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Introduction

The Geological Survey (GS) held the Earthquake Feature Recognition Workshop and Field Trip
II, the second of two opportunities offered by the GS to study paleoliquefaction features in
eastern Arkansas.

This workshop and field trip focused on the use of geophysical surveys to locate features and
documentation of paleoliquefaction. Feature identification may include soft sediment
deformation structures present in the excavated trenches such as sand blows, dikes, sill, diapirs,
foundered clasts, convolute bedding, pseudonodules, load casts, fissures, subsided, and tilted
ground. The majority of the information within this publication has been prepared by the field
trip leaders.

This event started at the Holiday Inn Express & Suites on the afternoon of Tuesday, November 5,
2020, with early morning briefings Wednesday. The field trip began mid-morning, Wednesday,
November 6, 2019 near Marianna, Arkansas. Presenters and field trip leaders were a select group
of subject matter experts in their fields including Dr. Haydar Al-Shukri and Dr. Martitia Tuttle.
Pre-departure briefings preceded field trip activities. The field trip leaders presented information
on the presence, manifestation, appearance, and characteristics of earthquake features in eastern
Arkansas.



New Madrid Seismic Zone

The New Madrid seismic zone (NMSZ) lies within the Mississippi Embayment, a large synclinal
sedimentary basin formed during the Cretaceous due to reactivation of the northeast trending
Cambrian-age Reelfoot Rift System (Figure 1) (Ervin and McGinnis, 1975). The embayment is
filled with unconsolidated Upper Cretaceous and Cenozoic sediments, with thickness increasing
from north to south. Modern microseismicity is spatially associated with several faults as follows
(Figure 1): (1) the NE-SE trending zone located along the central axis of the Reelfoot Rift, also
known as the Cottonwood Grove-Blytheville Arch or Axial Fault; (2) the NW-SE trending zone
along the Reelfoot Fault; (3) the NNE-SSW trending zone along the North New Madrid Fault;
and (4) the E-W trending zone along the Risco Fault. These faults are oriented favorably relative
to the present east-northeast regional compressive stress field for right-lateral strike slip
displacement to occur along northeast oriented faults and for reverse displacement to occur along
northwest oriented faults (e.g., Zoback and Zoback, 1989).

The New Madrid earthquakes of 1811-1812 are the largest earthquakes to have struck the
conterminous United States in recorded history (Figure 1, stars). The first main shock occurred
at 2:15 a.m., December 16, 1811. The two other large earthquakes occurred on January 23 and
February 7, 1812. All three mainshocks have estimated moment magnitudes in the mid-
magnitude 7 to 8 range (Johnston, 1996; Johnston and Schweig, 1996; Hough et al., 2000; Bakun
and Hooper, 2004). Epicentral Modified Mercalli Intensities (MMI) ranged from X to XII
(Street and Nuttli, 1984). Because of the low attenuation of seismic waves in the central United
States, these three earthquakes had large (5,000,000 km?) felt areas (Nuttli, 1982; Nuttli and
Herrmann, 1984) and were felt as far away as Boston, Massachusetts (distance of 1,690 km). In
addition to the mainshocks, thousands of aftershocks were associated with the New Madrid
earthquake sequence, many of which caused damage and were felt along the eastern seaboard
(Street and Nuttli, 1984; Johnston, 1996). Since 1812 at least 28 damaging earthquakes having
estimated moment magnitudes between 4.2 and 6.4 have struck the region (Nuttli, 1983;
Hamilton and Johnston, 1990; Johnston, 1996).

Although the exact locations of the 1811-1812 New Madrid earthquakes are unknown, their
relationship to the NMSZ is strongly suggested by the isoseismal maps compiled from historical
accounts (Nuttli, 1973) and the distribution of ground failures, particularly those related to
liquefaction (Fuller, 1912; Saucier, 1977; Obermeier, 1984; Tuttle et al., 2002), and earthquake-
induced landslides (Jibson and Keefer, 1988; 1989; 1992). Liquefaction of subsurface sand
layers resulted in the ejection of sand-bearing water through ground fissures, forming sand blow
deposits typically tens of meters in width, hundreds of meters in length, and up to 2 meters in
thickness (Fuller, 1912; Obermeier, 1988; Tuttle and Barstow, 1996). The Mississippi River was
reported to have been choked with trees and the wreckage of boats in certain locations and
massive bank failures (Penick, 1981). The Reelfoot Fault and associated back thrusting probably
displaced the bed of the Mississippi River at four locations (Purser and Van Arsdale, 1998). At
two locations, one upstream and one downstream from New Madrid, waterfalls or rapids formed



in the Mississippi River channel (Penick, 1981; Purser and Van Arsdale, 1998). These
displacements in the soft sediments in the river channel were apparently eroded and rapidly
destroyed.

Landslides along the bluffs bordering the Mississippi River valley happened from about Cairo,
[llinois, to Memphis, Tennessee (Fuller, 1912; Jibson and Keefer, 1988). Eyewitnesses describe
the land surface following the earthquakes as being disrupted and in many places, uninhabitable
(Penick, 1981).

50 ° = 120 9 —80°

4 °
0 -89° -88°
" ! 38°

30°

¥,
7

o

4.
-
»

16 69 124 171 225 670
Elevation (m)

Figure 1. Overview map of the NMSZ, showing locations of 1811-1812 mainshocks (white stars),
seismicity from 1995-2015 (red dots), and Reelfoot Rift margins (purple lines), and local faults
(thin white lines) (from DeShon, 2016, ADAMS ML 16221A590).



Earthquake Potential of the New Madrid Seismic Zone

In order to understand the hazards that the NMSZ may pose in the future, earth scientists have
studied the geological and geophysical record of past earthquakes in the region. These studies
have focused on paleoliquefaction features, active faults associated with the Reelfoot Rift Fault
system, and the sedimentological record of uplift, subsidence, and abrupt changes in the
morphology of the Mississippi River. These independent studies have reached similar
conclusions that the NMSZ has repeatedly produced large magnitude earthquakes during, at least,
the past 4 kyr. Paleoseismic evidence indicates that the NMSZ produced 1811-1812-type events
in about A.D. 900 and A.D. 1450 suggesting an average recurrence time of 500 years (Kelson et
al., 1996; Tuttle et al., 2002; Guccione, 2005). Although less well understood, two earlier New
Madrid events have been proposed to have occurred in 1000 B.C. (Holbrooke et al., 2004) and
2350 B.C. (Tuttle et al., 2005). Holbrooke et al. (2004) suggested that the NMSZ is characterized
by active and inactive periods, with inactive periods lasting about 1700 years. Alternatively, the
paleoearthquake record may be incomplete prior to A.D. 800.

Earthquake-induced liquefaction features, including sand blows and sand dikes, have been
studied at more than two hundred sites across the New Madrid region (Figure 2; e.g., Saucier,
1991, Vaughn, 1994; Li et al., 1998; Tuttle, 1999; Broughton et al., 2001; Tuttle et al., 2002 and
2005; Tuttle et al., 2018 and 2019). During these investigations, the locations, sizes, and
sedimentary characteristics of historic and prehistoric liquefaction features were documented,
and organic samples collected for radiocarbon dating of the liquefaction features, and thus the
earthquakes that formed them. Both historic and prehistoric sand blows are compound structures
composed of multiple fining upward units, suggesting they were formed during earthquake
sequences that included several very large earthquakes (Saucier, 1989; Tuttle et al., 2002). The
age estimates of sand blows across the region cluster around three dates which include A.D.
1810 + 130 years, A.D. 1450 = 150 years, A.D. 900 = 100 years. These time periods were
interpreted as dates of New Madrid earthquakes (Figure 3). At several sites in northeastern
Arkansas and southeastern Missouri, large sand blows were found which were estimated to be
formed in 2350 B.C. £ 200 years, possibly during an earlier New Madrid event (Tuttle et al.,
2005).

There is a close spatial correlation of both historic and prehistoric sand blows with the NMSZ,
which was interpreted as the source of earthquakes responsible for most of the liquefaction
features (Tuttle, 1999; Tuttle et al, 2002). Also, the size and spatial distributions of historic and
prehistoric sand blows were found to be strikingly similar, suggesting that the prehistoric
earthquakes were similar in location and magnitude to the 1811-1812 mainshocks (Figure 2).
The Ambraseys (1988) relation between moment magnitude and epicentral distance to farthest
surface manifestation of liquefaction (~240 km to farthest sand blows) suggests that the largest
of the 1811-1812 earthquakes was of M = 7.6. Although the extent of the paleoliquefaction
fields have not yet been determined, the similarity in the size and spatial distribution of
prehistoric sand blows with historic sand blows suggests that the A.D. 900 and A.D. 1450 events



are likely to have included at least one earthquake of M = 7.6 (Tuttle, 2001). Geotechnical
testing and analysis of liquefaction potential carried out at several liquefaction sites near
Blytheville, Arkansas; and Steele, Missouri, found that sediments are not especially susceptible
to liquefaction and that an earthquake of M = 7.5 would be required to induce liquefaction at all
of the sites (e.g., Schneider and Mayne, 2000). Overall, the liquefaction data indicate that the
NMSZ generated sequences including very large, M7-8, earthquakes every 500 years on average
during the past 1,200 years. The estimated uncertainties on the timing of each New Madrid event

allow for the recurrence time of New Madrid events to be as short as 160 years and as long as
1200 years (Cramer, 2001).

Tuttle, et al., (2017) has used other geotechnical studies to estimate the magnitude of New
Madrid events. Overall, the results are consistent with interpretations of the locations and
magnitudes of historic and prehistoric earthquakes. Geotechnical studies including cone
penetration techniques in northeastern Arkansas, southeastern Missouri, and western Tennessee
generally shows that magnitudes in the range of M7.4 to 8.4 were likely to cause liquefaction the
New Madrid region (Schneider and Mayne, 2000; Liao et al., 2002; Schneider et al., 2001; Stark,
2002; Tuttle, 2004; Bakun and Hopper, 2004).

Liquefaction studies contribute to comprehension of seismic hazard by providing information
about the timing, locations, magnitudes, and recurrence rates of paleoearthquakes. There are
uncertainties related to the derived earthquake parameters as many regions have not had any
paleoliquefaction studies. More paleoliquefaction studies are essential to refine the uncertainties.
Future studies should include instrumentation of liquefaction-prone sites, pre- and post-event of
measurement of geotechnical properties. Other techniques include mapping using remotely
sensed data, dating paleoliquefaction features, radiocarbon and optically-stimulated
luminescence (OSL), dendrochronology, and geophysical surveys of soil properties.
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Figure 2. Shaded relief map of the NMSZ and surrounding region showing ages and measured
sizes of earthquake-induced liquefaction features, previously recognized liquefaction field,
inferred locations of historic earthquakes and instrumental located earthquakes (from Tuttle,

2010). Note the location of Marianna, Ar., about 80 km southwest of the southern end of the
NMSZ.
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Figure 3. Diagram illustrating earthquake chronology for the New Madrid seismic zone for past
5,500 years based on dating and correlation of liquefaction features at sites (listed at top) across
region from north to south. Vertical bars represent age estimates of individual sand blows, and
horizontal bars represent event times of 138 yr. B.P. (A.D. 1811-1812); 500 yr. B.P. + 150 yr.
(A.D. 1450); 1,050 B.P. + 100 yr. (A.D. 900); and 4,300 yr. B.P. + 200 yr. (2,350 B.C.) (Tuttle
and Hartleb, 2012).

Recent Studies Pertinent to Workshop and Field Trip

Tuttle (2001) discussed the use of liquefaction features in paleoseismology and offered lessons
learned from the New Madrid seismic zone. She noted that to estimate the timing, source areas,
and magnitudes of paleoearthquakes from liquefaction features, it is necessary to document
many liquefaction features across a region and to constrain the ages of those features as closely
as possible. This is achieved by conducting regional and detailed studies. It is critical to examine
many sites in the area to determine the best sites for dating these features and to define the size
and spatial distribution of the liquefaction features produced by each event. Detailed studies
provide necessary data to limit the age estimates of liquefaction features. Given the current
methodology of dating organic material in horizons that bound sand blows and the uncertainty in
age estimates that results, Tuttle recommends that it would be desirable to develop high-
precision methods for dating liquefaction features directly.




In the 2018 U.S. Nuclear Regulatory Agency report (Tuttle, et al., 2011, NUREG/CR-7238), the
authors provide guidance on protocols for conducting paleoliquefaction studies for earthquake
source characterization. These protocols are critical for the siting of nuclear power plants and
other critical structures. This document provides detailed guidance for conducting
paleoliquefaction studies that will generate high-quality paleoliquefaction data for use in seismic
source characterization and seismic hazard assessment. It includes: 1) background information
on earthquake-induced liquefaction, ground failures, and soft-sediment deformation features
preserved in the geologic record, 2) relevant information derived from the disciplines of geology,
geophysics, and geotechnical engineering, 3) extensive bibliography, and 4) recommendations
for future research.

An investigation conducted on an archeological site in the NMSZ yielded important information
regarding earthquake liquefaction and ground failure, (Tuttle et al., 2011). The study revealed
compound sand blows (up to 1 m thick) and dikes (up to 12 cm wide) which formed during four
closely timed earthquakes probably during the NMSZ earthquake sequence of A.D. 1450 + 150
years. Liquefaction ground failure resulted in the tilting of to 22° of cultural horizons, and
subsidence/burial of archeological components below the sand blow. The study concluded that
by determining the style and amount of ground failure associated with the earthquake
liquefaction, the study facilitated the identification of cultural features and horizons and
interpretation of the archeological data.

Paleoliquefaction studies facilitated the development of a paleoearthquake chronology of the
NMSZ and better understanding of its earthquake potential, (Tuttle et al., 2002, 2005, and 2019).
The findings have been interpreted to indicate the age estimates of the liquefaction features and
the causative earthquake clusters happened around A.D. 1810 + 130 years, A.D 1450 + 150 years,
A.D. 900 + 100 years, A.D. 0 + 200 years, 1050 B.C. + 250 years, and 2350 B.C. + 200 years.
Sand blows in this study suggest that faults associated with the central branch of the seismic zone
were responsible for the M > 7.6 earthquakes during the A.D. 900 and A.D. 1450 and 1811-1812.
Liquefaction data indicated that NMSZ events have occurred on average every ~500 years during
the past 1200 years and every ~1100 years during the previous 3300 years. This recurrence rate
for very large events is not easily reconciled with small amount of crustal deformation observed
in the region, suggesting that the NMSZ became active during the Late Holocene and that the
NMSZ events may be temporally clustered in the intraplate region. The authors proposed that
sequences of very large earthquakes will continue to happen at a rate similar to that of the recent
past or every 500 years.

A study of ground failures related to earthquake-induced liquefaction in the St. Francis River
Basin focused on large curvilinear en-echelon sand blows and related feeder dikes that formed
along abandoned channel margins, (Tuttle and Barstow, 1996). USACE borehole data were used
to characterize the geologic relationships and properties of the depositional units at the study site.
The findings supported the mechanisms of ground failure which are consistent with results of
centrifuge modeling of liquefaction in layers sediments (Dobry and Liu, 1992; Fiegel and Kutter,



1994). Sand dikes indicate water flowed up through the profile, fluidizing host sediment along
the way. Sand sills exhibited ripple cross-bedding and silt laminations, emplaced along the base
of the clayey overbank deposits suggests that water flowed and accumulated below the overbank
deposits. Other features reveal foundering of clasts of the overlying channel-fill deposit into the
underlying channel deposits in which a water-interlayer had likely formed. Further, low Standard
Penetration Tests (SPT) counts in the upper part of the channel deposits also suggested the
formation of water rich zone and loosening of the deposit. Spatial relations of sedimentary
deposits and their permeability and thickness appear to influence the location and mode of
ground failure. The authors note that a better understanding of factors contributing to
liquefaction-related ground failures can help to identify sites that may be prone to large ground
displacements and mitigate the hazard posed by earthquakes in the region.

Ground penetrating radar (GPR) studies focused on imaging sand blow deposits and underlying
feeder dikes in the vicinity of Marianna, Arkansas. Al-Shukri et al., (2006, 2015) used high
resolution 3-D and profile surveys at several of these Marianna sites. The GPR surveys imaged
the contact between the sand blows and buried paleosurface, defining their morphology in order
to optimize the siting of paleoseismic trenches. Due to field conditions, a 400 MHz antenna was
necessary to provide high resolution images of the upper 5 m of soil. Data acquisition was along
parallel profiles oriented normal to the long axes of the sand deposits. Data reduction and
analytical procedures included the removal of direct and ground surface effects, frequency
filtration, gain control, profile migration, and three-dimensional visualization. The geophysical
surveys were followed by paleoliquefaction studies that verified the presence of sand blows and
dikes, characterized the liquefaction features, and estimated the ages of their formation (Al-
Shukri et al., 2005, 2006 and 2015; Tuttle et al., 2006). According to those studies, large sand
blows formed as the result of large earthquakes around 4.8, 5.5, 6.8, 9.9 k.a, and possibly other
events between 11-41 k.a. The sand blows were concentrated along a northwest-southeast
oriented zone and likely delineate faulting at depth. In addition, liquefaction potential analysis
suggested that a M > 6 generated by the fault zone may have been responsible for the large sand
blows in the area, (Al-Shukri et al., 2015).

Odum, et al., (2016) discussed preliminary assessments of a previously unknown fault zone
beneath the Daytona Beach Sand Blow Cluster near Marianna. In their paper, the authors identify
what appears to be a northwest-southeast trending zone of fault(s) beneath the cluster of sand
blows. They suggest that the fault zone is a possible source of the Late Quaternary earthquakes
responsible for the Marianna sand blows.

A comparison study between the liquefaction induced during the 2010-2011 Canterbury
earthquake sequence in New Zealand and the NMSZ earthquake events (Tuttle, et al., 2017)
included these lessons learned: 1) liquefaction features are important indicators of fault ruptures
are difficult to recognize or do not propagate to the surface, 2) site conditions such as
susceptibility of sediment to liquefaction and water table depth influence sand blow distribution,
and 3) the sequence of closely-timed earthquakes produced compound sand blows composed of



several sand-silt couplets, corroborating previous interpretations of compound sand blows in the
NMSZ in the central United States and elsewhere; characteristics of sand blows including
internal stratigraphy have important implications for interpretation of number, locations and
magnitudes of paleoearthquakes.
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Workshop & Field Trip Abstracts and Activities

Dr. Roy Van Arsdale will give a dinnertime presentation titled “Pliocene and Quaternary
Geologic History of the Northern Mississippi Embayment and its Implications for the New
Madrid Earthquakes”; at the Crazy Donkey Grill in Palestine, Arkansas Tuesday evening,
November 5.

The November 6 field trip will be focused on a region (Figure 1) of paleoliquefaction features
located southwest of Marianna, Arkansas. Figure 2 shows four sandblows (DBNW2, DBNW3,
DBNW4 and DBNWS5) which have been identified for purposes of this field trip. Not all will be
observable due to the poor field conditions.
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Figure 4. Google Earth image. General map showing Marianna, Arkansas and location of
Paleoseismology field trip.
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Figure 5. Google Earth image of paleoliquefaction sites to be visited (DBNW2, DBNW3,
DBNW4). The trench site DBNW3 will be studied in detail. North is at the top of the page.

Holiday Inn Express & Suites, Forrest City, AR
Time: 0700-0715
Use of Scanning Total Station to Document Trenches

James Evans, P.E., Geotechnical Regional Technical Specialist for the Mississippi Valley
Division in the Memphis District-Geotechnical Engineering Branch, United States Army Corps
of Engineers (USACE)

We will evaluate the potential useful benefits of mapping paleoliquefaction trench walls using a
scanning total station. The scans of the trench walls performed by this equipment include both
geo-referenced photo images and very high resolution, multi-beam laser scanning of the trench
walls. The photos and scans are integrated together to provide a colored survey scan of the trench
walls. We are also evaluating the potential to distinguish varying soil type based on the intensity
of the reflected laser.

Time: 0715-0745
Studies of Earthquake Related Features using Ground Penetrating Radar



Dr. Haydar Al-Shukri, Professor, Department of Physics, Director of the Arkansas Earthquake
Center, Dr. Hanan Mahdi, Research Professor, and Rauf Hussein, Ph.D. candidate, University of
Arkansas, Little Rock.

Ground Penetrating Radar (GPR) is a powerful tool to study earthquake-related features such as
sand blows and faults. The primary goal of using GPR is to locate feeder dikes of sand blows and
to image the contact between sand blows and the buried paleo-surface in order to optimize the
location of trenches. A secondary goal is to image the sand blows in three dimensions to define
their sizes and morphology. Trenching large sand blows is costly and provides a limited view of
the overall structure. GPR helps to identify possible locations for the venting dikes and to
visualize the subsurface features. It also helps to map the locations of tree stumps in the sand
blows that are useful for dating.

In the GPR surveys of large elliptical sand deposits near Marianna, Arkansas, we imaged sharp
contacts in near-surface sediments that were confirmed in trenches to represent boundaries
between sand blows and buried soils. One survey in particular showed a sharp discontinuity in
the boundary related to a large feeder dike. Because sand thickness was no more than 4 meters, a
400-MHz antenna was used. This antenna is designed to provide high-resolution images of the
upper 5 meters of soil. Data acquisition was along parallel profiles oriented normal to the long
axes of the sand deposits at all sites. Data reduction and analysis procedures included removal of
direct and ground surface effects, frequency filtration, gain control, profile migration, and three-
dimensional visualization. We will run GPR surveys near open trenches to demonstrate the
correlation between GPR profiles and the actual trench features. This will also validate the
effectiveness of GPR in such studies.

Time: 0745-0815
Paleoliquefaction Studies

Dr. Martitia Tuttle, Director and Principal Investigator, M. Tuttle & Associates

The study of paleoliquefaction is a geo-forensic science that documents, dates, and analyzes soft-
sediment deformation features and related ground failures that resulted from liquefaction induced
by large earthquakes in the past. Evidence of these paleoearthquakes may be preserved in the
geologic record for tens of thousands of years in the form of sand blows, dikes, and other soft-
sediment deformations features. Paleoliquefaction studies provide information about the timing,
location, magnitude, and recurrence times of large paleoearthquakes. This information is used to
identify potential sources of future earthquakes, to characterize the earthquake potential of those
sources, and to estimate seismic hazard. Paleoliquefaction studies are especially helpful in
regions where recurrence times of large earthquakes are longer than the historical record of
earthquakes and where seismogenic faults may not rupture to the ground surface. Examples of



earthquake-induced liquefaction features and their use in seismic hazard assessment will be
drawn primarily from paleoliquefaction studies in the New Madrid seismic zone and the
Marianna area.

Field Trip, Marianna, AR
Time: 0915-0945
Assessment of Cyclic Behavior of Mississippi Embayment Sand Based on Cyclic Triaxial Tests

Hamed Tohidi, Graduate Research Assistant, Department of Civil Engineering, The University
of Memphis, Memphis, TN 38152 and David Arellano, Associate Professor, Department of Civil
Engineering, The University of Memphis, Memphis, TN 38152

The simplified procedure for evaluating the soil liquefaction potential of cohesionless soils is
based on estimating the cyclic stress ratio (CSR) from an empirical relationship that is based on
the cyclic triaxial test results of Sacramento River, California sand. Grain size analysis results
indicate that the grain size distribution of Mississippi Embayment sand from Vicksburg,
Mississippi is different than Sacramento River sand.

Soil properties that influence liquefaction potential and cyclic behavior include grain size
distribution, grain shape, mineral composition, and age. Therefore, the hypothesis that this study
will evaluate is that the cyclic behavior of Mississippi Embayment sand is different than
Sacramento River sand and, consequently, the CSR based on cyclic triaxial tests of Mississippi
Embayment sand will be different than the current simplified method of determining CSR that is
based on cyclic triaxial tests on Sacramento River sand. For this study, it has proposed to obtain
sand samples from various locations in the MS Embayment and from trenches displaying
remnants of liquefied sand to perform cyclic triaxial tests and to evaluate CSR.

Time: 0945-1200
Studies of Earthquake Related Features using Ground Penetrating Radar

Dr. Haydar Al-Shukri, Professor, Department of Physics, Director of the Arkansas Earthquake
Center, Dr. Hanan Mahdi, Research Professor, and Rauf Hussein, Ph.D. candidate, University of
Arkansas, 2801 S. University Ave., Little Rock, Arkansas, .72204.

Ground Penetrating Radar (GPR) is a powerful tool to study earthquake-related features such as
sand blows and faults. The primary goal of using GPR is to locate feeder dikes of sand blows and
to image the contact between sand blows and the buried paleo-surface in order to optimize the
location of trenches. A secondary goal is to image the sand blows in three dimensions to define
their sizes and morphology. Trenching large sand blows is costly and provides a limited view of
the overall structure. GPR helps to identify possible locations for the venting dikes and to



visualize the subsurface features. It also helps to map the locations of tree stumps in the sand
blows that are useful for dating.

In the GPR surveys of large elliptical sand deposits near Marianna, Arkansas, we imaged sharp
contacts in near-surface sediments that were confirmed in trenches to represent boundaries
between sand blows and buried soils. One survey in particular showed a sharp discontinuity in
the boundary related to a large feeder dike. Because sand thickness was no more than 4 meters, a
400-MHz antenna was used. This antenna is designed to provide high-resolution images of the
upper 5 meters of soil. Data acquisition was along parallel profiles oriented normal to the long
axes of the sand deposits at all sites. Data reduction and analysis procedures included removal of
direct and ground surface effects, frequency filtration, gain control, profile migration, and three-
dimensional visualization. We will run GPR surveys near open trenches to demonstrate the
correlation between GPR profiles and the actual trench features. This will also validate the
effectiveness of GPR in such studies.

Time: 1300-1700
Paleoliquefaction Studies

Dr. Martitia Tuttle, Director and Principal Investigator, M. Tuttle & Associates

The study of paleoliquefaction is a geo-forensic science that documents, dates, and analyzes soft-
sediment deformation features and related ground failures that resulted from liquefaction induced
by large earthquakes in the past. Evidence of these paleoearthquakes may be preserved in the
geologic record for tens of thousands of years in the form of sand blows, dikes, and other soft-
sediment deformations features. Paleoliquefaction studies provide information about the timing,
location, magnitude, and recurrence times of large paleoearthquakes. This information is used to
identify potential sources of future earthquakes, to characterize the earthquake potential of those
sources, and to estimate seismic hazard. Paleoliquefaction studies are especially helpful in
regions where recurrence times of large earthquakes are longer than the historical record of
earthquakes and where seismogenic faults may not rupture to the ground surface. Examples of
earthquake-induced liquefaction features and their use in seismic hazard assessment will be
drawn primarily from paleoliquefaction studies in the New Madrid seismic zone and the
Marianna area.



Appendices

Biographical Summaries

Dr. Al-Shukri received his B.S. and M.S. degrees in geophysics from the University of Baghdad,
Iraq and his Ph.D. from St. Louis University in St. Louis, Missouri. He is a professor with the
Department of Physics and Director of the Arkansas Earthquake Center. His research interests
include seismology, applied geophysics, 3-dimensional topography, digital signal processing,
infrasonic studies, nuclear monitoring, fault monitoring, earthquake awareness and education.

Mr. James Evans, P.E., is the Regional Technical Specialist within the USACE, Mississippi
Valley Division Memphis District Office. Mr. Evans has worked for the Memphis District
USACE Geotechnical Engineering Branch since October 2006. Mr. Evans is a registered
Professional Engineer in Tennessee, Arkansas, and Mississippi and holds a Bachelor of Science
and Master of Science in Civil Engineering from The University of Memphis. Before accepting
his current position with the Memphis District in 2006, Mr. Evans worked 7 years as a
geotechnical consulting engineer for Professional Service Industries, Inc. in Memphis, Tennessee.
His areas of proficiency include evaluations of slope stability, seepage, consolidation, deep and
shallow foundations, lateral earth retaining structures, dewatering, liquefaction, and site-specific
seismic studies. He is the technical lead of the effort to develop a Seismic Center of Excellence
in the Memphis District to serve the Corps and other Federal Agencies with seismic and
geophysical services. He has served as the Geotechnical Advisor for the flood fight teams for
multiple flood events on the Mississippi and White Rivers. He currently serves as a Geotechnical
Regional Technical Specialist for the Mississippi Valley Division in the Memphis District-
Geotechnical Engineering Branch.

Dr. Rauf Hussein received his B.S. and M.S. degrees in Geology (Mosul University) and
Applied Science (University of Arkansas Little Rock), respectively. He was recently awarded his
Ph.D. degree from UALR in Applied Geophysics titled “Paleoseismic Studies Using
Geophysical Techniques: Sand Blow Features in Eastern Arkansas.”

Ms. Martha Kopper received her B.S in geology from Southeast Missouri State University and
her M.S. in geology from Wichita State University. She has served on the Association of
Engineering and Environmental Geologists National Board, is a member of the Seismological
Society of America and American Society of Civil Engineers, and has developed Hazard
Mitigation Plan under a FEMA grant for the St. Louis Metropolitan Statistical Area covering 98
communities with over 3 million population. She has worked both domestically and
internationally. Ms. Kopper, the Geohazards Section Geology Supervisor for the Geological
Survey, focuses research on landslide inventory/landslide studies in Arkansas (UALR graduate
student master project), earthquake/liquefaction study for central Arkansas (UALR graduate
student master project) and coordinating the Geological Survey’s emergency response planning
activities.



Dr. Martitia Tuttle is Director and Principal Investigator of M. Tuttle & Associates. Dr. Martitia
(Tish) Tuttle earned a B.S. degree in Soil Science from Oregon State University, a B.S. degree in
Earth Sciences from Portland State University, a M.S. degree in Earth Sciences from University
of California, Santa Cruz, and Ph.D. degree in Geology from University of Maryland, College
Park. Dr. Tuttle has been active in paleoseismology and earthquake hazards research since 1985,
conducting studies of the geologic record of past earthquakes in the central, east-central,
northeastern, and western United States, northeastern Caribbean, southeastern Canada,
Canterbury region of New Zealand, western Australia, and western Portugal. Since 1992, she
has conducted paleoliquefaction studies in the central U.S., including the New Madrid seismic
zone and surrounding region, where she has played a pivotal role in identifying and dating
earthquake-induced liquefaction features.

Mr. Hamed Tohidi received his B.S. in Civil Engineering from the Bahonar University of
Kerman, Iran in 2013. His M.S degree, focused on geotechnical engineering, underground
construction and rock mechanics, is from Idaho State University. Currently, Hamed is a Ph.D.
candidate at the University of Memphis working on a government-funded project by HUD to
develop the liquefaction and seismic hazard maps of western Tennessee. Hamed has 5 years of
professional experience in areas of foundation design and project inspection.

Dr. Roy Van Arsdale received his B.A in Geology from Rutgers, M.S. in Geology from
University of Cincinnati and Ph.D. in Geology from University of Utah. He has been involved in
earthquake related research for his 23 years at University of Memphis. Part of his research has
focused on intraplate seismic threats (NMSZ). He has authored multiple manuscripts associated
with origin and erosion of the Mississippi River valley, and has received funding from the NSF,
NRC, USGS, participated in programs produced by the History Channel and the National
Geographic, received multiple professional awards, and refereed journal articles and abstracts.

References
For more detailed information on paleoseismology, the reader is encouraged to refer to the
researchers below.

Adams, J., 1982, Deformed lake sediments record prehistoric earthquakes during the
deglaciation of the Canadian Shield, EOS, v. 63, no. 18, p. 436.

Aiken, M. J., 1990, Science-Based dating in Archaeology: London & New York, Longman
Group, 274 p.

Allen, J. R. L., ed., 1982, Sedimentary structures: Their character and physical basis Volume I:
Amsterdam, Elsevier, v. 30, pt. A, 593 p.



Al-Shukri, H., Lemmer, R. E., Mahdi, H., and Connelly, J. B., 2005, Spatial and temporal
characteristics of paleoseismic features in the southern terminus of the New Madrid
seismic zone in eastern Arkansas: Seismological Research Letters, v. 76, no. 4, p. 502-
511.

Al-Shukri, H., Mahdi, H. and Tuttle, M. P., 2006, Three-Dimensional imaging of earthquake-
induced liquefaction features with ground penetrating radar near Marianna, Arkansas:
Seismological Research Letters, v. 77, no. 4, p. 505-513.

Al-Shukri, H., Lemmer, R. E., Mahdi, H. H. and Connelly, J. B., 2009, Spatial and temporal
characteristics of paleoseismic features in the southern terminus of the New Madrid

seismic zone in Eastern Arkansas: National Earthquake Hazards Reduction Program.
Final Technical Report to U.S. Geological Survey, Award No. 07HQGR0069.

Al-Shukri, H., Mahdi, H., Tuttle, M. P., and Williams, K. D., 2015, Geophysical and
paleoseismic investigations of large sand blows along a northwest-oriented lineament
near Marianna, Arkansas: External Grant Award No. G12AP20093.

Ambraseys, N. N., 1988, Engineering seismology: Earthquake engineering and structural
dynamics: Journal of the International Association of Earthquake Engineering, v. 17, no.
1, p. 1-105.

ASTM International, 2015, Standard test method for standard penetration test (SPT) and split-
barrel sampling of soils, ASTM D1586-1, soils and rocks: American Society for Testing
and Materials, West Conshohocken, PA, 04.08.

ASTM International, 2015, Standard test method for thin-walled tube sampling of soils for
geotechnical purposes, ASTM D1587-11, soils and rocks: American Society for Testing
and Materials, West Conshohocken, PA, 04.08.

ASTM International, 2015, Standard test method for electronic friction cone and piezocone
penetration testing of soils, ASTM D5778-12, soils and rocks: American Society for
Testing and Materials, West Conshohocken, PA, 04.08.

ASTM International, 2015, Standard test methods for maximum index density and unit weight of
soils using a vibratory table, ASTM D4253-14, soils and rocks: American Society for
Testing and Materials, West Conshohocken, PA, 04.08.

ASTM International, 2015, Standard test methods for minimum index density and unit weight of
soils and calculation of relative density, ASTM D4254-14, soils and rocks: American
Society for Testing and Materials, West Conshohocken, PA, 04.08.



ASTM International, 2015, Standard practice for determining the normalized penetration
resistance of sands for evaluation of liquefaction potential, ASTM D6066-11, soils and
rocks: American Society for Testing and Materials, West Conshohocken, PA, 04.08.

Amick, D., G. and Gelinas, M. R., 1990, Characteristics of seismically induced liquefaction sites
and features located in the vicinity of the 1886 Charleston, South Carolina earthquake:
Seismological Research Letters, v. 61, no. 2, p.117-130.

Amick, D., R. and Gelinas, M. R., 1991, The search for evidence of large prehistoric earthquakes
along the Atlantic Seaboard: Science, v. 251, p 655-658.

Amoroso, S., Rodrigues, C., Viana da Fonseca, A., and Cruz, N., 2015, Liquefaction evaluation
of Aveiro Sands from SCPTu and SDMT: Proceedings of the 3rd International
Conference on Flat Dilatometer Tests, 14-16 June 2015, Rome, Italy.

Andrus, R. D., and Stokoe, K. H., 2000, Liquefaction resistance of soils from shear wave
velocity: Journal of Geotechnical and Geoenvironmental Engineering, v. 126, no. 11, p.
1015-1025.

Andrus, R. D., Mohanan, N. P., Piratheepan., P., Ellis, B. S., and Holzer, T. L., 2007, Predicting
shear-wave velocity from cone penetration resistance, in K. D. Pitilkes, ed.: Proceedings
of the 4th International Conference on Earthquake Geotechnical Engineering, 25-28 June
2007, Springer, The Netherlaands.

Annan, A. P., 2005, The principals of ground penetrating radar, in D. K. Butler, ed.: Near-
Surface Geophysics, SEG— Investigations in Geophysics, v. 13, p. 357-438.

Atkinson, G. M., and Boore, D. M., 1990, Recent trends in ground motion and spectral response
relations for North America: Earthquake Spectra, v. 6.

Atwater, B. F., Tuttle, M. P., Schweig, E. S., Rubin, C. M., Yamaguchi, D. K., and Hemphill-
Haley, E., 2003, Earthquake recurrence inferred from paleoseismology, in A.R. Gillespie,
S.C. Porter, and B.F. Atwater, eds.: The Quaternary Period in the United States,
Developments in Quaternary Science v. 1, Elsevier, Amsterdam and New York, 331-350.

Audemard, F., and de Santis, F., 1991, Survey of liquefaction structures induced by recent
moderate earthquakes: Bulletin of the International Association of Engineering Geology,
v. 44, p 5-16.

Aylesworth, J. M., and Lawrence, D. E., 2003, Earthquake-induced landsliding east of Ottawa; A
contribution to the Ottawa Valley Landslide Project: Proceedings, 3rd Canadian
Conference on Geotechnique and Natural Hazards, (Geohazards 2003) 9-10 June 2003,
Edmonton, Alberta.



Bakun, W. H., and Hooper, M. G., 2004, Magnitudes and locations of the 1811-1812 New
Madrid, Missouri, and Charleston, South Carolina, earthquakes: Bulletin of the
Seismological Society of America, v. 94, no. 1, p. 64-75.

Bauer, L. M., 2006, Studies of historic and prehistoric earthquake-induced liquefaction features
in the meizoseismal area of the 1811-1812 New Madrid earthquakes, Central United
States, M.S. Thesis, University of Memphis, Memphis, TN.

Birkeland, P. W., 1999, Soils and Geomorphology, 3rd Edition: Oxford University Press, New
York and Oxford.

Bisrat, S.T., DeShon, H.R., Pesicek, J., and Thurber, C., 2014, High-resolution 3-D P-wave
Attenuation Structure of the New Madrid seismic zone, Journal of Geophysical Research,
119 (1), 409-424, doi: 10.1002/2013JB010555.

Broughton, A., Van Arsdale, R., and Broughton, J., 2001, Liquefaction susceptibility mapping in
the city of Memphis and Shelby County, Tennessee: Engineering Geology, v. 62, p. 207-
222.

Bockholt, B.M., Langston, C.A., DeShon, H.R., Horton S., and Withers, M., 2014, Mysterious
Tremor-like Signals Seen on the Reelfoot Fault, Northern Tennessee, Bulletin of the
Seismological Society of America, 104 (5), 2194-2205, doi:10.1785/0120140030.

Bonita, J., Mitchell, J. K., and Brandon, T. L., 2004, The effects of vibration on the penetration
resistance and porewater pressure in sands: Geotechnical and Geophysical Site
Characterization, v. 1 (ISC-2, Porto), Millpress, Rotterdam.

Boore, D. M., 1983, Stochastic simulation of high-frequency ground motions based on
seismological models of the radiated spectra: Bulletin of the Seismological Society of
America, v. 73, p. 1865—-1894.

Boore, D. M., and Atkinson, G. M., 1992, Source spectra for the 1988 Saguenay, Quebec,
earthquakes: Bulletin of the Seismological Society of America, v. 82, no. 2, p. 683-719.

Boore, D. M., 2015, SMSIM — Fortran programs for simulating ground motions from
earthquakes: Version 2.3 — A Revision of OFR 96-80-A, U.S. Geological Survey,
Menlo Park, CA, 2005. <http://www.daveboore.com/software online.html>. Accessed
July 12, 2015.

Boulanger, R. W., and Idriss, 1. M., 2012, Probabilistic standard penetration test-based
liquefaction: triggering procedure: Journal of Geotechnical and Geoenvironmental
Engineering, v. 138, no. 10, p. 1185-1195.



Boulanger, R. W., and Idriss, I. M., 2014, CPT and SPT based liquefaction triggering procedures,
Report No. UCD/CGM-14/01, Center for Geotechnical Modeling, University of
California, Davis, CA.

Bray, J. D., and Sancio, R. B., 2006, Assessment of liquefaction susceptibility of fine-grained
soils: Journal of Geotechnical and Geoenvironmental Engineering, v. 132, no. 9, p. 1165-
1177.

Bray, J., and Frost, J. D., eds, 2010, Geo-engineering reconnaissance of the February 27, 2010
Maule, Chile earthquake, GEER Report-022, May 25,
2010.<http://www.geerassociation.org/GEER Post%20EQ%20Reports/Maule Chile 20
10/Ver2 Maule Chile 2010 index.html>. Accessed May 6, 2015.

Bronk Ramsey, C., 1995, Radiocarbon calibration and analysis of stratigraphy: The OxCal
Program, Radiocarbon, v. 37, no. 2, p. 425-430.

Bronk Ramsey, C., 2001, Development of the radiocarbon calibration program OxCal,
Radiocarbon, v. 43, no. 2A, p. 355-363.

Brooks, G. R., 2013, A massive sensitive clay landslide, Quyon Valley, Southwestern Quebec,
Canada, and evidence for a paleoearthquake triggering mechanism: Quaternary Research,
v. 80, no. 3, p. 425-434.

Broughton, A., Van Arsdale, R., and Broughton, J.,2001, Liquefaction susceptibility mapping in
the city of Memphis and Shelby County, Tennessee: Engineering Geology, v. 62, p. 207-
222.

Burger, H. R., Sheehan, A. F., and Jones, C. H., 2006, Introduction to applied geophysics:
exploring the shallow subsurface: W. W. Norton & Co., New York.

Carmichael, D. L., Lafferty III, R., H., and Molyneaux, B. L., 2003, Excavation, the
archaeologist’s toolkit, v. 3, Altamira Press, Walnut Creek, CA.

Casagrande, A., 1965, The role of the "calculated risk" in: Earthwork and Foundation
Engineering. The Terzaghi Lecture, Journal of Soil Mechanics and Foundation Division,
American Society of Civil Engineers, v. 91, no. 4, p. 1-40.

Castilla, R. A., and Audemard, F. A., 2007, Sand blows as a potential tool for magnitude
estimation of pre-instrumental earthquakes: Journal of Seismology, v. 11, p. 473-487.

Castro, G., 1987, On the behavior of soils during earthquakes-liquefaction, soil dynamics and
liquefaction, A.S. Cakmak, ed., Elsevier.

Castro, G., 1995, Empirical methods in liquefaction evaluation: Primer Ciclo de Conferencias
Internationales Leonardo Zeevaert, Mexico City, Mexico.



Cetin, K. O., Seed, R. B., Kiureghian, A. D., Tokimatsu, K., Harder, L. F., Kayen, and Moss,
R.E., 2004, Standard penetration test-based probabilistic and deterministic assessment of
seismic soil liquefaction potential: Journal of Geotechnical and Geoenvironmental
Engineering, American Society of Civil Engineers, 1314-1340.

Cetin, K. O., et al., 2015, Geotechnical reconnaissance of the 2011 van Tabanli earthquake in
eastern Turkey: Geotechnical Extreme Events Reconnaissance Report-028, November 11,
2011 .<http://www.geerassociation.org/GEER
_Post%20EQ%20Reports/Turkey Van 2011/Cover Van-Tabanli 2011.html>.Accessed
May 7, 2015.

Cha, M., and Santamarina, J. C., 2013, Predissolution and postdissolution penetration resistance:
Journal of Geotechnical and Geoenvironmental Engineering, American Society of Civil
Engineers, v. 139, no. 12, p. 2193-2200.

Charlie, W. A., Scott, C. E., Siller, T. J., Butler, L. W., and Doehring, D. O., 1995, Estimating
liquefaction potential of sand using the piezovane: Geotechnique, v. 45, no. 1, p. 55-67.

Chen, C. J., and Juang, C. H., 2000, Calibration of SPT- and CPT- based liquefaction evaluation
methods innovations and applications in geotechnical site characterization in
(Proceedings GeoDenver), GSP 97: American Society of Civil Engineers, Reston, VA.

Cox, R. T., and Larsen, D., 2004, Investigation of seismically-induced liquefaction in the
southern Mississippi Embayment: National Earthquake Hazards Reduction Program,
Final Technical Report to U.S. Geological Survey, Award No. 1434-03HQGRO011.

Cox, R. T., Hill, A. A., Larsen, D., Holzer, T., Forman, S. L., Noce, T., Gardner, C., and Morat,
J., 2007, Seismotectonic implications of sand blows in the southern Mississippi
Embayment: Engineering Geology, v. 89, no. 3-4, p. 278-299.

Cramer, C. H., 2001, A seismic hazard uncertainty analysis for the New Madrid seismic zone:
Engineering Geology, v. 62, p. 251-266.

Craven, J. A., 1995, Paleoseismological study in the New Madrid seismic zone using geological
and archeological features to constrain ages of liquefaction deposits, M.S. thesis,
University of Memphis, Memphis, TN.

Cubrinovski, M., Green, R.A., and Wotherspoon, L., eds., 2015, Geotechnical reconnaissance of
the 2011 Christchurch, New Zealand Earthquake: Geotechnical Extreme Events
Reconnaissance Report- 027, November 8, 2011.
<http://www.geerassociation.org/GEER_Post%20EQ%20Reports/Christchurch 2011/Co
ver Christchurch 2011.html>. Accessed May 7, 2015.



DeShon, H.R., 2013, Final Technical Report for G12AP20136: Integrating USArray and
Cooperative New Madrid Seismic Network Data to Establish Central US Catalog
Location and Magnitude Sensitivities.

DeShon, H.R., 2012, Preliminary Technical Report for G12AP20011: Integrating USArray and
Cooperative New Madrid Seismic Network Data to Establish Central US Catalog
Location and Magnitude Sensitivities.

DeShon, H.R., Langston, C.A., Bockholt, B., and Horton, S.P., 2011, Final Technical Report for
G11AP20005: Continuation of Detection and Location of Non-volcanic Tremor in the
New Madrid seismic zone, submitted to the USGS on April 9, 2012. Morgan, J. and 20
others, GeoPRISMS Implementation Plan (Subduction Cycles and Deformation).

DeShon, H.R. and van Arsdale, R., 2011, Field Trip Guide: Taking a New Look at the New
Madrid seismic zone, published by the Seismological Society of America as part of the
2011 annual meeting.

DeShon, H.R., Langston, C.A., Horton, S.P., and Withers, M., 2011, Final Technical Report for
G09AP00141: Detection and location of non-volcanic tremor in the New Madrid seismic
Zone.

Dobry, R., 1989, Some basic aspects of soil liquefaction during earthquakes, in K.H. Jacob and
C.J. Turkstra, eds.: Earthquake Hazards and the Design of Constructed Facilities in the
Eastern United States, Annals of the New York Academy of Sciences, New York, NY, v.
558, p. 172-182.

Dobry, R., L., and Liu, L., 1992, Centrifuge modeling of soil liquefaction: Proc., 10th World
Conf. on Earthquake Engineering, Madrid, Spain, v. 11, p. 6801-6809.

Dougan, M., 1936, An Arkansas odyssey: Rose Publishing, Little Rock, AR.

Douglass, A. E., 1995, Climatic cycles and tree-growth, v. III. Carnegie Institution of
Washington, Washington, D.C.

Douglass, A. E., 1941, Crossdating in dendrochronology: Journal of Forestry, v. 39, no. 10, p.
825-831.

Duller, G. A. T., 2008, Luminescence dating: guidelines on using luminescence dating in
archaeology: English Heritage, Swindon.

Dunn, M., DeShon, H.R., and Powell, A., 2013, Imaging the New Madrid seismic zone using
Double-Difference Tomography, Journal of Geophysical Research, 118 (10), 5404-5416,
doi:10.1002/jgrb.50384



Dutton, C. E., 1889, The Charleston Earthquake of August 31, 1886: U.S. Geological Survey 9th
Annual Report 1887—1888.

Electric Power Research Institute, 2013, Seismic evaluation guidance screening, prioritization
and implementation details (SPID) for the resolution of Fukushima near-Term Task
Force recommendation 2.1: Seismic, Technical Report 1025287.

Ervin, C. P., and McGinnis, L. D., 1975, Reelfoot Rift—reactivated precursor to the Mississippi
Embayment: Geological Society of America Bulletin, v. 86, p. 1287-1295.

Fiegel, G. L., and Kutter, B. L., 1994, Liquefaction mechanism for layered soils: Journal of
Geotechnical Engineering, V. 120, no. 4.

Friedman, G. M., and Sanders, J. E., 1978, Principles of sedimentology: John Wiley & Sons,
New York.

Fuller, M. L., 1912, The New Madrid Earthquake: U.S. Geological Survey Bulletin 494.

Gassman, S., Talwani, P., and Hasek, M., 2009, Maximum magnitudes of Charleston, South
Carolina earthquakes from in-situ geotechnical data: Abstracts Volume from Meeting of
Central and Eastern U.S. Earthquake Hazards Program, University of Memphis,
Memphis, TN, October 28-29, 2009.

Gibbard, P. L., Head, M. J., and Walker, C., 2010, Subcommission on Quaternary stratigraphy,
formal ratification of the Quaternary System/Period and the Pleistocene Series/Epoch
with a base at 2.58 Ma.: Journal of Quaternary Science, v. 25, p. 96-102.

Goldfinger, C., 2011, Submarine paleoseismology based on turbidite records: Annual Review of
Marine Sciences, v. 3, p. 35-66.

Grecheck, Eugene S., 2004, Dominion Nuclear North Anna, LLC, letter to U.S. Nuclear
Regulatory Commission, North Anna Early Site Permit Application, Response to Request
for Additional Information No. 3, October 2004, ADAMS Accession No.ML042800292.

Green, R. A., 2001, Energy-based evaluation and remediation of liquefiable soils: Ph.D.
Dissertation, Virginia Polytechnic Institute and State University, Blacksburg, VA.

Green, R. A., Obermeier, S. F., and Olson, S. M., 2005, Engineering geologic and geotechnical
analysis of paleoseismic shaking using liquefaction effects: field examples: Engineering
Geology, v. 76, p. 263-293.

Green, R., Horton, J. W., and Chapman, M. C., 2015, Geotechnical aspects in the epicentral
region of the 2011 Mw 5.8 Mineral, Virginia, earthquake, in J. W. Horton, Jr., M. C.
Chapman, and R. A. Green, eds., The 2011 Mineral, Virginia, Earthquake, and Its



Significance for Seismic Hazards in Eastern North America: Geological Society of
America Special Paper 509.

Guccione, M. J., Lafferty III, R. H., and Cummings, L. S., 1990, An evolving Holocene alluvial
system and human settlement, Big Lake, Arkansas, in Friends of the Pleistocene Field
guide to the Mississippi Alluvial Valley, Northeast Arkansas and Southeast Missouri, J. J.
Guccione and E. M. Rutledge (Editors), Friends of the Pleistocene, South—Central Cell,
University of Arkansas, Fayetteville, 211-214.

Guccione, M., 2005, Late Pleistocene and Holocene paleoseismology of an intraplate seismic
zone in a large alluvial valley, the New Madrid seismic zone, central USA:
Tectonophysics v. 408, p. 237-264.

Hajic, E. R., Wiant, M. D., and Oliver, J. J., 1995, Distribution and dating of prehistoric
earthquake liquefaction in southeastern Illinois, Central U.S,: National Earthquake

Hazards Reduction Program, Final Technical Report to U.S. Geological Survey, Award
No. 1434-93G2359.

Hamburger, M., K. Shoemaker, Horton, S., DeShon, H.R., Withers, M., Pavlis, M., and Sherrill,
E., 2011, Aftershocks of the 2008 Mt. Carmel, Illinois Earthquake: Evidence for
Conjugate Faulting near the Termination of the Wabash Valley Fault System,
Seismological Research Letters, 82, 735-747, doi: 10.1795/gssrl.82.5.735

Harden, J. W., 1982, Quantitative index of soil development from field descriptions: examples
from a chronosequence in central California: Geoderma, 28:1-28.

Harden, J. W., and Taylor, E. M., 1983, A quantitative comparison of soil development in four
climatic regions: Quaternary Research, v. 20, p. 342-359.

Hashash, Y. M. A., and Park, D., 2001, Non-linear one-dimensional wave propagation in the
Mississippi Embayment: Engineering Geology, v. 62, no. 1-3, p. 185-206.

Hashash, Y. M. A., Phillips, C., and Groholski, D., 2010, Recent advances in non-linear site
response analysis, Proceedings of the 5th International Conference: Recent Advances in
Geotechnical Engineering and Soil Dynamics, 24-29 May 2010, San Diego, CA.

Hatcher, R. D., Jr., Vaughn, J. D., and Obermeier, S. F., 2012, Large earthquake
paleoseismology in the eastern Tennessee Seismic Zone — results of an 18-month pilot
study, in R. T. Cox, M. P. Tuttle, O. S. Boyd, and J. Locat, eds.,: Recent Advances in
North American Paleoseismology and Neotectonics East of the Rockies, Geological
Society of America, Special Paper 493:111-142.



Heidari, T., Andrus, R. D., and Moysey, D., 2011, Characterizing the liquefaction potential of
the Pleistocene-Age Wando Formation in the Charleston area, South Carolina, GeoRisk
2011: risk assessment and management: American Society of Civil Engineers, 510-517.

Heaton, T. H., and Hartzell, S. H., 1988, Earthquake ground motions: Annual Review of Earth
and Planetary Sciences, v. 16, p. 121-145.

Holzer, T. L., Noce, T. E., Bennett, M. J., Tinsley, J. C., and Rosenberg, L. I., 2005, Liquefaction
at Oceano, California, during the 2003 San Simeon earthquake: Seismological Society of
America Bulletin, v. 95, no. 6, p. 2396-2411.

Holzer, T. L., Noce, T. E., Bennett, M. J., Tinsley, J. C., and Padovani, A. C., 2006a,
Liquefaction hazard mapping with LPI in the greater Oakland, California, area:
Earthquake Spectra, v. 22, no. 3, p. 693-708.

Holzer, T. L., Blair, J. L., Noce, T. E., and Bennett, M. J., 2006, Predicted liquefaction of East
Bay fills during a repeat of the 1906 San Francisco earthquake: Earthquake Spectra, v. 22,
no. S2, p. 261-S278.

Holzer, T. L., Noce, T. E., and Bennett, M. J., 2011, Liquefaction probability curves for surficial
geologic units: Environmental and Engineering Geoscience, v. 17, no. 1, p. 1-21.

Hough, S. E., Armbruster, J. G., Seeber, L., and Hough, J. F. ,2000, On the modified mercalli
intensities and magnitudes of the 1811-1812 New Madrid earthquakes: Journal of
Geophysical Research, v. 105(B10):23,839-23,864.

Hough, S. E., and Martin, S., 2002, Magnitude estimates of two large aftershocks of the 16
December 1811 New Madrid earthquake: Bulletin of the Seismological Society of
America, v. 92, no. 8, p. 3259-3268.

Hough, S. E., and Page, M., 2011, Toward a consistent model for strain accrual and release for
the New Madrid seismic zone, Central U.S: Journal of Geophysical Research, 116.

Housner, G. W., Bea, R. G., Dobry, R. , Hall, W. J., Loss, J. , McClure, F. E. , Nigg, J. , and
Nuttli, O., 1985, Liquefaction of soils during earthquakes, Committee on Earthquake
Engineering, Commission on Engineering and Technical Systems: National Research
Council, National Academy Press, Washington, DC.

Hu, K., Gassman, S. L., and Talwani, P., 2002a, In-situ properties of soils at paleoliquefaction
sites in the South Carolina coastal plain: Seismological Research Letters, v. 73, no. 6, p.
964- 978.

Hu, K., Gassman, S. L., and Talwani, P., 2002b, Magnitudes of prehistoric earthquakes in the
South Carolina coastal plain from geotechnical data: Seismological Research Letters, v.
73, no. 6, p. 979-991.



Idriss, I. M., and Boulanger, R. W., 2004, Semi-empirical procedures for evaluating liquefaction
potential during earthquakes: Proceedings 11th International Conference Soil Dynamics
and Earthquake Engineering, v. 1, p. 32-46, Elsevier, Berkeley, CA.

Idriss, I. M., and Boulanger, R. W., 2008, Soil liquefaction during earthquakes: Earthquake
Engineering Research Institute, Monograph 12, EERI MNO-12.

Idriss, I. M., and Boulanger, R. W., 2015, SPT-based liquefaction triggering procedures: Report
No. UCD/CGM - 10/02, Department of Civil and Environmental Engineering, University
of California at Davis,
2010.<http://faculty.engineering.ucdavis.edu/boulanger/wpcontent/uploads/sites/71/2014/
09/Idriss_Boulanger SPT Liquefaction CGM-10-02.pdf>. Accessed May 8§, 2015.

Imai, T, and Tonouchi, K., 1982, Correlation of N value with S-wave velocity and shear modulus:
Proceedings of the 2nd European Symposium on Penetration Testing, Amsterdam, The
Netherlands.

Ishihara, K., 1985, Stability of natural soils during earthquakes: Proceedings of the Eleventh
International Conference on Soil Mechanics and Foundation Engineering, San Francisco,
v. 1, A.A. Balkema, Rotterdam.

Ishihara, K., Verdugo, R., and Acacio, A. A., 1991, Characterization of cyclic behavior of sand
and post-seismic analyses: Proceedings of the Ninth Asian Regional Conference on Soil
Mechanics and Foundation Engineering, 9-13 December, 1991, Bangkok, Thailand, v. 2,
Southeast Asian Geotechnical Society, Bangkok.

Ishihara, K., and Yoshimine, M., 1992, Evaluation of settlements in sand deposits following
liquefaction during earthquakes, soils and foundations: Japanese Geotechnical Society, v.
32, no. 1.

Iwasaki, T., Tatsuoka, F., Tokida, K., and Yasuda, S., 1978, A practical method for assessing soil
liquefaction potential based on case studies at various Sites in Japan: Proceedings 2nd
International Conference on Microzonation, San Francisco, National Science Foundation,
Washington, D.C.

Jefferies, M., and Been, K., 2006, Soil liquefaction: a critical state approach: Taylor & Francis
Group, Oxon UK.

Jenny, H., 1941, Factors of soil formation: McGraw-Hill, New Y ork.

Jenny, H., 1961, Derivation of state factor equations of soils and ecosystem:, Proceedings, v. 25,
Soil Science Society of America, Madison, WI.

Jibson, R. W., and Keefer, D. K., 1988, Landslides triggered by earthquakes in the central
Mississippi Valley, Tennessee and Kentucky, in Russ, D. P., and Crone, A. J., eds., The



New Madrid, Missouri, earthquake region—Geological, seismological, and geotechnical
studies: U.S. Geological Survey Professional Paper 1336-C, p. C1-C24.

Jibson, R. W., and Keefer, D. K., 1992, Analysis of the seismic origin of a landslide in the New
Madrid seismic zone, in Johnston, A.C., Shedlock, K. M., Herrmann, R. B., and Hopper,
M. G., eds., New Madrid special issue: Seismological Research Letters, v. 63, p. 427-437.

Johansson, J., 2015, Soil liquefaction web site, Department of Civil Engineering, University of
Washington, Seattle, WA, January
2000.<http://www.ce.washington.edu/~liquefaction/html/main.html>. Accessed May 8,
2015.

Johnston, A. C., and Kanter, L. R., 1990, Earthquakes in stable continental crust: Scientific
American, 262:68-75.

Johnston, A. C., 1996, Seismic moment assessment of stable continental earthquakes, Part II1:
1811-1812 New Madrid, 1886 Charleston and 1755 Lisbon: Geophysical Journal
International, v. 126, p. 314-344.

Johnston, A. C., and Schweig, E. S., 1996, The enigma of the New Madrid earthquakes of 1811-
181:, Annual Review of Earth and Planetary Sciences, 24:339-384.

Juang, C. H., and Jiang, R., 2000, Assessing Probabilistic methods for liquefaction potential
evaluation. Soil Dynamics and Liquefaction 2000, (Proceedings GeoDenver), GSP 107:
American Society of Civil Engineers, Reston, VA.

Juang, C.H., Jiang, T., and Andrus, R.D., 2002, Assessing probability-based methods for
liquefaction potential evaluation: Journal of Geotechnical and Geoenvironmental
Engineering, v. 128, no.7, p. 580-589.

Juang, C. H., Fang, S. Y., and Khor, E. H., 2006, First-order reliability method for probabilistic
liquefaction triggering analysis using CPT: Journal of Geotechnical and
Geoenvironmental Engineering, v. 132, no. 3, p. 337-350.

Juang, C. H., Chen, C-H., and Mayne, P. W., 2008, CPTu-simplified Stress-based model for
evaluating soil liquefaction potential: Soils and Foundations, v. 46, no. 6, p. 755-770.

Kattenhorn, S., 2011, Earthquakes and seismic hazards: Geology 344 Course Materials, Univ. of
Idaho, 2011; www.webpages.uidaho.edu.

Kayen, R., Moss, R. E., Thomson, E. M., Seed, R. B., Cetin, K. O., Kiureghian, A. D., Tanaka,
Y., and Tokimatsu, K., 2013, Shear wave velocity-based probabilistic and deterministic
assessment of seismic soil liquefaction potential: Journal of Geotechnical and
Geoenvironmental Engineering, v. 139, no. 3, p. 407-419.



Kelson, K. I., Simpson, G. D., Van Arsdale, R. B., Harris, J. B., Haradan, C. C., and Lettis, W. R.
1996, Multiple Holocene earthquakes along the Reelfoot Fault, central New Madrid
seismic zone: Journal of Geophysical Research, v. 101, p. 6151-6170.

Kianirad, E., Gamache, R. W., Brady, D., and Alshawabkeh, A. N., 2011, Equivalent quasi-static
estimation of dynamic penetration force for near surface soil characterization:
GeoFrontiers 2011, Advances in Geotechnical Engineering (GSP 211, Dallas), ASCE,
Reston, Virginia, p. 2325-2334.

Kim, R., Choi, Y. M., Lee, J. S., and Lee, W., 2010, Evaluation of the smear zone using micro
penetrometer. GeoFlorida 2010: Advances in Analysis, Modeling, and Design (GSP 199,
West Palm Beach), ASCE, Reston, VA, p. 998-1007.

Kuenen, P. H., 1958, Experiments in geology: Transactions of the Geological Society of
Glasgow, v. 23, p. 1-28.

Kramer, S. L., Hartvigsen, A. J., Sideras, S. S., and Ozener, P. T., 2011, Site response modeling
in liquefiable soil deposits: Effects of Surface Geology on Seismic Motion, 4th IASPEI /
IAEE International Symposium, University of California Santa Barbara, CA, 2011.

Kramer, S. L., and Wang, C-H., 2015, Empirical model for estimation of residual strength of
liquefied soil: Journal of Geotechnical and Geoenvironmental Engineering,

Kulhawy, F. H., and Mayne, P. W., 1990, Manual for estimating soil properties for foundation
design: Report EL-6800, Electric Power Research Institute, Palo Alto, 1990.
<http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?Productld=EL-6800>.
Accessed May 10, 2015.

Lafferty, R. H., III, 2010, Archeological techniques of dating ancient quakes: Geotimes, v. 41, no.
11, p. 24-27, 1996.

LDRL (Luminescence Dating Research Laboratory), Luminescence Tutorial—Optically
Stimulated Luminescence (OSL), University of Illinois at Chicago, 2010;
http://www.uic.edu/labs/ldrl/osl.html, Accessed June 10, 2010.

Leon, E., 2003, Effect of aging of sediments on paleoliquefaction evaluation in the South
Carolina coastal plain, unpublished Ph.D. dissertation, University of South Carolina.

Leon, E., Gassman, and S. L., Talwani, P., 2005, Effect of soil aging on assessing magnitudes
and accelerations of prehistoric earthquakes: Earthquake Spectra, v. 21, no. 3, p. 737-759.

Leon, E., Gassman, S. L., and Talwani, P., 2006, Accounting for soil aging when assessing
liquefaction potential: Journal of Geotechnical and Geoenvironmental Engineering, v.
132, no. 3, p. 363-377.



Li, Y., Schweig, E. S., Tuttle, M. P., and Ellis, M. A., 1998, Evidence for large prehistoric
earthquakes in the northern New Madrid seismic zone, Central United States:
Seismological Research Letters, v. 69, no. 3, p. 270-276.

Lian, O., 2007, Luminescence dating, in: Encyclopedia of Quarterly Science, S. A. Elias ed.,
Elsevier, New York.

Lian, O. B., and Roberts, R. G., 2006, Dating the Quaternary: progress in luminescence dating of
sediment: Quaternary Science Reviews, v. 25, p. 2449-2468.

Liao, S. S. C., Veneziano, D., and Whitman, R. V., 1988, Regression models for evaluating
liquefaction probability: Journal of Geotechnical Engineering, v. 114, no. 4, p. 389—411.

Liao, T., Mayne, P. W., Tuttle, M. P., Schweig, E. S., and Van Arsdale, R. B., 2002, CPT site
characterization for seismic hazards in the New Madrid seismic zone: Soil Dynamics and
Earthquake Engineering, v. 22, p. 943-950.

Liao, T., and Mayne, P. W., 2010, Estimating seismic parameters associated with previous
earthquakes by SCPTU soundings in the New Madrid seismic zone: Proceedings of the
5th International Conference: Recent Advances in Geotechnical Engineering and Soil
Dynamics, San Diego, CA, 24-29 May 2010, Paper 411a.

Liu, L., and Li, Y., 2001, Identification of liquefaction and deformation features using ground
penetrating radar in the New Madrid seismic zone, USA: Journal of Applied Geophysics,
v. 47, p. 199-215.

Lowe, D. R., 1975, Water escape structures in coarse-grained sediment: Sedimentology, v. 22, p.
157-204.

Lowe, D. R., and LoPiccolo, R. D., 1974, The characteristics and origins of dish and pillar
structures: Journal of Sedimentary Petrology, v. 44, p. 484-501.

Lunne, T., Robertson, P. K., and Powell, J. J. M., 1997, Cone penetration testing in geotechnical
practice: EF Spon/Routedge/Blackie Academic, London, England.

MacMurdo, J., 1822, Papers relating to the earthquake which occurred in India in 1819, Trans.
Lit. Soc., Bombay, III.

Mahan, S. A., and Crone, A. J., 2006, Luminescence dating of paleoliquefaction features in the
Wabash River valley of Indiana, in R. A. Wide, ed.: Proceedings of the 4th New World
Luminescence Dating and Dosimetry Workshop, Denver, Colorado, U.S. Geological
Survey Open-File Report, Reston, VA, 2006-1351.

Mabhan, S., Counts, R., Tuttle, M. P. and Obermeier, S., 2009, Can OSL be used to date
paleoliquefaction events: Abstracts Volume from Meeting of Central and Eastern U.S.



Earthquake Hazards Program, University of Memphis, Memphis, TN, October 28-29,
2009.

Martin, J. R., Benson, C., Chapman, M., Eddy, M., Green, R. A., Kammerer, A., Lasley, S.,
Lazarte, C. , Nikolaou, S., Tanyu, B., and Tuttle, M. P. , 2011, Geotechnical quick report
on the affected region of the 23 August 2011 M5.8 Central Virginia Earthquake near
Mineral, Virginia, Geotechnical Extreme Events Reconnaissance Report-026, October
2011.
<http://www.geerassociation.org/GEER _Post%20EQ%20Reports/Virginia USA 2011/i
ndex.html>. Accessed May 8§, 2015.

Mayne, P. W., 2012, Geotechnical site characterization in the Year 2012 and Beyond, SOA on
in-situ Testing: Proceedings GeoCongress 2012: State-of-the-Art and Practice in
Geotechnical Engineering, GSP 226, Oakland CA, American Society of Civil Engineers,
Reston, VA.

Mayne, P. W., 2014, Keynote: Interpretation of geotechnical parameters from seismic piezocone
tests, in P. K. Robertson and K. L. Cabal, eds.: Proceedings of the 3™ International
Symposium on Cone Penetration Testing, (CPT'14), Las Vegas, NV.

Mayne, P. W., 2015, NCHRP synthesis 368 on cone penetration test: Transportation Research
Board, National Cooperative Highway Research Program, National Academies Press,
Washington, DC, 2007. <http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp syn 368.pdf>.
Accessed May 10, 2015.

Mayne, P. W., Christopher, B. R., and DeJong, J., 2001, Subsurface investigations -
geotechnical site characterization: Publication No. FHWA-NHI-01-031, National
Highway Institute, Federal Highway Administration, Washington, D.C.

Mayne, P. W., Coop, M. R., Springman, S., Huang, A-B, and Zornberg, J., 2009, State-of-the-art
paper (SOA-1): GeoMaterial Behavior and Testing: Proceedings 17th International
Conference Soil Mechanics and Geotechnical Engineering, v. 4 (ICSMGE, Alexandria,
Egypt), Millpress/IOS Press, Rotterdam.

Mayne, P. W., Peuchen, J., and Bouwmeester, D., 2010a, Unit weight evaluation from CPT:
Proceedings 2nd International Symposium on Cone Penetration Testing (CPT'10), v. 2,
Huntington Beach, CA.

Mayne, P. W, Peuchen, J., and Bouwmeester, D., 2010b, Soil unit weight estimated from CPTu
in offshore soils: Frontiers in Offshore Geotechnics II, (Proceedings ISFOG 2010, Perth),
Taylor & Francis Group, London.

McCalpin, J. P., ed., 2009, Paleoseismology, 2" ed.: Academic Press, San Diego, CA.,
Burlington, MA.



McCartan, L., Lemon, Jr., E. M., and Weems, R. E., 1984, Geologic map of the area between
Charleston and Orangeburg, South Carolina: U.S. Geological Survey, Miscellaneous
Investigations Series Map [-1472, 1: 250,000-scale.

McGillivray, A., Mayne, P. W., Schneider, J., and Casey, T., 2000, An electro-vibrocone for site-
specific evaluation of soil liquefaction potential: Innovations and Applications in
Geotechnical Site Characterization, GSP 97, American Society of Civil Engineers,
Reston.

McGillivray, A.V., and Mayne, P.W., 2008, An automated seismic source for continuous shear
wave profiling: Geotechnical and Geophysical Site Characterization, Taylor & Francis,
London.

McNulty, W. E., and Obermeier, S. F., 1999, Liquefaction evidence for at least two strong
Holocene paleo-earthquakes in central and southwestern Illinois, USA: Environmental
and Engineering Geoscience, v. 5, no. 2, p. 133-146.

Monfared, S. D., 2014, Miniature cone penetration test on loose sand: Ph.D. dissertation, Paper
2533, University of Western Ontario, London, ON.

Morse, D. F., and Morse, P.A., 1983, Archaeology of the central Mississippi valley:
Academic Press, Inc., New York.

Morse, D. F., and Morse, P.A., 1996, Northeast Arkansas, in McNutt, C. H., ed.: Prehistory of
the central Mississippi valley, University of Alabama Press, Tuscaloosa, AL.

Moss, R. E. S., Seed, R. B., Kayen, R. E., Stewart, J. P., Kiureghian, A. D., and Cetin, K. O.,
2006, CPT-based probabilistic and deterministic assessment of in-situ seismic soil
liquefaction potential: Journal of Geotechnical and Geoenvironmental Engineering, v.
132, no. 8, p. 1032-1051.

Munson, P. J., and Munson, C. A., 1996, Paleoliquefaction evidence for recurrent strong
earthquakes since 20,000 years BP in the Wabash valley area of Indiana: Report
submitted to the U.S. Geological Survey in fulfillment of National Earthquake Hazards
Reduction Program Grant No. 14-08-0001-G2117.

Munson, P. J., Obermeier, S. F., Munson, C. A., and Hajic, E. R. , 1997, Liquefaction evidence
for Holocene and latest Pleistocene seismicity in the southern halves of Indiana and
Ilinois: A Preliminary Overview: Seismological Research Letters, v. 68, p. 521-536.

National Research Council, 1985, Liquefaction of soils during earthquake: National Academy
Press, Washington, D.C.

Nuttli, O. W., 1973, The Mississippi valley earthquakes of 1811 and 1812: Intensities, ground
motion, and magnitude: Bulletin of Seismological Society of America, v. 63, p. 227-248.



Nuttli, O. W., Bollinger, G. A., and Griffiths, D. WL, 1979, On the relation between modified
Mercalli intensity and body-wave magnitude: Bulletin of Seismological Society of
America, v. 69, p. 893-909.

Nuttli, O. W., 1982, Damaging earthquakes of the central Mississippi valley, in McKeown, F.A.,
and Pakiser, L.C., eds.: Investigations of the New Madrid, Missouri, earthquake region:
U.S. Geological Survey Professional Paper 1236-B, p 15-20.

Nuttli, O. W., 1983, Average seismic source parameter relations for mid-plate earthquakes:
Bulletin of the Seismological Society of America, v 73, p. 519-535.

Nuttli, O.W., and Herrmann, R. B., 1984, Ground motion of Mississippi valley earthquakes:
American Society of Civil Engineers, Journal of Technical Topics in Civil Engineering, v.
110, no. 1, p. 54-69.

Obermeier, S. F., Gohn, G. S., Weems, R. E., Gelinas, R. L., and Rubin, M., 1985, Geologic
evidence for recurrent moderate to large earthquakes near Charleston, South Carolina:
Science, v. 227, p. 408-411.

Obermeier, S. F., Jacobson, R. B., Weems, R. E., and Gohn, G. S., 1989, Liquefaction evidence
for repeated Holocene earthquakes in the coastal region of South Carolina: Annals of the
New York Academy of Sciences, v. 558, p. 183-195.

Obermeier, S. F., 1989, The New Madrid earthquakes: An engineering-geologic interpretation of
relict liquefaction features: U.S. Geological Survey Professional Paper 1336-B.

Obermeier, S. F., Jacobson, R. B., Smoot, J. P., Weems, R. E., Gohn, G. S., Monroe, J. E., and
Powars, D. S., 1990, Earthquake-induced liquefaction features in the coastal setting of
South Carolina and in the fluvial setting of the New Madrid seismic zone: U.S.
Geological Survey Professional Paper 1504.

Obermeier, S. F., Martin, J. R., Frankel, A. D., Youd, T. L., Munson, P. J. , Munson, C. A., and
Pond, E. C., 1993, Liquefaction evidence for one or more strong Holocene earthquakes
in the Wabash valley of southern Indiana and Illinois, with a preliminary estimate of
magnitude: U.S. Geological Survey Professional Paper 1536.

Obermeier, S. F., 1996, Using liquefaction-induced features for paleoseismic analysis, in J. P.
McCalpin, ed.: Paleoseismology, Academic Press, San Diego, CA.

Obermeier, S. F., 1998, Liquefaction evidence for strong earthquakes of Holocene and latest
Pleistocene ages in the states of Indiana and Illinois, USA: Engineering Geology, v. 50, p.
227-254.

Obermeier, S. F., and McNulty, W. E., 1998, Paleoliquefaction evidence for seismic quiescence
in central Virginia during Late and Middle Holocene time: Eos, Transactions of the



American Geophysical Union, v. 79, no. 17, Spring Meeting Supplement, Abstract
T41A-9.

Obermeier, S. F., Olson, S. M., Green, R. A., Pond, E. C., Stark, T. D., and Mitchell, J. K., 2001,
Paleoseismic studies in continental settings-geologic and geotechnical factors in
interpretations and back-analysis: U.S. Geological Survey Open-File Report 01-29.

Odum, J. K., Stephenson, W. J., and Williams, R. A., 2010, Multisource, high-resolution
seismic-reflection imaging of Meeman-Shelby fault and a possible tectonic model for a
Joiner Ridge-Manila high stepover structure in the upper Mississippi Embayment region:
Seismological. Research Letters., v. 81, no. 4, p. 647-663.

O’Brien, M. J., and Lyman, R. L., 1999, Seriation, stratigraphy, and index fossils: The Backbone
of Archaeological Dating, Plenum Press, New York.

Oldham, R.D., 1926, The Cutch (Kachchh) earthquake of the 16th June, 1819 with a revision of
the great earthquake of the 12th June, 1897, India Geological Survey Memoir, no. 46.

Olson, S. M., Obermeier, S. F., and Stark, T.D., 2001, Interpretation of penetration resistance for
back-analysis at sites of previous liquefaction: Seismological Research Letters, v. 72, no.
1, p. 46-59.

Olson, S. M., Green, R. A., and Obermeier, S.F., 2005a, Revised magnitude bound relation for
the Wabash valley Seismic Zone of the central United States: Seismological Research
Letters, v. 76, no. 6, p. 756-771.

Olson, S. M., Green, R. A., and Obermeier, S. F., 2005b, Geotechnical analysis of paleoseismic
shaking using liquefaction features: A major updating: Engineering Geology, v. 76, p.
235-261.

Olson, S. M., and Johnson, C. 1., 2008, Analyzing liquefaction-induced lateral spreads using
strength ratios: Journal of Geotechnical and Geoenvironmental Engineering, v. 134, no. 8§,
p. 1035-1049.

Oristaglio, M., and Dorozynski, A., 2009, A sixth sense: Gerald Duckworth & Co Ltd., London,
2009.

Owen, H. G., 1987, Deformation processes in unconsolidated sands: Geological Society of
London Special Publications, v. 29, p. 11-24.

Papadopoulos, G. A., and Letkopoulos, G., 1993, Magnitude-distance relations for liquefaction
in soil from earthquakes: Bulletin of the Seismological Society of America, v. 83, no. 3, p.
925-938.

Parasnis, D. S., 1997, Principles of applied geophysics, 5th ed.: Chapman & Hall, New York.



Penick, J. L., 1981, The New Madrid earthquakes: University of Missouri Press, 176pp.

Petersen, M. D., Frankel, A. D., Harmsen, S. C., Mueller, C. S., Haller, K. M., Wheeler, R. L.,
Wesson, R. L., Zeng, Y., Boyd, O. S., Perkins, D. M., Luco, N., Field, E. H., Wills, C. J.,
and Rukstales, K. S., 2008, Documentation for the 2008 update of the United States
National Seismic Hazard Maps: U.S. Geological Survey Open-File Report 2008—1128.

Petersen, M. D., Moschetti, M. P., Powers, P. M., Mueller, C. S., Haller, K. M., Frankel, A. D.,
Zeng, Y., Rezaeian, S., Harmsen, S.C., Boyd, O. S., Field, E. H., Chen, R., Rukstales, K.
S., Luco, N., Wheeler, R. L., Williams, R. A., and Olsen, A. H., 2014, Documentation for
the 2014 update of the United States National Seismic Hazard Maps: U.S. Geological
Survey Open-File Report 2014-1091.

Pierce, K., 1986, Dating methods, in geophysics study committee: Geophysics Research Forum,
National Research Council, Active Tectonics: Impact on Society, The National
Academies Press, Washington, D.C.

Pond, E. C., 1996, Seismic parameters for the central United States based on paleoliquefaction
evidence in the Wabash valley, Ph.D. Thesis: Virginia Polytechnic Institute, Blacksburg,
Virginia.

Pond, E.C., and Martin, J. R., 1997, Estimated magnitudes and accelerations associated with
prehistoric earthquakes in the Wabash valley region of the central United States, in D. R.

Kolata and T. G. Hildenbrand, eds.: Investigations of the Illinois Basin Earthquake
Region, Seismological Research Letters, v. 68, p. 611-623.

Purser, J. L., and Van Arsdale, R. B., 1998, Structure of the Lake, County uplift: New Madrid
seismic zone: Bulletin of Seismological Society of America.

Quigley, M.C., Bastin, S., and Bradley, B. A., 2013, Recurrent liquefaction in Christchurch, New
Zealand, during the Canterbury earthquake sequence: Geology, v. 41, no. 4, p. 419-422.

Rathje, E. M., Chang, W. J., and Stokoe, K. H., 2005, Development of an in situ dynamic
liquefaction test: ASTM Geotechnical Testing Journal, v. 28, no. 1, p. 50-60.

Rattan, L., ed., 2006, Encyclopedia of Soil Science, Taylor & Francis Group, New York.

Reid, C. M., Thompson, N. K., Irvine, J. R. M., and Laird, T. E., 2012, Sand volcanoes in the
Avon-Heathcote Estuary produced by the 2010-2011 Christchurch Earthquakes:
implications for geological preservation and expression: New Zealand Journal of
Geology and Geophysics, v. 55, no. 3, p. 249-254.

Reimer, P. J., Baillie, M. G. L., Bard, E., and Bayless, A., 2009, IntCal09 and Marine09
Radiocarbon Age Calibration Curves, 0—50,000 years cal BP: Radiocarbon, v. 51, no. 4,
p. 1111-1150.



Rencz, A.N., ed., 1999, Remote Sensing for the Earth Sciences, Manual of Remote Sensing, (3rd
edition), John Wiley and Sons, New York.

Rhodes, E. J., 2011, Optically stimulated luminescence dating of sediments over the past
200,000 years: Annual Review of Earth and Planetary Sciences, v.39, p.461-488.

Robertson, P. K., 1990, Soil classification using the CPT: Canadian Geotechnical Journal, v. 27,
no. 1, p. 151-158.

Robertson, P. K., 2004, Evaluating soil Liquefaction and post-earthquake deformations using the
CPT: Geotechnical and Geophysical Site Characterization, v.1, (Proceedings ISC- 2,
Porto), Millpress, Rotterdam.

Robertson, P. K.,2009a, Performance-based earthquake design using the CPT: Performance-
Based Design in Earthquake Geotechnical Engineering, (Proceeding International
Symposium-Tokyo), CRC Press- Taylor & Francis Group, London.

Robertson, P. K., 2009b, Interpretation of cone penetration tests: a unified approach: Canadian
Geotechnical Journal, v. 46, no. 11, p.1335-1355.

Robertson, P. K., 2010, Evaluation of flow liquefaction and liquefied strength using the cone
penetration test: Journal of Geotechnical and Geoenvironmental Engineering, v. 136, no.
6, p. 842-853.

Robertson, P. K., Woeller, D. J., and Finn, W.D., 1992, Seismic cone penetration test for
evaluating liquefaction potential: Canadian Geotechnical Journal, v. 29, no. 4, p. 686-695.

Robertson, P. K., and Wride C. E., 1998, Evaluating cyclic liquefaction potential using the cone
penetration test: Canadian Geotechnical Journal, v. 35, no. 3, p. 442-459.

Russ, D. P., 1982, Style and significance of surface deformation in the vicinity of New Madrid,
Missouri in F.A. McKeown and L.C. Pakiser, eds.: Investigations of the New Madrid,
Missouri, earthquake region, U.S. Geological Survey Professional Paper 1236- H, 94-114.

Saftner, D. A., Jung, Y., Hryciw, R. D., and Green, R., 2011, Comparison of predicted cyclic
resistance ratios from CPT, DMT, and shear wave velocity tests in Griffin, Indiana:
Proceedings, GeoFrontiers 2011 (Dallas), GSP 211, American Society of Civil Engineers,
Reston, VA.

Salvi, S., Cinti, F. R., Colini, L., D’Addezio, G., Doumaz, F., and Pettinelli, E., 2003,
Investigation of the Active Celano-L’Aquila Fault System, Abruzzi (central Apennines,
Italy) with combined ground-penetrating radar and palaeoseismic trenching: Geophysical
Journal International, v. 155, p. 805-818.



Saucier, R. T., 1977, Effects of the New Madrid earthquake series in the Mississippi alluvial
valley: U.S. Army Corps of Engineers Waterways Experiment Station Miscellaneous
Paper S-77-5, 10.

Saucier, R.T., 1989, Evidence for episodic sand-blow activity during the 1811-12 New Madrid
(Missouri) earthquake series: Geology, v. 17, p. 103-106.

Saucier, R., 1991, Geoarchaeological evidence of strong prehistoric earthquakes in the New
Madrid (Missouri) Seismic Zone, Geology, v. 19, p. 296-298.

Saucier, R. T., 1994, Geomorphology and Quaternary geologic history of the lower Mississippi:
U.S. Army Corps of Engineers Waterways Experiment Station, I and II.

Schnabel, P. B., Lysmer, J., and Seed, H. B., 1972, SHAKE: A computer program for earthquake
response analysis of horizontally layered sites: Report UCB/EERC- 72/12, Earthquake
Engineering Research Center, University of California, Berkeley, CA, 1972.
<http://nisee.berkeley.edu/elibrary/getpkg?id=SHAKE91>. Accessed July 12, 2015.

Schneider, J. A., Mayne, P. W., and Hendren, T. L., 1999, Initial development of an impulse
piezovibrocone for liquefaction evaluation, physics and mechanics of soil liquefaction:
Proceedings of the International Workshop on the Physics and Mechanics of Soil
Liquefaction, Johns Hopkins Univ., Rotterdam.

Schneider, J. A., and Mayne, P. W., 2000, Liquefaction response of soils in mid-America by
SCPT, innovations and applications in geotechnical site characterization (GSP 97):
American Society of Civil Engineers, Reston, VA.

Schneider, J. A., Mayne, P. W., and Rix, G. J., 2001, Geotechnical site characterization in the
greater Memphis area using CPT: Engineering Geology, v. 62, no. 1-3, p. 169-184.

Seed, H. B., 1976, State of the Art Paper: Evaluation of soil liquefaction effects on level ground
during earthquakes: Liquefaction Problems in Geotechnical Engineering: (Proceedings
ASCE National Convention, Philadelphia), Preprint 2752, American Society of Civil
Engineers, Reston, VA.

Seed, H. B., 1979, Soil liquefaction and cyclic mobility evaluation for level ground during
earthquakes: Journal of Geotechnical Engineering, v. 105(GT2), p. 201-256.

Seed, H. B., and Idriss, I. M., 1971, Simplified procedure for evaluating soil liquefaction
potential: Journal of the Soil Mechanics and Foundations Division (American Society of
Civil Engineers), v. 97(SM9), p. 1249-1273.

Seed, H. B., and Idriss, I. M., 1981, Evaluation of liquefaction potential of sand deposits based
on observations of performance in previous earthquakes: Pre-Print 81-544, Session on In-



situ Testing to Evaluate Liquefaction Susceptibility, ASCE National Convention, St.
Louis, Missouri, October.

Seed, H. B., and Idriss, .M., 1982, Ground motions and soil liquefaction during earthquakes:
Earthquake Engineering Research Institute, Berkeley, CA.

Seed, H. B., Idriss, .M., and Arango, I., 1983, Evaluation of liquefaction potential using field
performance data: Journal of Geotechnical Engineering, v. 109, p. 458-482.

Seed, H. B., Tokimatsu, K., Harder, L.F., and Chung, R.M., 1985, The influence of SPT
procedures in soil liquefaction resistance evaluations: Journal of Geotechnical
Engineering, v. 111, no. 12, p. 1425-1445.

Sexton, J. L., and Jones, P. B., 1988, Mini-sosie high-resolution reflection survey of the
Cottonwood Grove Fault in northwestern Tennessee: Bulletin of the Seismological
Society of America, v. 78, no. 2, p. 838-854.

Shedlock, K. M., 1999, Seismic hazard map of north and central America and the Caribbean,
Annali di Geofisica, v. 42, no. 6, p. 977-997.

Sims, J. D., 1973, Earthquake-induced structures in sediments of Van Norman Lake, San
Fernando California: Science, v. 182, p. 161-163.

Sims, J. D., 1975, Determining earthquake recurrence intervals from deformational structures in
young lacustrine sediments: Tectonophysics, v. 29, p. 141-153.

Sims, J. D., 2012, Earthquake-induced load casts, pseudonodules, ball-and-pillow, and convolute
lamination: additional deformation structures for paleoseismic studies, in R. T. Cox, M. P.
Tuttle, O. S. Boyd, and J. Locat, eds.: Geological Society of America, Special Paper 493.

Sims, J. D., and Garvin, C. D., 1995, Recurrent liquefaction at Soda Lake, California, induced by
the 1989 Loma Prieta earthquake, and 1990 and 1991 aftershocks: implications for
paleoseismicity studies: Bulletin of the Seismological Society of America, v. 85, p. 51-65.

Skempton, A. W., 1986, Standard penetration test procedures and effects in sands of overburden
pressure, relative density, particle size, aging, and overconsolidation: Geotechnique, v. 36,
no. 3, p. 425-447.

Sowers, G. F., 1979, Introductory soil mechanics and foundations: Geotechnical Engineering,
4th edition, Macmillan Publishing Co., New York.

Stahle, D. W., Cook, E. R., and White, J. W. C., 1985, Tree-ring dating of Bald Cypress and the
potential for millennia-long chronologies in the southeast: American Antiquity, v. 50, p.
796-802.



Stahle, D. W., Fye, F.K., Therrell, M.D., 2004, Interannual to decadal climate and streamflow
variability estimates from tree rings, in A. R. Gillespie, S. C. Porter, and B. F. Atwater,
eds.: The Quaternary Period in the United States: Developments in Quaternary Science 1,
Elsevier, Amsterdam and New York.

Stark, T. D., 2002, Interpretation of ground shaking from paleoliquefaction features: National
Earthquake Hazards Reduction Program, Annual Technical Report to U.S. Geological
Survey, Award No. 01HQGRO0030.

Street, R., and Nuttli, O., 1984, The central Mississippi valley earthquakes of 1811-1812: in
Proceedings of the Symposium on the New Madrid seismic zone, U.S. Geol. Survey,
Open File Rep., 84-770, 33-63.

Street, R., 1984, The historical seismicity of the central United States: 1811-1928, U.S. Geol.
Survey Final Report, contract 14-08-0001-21251, Append. A., 316 pp.

Stuiver, M., Long, A., and Kra, R.S., eds, 1993, Calibration—1993, Radiocarbon, v. 35, no. 1, p.
35-65.

Stuiver, M., and Reimer, P. J., 1993, Extended 14C Data base and revised CALIB 3.0 14C age
calibration program, Radiocarbon, 35:215-230.

Stuiver, M., Reimer, P. J., and Braziunas, T. F., 1998, High-precision radiocarbon age calibration
for terrestrial and marine samples, Radiocarbon, 40(3):1127-1151.

Stuiver, M., Reimer, P. J., and Reimer, R. W., 2015, CALIB 6.0, 2005.
<http://calib.qub.ca.uk/calib/>. Accessed May 8, 2015.

Talma, A. S., and Vogel, J. C., 1993, A simplified approach to calibrating C14 dates:
Radiocarbon, v. 35, p. 317-322.

Talwani, P., and Cox, J., 1985, Paleoseismic evidence for recurrence of earthquakes near
Charleston, South Carolina: Science, v. 228, p. 379-381.

Talwani, P., and Schaeffer, W. T., 2001, Recurrence rates of large earthquakes in the South

Carolina coastal plain based on paleoliquefaction data: Journal of Geophysical Research,
v. 106(B4), p. 6621-6642.

Taylor, W. W., 1967, A study of archeology, Southern Illinois University Press, Carbondale, IL,
(original 1948).

Telford, W. M., Geldart, L. P., and Sheriff, R. E., 1990, Applied Geophysics, 2nd ed.:
Cambridge University Press, Cambridge, U. K.

Terzaghi, K., 1943, Theoretical Soil Mechanics, Chapman and Hall, Wiley and Sons, New York.



Toprak, S., Bennett, M. J., Holzer, T. L., and Tinsley, J. J., 1999, CPT- and SPT-based
probabilistic assessment of liquefaction potential: Proceedings of the 7th U.S.—Japan
Workshop on Earthquake Resistant Design of Lifeline Facilities and Countermeasures
Against Liquefaction, Seattle, WA, 19 November 1999, MCEER, Buffalo, NY, Technical
Report MCEER-99-0019.

Toprak, S. A., and Holzer, T. L., 2003, Liquefaction potential index: field assessment: Journal of
Geotechnical and Geoenvironmental Engineering, v. 129, no. 4, p. 315-322.

Trumbore, S. E., 1989, AMS 14C measurements of fractionated soil organic matter: an approach
to deciphering the soil carbon cycle: Radiocarbon, v. 31, no. 3, p. 644-654.

Tsai, P. H., Lee, D. H., Kung, G. T., and Juang, C. H., 2009, Simplified DMT-based methods
for evaluating liquefaction resistance of soils: Engineering Geology, v. 103, p. 13-22.

Tuttle, M. P., 1999, Late Holocene earthquakes and their implications for earthquake potential of
the New Madrid seismic zone, central United States, Ph.D. dissertation, University of
Maryland, College Park, MD.

Tuttle, M. P., 2001, The use of liquefaction features in paleoseismology: lessons learned in the
New Madrid seismic zone, central United States: Journal of Seismology, v. 5, p. 361- 380.

Tuttle, M. P., Schweig, E. S., Sims, J. D., Lafferty, R. H., Wolf, L. W., and Haynes, M. L., 2002.
The earthquake potential of the New Madrid seismic zone: Bulletin of the Seismological
Society of America, v. 92, p. 2080-2089.

Tuttle, M. P., 2004, Search for and study of sand blows at distant Sites resulting from prehistoric
and historic New Madrid earthquakes: collaborative research: M. Tuttle & Associates and
Central Region Hazards Team, National Earthquake Hazards Reduction Program, Annual
Technical Report to U.S. Geological Survey, Award No. 1434-02HQGRO0097.

Tuttle, M. P., 2007, Re-evaluation of earthquake potential and source in the vicinity of
Newburyport, Massachusetts: National Earthquake Hazards Reduction Program, Final
Technical Report to U.S. Geological Survey, Award No. 1434-01HQGRO0163.

Tuttle, M. P., 2009, Re-evaluation of earthquake potential and source in the vicinity of
Newburyport, Massachusetts: National Earthquake Hazards Reduction Program, Final
Technical Report to U.S. Geological Survey, Award No. 1434-03HQGRO0031.

Tuttle, M. P.,2010, Search for and study of sand blows at distant sites resulting from prehistoric
and historic New Madrid earthquakes: collaborative research: M. Tuttle & Associates and
Central Region Hazards Team, National Earthquake Hazards Reduction Program, Annual
Technical Report to U.S. Geological Survey, Award No. 1434-02HQGRO0097.



Tuttle, M. P., 2011, Study of source, magnitude, and recurrence time of large earthquakes
affecting northern Puerto Rico: collaborative research: M. Tuttle & Associates and
Central Region Hazards Team, National Earthquake Hazards Reduction Program, Final
Technical Report to U.S. Geological Survey, Award No., 1434-06HQGR0023.

Tuttle, M. P., Such, R., and Seeber, L., 1989, Ground failure associated with the November 25th,
1988 Saguenay Earthquake in Quebec Province, Canada, in K. Jacob, ed., The 1988
Saguenay Earthquake of November 25, 1988, Quebec, Canada, Strong Motion Data,
Ground Failure Observations, and Preliminary Interpretations, National Center for
Earthquake Engineering Research, Buffalo, New York.

Tuttle, M., Law, K.T., Seeber, L. and Jacob, K., 1990, Liquefaction and ground failure in Ferland,
Quebec, triggered by the 1988 Saguenay Earthquake, Canadian Geotechnical Journal,
27:580-589.

Tuttle, M., and Seeber, L., 1991, Historic and prehistoric earthquake-induced liquefaction in
Newbury, Massachusetts, Geology, 19:594-597.

Tuttle, M. P., and Schweig, E.S., 1995, Archeological and pedological evidence for large
earthquakes in the New Madrid seismic zone, central United States, Geology,23:253-256.

Tuttle, M., and Barstow, N., 1996, Liquefaction-related ground failure: A case study in the New
Madrid seismic zone, central United States, Bulletin of the Seismological Society of
America, 86(3):636-645.

Tuttle, M. P., Lafferty, R. H., Guccione, M. J., Schweig, E. S., Lopinot, N., Cande, R. F., Dyer-
Williams, K., and Haynes, M., 1996, Use of archaeology to date liquefaction features and
seismic events in the NMSZ, Central United States, Geoarchaeology: An International
Journal, v. 11, n. 6, p. 451-480.

Tuttle, M. P., Collier, J., Wolf, L. W., and Lafferty, R. H., 1999, New evidence for a large
earthquake in the New Madrid seismic zone between A.D. 1400 and 1670, Geology, v.
27,n.9,p. 771-774.

Tuttle, M. P., Tucker, K., Hengesh, J.V. and Lettis, W., 2002, Observations and comparisons of
liquefaction features and related effects induced by the Bhuj Earthquake, Earthquake
Spectra, 18(Supplement A):79-100.

Tuttle, M. P., Schweig, E. S., Sims, J. D., Lafferty, R. H., Wolf, L. W., and Haynes, M. L., 2002,
The earthquake potential of the New Madrid seismic zone, Bulletin of the Seismological
Society of America, v. 92, n. 6, p. 2080-2089.

Tuttle, M.P., Dyer-Williams, K., and Barstow, N.L., 2002, Paleoliquefaction study of the
Clarendon-Linden Fault System, Western New York State, Tectonophysics, 353:263- 286.



Tuttle, M. P., Prentice, C.S., Dyer-Williams, K., Pena, L.R., and Burr, G., 2003, Late Holocene
liquefaction features in the Dominican Republic: A powerful tool for earthquake hazard
assessment in the northeastern Caribbean, Bulletin of the Seismological Society of
America, 93(1):27-46.

Tuttle, M. P., Prentice, C.S., Dyer-Williams, K., Schweig, E., Moya, J., and Tucker, K., 2005,
Liquefaction induced by historic and prehistoric earthquakes in western Puerto Rico, in P.
Mann, ed., Active Tectonics and Seismic Hazards of Puerto Rico, the Virgin Islands, and
Offshore Areas, Geological Society of America Special Paper 385.

Tuttle, M. P., Schweig, E., Campbell, J., and Thomas, P.M., 2005, Evidence for New Madrid
earthquakes in AD 300 and 2350 B.C., Seismological Research Letters, 76(4):489-501.

Tuttle, M. P., Al-Shukri, H., and Mahdi, H., 2006, Very large earthquakes centered southwest of
the New Madrid seismic zone 5,000-7,000 years ago, Seismological Research Letters,
77(6):664-678.

Tuttle, M. P. and Atkinson, G.M., 2010, Localization of large earthquakes in the Charlevoix
Zone, Quebec, Canada, during the past 10,000 years, Seismological Research Letters,
81(1):140-147.

Tuttle, M. and Dyer-Williams, K., 2010, Paleoseismological investigation in the site region of
OPG’s New Nuclear — Darlington Project: New Nuclear - Darlington Environmental
Assessment, Prepared for Ontario Power Generation, Inc.

Tuttle, M. P., Al-Kadi, O., Mahdi, H. and Al-Shukri, H. 2010, Repeated large earthquakes 4,800
to 38,000 years ago towards the southwestern end of the Reelfoot Rift Fault System,
Geological Society of America, Abstracts with Programs, 42(5).

Tuttle, M. P., et al., 2010, Late Quaternary earthquake-induced liquefaction in greater Toronto,
Seismological Society of America, Eastern Section Meeting, Program and Abstracts.

Tuttle, M. P., Lafferty, R.H., Cande, R.F., and Sierzchula, M.C., 2011, Impact of earthquake-
induced liquefaction and related ground failure on a Mississippian archeological site in
the New Madrid seismic zone, Central USA, Quaternary International, 242:126-137.

Tuttle, M. P., Villamor, P., and Almond, P., 2012, Paleoliquefaction lessons learned from the
2010-2011 Canterbury, New Zealand, earthquakes, in Proceedings of the Geological
Society of America Annual Meeting, 4-7 November 2012, Charlotte, NC.

Tuttle, M. P., Wolf, L.W., Starr, M.E., Villamor, P., Lafferty, R.H., Morrow, J.E., Scott, R.J.,
Forman, S.L., Hess, K., Tucker, K., Dunahue, J., and Haynes, M.L., 2019, Evidence for
large New Madrid earthquakes about A.D. 0 and 1050 B.C. Central United States
Seismological Research Letters, 90(3).



U.S.

U.S.

U.S.

U.S.

U.S.

U.S.

U.S.

U.S.

Nuclear Regulatory Commission, Tuttle, M. P., Wolf, L., Mayne, P., 2018, Guidance
Document: Conducting paleoliquefaction studies for earthquake source characterization,
NUREG/CR-7238.

Nuclear Regulatory Commission, Tuttle, M. P., Cowie, P., Wolf, L., 1992, Liquefaction
induced by modern earthquakes as a key to paleoseismicity: A Case Study of the 1988
Saguenay Earthquake, in A. Weiss, ed., Proceedings of the Nineteenth International
Water Reactor Safety Information Meeting, NUREG/CP-0119, 3:437-462.

Nuclear Regulatory Commission, 1996, Case study of liquefaction induced by the 1944
Massena, New York-Cornwall, Ontario earthquakes, NUREG/CR-6495.

Nuclear Regulatory Commission, 1998, Dating of liquefaction features in the New Madrid
seismic zone and implications for earthquake hazard, NUREG/GR-0017.

Nuclear Regulatory Commission, 1999, Paleoseismology study northwest of the New
Madrid seismic zone, NUREG/CR-5730.

Nuclear Regulatory Commission, 2000, Dating of liquefaction features in the New Madrid
seismic zone, NUREG/GR-0018, August 2000, ADAMS Accession No. ML003752771.

Nuclear Regulatory Commission, 2012, Central and eastern United States seismic source
characterization for nuclear facilities, NUREG-2115, Vols. 1-6, February 2012, ADAMS
Accession No. ML12048A776.

Nuclear Regulatory Commission, 2012, Tuttle, M. P., R. Hartleb, Appendix E. Central and
eastern U.S. paleoliquefaction database, uncertainties associated with paleoliquefaction
data and guidance for seismic source characterization, Technical Report, the Central and
Eastern U.S. Seismic Source Characterization for Nuclear Facilities, Affiliation: U.S.
Nuclear Regulatory Commission, EPRI, Palo Alto, CA, U.S. DOE, and U.S. NRC, 135 p.
plus database.

Van Arsdale, R. B., Stahle, D. W., Cleaveland, M., and Guccione, M., 1998, Earthquake signals

in tree-ringed data from the New Madrid seismic zone and implications for
paleoseismicity, Geology, 26(6):515-518.

Van Arsdale, R.B., DeShon, H.R., and Tuttle, M.P., 2012, New Madrid seismic zone field trip

guide, in From the Blue Ridge to the Coastal Plain: Field Excursions in the southeastern
United States, eds. M.C. Eppes and M.J. Bartholomew, Geological Society of America
Field Guide 29, p. 1-14, doi: 10.1130/2012.029(04).

Vaughn, J. D., 1994, Paleoseismological studies in the western lowlands of southeastern

Missouri, National Earthquake Hazards Reduction Program, Final Technical Report to
U.S. Geological Survey.



Villamor, P., Langridge, R., Barker, P., Howarth, J., Giona-Bucci, M., Clark, K., Martin, F.,
Quigley, M., Almond, P., Ries, W., Bastin, S., Tuttle, M., Vandergoes, M., and Watson,
M., 2014, Exploring methods to assess paleoliquefaction in the Canterbury area, GNS
Science Consultancy Report 2014/183.

Vogel, J. C., Fuls, A., Visser, E., and Becker, B., 1993, Pretoria calibration curve for short lived
samples, Radiocarbon, 33:73-86.

Wair, B. R., DeJong, J., and Shantz, T., 2012, Guidelines for estimation of shear wave velocity
profiles, Pacific Earthquake Engineering Research Center, University of California,
PEER Report 2012/08.

Walker, M., Quaternary dating methods, John Wiley and Sons, Ltd, West Sussex, England, 2005.

Walker, J. D., and J. Geissman, J., 2012, compilers, Geologic time scale v. 4.0, Geological
Society of America.

Wheeler, R. L., 2002, Distinguishing seismic from nonseismic soft-sediment features: Criteria
from seismic hazard analysis, in Ettensohn, F. R., N. Rast, and C. E. Brett, eds., Ancient
Seismites, Geological Society of America, Special Paper 359.

Wolf, L. W., 2004, Geophysical investigations of earthquake-induced liquefaction features in the
New Madrid seismic zone, National Earthquake Hazards Reduction Program, Final
Technical Report to U.S. Geological Survey, Award No. 01HQGRO0003.

Wolf, L. W., Collier, J., Tuttle, M., and P. Bodin, P., 1998, Geophysical reconnaissance of
earthquake-induced liquefaction features in the New Madrid seismic zone, Journal of
Applied Geophysics, 39:121- 129.

Wolf, L. W., Tuttle, M.P., Browning, S., and Park, S., 2006, Geophysical surveys of earthquake-
induced liquefaction deposits in the New Madrid seismic zone, Geophysics, 71(6):B223-
230.

Youd, T. L., 1973, Liquefaction, Flow and associated Ground Failure, U.S. Geological Survey,
Circular 688.

Youd, T. L., 1984, Geologic effects—Liquefaction and associated ground failure, U.S.
Geological Survey Open-File Report 84-760.

Youd, T. L., 2011, A Look Inside the Debate over EERI Monograph MNO 12, unpublished
presentation.

Youd, T. L., and Hoose, S.N., 1977, Liquefaction susceptibility and geologic setting,
Proceedings of the, 6th World Conference on Earthquake Engineering, v. 3, United States
Government Printing Office, Washington, D.C.



Youd, T. L., and Perkins, D.M., 1978, Mapping of liquefaction induced ground failure potential,
Journal of the Geotechnical Engineering Division, American Society of Civil Engineers,
104(4):433-446.

Youd, T. L., and Perkins, M., 1987, Mapping of liquefaction severity index, Journal of
Geotechnical Engineering, 113(11):1374-1392.

Youd, T. L., and Perkins, D.M., Turner, W.G., 1989, Liquefaction severity index attenuation for
the eastern United States, Proceedings from the Second U.S.-Japan Workshop on
Liquefaction, Large Ground Deformation and their Effects on Lifelines, Technical Report
NCEER-89-0032.

Youd, T. L., and Idriss, .M., eds. 1997, Proceedings of the NCEER Workshop on evaluation of
liquefaction resistance of soils, Salt Lake City, Utah, Technical Report NCEER-97- 0022,
National Center for Earthquake Engineering Research, Buffalo, NY.

Youd, T. L., and Noble, S.K., 1997, Liquefaction criteria based on statistical and probabilistic
analyses, Proceedings, NCEER Workshop on Evaluation of Liquefaction Resistance of
Soils, NCEER Technical Report No. 97-0022, Salt Lake City.

Youd, T. L., and Idriss, I.M., 2001, Liquefaction resistance of soils: summary report from the
1996 NCEER and 1998 NCEER/NSF Workshops on Evaluation of Liquefaction
Resistance of Soils, Journal of Geotechnical and Geoenvironmental Engineering,
127(10):817-833.

Youd, T. L., and Idriss, .M., Andrus, R.D., Arango, 1., 2003, Closure to liquefaction resistance
of soils, Journal of Geotechnical and Geoenvironmental Engineering, 129(3):283-284.

Zhang, G., P. K. Robertson, and Brachman, R.W.I., 2002, Estimating liquefaction-induced
ground settlements from CPT for level ground, Canadian Geotechnical Journal,
39(5):1168-1180.

Zhang, G., P. K. Robertson, and Brachman, R.W.I., 2004, Estimating liquefaction-induced
lateral displacements using the standard penetration test of Cone Penetration Test, Journal
of Geotechnical and Geoenvironmental Engineering, 130(8):861-871.

Zoback, M. L., and Zoback, M. D., 1989, Tectonic stress field of the conterminous United States:
Geological Society of America, Memoir 172, p. 523-539.



List of Participants

Oklahoma Geological Survey
Arkansas Health Department

llinois Geological Survey

USDA

Arkansas Geological Survey

Missouri Science & Technology
Arkansas Geological Survey

Arkansas Geological Survey

University of Memphis

Arkansas Health Department
Engineering Consultants, Inc.

University of Memphis

University of Memphis

University of Arkansas Little Rock
Arkansas Department of Emergency Management
USACE

Arkansas Department of Transportation
Arkansas Oil and Gas Commission
Pulaski County

USGS

Arkansas Department of Transportation
Alabama Geological Survey

llinois Geological Survey

Arkansas Geological Survey

Tuttle & Associates

Arkansas Department of Transportation
Arkansas Department of Transportation
Oklahoma Geological Survey
Oklahoma Geological Survey

Arkansas Geological Survey

University of Arkansas Little Rock
University of Memphis

Documentary - Historical Attractions
Documentary - Historical Attractions
Documentary - Historical Attractions
University of Memphis

USGS

Alabama Geological Survey

Kentucky Geological Survey

Arkansas Department of Transportation
Arkansas Geological Survey

Pulaski County

Alexandros Sawaidis
Allie Cumnock
Andrew Anderson
Chris King

Ciara Mills

David Hoffman
David Johnston
Doug Hanson

Dr. Youngsang Kwon
Evelyn Kort

Frank Allison
Gary Patterson
Hamed Tohidi
Haydar Al-Shukri
Hilda Booth
James Evans
James Sloan

Jay Hansen

Jim Cranor

Kathy Knierim
Kevin Weston
Lainey LeBlanc
Mark Yaccucci
Martha Kopper
Martitia Tuttle
Mehmet Su
Michael Kelly
Netra Regmi

Paul Agwari

Peng Li

Rauf Hussein
Renee Reichenbacher
Robert Raines
Mark Gilliard
Robert Raines staff
Roy VanArsdale
Ryan Adams
Sandy Ebersole
Steve Martin
Stewart Linz

Ty Johnson

Van McClendon

Organization Name Email Address
Arkansas Department of Transportation Aaron Adams Aaron.Adams@ardot.gov
Arkansas Department of Transportation Alan Nguyen Alan.Nguyen@ardot.gov
Clay County OEM Alan Vaughn clayoem@centurytel.net

Alexandros.sawvaidis@beg.utexas.edu
Allie.Cumnock@arkansas.gov
acandrson@illinois.edu
Chris.King@usda.gov
Ciara.Mills@arkansas.gov
dhoffman@mst.edu
David.Johnston@arkansas.gov
Doug.Hanson@arkansas.gov
ykwon@memphis.edu
Evelyn.kort@arkansas.gov
fallison@ecilr.com
glpttrsn@memphis.edu
htohidi@memphis.edu
hjalshukri@ualr.edu
Hilda.Booth@adem.arkansas.gov
James.M.Evans@usace.army.mil
James.sloan@ardot.gov
Jay.Hansen@aogc.sstate.ar.us
jcranor@pulaskicounty.net
kknierim@usgs.gov
Kevin.Weston@ardot.gov
LLeBlanc@gsa.state.al.us
yacucci@illinois.edu
Martha.Kopper@arkansas.gov
mptuttle @earthlink.net
Mehmet.Su@ardot.gov
Michael.Kelly@ardot.gov
netraregmi@ou.edu
pogwari@ou.edu
Peng.Li@arkansas.gov
rrhussein@ualr.edu
renee.reichenbacker@gmail.com
director@tgmoa.com
mark@blackshirtcreative.com

rvanrsdi@memphis.edu
rfadams@usgs.gov
sebersole@gsa.state.al.us
slmartb@email.uky.edu
Stewart.Linz@ardot.gov
Ty.Johnson@arkansas.gov
vmcclendon@pulaskicounty.net




Post Workshop/Field Trip Supplemental Materials

Two categories of supplemental materials from this workshop have been incorporated into this
publication: 1) PowerPoint presentations, 2) Documentary. The PowerPoint presentations are
attached below. James Evans presentation consisted of a movie (attached as a separate file).
Through the assistance of funding from the RISC grant, and generosity of Historical Attractions,
the GS and Historical Attractions developed a documentary designed to focus on public
earthquake emergency preparedness and awareness. The documentary is provided as separate
digital attachment/file to this report.



Pliocene and Quaternary Geologic History of the Northern Mississippi
Embayment and its Implications for the New Madrid Earthquakes

Roy Van Arsdale
Department of Earth Sciences
The University of Memphis




The Mississippi embayment




New Madrid seismic zone in
northern Mississippi
embayment. Stars are large
earthquakes of 1811-1812.
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Formation of the Mississippi
embayment




Formation of the Mississippi
Embayment by the Bermuda
hotspot
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[ Quaternary alluvium

[ Paleogene to Necgene
Cretaceous

=1 Paleozoic sedimentary
[ Cambrian rift fill

[ pC to Cambrian basement

Reelfact Rift

The Mississippi embayment is a
south-plunging erosional trough
inset into and anticline in the
Paleozoic strata. Limbs dip less
than 1 degree and plungeis~ 1
degree. ltis flat as a board and
not a structural syncline.



Pliocene Mississippi River Drainage Basin
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Eastern Lowlands

Western Lowlands

Pliocene ancestral

Mississippi River system
preserved as ~ 3.2 Ma

Upland Complex alluvium.



Exhumed Pliocene ancestral Mississippi River
meander bends. Meanders are much larger in radius

than modern Mississippi River meanders.
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Pliocene Mississippi River drainage basin greatly
modified by Pleistocene glaciation
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3 . Late Wisconsin ice
e sheets and glaciers Growth of continental ice sheets in Antarctica and Greenland
3 .. Maximum extent of older  |o\yered sea level 3.5 Ma and growth of continental ice sheets

= Quaternary glaciations . ) i
"] Unglaciated terrain multiple times during the last 2.5 Ma lowered sea level even
more.




Upland Complex is the basal facies of a much
= thicker (~ 150 m) Pliocene Mississippi River
floodplain.
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Recent research indicates that 30 m of
sediment was removed from above
the NMSZ within last 20 ka (Van
Arsdale et al., 2014).
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Quaternary Mississippi River Valley is Rising Planar trend surface of the base of

the Pliocene (3.2 Ma) Mississippi
River floodplain (Upland Complex) in
western KY and TN and Crowley’s

Terrace ages diminish away from Ridge, AR. -
Crowley’s Ridge

2w “u'w
i

—meurves (SRR
Upland Complex base elevation (m)

ad| T 110-120 N
B 100-110 A
[ s0-100
[]so90
[Jroe0
[Jeo-0

000000

E
=
5
0000
£
-
S
z

700000 720000 740000 760000 780000 800000 820000 840000 860000
Easting (UTM m)




Quaternary stream migrations. Arrows denote averaged migration directions.
Gray dots denote New Madrid seismic zone epicenters
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Calais et al argue that Mississippi River incision during the
late Wisconsin would have reduced the horizontal
compression across the NE trending Reelfoot Rift faults
thereby activating them in the Holocene. | now think
there was 30 m of denudation within the last 20 ka.



Published sites of Quaternary Faulting and/or Liquefaction
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Displacement (m)

Joiner Ridge faulting started ~ 19 ka and ceased ~ 7 ka.
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Figures in this presentation by Roy Van Arsdale are from the following publications.
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E4 INTRODUCTION

U.S.ARMY

* The Memphis District Geotech Branch has collaboration on several
liquefaction related research projects in Arkansas in recent years
with the Arkansas Geological Survey (AGS).

» Over the last decade, the AGS has funded and overseen the
excavations of several paleoliquefaction trenches near Marianna,
Arkansas (southwest of Memphis) in conjunction with the University
of Arkansas-Little Rock.

* The Memphis District had recently procured a Trimble SX10
scanning total station, and we were interested in utilizing its
capabilities in various ways beyond general surveys.

* In order to experiment with the capability of the SX10, we offered
our survey services to scan the trench wall with the intent of
providing a 3D high resolution image with associated survey as a
potential means of replacing or minimizing manual logging of the
trench stratigraphy.

* We performed preliminary field testing on 05Nov2019 for two
trenches that had been previously excavated.

xew-1i1 dqUILF

BUILDING STRONG,

and Taking Care of People!




GENERAL SEISMIC SETTING

» Wide spread liquefaction features are prevalent throughout the New
Madrid Seismic Zone (NMSZ) predominately located in southeast
Missouri, northeast Arkansas, and northwest Tennessee. The extent
of these features generally ranges from approximately New Madrid,
Missouri to Marked Tree, Arkansas.

* These liquefaction features are generally concentrated along the
areas associated with faulting in the NMSZ as defined by recorded
and historical seismic events.

* Most of the NMSZ liquefaction features have been dated to be
associated with earthquakes that have occurred within the last
2,000 years at intervals of about 500 years.

* Multiple liquefaction features have also been discovered in the
Marianna, Arkansas area, which are more than 100 km from the
majority of liquefaction features in the currently active portions of the
NMSZ.

Explanation
Estimated sand blow age in years BP, relativeto  Sand blow thickness (cm) —mm_ Reelfoot Rift Margin (1)
AD 1950 (1 and this study) O <60 O 120 - 179 + Historical earthquake
@ 1-238 (AD 1811-1812) (© 5350-5650 epicenter (2, 3)
© 350-650 (AD1450) @ 6650-6950 O 60-119 () 180+ +  CERI New Madrid catalog,
M>2 (4)
@ 900-1200 (AD 900) @ 9550-10150 Sand dike width (cm) >19% of surface area covered
© 1750-2150 (AD 0) @ 11100-11500 0 <20 0 e0-90 by sand blows (5)
O 20-59 [] 100+
@ 2750-3250 (BC 1050) @ 12400-12800 Sources: 1. NUREG-2115; 2. Hough,
@ 4150-4450 (BC 2350) @ 22100-23400 Soft-sediment deformation  2004; 3. Wheeler et al., 2003; 4. CERI
. & SSD New Madrid Catalog 1974-2018; 5.
O 4650-4950 @ Poorly constrained Saucier, 1977; Obermeier, 1989
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LOCAL SEISMIC SETTING

* The AGS team has been evaluating these Marianna liquefaction features using
archeological surveys, geophysical surveys, and paleoliquefaction trenching with the
intent of assessing the source, magnitude, and generalized recurrence interval of the
seismic events which generated these liquefaction features.

U.S.ARMY ]

» The liquefaction features were initially identified using aerial photos looking for areas of
sand deposits (generally areas where crops will not grow).The team has identified a
generally northwest trending linear alignment of liquefaction features covering
approximately 4 km.

« Dating from these features suggest the earthquakes that generated the features are
prehistoric and date from approximately 5,000 to 41,000 years ago.

» Seismic reflection testing of the soft sediment faulting indicates the presence of a fault
seismic source along the identified alignment of the liquefaction features, known as the
Daytona Beach Lineament (DBL). It is currently postulated that this fault is inactive.

* Many of the liquefaction features are similar in size to those in the NMSZ (600m x 450m x
2.5m). This indicates very strong ground shaking. The moment magnitude of the seismic
events that caused these features has been estimated to be in the range of 6 to 7 (similar
to NMSZ events) occurring along the DBL feature.

Explanation
Estimated sand blow age inyears BP,  Sand blow thickness (cm) BCFZ (3) —— —
relative to AD 1950 (1,2) o <50 O 200-249 WRFZ(3) ——-——-
O 4650-4950 50-99 .
O 5350-5650 2 O 250-2%9 e
QO 100-149 DBL(245) e

O 66506950 QO 150-199 O 300+
@ 9550-10150

) Sources: 1. CEUS SSC Project (2012); 2. Tuttle et al. (2006); 3. Schumm and
©  Poorly constrained Spitz (1996); 4. Hildenbrand and Hendricks (1995); 4. Al-Shukri et al. (2006);

® 5. Al-Qadhi 2010)
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§d PALEOLIQUEFACTION TRENCHING

U.S.ARMY

+ Initial field work consisted of a GPR survey to locate the trench such that the
sand dike was exposed in the trench.

* The trenches were then excavated (~4-6 ft) with vertical sides and the walls
stabilized as necessary. The excavation walls were troweled smooth and
then mapped by hand using graph paper and colored pencils.
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D Tan, fine sand with few :I Dark reddish brown to tan,

granules; relatively loose fine sand, few small pabbles,
granules & clayey silt clasts,
massive; upper 0.5 m mottled

| Grayish brown, silty fine Grayish brown, clayey silt o) Sediment samples collected
sand with few granules & with manganese nodules for OSL dating
clasts of clayey silt

Grayish tan, clayey silt;
mottled
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SX10 SCANNING TOTAL STATION

o

* The scanning total station combines surveying,
imaging, and high speed 3D scanning for the
defined area of interest.

* A suite of high resolution still photos is taken
which are geo-referenced in order to
generate a complete photograph of the
survey area.

« A multi-beam laser survey is conducted for
the survey area.

* The survey and imagery are processed
together to produce a 3D image of the survey
area.

* The intensity of the return multi-beam scan is
also recorded for evaluating the survey data.

7 BUILDING STRONG,

and Taking Care of People!




E4 SX10 FIELD WORK

(samy)
» One scan was performed for each trench.

» The total station was setup near the top of the
trench and only one wall of the trench was
scanned.

* Nails were inserted into the trench wall at
boundaries between different soil layers.

» Each scan took approximately 20 minutes to
complete.

BUILDING STRONG,

and Taking Care of People!



SCANNING TOTAL STATION RESULTS sl
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%

U.S.ARMY

This method provides high quality imaging and survey data in a very
short timeframe, which is a benefit where conditions make the
trench unstable.

The original intent was to provide a survey quality, high resolution
geo-referenced 3D image of the trench; however, the intensity
image also provided valuable information to help distinguish soil
layers.

More testing is needed to determine the relationship between return
intensity, soil type, and moisture content.

Multiple scans per trench would eliminate ‘shadows’ in the data.
These results were well received by the trenching team.

This methodology has other geotechnical/geophysical applications
including post failure investigation, possible surficial seepage

mapping of embankment, test pit logging, inspection of completed
works, etc.

BUILDING STRONG,

and Taking Care of People!

RESULTS/CONCLUSIONS




OTHER SX10 PROJECT EXAMPLES
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Earthquake Feature Recognition
Ground Penetrating Radar
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Typical Sand Blow in the Study Area
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Ground Penetrating Radar

» Ground Penetrating Radar (GPR) is a
geophysical tool used to investigate the
subsurface through 2-D and 3-D high-
resolution images

+ Applications of GPR:
» Hydrology
» Archaeological applications
»Highways and road investigations
» Geological applications

» Environmental applications
» Engineering and geotechnical applications
» Soil investigation
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Ground Penetrating Radar

GPR Advantages:
1. Itis anon-invasive method.
2. Vehicle operated system that can be run at a normal traffic speeds.
3. Continuous profile measurements are efficient for large surveys
4. Provides 2-D and 3-D high-resolution images.
5. Provides real-time analysis.
6. Powerful in detecting small changes in physical and electric properties

of the material
Very sensitive to changes in the hydrological conditions of soll.









Application to Paleoseismology






Develop a Survey Plan i
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Sites investigated recently
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Sandblow Sites to be visited today
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Comprehensive Analysis



Depth Iteration 10 RMS error = 4.9 %
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Results

* The sand blows concentrated near Marianna area

* The intensity (number and size) of sand blows reduced in all directions

* A new source zone

 Independent of the New Madrid SZ

» Has been extensively active in the past 5K years

» Our geotechnical analysis suggests that earthquakes in the M 6-6.5
range could induce liguefaction and therefore be responsible for the
formation of the large sand blows.

 Several large earthquakes took place in the area

* The risk has not been evaluated yet

* The return period has not been determined and more research is need



Abstract:

The simplified procedure for evaluating the soil liquefaction potential of
cohesionless soils is based on estimating the cyclic stress ratio (CSR) from an
empirical relationship that is based on the cyclic triaxial test results of
Sacramento River sand. Grain size analysis results indicate that the grain size
distribution of Mississippi Embayment sand from Vicksburg, Mississippi is
different than Sacramento River sand.

Soil properties that influence liquefaction potential and cyclic behavior include
grain size distribution, grain shape, mineral composition, and age. Therefore,
this study will evaluate the following hypothesis: the cyclic behavior of
Mississippi Embayment sand is different than Sacramento River sand and,
consequently, the CSR based on cyclic triaxial tests of Mississippi Embayment
sand will be different than the current simplified method of determining CSR
that is based on cyclic triaxial tests on Sacramento River sand. For this study,
sand samples will be obtained from various locations in the MS Embayment and
from trenches displaying remnants of liquefied sand to perform cyclic triaxial
tests and to evaluate CSR.

Introduction and Background:

Seed and Idriss (1967) presented a general procedure for evaluating

liqguefaction potential that consisted of the following steps:

1. Determination of shear stress time history produced by the earthquake.

2. Convert the stress time history of the earthquake into an equivalent
number of uniform stress cycles as a function of depth as shown by the
cyclic stress developed for N cycles by earthquake motions curve in Figure
1.

3. Estimation of the required number of cycles that induces liquefaction at
various depths based on the cyclic triaxial lab tests using the equivalent
number of uniform cycles from step 2 as shown by the cyclic stress causing
liguefaction in N cycles curve in Figure 1.

4. Determination of the liquefiable zones by comparing the shear stresses
caused by the earthquake from step 2 with the estimation of cycles that
induces liquefaction from step 3 as shown by the zone of liquefaction
designation in Figure 1 the zone of liquefaction is the zone where the
equivalent number of uniform stress cycles exceeds the cyclic stress
causing liguefaction.

Slress

Zone af liguafaction

Dapth

Cychic strass cousing
liguafoetion in M eyclas

(from testing program)

Cyclic stress devaloped
for N eycles by
sorthquake mations

Figure 1. Method of evaluating liquefiable zone
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Introduction and Background Continued:

In 1971 Seed and Idriss simplified the general procedure for evaluating

liquefaction potential that consisted of three evaluations:

1. Simplified procedure for evaluating stresses induced by the
earthquake,

2. Simplified procedure for evaluating stresses causing liquefaction,

3. Evaluation of liquefaction potential.

To evaluate the stresses induced by an earthquake, the simplified

method consists of a relationship to compute maximum shear stress

(thqy) In the initial equation of computing 7,4, the behavior of a soil

column above the soil element at a depth of A was considered to be

rigid but, it is known that the soil column behaves as a deformable body,

hence a stress reduction coefficient (ry) was applied to the initial 7,,,,

equation.

As shown in Figure 2, the magnitude of shear stress that occurs during

an earthquake in the field varies from cycle to cycle. Based on the shear

stress time history of the Niigata earthquake, Seed and Idriss

determined that the average shear stress induced by the earthquake

was about 65% of the maximum shear stress. Thus, they suggested a

reduction of 0.65 to equation of 7,,,, to estimate the average shear

stress ( T pe)-

Figure 2. Shear stress time history of Niigata earthquake

Following the simplified procedure and by comparing the cyclic triaxial
test results with 7., induced at any depth by an earthquake, Seed and
Idriss determined the liquefiable zones and expressed cyclic stress ratio

(CSR) causing liquefaction in the field in terms of -2 given by:

0.

CSR = 19 = 0.65(“";’6) (ZZ)rd (1)

Oy
CSR is one of the main parameters of calculating Factor of Safety (FS)
against liquefaction as follows:

_ CRR
FS = —— (2)

Methodology:

Soil properties that influence liquefaction potential and cyclic behavior
include grain size distribution, grain shape, mineral composition, and
age (Obermeier, 1989). Since the grain size distribution of Niigata
sand was similar to Sacramento River sand, the cyclic triaxial test
results of Seed and Lee’s study (1966) on Sacramento River sand was
used in the simplified procedure. Figure 3 shows a comparison of
grain size distribution between Sacramento River sand and Mississippi
Embayment sand and the Figure indicates that the grain size
distribution curves of Mississippi Embayment sand is different from
Sacramento River sand. Therefore, this study will evaluate the
following hypothesis: the cyclic behavior of Mississippi Embayment
sand is different than Sacramento River sand and, consequently, the
CSR based on cyclic triaxial tests of Mississippi Embayment sand will
be different than the current simplified method of determining sand
using Equation 1 that is based on cyclic triaxial tests on Sacramento
River sand.

Methodology Continued:

10 1 0.1 0.01
Grain Size (mm,

Figure 3. Comparison of the grain size distribution of Sacramento
River sand and MS Embayment sand

For this study it has proposed to obtain samples from various
locations in the MS Embayment and from trenches of liquefied sand of
the area. Cyclic triaxial tests will be performed on sand specimens at
Arkansas State University at various densities and confining stresses.
The MS embayment sand will be compared with the results of
Sacramento River Sand and the influence of the test results on CSR
will be determined.

The MS Embayment sand test results will be used with available field
test data of Western Tennessee to develop Liquefaction Probability
Curves (LPCs) and these LPCs will be compared with the LPCs
developed based on Sacramento River Sand test results inherent in
the current simplified method of liquefaction analysis.
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What are Sand Blows? X
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Photograph showing a sand dike in the Marianna area. = Schematic showing a sand dike and sand blow (from USGS).



Why Do We Need to Study Them?

,'.w, //%’% 4
- K| /'///:‘ *
- /«

The great earthquake at New Madrid (1811-1812)
(SSA, 2018). (Howe, 2019).

“The Past Informs the Future” (USGS).



What is Geophysics?

Geophysics is a subject of natural science

» Gravity

» Magnetics

concerned with the physical properties of

the Earth.

GPR method (FPrimeC, 2016).

» Seismic

» Resistivity

» Ground penetrating radar (GPR)

P Waves

Key

——> P Waves

——3>» S Waves
L Waves or

Surface Waves

Seismic Reflection (Sercel, 2020).

Seismic waves travel through the
earth (Arif, 2017).




L_ocation of the Study Area?
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Problem Statement and Main Objectives?

» Studies have shown that information about earthquakes is incomplete.
» Other information is not totally understood.
» The objective of this study is to use GPR for sand blow investigations.

» The integration of GIS, satellite images as well as orthoimageries can be a powerful tool
for sand blow studies.



Significance of the Study?

» The findings of this study will improve the seismic risk assessment
process for engineering applications.

Earthquake-resistant construction (EKU, 2020).



Technical Approach and Data Collection:

1- GIS Analysis:

» The confirmed sand blows:
RGB values (>180).

» The surrounding area: RGB
values (<180).

O Mariana Confirmed Sand Blows
Arkansas 2017 Imagery

RGB
I Red: Band 1
[ Green: Band 2

[ Biue: Band 3

Unprocessed GIS map showing a 30-cm resolution orthoimagery for the state of
Arkansas. The yellow circles indicate the confirmed sand blows at Marianna area.




Mrianna Sand Blows

’ DB-Main Confirmed

¢ Potential Sand Blows

Soil Class
Mon Sand

Processed-reclassified GIS map showmg the location of potentlal sandy surfaces at Marianna area.
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2- GPR Application: Receiving Antenna Transmitting Antenna

Schematic image showing reflection GPR mode.
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Processed GPR data collected at the Marinna area.



2.1- GPR Data Collection:

» Site 1 (DBSE1):
This site is located about 2.6 km to the southeast of DB-Main.

Sand-Buried Soil Contact

ﬁm

100

Omim

: iRl N

S o U

cm

100

200
m/im

GIS Imagery showing the location of GPR profiles (yellow GPR data collected on Site-1 (DBSEL): a) GPR

solid lines) collected on Site-1 (DBSEL1). The light-colored data of profile 1, and b) GPR data of profile 3.
soils indicate the location of the potential sand blow.
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» Site 2 (DBNW2):

This site is located about 0.5 km to the northwest of DB-Main.

0 0.030086 0.1 0.17 0.22
e e e K il OTIETETS

GIS Imagery showing the location of GPR profiles (yellow solid GPR data collected on Site-2 (DBNW2): a) GPR
lines) collected on Site-2 (DBNW?2). Black solid lines indicate data of profile 6, and b) GPR data of profile 9.
the location of the planned trench sites.
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» Site 3 (DBNW3):

This site is located about 1.2 km to the northwest of DB-Main.

Profile 12

“Profile 11

_Profile 10

;_-,.-,.t_; P S— e e S T
GIS Imagery showing the location of GPR profiles (yellow GPR data collected on Site-3 (DBNW3): a) GPR
solid lines) collected on Site-3 (DBNW3). Black solid lines data of profile 12, and b) GPR data of profile 11.

indicate the location of the trench sites. White dotted line
indicates the strike direction of the sand dike.
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> Site 4 (DBNW4):

This site is located about 1.8 km to the northwest of DB-Main.
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Profile 18

GPR data of profile 20 collected on Site-4 (DBNW4).
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GIS Imagery showing the location of GPR profiles (yellow
solid lines) collected on Site-4 (DBNW4). Black solid line
indicates the location of the planned trench sites.



> Site 5 (DBNW5): 17

This site is located about 6 km to the northwest of DB-Main, which is the farthest site
so far discovered in that direction.

Profile 27

Profile 26

Profile 25

Profile 24

Profile 23

N 00.00.01 0.02 0.03 0.04 e
— (== | Kilometers

GIS Imagery showing the location of GPR profiles (yellow
solid lines) collected on Site-5 (DBNWS5). Black solid lines data of profile 24, and b) GPR data of profile 23.
indicate the location of the trench sites. White dotted line

indicates the strike direction of the sand dike.



» Summary of the GPR Results 18

GPR data was used to identify trench locations at four sites: DBNW2, DBNW3, DBNW4, and
DBNWS5, respectively.

Profile 14

Profile 27
Profile 13

Profile26
Profile 12
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\,“‘\‘\\e*\

Profile 10

Profile 33

0.11 0.17




3- Paleoseismology Investigations:

3.1- Trenching:

» Trenching at Site 2 (DBNW2):

19



» Trenching at Site 3 (DBNW3):

Photographs showing the trenches that were excavated at DBNW3: a) The southern trench
(DBNW3S), and b) The northern trench (DBNW3N). The photographs point to the west.




Photograph showing the strike direction of the sand dike at DBNW3.
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» Trenching at Site 4 (DBNW4): 22
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GPR data collected at Site DBNW4 before heavy rain on the region. GPR data collected at Site DBNW4 after heavy rain on the region.
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» Trenching at Site 5 (DBNW5):

Photographs showing the trenches that were excavated at DBNW5: a) The southern trench (DBNW5S), and b)
The northern trench (DBNW5N).
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Photograph showing a large sand dike in the southern trench (DBNW5S).
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3.2- Logging:
Logging at Site-3 (DBNW3)

(¥

Photographs showing the logging work at DBNW3: a) Logging at the northern
trench (DBNW3N), and b) Logging at the southern trench (DBNW35).
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Paleoseismological logs of Site-3 (DBNW3)

Daytona Beach NW3
North Trench
North Wall
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0 1 2 3 4 53 6 7 8 9 10m
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- N41°W, 87°NE
Sand Dike OSL3:12,770-13,850 yr B.P. ‘wi
N3S9W, B6°NE yr 4 cm wide
17 cm wide

Log by M. Tuttle, R. Hussein, H. Al-Shukri

Legend

- Scil lamellae Brownish gray to reddish brown, silt, subangular blocky;

redoximorhphic features (mottles) O Sediment sample for OSL dating
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PR i s e S W R A= i Yellowish brown to pale brown, very fine to fine sand, [ Reddish yellow to brownish gray, clayey silt, subangular = Organic sample for C14 dating
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e bl el b b oy =13 i 2 3 s
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I Ll iy w1 il : st
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* i W . s
v N - E
0 1 2 3 4 5 L3 7 2 9 10 1" 12 12 4 15 16 17 B 12m

Log by M Turtle. R. Hussin, H A-Sh ki

Sand Dike OSLY: 1215512965 31
N39'W, 71"NE
72 cm wide

O Sediment sample for 05. deting 100.<m on opposite wall
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Capture images showing the recorded and drawn logs Adobe lllustrator figure showing paleoseismological
in the field for site 3 (DBNW3): a) Log of the northern logs of DBNW3: a) Results from the logging at
trench (DBNW3N), and b) Log of the southern trench DBNW3N, and b) Results from the logging at
DBNW3S) by (M. Tuttle, R. Hussein and H. Al-Shukri). DBNW3S.
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Logging at Site-5 (DBNWS5))

Photographs showing the logging work at DBNW5: a) The northern trench that was
completely flooded and collapsed, and b) Logging work at the southern trench.



Paleoseismological logs of Site-5 (DBNW5)
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Field log of DBNW5!
by (M. Tuttle, R.

Hussein and H. Al-
Shukri).

Adobe Illustrator
figure showing a

paleoseismological
log of DBNW5S.



3.3- Charcoal, OSL, and Grain Size Sampling:

{2 .
i

Sand samples for grain size analysis. Laser Diffraction technique.



3.3.1- Charcoal and OSL Samples collected from Site-3 (DBNW3):

North Trench

Daytona Beach NW3
North Trench
North Wall

OSL1

2 ; o ‘ |_ , 8

o [ 10m

R

Plow Zone

Log by M. Tuttle, R. Hussein, H. Al-Shukri

—- Soil lamellae

[ Yellowish brown to Fale brown, very fine to fine sand,
massive, with few silt clasts in dike; few small Fe-Mn
ncdules and soil lamellae; upper 0.5-0.8 m iron-stained

9
@
Sand Dike
N55°W, 86°NE
17 cm wide
Legend OSL3

Brownish gray to reddish brown, silt, subangular blocky;
redoximorhphic features (mottles)

[ Reddish yellow to brownish gray, clayey silt, subangular
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Sand Dike
N41°W, 87°NE
4 cm wide

O Sediment sample for OSL dating

= Organic sample for C14 dating

Daytona Beach NW3
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4
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Legend
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3.3.2- Charcoal and OSL Samples collected from Site-5 (DBNW5):

31

Beach NWs
OSL1 South Trench S o C1
|_ ! 2 . 3 N 3 N 3 \ b4 . 7 8 N ? . 10 " 12 13 14 |_| 15 16m
: . ' d b ‘
Samsf_)-\'b: Log try M. Tuttle, R Hussesn, H AL Shedoi
OS LZ 270 ¢m wide Legend

B Trocrootcast

Heddish brown, medium sand to siity fine sand,
maisive, with 2one al many emall Lo bige Fe Mn
nodules: Large cists inand a3bowve sand dike

i Greentsh geay (gleyed) 1o strong brosen, ity clay.,
subangular blocky, nedasimarhphic featuses (motthes)

O Scdiment ample for OSL dating

o Ouganic wmple far (14 dating

~2my




32

3.3.3- Sand samples collected from Site-3 (DBNW3) for grain-size analysis:

Dike Location



3.4- Dating and Grain Size Techniques:
» 3.4.1- AMS Radiocarbon Dating Technique

How an Accelerator Mass Spectrometer Works

Electromagnet

g daskedSSil e,
sk

Accelerator

lonizing chamber \

Carbon sample o\\\

urce
ctron peaMm S0
t\e

Heater Vaporizes
the Sample

Detector

(Messer, 2017).
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» 3.4.2- Optically-Stimulated Luminance Dating Technique

» 1- Measuring natural OSL Signal.

» 2- Calculating equivalent dose (De).
> 3- Measuring dose Rate.

» Calculating Sample age.

=N
J

Lo

1 Natural OSL signal

P - ————— —

N

(J ,'1—-) De /dose rate = AGE

OSL (arbitrary units)

|
|
|
|
|
l

o

0 10 20 30 40 50
Beta () dose (Gy)

Quartz grains in sand Blue light injected onto a Signal-dose plot for one aliguot
(Munroe, 2017) . sand sample (Duller, 2020). of one sample (Rittenour, 2017).



» 3.4.3- Laser Diffraction For Grain Size Measurements:

Grain Size = A /sin (6dark)
Flow ccll

Laser

Cimna

Principles of laser diffraction measurements (Hyll, 2015).
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3.5- Magnitude Estimation: 3.5.1- Cone Penetration Testing (CPT) Method: 36
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3.5.2- Cyclic Stress Method :

Cyclic Stress Ratio (CSR): is the level of ground shaking
from seismic loading

Ground Shaking Level

Liquefaction Potential Analysis

* If CRR > CSR = Soil Will Not

liquefied zone Liquify

loose sand %

* If CSR > CRR = Soil Will

Liquify

dense soil

(Dougherty, 2019)



4- Results and Discussions: 38
4.1- Trenching and Logging Results:  4.1.1- Trenching and Logging Results from

e DBNW3S:
16 17 E
, + t
: I
Sand Blow

Sand Dike |

N39'W, 71"NE
Oy 72 cm wricde
A 100 ¢cm on opposite wall L2m

Paleoseimological log of DBNW3S
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4.1.2- Trenching and Logging Results from DBNW3N:
w 4 5 6 E
: ; } } —
bl - P,

L1m

Sand Dike

N5S5°W, 86°NE
17 cm wide

Paleoseimological log of DBNW3N

GPR data collected at DBNW'3N




4.1.3- Trenching and Logging Results from DBNW5S: 40

Sand Dike
~N45"W
270 cm wide

Paleoseimological log of DBNW5S




4.2- Dating Results:

4.2.1- Dating Results from DBNW3: OSL1 (4,4-4,9 ka)

\

C1 (4,5-4,8 ka)

Daytona Beach NW3
North Trench
North Wall
E
] . 2 . 3 : 4 3 ’ 6 . 7 , 8 . ? , 1om
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redoximorhphic features (mottles) P 9
[ Yellowish brown to pale brown, very fine to fine sand, [ Reddish yellow to brownish gray, clayey silt, subangular : -
massive, with few siﬁ clasts in dike; few small Fe-Mn blocky; redoximorhphic features (mottles) =i Drgeniciamplefor Ci4ating
nodules and soil lamellae; upper 0.5-0.8 m iron-stained

C1 (0-304 yr) Daytons Beach W03

Buried Soil

Clayey Silt
Log by i. Tuttle. B. Husszin, H N-Shukii
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4.2.2- Dating Results from DBNW5-South Trench:

OSL1 (12,6-15,2 ka)

C1 (565-694 yr)

Daytona Beach NWS
Sauth Trerch
NoethWall
3 < 5 .6 N 7 . 3 ~ 9 ) 10 1 12 13 14 15 16m
== ' N Z 0
1
. . . 2my
Sand Dike Log by M. Tuttle, R Hussesn, H. AL Shedoi
270 cm wide
anw
Legend
B Trocrootcast © Sediment sample for O5L dating
Heddish brown, medium sand to siity fine sand, Greenish gray (gleyed) to strong brosen, yilty clay, . q
maisive, with cone al many emall o kige Fe Mn = subangular blocky, medasimarhiphic featuses (motthes) =’ Qupanic simple for Cia cating

nodules: large cists inand 3dowve sand dike

OSL2 (16,4-17,7 ka)
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4.3- Grain-Size Analysis Results From DBNW3S:

Grin Size Change as a Function of Distance From Dike
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4.4- Magnitude Estimation Results:

Liquefaction Liquefaction Liquefaction Liquefaction
Moment Magnitude | (Water Table Depth | (Water Table Depth | (Water Table Depth 5 | (Water Table Depth 5

(M) 1.5 m, and Distance | 1.5 m, and Distance | m, and Distance to m, and Distance to
to Fault 5 km) to Fault 10 km) Fault 5 km) Fault 10 km)

N N N N
N N N N
L N L N
L L L L
L L L L
L L L L

Table Showing results of potential liquefaction analysis for site Lee 1 and site Lee 3.



5- Conclusions, Recommendations, and Future Work 4

5.1- Conclusions:

» GIS is a promising tool in selecting suitable locations for SBs.

» GPR has proven to be a powerful tool in selecting the most suitable area for
trenching.

» Trench observations have confirmed the information collected from the GPR data.

» Marianna sand blows are of large sizes and this is most likely due to a local seismic
zone which is the Marianna seismic zone (MSZ).

» Trench logging reveals the existence of many sedimentological features (lamellae
and nodules).
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» Dating results indicate that the Marianna sand blows formed prior to 4.8 ka.

» DBNWS3 is on the younger side for the Marianna sand blows, whereas DBNWS5 is on
the older side for the Marianna sand blows.

» The MSZ produced at least three large paleoearthquakes about (4.8, 5.5, 9.9, and
possibly 13.9 Ka).

» The Marianna sand blows were formed by at least a magnitude of 6 earthquake.

» Sand blow investigations have shown that sand blow long axes and sand dikes’ strike
are southeast-northwest orienting and parallel to a lineament. The lineament is 12-
km long above a strike-slip fault and this is most likely the Marianna fault.



5.2- Recommendations:

» For optimal OSL results, it is recommended to collect samples immediately below
the sand blow-buried soil contact.

» For smaller sand dikes, It is also recommended to use the 900-MHz antenna.

47



48
5.3- Future Work:

» Intensive GIS work will be conducted at the Marianna area.

» The north-south orienting cotton-field rows at site 1 (DBSE1) will be leveled.

» Prior to excavation work is performed at site 2 (DBNW2), shoaring will be prepared.

» The planned trench at this site 4 (DBNW4) will be excavated.
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