surface rupture along the New River in two
trenches in the Giles County seismic zone and 18 trenches near the zone.
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Timing of most recent paleoevent Not reported

Comments: Folding and faulting followed deposition of the terrace deposits near Pembroke.
The deposits could be as old as latest Pliocene (see "Age of faulted deposits" above), so prob-
ably the deformation is Quaternary in age.

Recurrence interval Not reported

Comments: The ages of the faults are constrained only by the age of the terrace deposits, and
no information indicates the relative ages of the individual faults. If the folding and faulting
were contemporaneous (Law and others, 1997 #1852), then all the faults might be of similar
ages. More fundamentally, until it can be determined whether the faults are tectonic or surfi-
cial, any question about earthquake recurrence is premature.

Slip-rate category unknown

Comments: The largest slip calculated for any of the faults is 11.4 m of normal dextral slip;
the other calculated slips are 1.1-11.1 m (Law and others, 1993 #1851; 1998 #2045). The 11.4
m has accumulated during the duration of the faulting, which is constrained only by the 1.1-
2.4 Ma age of the faulted terrace deposits. These values yield a possible average slip rate
much less than 0.2 mm/yr. The rate could be greater if the faults are considerably younger
than the terrace deposits, but in order for the rate to equal 0.2 mm/yr all the faulting would
have to date from the last twentieth or less of the history of the faulted terrace deposits. This
is possible but unlikely. More fundamentally, no such slip rates are meaningful until it can be
demonstrated whether the exposed faults are of tectonic or surficial origin.

Length Not applicable

Comments: The faults strike into the side of an excavation, so their lengths are unknown.
However, their small slips indicate that they may be only a few meters to a few hundreds of
meters long.

Average strike +64°

Comments: The numerous small faults strike approximately parallel to the trend of an anti-
cline whose limbs and crest they cut. The anticline trends +64°. Five larger extensional faults
have dip separations of 1.0 to 8.5 m or more, and they strike +46° to +80°.
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1026XX, Saline River fault zone (Class B)
Structure Number 1026XX

Comments:
Structure Name Saline River fault zone (Class B)

Comments: Cox and Van Arsdale (1997 #2805) and Cox and others (1998 #2806) have con-
ducted field studies of small-displacement faults near Monticello, Arkansas and related them
to a zone of diffuse seismicity along the Saline River lineament. They informally name the
faults the "Saline River fault zone" (Cox and Van Arsdale, 1997 #2805).

Synopsis Cox and Van Arsdale describe a northwesterly trending alignment of earthquake epi-
centers that follow the Saline River in central and southeastern Arkansas and is colinear with
the northeastern margin of the Monroe uplift. Geomorphic evidence has been used to suggest
that the Monroe uplift is the site of late Quaternary deformation (see feature 1025, Monroe
uplift in this compilation). The epicenter alignment is cited as evidence that active structures
exist in the area of the Saline River lineament. In their search for surficial expression of these
active structures, Cox and Van Arsdale describe several small-displacement faults having var-
ious strikes that are exposed in several road cuts along a 2.2-km-long section of U.S. Highway
425, south of Monticello, Arkansas. The faults and minor deformation exposed in these road
cuts and in nearby trenches that they excavated are small-scale features; the relationship of
these features to deeper structures and to the diffuse regional seismicity are not well deter-
mined and therefore, these features (collectively named the Saline River fault zone by Cox
and Van Arsdale) are classified as Class B features. This classification is further justified
because no compelling evidence indicates that the faults visible at the surface are related to a
significant seismogenic source that might generate damaging earthquakes.

Date of compilation 09/30/98

Compiler and affiliation Anthony J. Crone, U.S. Geological Survey
State Arkansas

County Drew

1° x 2° sheet Greenwood, Mississippi & Arkansas

Physiographic province Coastal Plain

Reliability of location Poor

Comments: The individual features investigated by Cox and Van Arsdale are relatively well
located on the basis of their descriptions of their field study sites. However, if a Saline River
fault zone exists, it is not mapped in any published source. Furthermore, Cox and Van
Arsdale indicate that they name the feature in the reports cited here.

Geologic setting The faults described in the studies cited here are located in the southern part
of the Mississippi embayment in the transition zone of structural styles between the broad
downwarp of the embayment to the north and the Gulf of Mexico to the south. In late
Precambrian and Early Paleozoic time, this area was located on the rifted margin of North
America that flanked the lapetus Ocean (Thomas, 1989 #2808; Thomas, 1991 #678). Later in
Paleozoic time, compressional tectonics in the Ouachita orogen resulted in the transport of
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large thrust sheets over the margin of the craton. Starting in Late Triassic to Middle Jurassic
time, break-up of the supercontinent Pangea resulted in the initial opening of the Gulf of
Mexico. The opening continued through the late Jurassic, and from that time to the present,
the northern Gulf of Mexico has been the depocenter for a thick section of primarily terrige-
nous clastic sediments derived from the North American craton (Salvador, 1991 #2807).
During the Mesozoic and Cenozoic, the northern Gulf of Mexico and southern margin of the
North American craton has been characterized by modest to minor deformation, which is
expressed mainly in the form of broad downwarps (for example, the Mississippi embayment)
and gentle uplifts (for example, the Monroe uplift). The New Madrid seismic zone, located
300-400 km to the northeast, is the most seismically active region in the central and eastern
United States. However, in the vicinity of the study area, only 12 known earthquakes (max-
imum magnitude of about 4.3) have occurred historically (Cox and Van Arsdale, 1997 #2805).

Sense of movement Normal, reverse, and inferred dextral or sinistral

Comments: In the road cuts and the adjacent trenches, Cox and Van Arsdale (1997 #2805)
identified small-displacement faults having all three styles of apparent or inferred senses of
movement. Faults have orientations that range from 069° for a southerly dipping reverse
fault, to 305° for a northerly dipping normal fault.

Dip 34°-70°

Comments: Attitude and orientation of faults in the various road cuts and trenches are vari-
able. Dips range from a low value of 34°S on a fault interpreted to be dominantly a lateral
slip fault, to 70° for a reverse fault.

Dip direction N, S

Comments: Similar to the style of displacement and dip amounts, the dip directions are vari-
able. Reverse faults dip both to the north and to the south; one normal fault in a road cut dips
to the north, whereas two normal faults recognized in a shallow seismic-reflection profile dip
to the south.

Geomorphic expression No significant geomorphic expression of faults; the features were
only exposed in road cuts along U.S. Highway 425 and in nearby trenches. All features have
small displacements, in most cases less than 0.5 m. In the absence of the road cuts, these fea-
tures would not have been identified on the basis of any surficial expression.

Age of faulted deposits Range in age from Eocene (Jackson Formation), Pliocene (Lafayette
Gravel) through latest Pleistocene deposits that are thought to be Peoria Loess and Loveland
Loess.

Paleoseismological studies The most detailed information concerning these features is reported
by Cox and Van Arsdale (1997 #2805), who have made the only detailed examination of these
features. The results of this study have been abstracted into the publication by Cox and others
(1998 #2806).

Cox and Van Arsdale (1997 #2805) examined faults and deformation at six different sites
along a 2.2-km-long, north-south-transect following the route of U.S. Highway 425, south of
the town of Monticello, Arkansas. They examined road cuts along the highway and, where
they found evidence of deformation, they excavated trenches short distances from the highway
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along the projected strike of features exposed in the roadcuts. They mapped the trench expo-
sures in detail and dated a surficial silt deposit using thermoluminescence. In addition, they
collected data along a 210-m-long shallow shear-wave seismic-reflection profile that traversed
the feature that they interpret as the principal fault and a secondary fault.

In some road cuts and trenches, they found no faulting, only stratigraphic relations and con-
tacts that suggest possible warping and minor deformation. In other road cuts or trenches,
they found faults that had throws on the order of 0.5 m or more. In general, the scale and
extent of deformation seems to be minor to modest and localized. They do interpret a group
of three faults at one of the medial sites in their transect as being the principal fault zone of
the Saline River fault zone. The single trace that they identify as the principal fault strikes
159°, dips 34° S and has a 20- to 40-cm-wide breccia zone in the Jackson Formation. They
also interpret moderate to steep dips in the adjacent Jackson Formation and Lafayette gravel
as drag folding that is evidence of left transpression.

The reflection-profile line revealed two south-dipping normal faults that offset the base of the
Jackson Formation a total of about 20 m. The total offset of reflectors appears to decrease in
stratigraphically younger units, which suggests to them that these faults were active as down-
to-the-basin normal faults during Eocene subsidence of the Gulf of Mexico margin. The two
faults defined by the seismic-reflection data project upward to the traces of the faults exposed
in nearby trenches.

Cox and Van Arsdale (1997 #2805) collectively interpret these various orientations, attitudes,
and senses of motion to represent a main fault and secondary faults associated with a north-
west-southeast-trending primary fault that they infer is related to the 135°-trending Saline
River seismicity alignment. They speculate that the Eocene-age normal faults have been reac-
tivated as transpressional faults in the contemporary ENE-WSW compressional stress field.
They propose two deformation events that postdate deposition of the late Wisconsin Peoria
Loess, and note that even though the cumulative vertical offset from these events is less than 1
m, the amount of lateral slip is unknown. Furthermore, they indicate that the features they
studied are oblique to the Saline River fault zone, and therefore could be only part of a dis-
continuous, en echelon, strike-slip array. Lastly, they caution that the Saline River fault zone
may be only one of an unknown number of concealed faults that might pose a seismic hazard
to the region.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: Based on stratigraphic evidence, Cox and Van Arsdale (1997 #2805) propose two
deformation events younger than deposition of the Peoria Loess, but the evidence of these
events is not compelling and the cumulative vertical offset is small (<1 m). Without strong
corroboration or confirmation of these proposed paleoseismic histories by additional studies,
these events must be considered with caution because of the major implications that they have
on seismic hazard assessments.

Recurrence interval Not reported.

Comments: Recurrence intervals are not reported because of lack of age control and informa-
tion about specific faulting events.
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Slip-rate category Unknown

Comments: Impossible to determine or estimate realistic slip rates given the limited strati-
graphic control, the uncertain amounts of slip, the generally small amount of cumulative
deformation, and the difficulty in identifying specific datums whose offset can be measured
with some degree of confidence. Based on the lack of geomorphic expression and the small
amount of post-Eocene cumulative throw, the slip rates must certainly be very small, probably
much less than 0.1 mm/yr.

Length (km): Not applicable
Average strike (azimuth) Not applicable
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2660XX, Wiggins Uplift (Class B)
Structure Number 2660XX
Structure Name Wiggins uplift (Class B)

Comments: The Wiggins uplift is also known as the Wiggins arch (Cagle and Kahn, 1983
#2819).

Synopsis: This feature is classified as a Class B feature solely because of results reported in
studies by Burnett and Schumm. These studies offer the only evidence of possible Quaternary
uplift of the feature but the data are only considered to be suggestive of Quaternary deforma-
tion and are not compelling. Burnett and Schumm base their conclusion of Quaternary uplift
on evidence derived from fluvial geomorphology, and they report supporting evidence of
uplift from geodetic surveys. If Quaternary deformation is occurring on the Wiggins uplift,
then it is not clear if the deformation is truly tectonic or if it could be related to other non-tec-
tonic processes such as salt tectonics or differential subsidence. Therefore, this feature is
assigned to Class B in this compilation.

Date of compilation 05/11/98
Compiler and affiliation Anthony J. Crone, U.S. Geological Survey
State Mississippi, Alabama, Louisiana

County Baldwin, Mobile (Alabama); Forrest, George, Hancock, Harrison, Jackson, Lamar,
Marion, Pearl River, Perry, Stone, Walthall (Mississippi); Washington (Louisiana).

1° x 2° sheet Mobile, Hattiesburg, Natchez
Physiographic province Coastal Plain
Reliability of location Poor

Comments: The location of the Wiggins uplift is defined on the basis of subsurface data and
is typically mapped by the absence of salt in extreme southeastern Louisiana and adjacent
southwestern Mississippi (Cagle and Kahn, 1983 #2819; Ewing, 1991 #1994). This salt-free
area is confined to the area of the Mobile 2° sheet. However, the outline of the Wiggins uplift
shown by Burnett and Schumm (1983 #2815) and Schumm (1986 #2817) is located north of
the salt-free area and lies within the limits of the Hattiesburg and Natchez sheets. The coun-
ties listed above are determined from the location of the Wiggins uplift as shown by Cagle
and Kahn.

Geologic setting The Wiggins uplift is a small feature centered in southern Mississippi and
defined on the basis of subsurface data. It is a second-order structural feature (Ewing, 1991
#1994) located along the northern flank of the Gulf of Mexico basin. It is bounded on the
north by the Mississippi Salt basin and on the south by the deep basin of the Coastal zone.
The uplift is mainly defined by the absence of salt and some Upper Jurassic strata over the
crest of the feature (Cagle and Kahn, 1983 #2819; Ewing, 1991 #1994).
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Sense of movement Not reported

Comments: No movement on specific faults is reported. The geomorphic evidence reported
by Burnett and Schumm (1983 #2815) infers vertical uplift of the feature, but there is no evi-
dence of movement on specific faults.

Dip Not reported

Comments: See comments in preceding "Sense of movement" section.
Dip direction Not reported

Geomorphic expression The Wiggins uplift does not have any conspicuous geomorphic
expression, but Burnett and Schumm (1983 #2815) and Schumm (1986 #2817) describe flu-
vial geomorphic evidence used to infer Quaternary movement. They report changes in stream
channel sinuosity and morphology, and channel incision resulting in the formation of terraces
as evidence of continuing uplift. See discussion in the "Detailed Studies" section below.

Age of faulted deposits Holocene. See comments in "Timing of most recent paleoevent" sec-
tion.

Paleoseismological studies The primary sources of information that suggest possible neotec-
tonic uplift of the Wiggins uplift are reports by Burnett and Schumm (1983 #2815) and
Schumm (1986 #2817). These reports briefly discuss fluvial geomorphic evidence that sug-
gests contemporary uplift of the Wiggins uplift. The evidence includes changes in stream
channel patterns and sinuosity across the uplift, and channel incision that has resulted in the
formation of low terraces along Bogue Homo Creek. A gauging station on the Tallahala River
provides evidence of as much as 12 mm/yr of incision since 1940, and longitudinal profiles of
terraces and the valley floor along the Pearl River suggest deformation.

As further support for their contention of modern uplift, they cite Brown and Oliver (1976
#2818), who indicate an uplift rate of about 4 mm/yr in the area of the uplift. However,
Brown and Oliver note that the geodetic data they analyzed only detects relative motion and
their data from the entire Coastal Plain of the eastern United States shows a pattern of tilting
downward, away from the continental interior. Thus the apparent uplift could actually be the
result of a more stable block beneath the uplift subsiding at a slower rate relative to the sur-
rounding areas. Alternatively, the uplift could be the expression of a peripheral forebulge
caused by sedimentation in the Mississippi River delta (Brown and Oliver, 1976 #2818).

No additional studies have been conducted to confirm the conclusions of the geodetic or geo-
morphic investigations. Without additional confirmation, the Wiggins uplift is categorized as
a Class B feature because it is located in a region of minimal historical seismicity and because
the inferred deformation rates are anomalous for the geologic setting of the Gulf Coastal
plain.

Timing of most recent paleoevent latest Quaternary (<15 ka)

Comments: Deposits are not faulted but Burnett and Schumm (1983 #2815) and Schumm
(1986 #2817) note that the modern river channels are responding to the deformation, which is
indicative of contemporary deformation. Thus, the most recent deformation is Holocene in
age.
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Recurrence interval Not reported

Comments: The geomorphic evidence of Quaternary uplift implies that the deformation is a
steady, on-going process. It is not clear that the deformation is episodic or coseismic, so it is
impossible to quantify the deformation in terms of recurrence intervals.

Slip-rate category unknown

Comments: The inferred "slip rate" of this feature is not really a slip rate in the same sense as
defining a slip rate on a fault; this "slip rate" is actually an inferred uplift rate of the entire
feature.

The only reported information concerning deformation rates is from Brown and Oliver (1976
#2818). They indicate a geodetic uplift rate of 4 mm/yr, but there is some question about
whether this deformation is truly tectonic deformation (see discussion of "Paleoseismological
Studies"). This high rate is generally incompatible with the geologic and tectonic setting of
the Gulf Coast province, and if this rate were sustained for a significant period of geologic
time, then the geomorphic and geologic expression of the uplift would be far more pro-
nounced than it is at present. Thus, this geodetic rate is suspect in terms of it accurately
reflecting a long-term tectonic uplift rate.

The sparse historical seismicity in the region of the Wiggins uplift contrasts with the unusu-
ally high uplift rate. It is not clear if the uplift reflects long-term tectonic processes that pro-
duce tectonic strain that could be released by damaging earthquakes. Until some of these
fundamental questions about the nature of the deformation are answered, the Wiggins uplift is
classified as a Class B feature.

Because of the uncertainties described above, the slip rate is defined as "unknown" until better
information is available about the nature and rate of Quaternary deformation.

Length (km) Not applicable

Comment: The Wiggins uplift is a structural feature defined on the basis of subsurface data.
It has an areal extent, and is not a linear feature therefore, determining its length is inappro-
priate.

Average strike (azimuth) Not applicable

Comment: It is inappropriate to determine a average strike for this feature for the same rea-
sons cited in the comments on the length determination.
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Anna seismic zone (Class C)

Structure Name Anna seismic zone (Class C)
Comments: Schwartz and Christensen (1988 #1891) noted that this seismically active area in
central western Ohio is frequently called the Anna seismogenic zone. Hansen (1993 #1829)
referred to the area as the western Ohio seismic zone. We refer to it as the Anna seismic zone,
for consistency with other active areas in the central and eastern United States. The zone
spans approximately 80 km, with most of the seismicity concentrated within an area 30-35
km across (Schwartz and Christensen, 1988 #1891). Eight of the 15 damaging historical
earthquakes in Ohio, including the two largest, occurred in the zone (Hansen, 1993 #1829;
Stover and Coffman, 1993 #1986). The two largest shocks occurred on March 2 and 9, 1937.
Their intensities and moment magnitudes were VII and VIII, and M 4.9 and 5.1, respectively
(Stover and Coftfman, 1993 #1986; Johnston, 1994 #2042). Focal mechanisms indicate strike-
slip faulting and east-northeast-trending S,;,.., parallel to the regional orientation (Zoback and

Zoback, 1989 #1922; LaForge and Ruff, 1991 #1849).

Reason for assignment to class C: This evaluation of Quaternary faulting is not a reliable
guide to seismic hazard of the Anna seismic zone. The most authoritative and reliable assess-
ment of the seismic hazard in the area evaluated here is the national seismic hazard maps,
which are published by the USGS (Open-File Report 97-131, 12 maps, scale 1:7,000,000;
http://geohazards.cr.usgs.gov/eq/). In the Central and Eastern U.S. (CEUS) east of the Rocky
Mountain Front, the distribution of historical earthquakes is a reasonable guide to seismic
hazard. In the CEUS, the national seismic hazard maps rely mainly on the distribution of his-
torical seismicity to calculate the hazard. In contrast to examining the area's historical seis-
micity, this discussion focuses on surficial evidence of large, prehistoric earthquakes. Where
present, this surficial evidence will be integrated with the historical seismicity to improve
future versions of the national hazard maps. In the CEUS, the most common types of surficial
evidence of large, prehistoric earthquakes are liquefaction features and faults that offset young
strata. However, in some areas the surficial record of large, prehistoric earthquakes is incom-
plete because of erosion, equivocal, or presently unrecognized. Nonetheless, the national
hazard maps show that, for many parts of the CEUS, although convincing surficial evidence
of large, prehistoric earthquakes is absent, these areas are NOT free of seismic hazard. The
occurrence of significant historical earthquakes in the area described here demonstrates a
notable level of seismic hazard.

The Anna seismic zone is assigned to class C because of a lack of paleoseismological evi-
dence for faulting younger than Paleozoic. Faults are mapped in basement beneath the
Paleozoic platform strata and overlying Quaternary glacial deposits (Schwartz and
Christensen, 1988 #1891). The faults strike north, north-northeast, and northwest, but are not
known to extend above lower Paleozoic rocks (Thompson and others, 1976 #1904; Schwartz
and Christensen, 1988 #1891). Most epicenters cluster along the northwest-striking Anna-
Champaign fault (Schwartz and Christensen, 1988 #1891). Obermeier (1995 #1983) searched
stream banks and sand and gravel pits for evidence of Quaternary liquefaction, but found
none. The spacing of exposures of liquefiable materials allowed him to conclude that probably
the seismogenic zone has not undergone an earthquake larger than M 7 in the past several
thousand years, although smaller ones could not be excluded.
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Date of compilation 06/19/98; revised 01/31/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Ohio

County Shelby; Auglaize

1° x 2° sheet Muncie

Physiographic province Central Lowland
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Belair fault zone (Class C)

Structure Name Belair fault zone (Class C)

Comments: Young faulting in the Belair fault zone is summarized in entries 69-72 of Prowell
(1983 #1951). The locality of entry 69 is the one summarized here. The localities of entries
70-72 are farther north along the fault zone.

Reverse offset of Coastal Plain deposits post-dates the Late Eocene, but predates at least 2 ka,
and may also predate a time several thousand years younger than 26.3 ka. Prowell and others
(fig. 1, 1978 #1877) show the location of the entire fault zone on a planimetric base at a scale
of 1:500,000. Prowell and others (1975 #2251) and U.S. Geological Survey (1977 #2252)
show the locations of two trenches across the fault zone on topographic bases at scales of
1:12,000.

The Belair fault zone of northeastern Georgia has been mapped for at least 24 km, as a north-
east-trending zone of at least eight left- and right-stepping reverse faults that are oriented N.
25°-30° E. / 50° SE; the fault zone as a whole also strikes N. 25° E. (Prowell and O'Connor,
1978 #1877, and see previous reports cited there). The fault zone places Paleozoic phyllite
over Late Cretaceous sands of the Coastal Plain province (Prowell and O'Connor, 1978
#1877; Prowell, 1983 #1951). The 50° dip applies to an exposure in a clay pit, another in a
trench, and a regional dip (Prowell and others, 1975 #2251; Prowell and O'Connor, 1978
#1877).

The Belair fault zone offsets a Late Cretaceous unconformity at least 30 m in a reverse sense,
and a Late Eocene clay at least 10 m in a reverse sense (Prowell and O'Connor, 1978 #1877).
However, the most recent episode of slip involved a dip slip component of at least 1 m; a
strike-slip component is unknown but cannot be ruled out (Prowell and others, 1975 #2251).
It is this most recent episode that might be Quaternary in age (Prowell and others, 1975
#2251; U.S. Geological Survey, 1977 #2252). No geomorphic expression of the fault zone has
been reported.

A previously speculated strike-slip offset of 23 km is an artifact of viewing a large, three-
dimensional structure in two-dimensional map view. The Belair fault zone strikes north-north-
east across the east-northeast to northeast striking Augusta fault zone. Both fault zones are of
Paleozoic ancestry and dip southeast (Bramlett and others, 1982 #2197). The trace of the
Augusta fault zone is offset 23 km sinistrally where it crosses the trace of the Belair fault
zone, and Prowell and O'Connor (1978 #1877) speculated from the map-view shape of the
Coastal Plain — Piedmont contact that this horizontal separation might be younger than
Cretaceous. However, mapping by Bramlett and others (1982 #2197) showed no significant
offset of compositional layers across the northeastward projection of the Belair fault zone.
Mapping and structural analysis indicated that the Belair fault zone is probably a tear fault or
lateral ramp in the hanging wall of the Augusta fault zone (Bramlett and others, 1982 #2197),
which underwent southeastward directed, listric, normal slip during late Paleozoic orogenic
collapse (Maher, 1987 #2209). Thus, the 23 km of sinistral horizontal separation of the trace
of the Augusta fault zone reflects mainly or entirely the late Paleozoic normal faulting on the
Augusta fault zone. The Late Cretaceous or younger, brittle, reverse slip documented by
Prowell and O'Connor (1978 #1877) records local compressional reactivation of the favorably
oriented lateral ramp in the late Paleozoic, normal fault zone.
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Reason for assignment to class C The most recent faulting is not demonstrably of Quaternary
age. Two trenches were opened across the fault zone to constrain the age of latest faulting.
Prowell and others (1975 #2251) excavated the first trench and obtained age estimates of
2,450 £1,000 and 400 + 300 yr. B.P. on composite samples from several lenses of gray, sandy
clay that contains small, disseminated particles of fibrous woody material. One clay lens is
dragged into the fault zone and others are cut by the fault zone or are in stratigraphic intervals
that are cut by it. These relations indicated that at least 1 m of reverse slip has occurred since
deposition of the clay lenses (Prowell and others, 1975 #2251). U.S. Geological Survey (1977
#2252) excavated the second trench 100 m southwest of the first to test the results of Prowell
and others (1975 #2251). Age estimates and stratigraphic relations in this second trench indi-
cate that the most recent faulting predates a unit that is at least 2 k.y. old and perhaps only
several thousand years younger than 26.3 k.y. The youngest documented slip is reverse offset
of a Late Eocene clay (Prowell and O'Connor, 1978 #1877). U.S. Geological Survey (1977
#2252) speculated that the carbon from the gray lenses in the first trench might have been
introduced by roots or ground water percolation. Regardless, Quaternary slip on the Belair
fault is allowed by these results but not demonstrated.

Individual slip events, whether seismic or aseismic, have not been distinguished. The lack of
reported geomorphic expression along the Belair fault zone favors a slow Quaternary slip rate.
Slip rate averages approximately three orders of magnitude slower than 0.2 mm/yr over the
last 80 m.y. (Prowell, 1988 #1993).

Date of compilation 12/15/98; revised 01/28/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Georgia

County Richmond

1° x 2° sheet Richmond

Physiographic province Coastal Plain
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Cacoosing Valley earthquake (Class C)
Structure Name Cacoosing Valley earthquake (Class C)

Comments: Shortly after the earthquake occurred on January 16, 1994 in southeastern
Pennsylvania, it was referred to informally as the Reading earthquake because that was the
closest urban area. Subsequently, most published accounts named the earthquake after the
nearby town of Wyomissing Hills. Seeber and others (1998 #1893; 1998 #2228) renamed the
shock after the Cacoosing Valley in which it occurred. I adopt the Cacoosing Valley name
here because the epicenter location of Seeber and others (1998 #2228) and an atlas show it to
be the most accurate. The earthquake is the largest known to have occurred in the Lancaster
seismic zone. The seismic zone is described separately in this compilation.

Reason for assignment to class C This evaluation of Quaternary faulting is not a reliable guide
to seismic hazard of the vicinity of the Cacoosing Valley earthquake. The most authoritative
and reliable assessment of the seismic hazard in the area evaluated here is the national seismic
hazard maps, which are published by the USGS (Open-File Report 97-131, 12 maps, scale
1:7,000,000; http://geohazards.cr.usgs.gov/eq/). In the Central and Eastern U.S. (CEUS) east
of the Rocky Mountain Front, the distribution of historical earthquakes is a reasonable guide
to seismic hazard. In the CEUS, the national seismic hazard maps rely mainly on the distribu-
tion of historical seismicity to calculate the hazard. In contrast to examining the area's histor-
ical seismicity, this discussion focuses on surficial evidence of large, prehistoric earthquakes.
Where present, this surficial evidence will be integrated with the historical seismicity to
improve future versions of the national hazard maps. In the CEUS, the most common types of
surficial evidence of large, prehistoric earthquakes are liquefaction features and faults that
offset young strata. However, in some areas the surficial record of large, prehistoric earth-
quakes is incomplete because of erosion, equivocal, or presently unrecognized. Nonetheless,
the national hazard maps show that, for many parts of the CEUS, although convincing surfi-
cial evidence of large, prehistoric earthquakes is absent, these areas are NOT free of seismic
hazard. The occurrence of significant historical earthquakes in the area described here demon-
strates a notable level of seismic hazard.

The earthquake is assessed here because its moderate magnitude and unusually shallow depth
indicated the possibility of surface rupture; none has been found. A my;, 4.0 foreshock pre-

ceded by one hour the my; , 4.6 main shock (Mw 4.0 and Mw 4.6, respectively, according to

Armbruster and others, 1994 #1792; Kim and others, 1994 #1847; Ammon and others, 1998
#1789; Mw 3.8 and Mw 4.3, respectively, according to Seeber and others, 1998 #2228).
Intensity was MMI VI-VII. The best 41 aftershock hypocenters occurred around the rim of an
approximately tabular zone with a diameter of 2 km, a depth range of 0-2.5 km, and an orien-
tation of N. 43° W. / 54° SW (Seeber and others, 1998 #2228). This diameter compares well
to the 1.5 km rupture-zone diameter expected of a typical earthquake of Mw 4.6 in a stable
continental region (Johnston, 1993 #1840). A depth phase shows the main shock to have
occurred at 2 km depth (Kim and others, 1994 #1847) and aftershocks extended up to zero
depth (Seeber and others, 1998 #2228). Ammon and others (1998 #1789) modeled the pre-
ferred nodal plane of the main-shock focal mechanism as N. 45° W. / 49° SW, with mainly
reverse faulting and a small component of sinistral strike slip. Seeber and others (1998 #2228)
modeled a nearly identical orientation of N. 45° W. / 54° SW, but with approximately equal
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reverse and sinistral components. Both P axes agree with the regional east-northeast trend of
greatest horizontal compressive stress (Zoback and Zoback, 1989 #1922).

The foreshock and main shock were the largest earthquakes in a sequence that began in May
1993 and continues to the present (Armbruster and others, 1994 #1792; Seeber and others,
1998 #1893; Seeber and others, 1998 #2228). The main shock occurred under a quarry that
had been abandoned in December 1992 and allowed to flood rapidly (Armbruster and others,
1994 #1792; Seeber and others, 1998 #1893). Seeber and others (1998 #1893; 1998 #2228)
concluded that the Cacoosing Valley earthquake, and the sequence of which it is a part, were
triggered by the combination of unloading caused by quarrying and increased pore pressure
caused by the subsequent flooding. Therefore, the earthquake did not rupture the ground sur-
face and thus produced no paleoseismological record, and consequently is assigned to class C.

Date of compilation 08/06/98; revised 01/31/00

Compiler and affiliation Russell L. Wheeler, U.S. Geological Survey
State Pennsylvania

County Berks

1° x 2° sheet Harrisburg

Physiographic province Valley and Ridge
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Cape Fear arch (Class C)

Structure Name Cape Fear arch (Class C)
Comments: Dall and Harris (1892 #3930) were perhaps the first to summarize the observa-
tions from which the existence of the Cape Fear arch could be deduced by later workers. They
noted that in North Carolina "The Miocene strata ... are generally exposed on the south side
of the large rivers and on the north slopes of the divides or swells between the rivers. This for-
mation thickens, deepens toward the northern border of the State, the beds being much thicker
on the Tar and Roanoke than on the rivers farther south" (p. 68). In addition, Dall and Harris
(1892 #3930, p. 71) noted that, farther southwest in North Carolina along the upper part of the
Cape Fear River, "Kerr represents, on the geological map accompanying his report for 1875,
the Miocene formation as extending along the right flank of this river valle