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ABSTRACT

The spacial distribution of seismically-induced liquefaction features discovered
along the Atlantic seaboard suggests that during the last 2000 to 5000 years large
carthquakes within the region may have been restricted exclusively to South
Carolina. Paleoliquefaction evidence for six large prehistoric earthquakes was
discovered there. At least five of these past events originated in the established
Charleston source area - the locale of a magnitude 7+ event in 1886, Within the
past two millennia large events may have occurred in coastal South Carolina about
every 500 to 600 years. Despite a systematic search, no similar evidence of large
prehistoric earthquakes originating outside of South Carolina was found.
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EXECUTIVE SUMMARY

This document presents the results of studies carried out by Ebasco Services
Incorporated for the United States Nuclear Regulatory Commission under contrac’
NRC-04-86-117. The overall objective of this investigation was to prov'Je
information on the spacial and temporal distribution of large prehistoric earthqu akes
along the Atlantic Seaboard. In turn, these data could then be used in <cismic
hazard evaluations for the region.

Background

A review of historical seismicity occurring in the eastern United States confirms
that the overall level of activity along the Atlantic Seaboard is relatively low,
consistent with its intraplate tectonic setting. The Modified Mercalli intensity X
Charleston S.C. earthquake of August 31, 1886 stands out as the largest seismic
event to occur in this region during historical times. This earthquake resulted in
approximately 60 deaths in the meizoseismal area (Dutton, 1889) and caused §
million dollars (1886 rates) in property damage in the town of Charleston (Bolt,
1978). Its proximity to populated areas made it the most destructive U.S.
earthquake of the 19th century. Although nearly identical in magnitude to the 1989
Loma Prieta earthquake which struck northern California, the M,=7.1 (Nuttli, 1983)
Charleston earthquake caused damage over a much larger area.

The potential for similar large events to occur again in Charleston or elsewhere
in the eastern U.S. must be assessed to better understand long-term seismic hazard
in the region. This task is especially difficult because the 1886 earthquase occurred
far from a present plate boundary in a region where no comparable earthquakes
had occurred during the historical record. Furthermore, there is no clear evidence
of past surface faulting episodes associated with large prehistoric Charleston
earthquakes. Consequently, many of the traditional recognition criteria used to
assess seismic potential are absent.

Regulatory Framework

Based in part on the opinions expressed by the Atomic Energy Commission (AEC)
and the United States Geological Survey (USGS) in the late 1960's and early 1970',
the U.S. Nuclear Regulatory Commission (USNRC) established the regulatory
position that seismicity occurring in the Charleston, S.C, area was related to a
tectonic structure(s) unique to the epicentral area of the 1886 event. For the
purposes of deterministic seismic design considerations, the occurrence of similar
large earthquakes along the Atlantic Seaboard outside the Charleston area was not
considered a credible occurrence. However, over the past two decades, detailed
investigations of the tectoies and seismicity of the southeastern U.S. have failed to
conclusively identify the -ause and source of the 1886 Charleston earthquake.
Consequently, in 1982, the USGS clarified their earlier position on this issue and
concluded that based on available data there are other areas along the Atlantic
Seaboard that are characterized by tectonic features similar to those identified in the



Charleston region, thus inferring that the potential for events similar to the 1886
earthquake existed outside the Charleston, S.C. area, although with a low probability.

Because of the unresolved questions regarding the cause and source of Eastern
U.S. seismicity, the USNRC is actively pursuing alternate probabilistic methods for
evaluating the seismic design of critical facilities. These methods take into account
the uncertainty in the causative models for large Eastern U.S. earthquakes such as
the 1886 event. Critical input to these studies include the definition of seismic
source areas, their maximum seismic potential, and the recurrence interval between
large earthquakes.

Recent Paleoliquefaction Studies in the Charleston Area

While there was no clear evidence of surface faulting associated with the 1886
earthquake, historical accounts report that strong ground motion associated with this
event resulted in the formation of numerous seismically induced liquefaction features
over a 1500 square kilometer area (Dutton, 1889). Within the past six years,
investigations of liquefaction features have provided significant new information
regarding the long-term seismic history of the region. Gohn and others (1984),
Obermeier and others (1985, 1986, and 1989), Talwani and Cox (1985), Weems and
others (1986), Maurath and Amick (1988), Gelinas and others (1990), and Amick
and others (1990) document the existence of liquefaction features that are
interpreted to have heen caused by the 1886 Charleston earthquake and several
similar large prehistoric seismic events. These studies ail suggest that prehistoric
seismicity has occurred repeatedly within the Charleston epicentral area and that the
return period between earthquakes similar to the 1886 event is longer than the
historic record.

As noted by Gohn and others (1984), the confirmation that large earthquakes have
occurred in the Charleston, S.C. area throughout the Holocene is consistent with the
concept of a unique seismotectonic setting at Charleston. However, the results of
many worldwide paleoseismic investigations have shown that sources responsible for
large prehistoric earthquakes may be aseismic between large rare events.
Consequently, the absence of a large damaging earthquake elsewhere along the
Atlantic Seaboard over the past several hundred years does not preclude the
possibility of such an occurrence in the recent geologic past or the future,

This Study

This study is a phased investigation to determine in ¢ “ystematic fashion, whether
or not seismically induced paleoliquefaction features such as those observed in the
Charleston area are present elsewhere in young sediments of the Atlantic Coastal
Plain. The discovery of similar liquefaction features in other areas could indicate
that large potentially damaging earthquakes have not been restricted to the
Charleston area in the recent geologic past. Conversely, if no evidence of similar
liquetaction features is found, the uniqueness of the Charleston area in the context
of eastern United States seismicity would tend to be confirmed.
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Phase 1 of this study centered on documenting the ages and characteristics of
"control” liquefaction sites and features located in the Charleston area, and
identifying the criteria by which similar sites and features, which may be located
elsewhere, could be identified. Phase 2 investigations built on the results of these
control studies and centered on the search for scismically induced paleoliquefaction
features outside the epicentral area of the 1886 Charleston earthquake.

Characterization of Control Liquefaction Sites

During Phase 1 investigations, a total of 103 probable seismically induced
liquefaction sites were identified in the Charleston area. Each of these sites was
located on geologic maps, county soil maps, topographic maps, and available remote
sensing imagery. In addition, ground penetrating radar was tested at known
liquefaction sites to determine if it could be used as a tool to locate and trace
liquefaction features.

The results of Phase 1 studies indicate that the great majority of liquefaction sites
located in the vicinity of the 1886 Charleston, SC earthquake occur in deposits which
are either late Pleistocene or Holocene in age (4,000 to about 240,000 years old).
As noted by Obermeier and others (1986), materials older than about 240,000 years
were found to be significantly less susceptible to liquefaction than these younger
deposits. None of the seismically induced liquefaction sites identified were found
in materials older than about 700,000 years. This is probably due to decreased
ground water levels in these older deposits, thicker overlying soil profiles and
compaction of potential source sands due to natural aging.

Liquefaction features in the Charleston area were found to occur primarily in
either beach, back-barrier, or fluvial deposits. However, beach settings were clearly
the most favorable depositional environment for the generation and preservation of
seismically-induced liquefaction features. Virtually all liquefaction sites for which
ioca! stratigraphic information was available were underlain by at least three meters
of sand, or by at least three meters of alternating sand, silt, and clay beds. The
sands were generally fine to medium grained, well-sorted with silica contents in
excess of 95%. The depth to the probable source beds at these liquefaction sites
was in virtually every case less than six to seven meters and the ground-water table
was characteristically less than one to three meters beneath the present ground
surface. Further, most ¢f the liquefaction sites were located in soils classified as
sands or silty sands, under the Unified Soil Classification System. Finally, most of
the seismically induced liquefaction sites identified on the basis of historical accounts
of the 1886 earthquake were located within 40 kilometers of the epicenter of this
event.

These studies confirmed that the morphology of the seismically induced
liquefaction features can vary significantly. While many factors must play a part in
determining the morphology of a particular liquefaction feature, local stratigraphy
appeared to play the dominant role. Field observations as well as theoretical
considerations suggest that the thickness of the source bed, the presence or absence
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of an over!ying non-liquefiable cap, and the thickness and cohesiveness of the cap
controlled to a great degree the type of liquefaction feature that formed.

As noted by previous investigators, the two most common seismically induced
liquefaction features observed during these studies were sand-blow explosion craters
and sand vents/fissures. Sand-blow explosion craters formed as a result of the
explosive upward movement of pore fluids and liquefied materials and are associated
with a concave upwards bowl shaped “crater". They were roughly circular to
elliptical in plan view. In section, their most distinguishing characteristics were a
central "feeder vent” and two separate clast zones, which form near the bottom and
top of the crater as a result of differential settlement following the initial explosive
oxcavation of the crater. This type of liquefaction feature occured almost exclusively
where no significant confining layer other than a soil profile was present over
liquefiable sands and where the source beds were relatively thick and loose. In the
Charleston area this local stratigraphic setting was most commonly found in old
beach and near-shore marine depositional environments. Significantly, this type of
liquefaction feature was virtually absent in fluvial sites, whe. e thinly bedded silts,
sands and clays were common,

In addition, sand vents/fissures were also found in the Charleston area. At almost
all locales where sand vents/fissures have been fourz, a non-liquefiable confining
layer or "cap” was present over the source bed of liquefied sands. At some sites the
cap appeared to have been transported short distances down slope due to a loss of
friction along the boundary between the cap and the underlying sand resulting from
the formation of wa.. ¢ interlayers. During transport, the cap apparently failed under
laterally directed tension, resuiting in the ejection of the underlying liquefied sands
into tabular fissures in the cap materials. The fissures at these sites were generally
oriented normal to the diraction of lateral transport. At other sand vent sites, the
cap appeared to have been shattered in place due to heaving associated with
elevated pore pressures within the underlying water interlayer and/or oscillatory
motion between the cap and the underlying liquefied sands. At these sites the cap
was often broken in polygons rather than along distinet tabular fissures. In the
Charleston area, the local stratigraphic setting most commonly associated with sand
vents/fissures were interbedded river terrace or back-barrier deposits. Although
liquefiable these deposits were generally thinner and not as loose as materials at
locales where explosion craters were found.

Other Observations

A systematic eveluaion of remote sensirg imagery including black and white,
color and infrared photo?raphy vias aiso completed during Phase 1. Unfortunately,
no consistent recognizable expressions for either liquefaction sites associated with
the 1886 earthquake or liquefaction sites associated with older, pre-historic
earthquakes was found. With very few exceptions, sands vented during the 1886
carthquake at known liquefaction sites could not be identified. Furthermore, and
most importantly from the point of view of finding evidence of prehistoric
liquefaction events in other areas of the Atlantic Seaboard, none of the pre-1886
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liguefaction structures was found to be associated with recognizable expressions on
the available imagery. Low altitude aerial surveys carried out during this study also
found no distinet expression associated with known liquefaction sites.

While the Phase 1 evaluation of remote sensing imagery and low altitude aerial
reconnaissance studies failed to establish recognition criteria for the identification
of liquefaction sites, the morphological evaluation yielded some promising results.
About one third of the sites in the Charleston area were found to be associated with
characteristic topographic depressions identified on 1:24,000 scale topographic maps.
These features were primarily associated with historical liguefaction sites located in
beach complexes and take the form of a series of small circular to elliptical
depressions along the dune crests. The preferred mode! for the development of
these features suggests that they are indicative of loose, thick sands deposits, which
were especially susceptible to liquefactior, when saturated.  Consequently, this
distinctive morphology could possibly be used to identify area' where thick deposits
of loose liquefiable sands are present and/or areas where liguefaction may have
occurred in the recent geologic past. Further, field investigations also found that in
existing exposures, liquefied sands were often observed to erode faster than the
adjacent "host" materials, resulting in a distinctive morphologic expression.

Ground Penetrating Radar

During this study, Ground Penetrating Radar (GPR) was also tested at known
liquefaction sites located in the Charleston area, to determine if this technique could
he used as a 1 aissance tool in the search for paleoliquefaction features outside
the Charleston are In interbedded depositional settings where an identifiable fine
grained “cap’ wus poesent over the source sands, GPR anomalies were associated
with the known liqueiuction features. At these sites the near surface materials were
silts and <layey sands, which due to their relatively high conductivities, tend to
attenuate the GPR signal. In areas where underlying sands had experienced
liquefaction and moved upward resulting in the rupture ot disruption of the overlying
"cap” & distinctive GPR anomaly was observed. Subsequently, as an additional field
test of this technique, GPR data was then collected in several areas where local
conditions appeared to be right for liquefaction, but where no liquefaction features
had been identified previously. Several potential liquefaction sites in the Charleston
area were identified solely on the basis of this reconnaissance GPR survey.
Trenches were excavated across several of these GPR anomalies and, in each trench,
liquefaction features were observed.

Revised Earthquake Chronology for the Charleston Area

During the study of "control” liquefaction sites located in the Charleston area,
samples of organic materials were recovered from within many liquefaction features
and subsequently submitted for Carbon-14 age dating. In addition, as part of this
study, published radiometric age data for Charleston liquefaction features were also
compiled and evaluated. Most of these data have been reported in Obermeier and
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others (1985), Talwani and Cox (1985), Weems and others (1986), Weems and
others (198K) and Weems and Obermeier (1990),

Collectively the Carbon-14 dating studies conducted by previous investigators and
those carried out as part of this study suggest that in addition to liquefaction
resulting from the 1886 earthquake, five other earthquakes associated with
liquefaction may have occurred near Charleston during Holocene times. Including
the 1886 event these are referred to from youngest to oldest as liquefaction episodes
CH-1 through CH-6. The inferred age of each Charleston liguefaction episode is
shown in Table E-1,

Episodes CH-1, CH-4, and CH-5 are strongly supported by the available data and
each was documented through the dating of several liquefaction features at two or
more liquefaction sites. Episodes CH-2, CH-3, and CH-6 are based on reliable
information, but d..v to limited studies, to date, these episodes have been identified
at only one liquefaction site located in the Charleston area.

The Search for Evidence of Other Earthquake Sources

The Phase 2 search for paleoliquefaction evidence of other large prehistoric
earthquakes originating outside the Charleston area followed two paths. First,
reconnaissance level investigations were conducted in the Wilmington, Delaware and
Central Virginia areas. Second, a detailed, systematic search of late Quaternary
beach and near-shore deposits in Virginia, North Carolina, South Carolina and
Georgia was implemented,

Wilmington, Delaware and Central Virginia Search Areas: Along the Atlantic
seaboard, intensity VII earthquakes have occurred at two other locales where
Botemiully liquefiable deposits are present (Central Virginia and Wilmington,

elaware). The levels of ground motion resulting in MM intensity VII effects are
generally not sufficient to generate liquefaction features (Russ, 1983). However, if
the return periods between large rare events are greater than several hundred years,
Charleston-like earthquakes may have occurred in these areas prior to ¢colonization.
Consequently, reconnaissance se rches for paleoliquefaction evidence of prehistoric
carthquakes were initiated in boti of these areas.

No evidence of liquefaction was found in either the central Virginia or
Wilmington, Delaware areas. However, it must be stressed that potentially
liquefiable deposits are not pervasive in these areas and existing exposures are
somewhat limited, especially within 40 km of the larger historical events. Further,
while the results of contral studies as well as the work of Obermeier and others
(1986) found that beach and near-shore marine deposits are most favorable for the
generation and preservation of liquefaction features, most of the potentially
liquefiable deposits in the central Virginia area are fluvial in origin, and the sources
of those in the Wilmington area are fluvial and estuary. Furthermore, many of the
deposits closest to the historical earthquakes are recent overbank deposits that are
geologically very young (probably less than several thousand years in age). Given



their age these units could not provide liquefaction data on early to mid Holocene
seismicity which could have occurved prior to their deposition The negative results
of our search for liquefaction features in this area must be viewed with these
% limitations in mind

Southeastern Atlantic Seaboard Search Area: A detailed search for evidence of
prehistoric earthquakes wias implemented along the Atlantic seaboard. This search
focused on late Quaternary beach and near-shore marine deposits These units are

most similar to the deposits in which, the great majority of liquefaction features in

3 the Charleston area have been identified Although no large earthquakes (other

i than the 1886 Charleston event) have been reported along this 1000 km stretch of
.- the Atlantic seaboard, the potential for the generation and preservation of
l‘ liquefaction evidence of large prehistoric earthquakes is very high. Furthermore,

the extent of exposures, such as drainage ditches, sand and gravel quarries and
borrow pits, allowed for a fairly uniform search throughout this region, thus
increasing the chance of discovering liquefaction features

Investigations were completed at over 1000 potential liquefaction sites, extending
from the margins of the 1886 meizoseismal area southward to the Georgia/Florida
state line. and northward to Cape May, New Jersey. With the exception of the
Delmarva Peninsula and Cape May areas where exposures are limited, @ fairly
uniform search has been completed throughout the region

; Although suitable sites were investigated throughout the region, liquetaction
; features were found almost exclusively in South Carolina (the lone exception
discovered during this investigation is located just north of the S.C./N.C. state line)
Ihese sites were located well to the south and north of the 1886 meizoseismal area
and are referred to as "outliers”. At most outliers multiple liquetaction features
: representing two or more liquefaction episodes were identified

Detailed studies were conducted at selected northern and southern outliers
Organic samples were collected and analyzed using radiocarbon dating techniques
to determine the age of these outlying liquefaction features and to allow for
comparison with the ag.s of paleoliquetaction episodes identified in the Charleston
area. The results of rudiocarbon age dating are also presented in Table E-1 for the
southern and northern outliers

Based on the ages of organic samples collected from southern outlying liquetaction
sites, four liquefaction episodes may have occurred in this area during Holocene
times. They are referred to from youngest to oldest as episodes $-1 through $-4
All are thought to be the result of earthquakes originating in the established
Charleston source area and provide independent confirmation of ( harleston

liquefaction episodes CH-1, CH-2, CH-3, and either CH-S or CH-6 (Table E-1)

Based on the ages of organic samples collected from the northern outlying
liquefaction sites, four liquetaction episodes may have occurred in this area during
Holocene times. From voungest to oldest they are referred to as N-1 through N4




Liquefaction episodes N-1 and N-2 are based on data from the northern outlying
liquefaction site which is located closest to the Charleston source area. The ages of
the liquefaction features discovered there correlate with, and provide independent
confirmation of, Charleston liquefaction episodes CH-2 and CH-3. The age of N-
4 is generaily consistent with episodes CH-§ or CH-6, but is only pourly constrained
(Table E-1).

While liquefaction episodes N-1, N-2 and N4 probably result Z:om earthquakes
oceurring in the established Charleston source area, liquefaction episode N-3 has no
clear parallel episode in the Charleston epicentral area and the data collected to
date suggest that its causative event may have originated at another locale.
Alternately, the earthquake associated with liquefaction episode N-3 may have
originated near Charleston but it has not yet been identified in the paleoliquefaction
record.  Additional studies would be needed to confirm the existence of this
postuiated northern earthquake source.

Earthquake Return Periods and Completeness of Paleoliquefaction Record

The paleoliquefaction data suggest that the apparent interval between liquefaction
episodes has decreased from as much as 2000 years during mid-Holocene times to
about 600 years in more recent times. However, since sea level has been at or near
its present level and climatic conditions have been relatively stable over the past
2000 years, the paleoliquefaction record is probably most complete for only this
period. The return period between large earthquakes during this time probably is
more representative of the overall seismic process acting in the area.

During the period 2000 years before present (YBP) to about 5000 YBP sea level
was generally one to four meters below present levels and fluctuated widely.
Consequently, the paleoliquefaction record for this time interval probably includes
only those earthquakes which occurred during periodic transgressive seas and/or wet
climatic periods. Further, before about 5000 YBP the climate in the southeastern
United States was drier and sea level was more than four meters lower than present.
Such conditions would severely reduce or eliminate the potential for liquefaction and
may explain the absence of early Holocene paleoliquefaction features in the
paleoliquefaction record.

Magnitudes of Prehistoric Earthquakes

Based on empirical data, the smallest earthquake which could reasonably be
expected to generate significant liquefaction features is estimated to be in the
magnitude range of m, 5.8+ 4. Each of the seven earthquakes postulated (CH-1 to
CH-6; and N-3) would be expected to have exceeded this threshold magnitude.
The M, 7.1 1886 earthquake (CH-1) generated liquefaction features over the same
general area as episodes CH-2 and CH-3, suggesting that these two older
earthquakes were of similar magnitude. At this time, data are inconclusive regarding
distribution of liquefaction features associated with older Charleston liquefaction

xil



episodes. This is especially true given that the impact of increases and decreases in
liquefaction potential due to climatic and/or other factors is not fully uaderstood.

Implication for Long-Term Seismic Hazard

To date, no conclusive paleoliquefaction evidence of large prehistoric earthquakes
originating outside of South Carolina has been found. This finding is consistent with
those of Obermeier and others (1989), who concluded on the basis of crater size and
number that pre-1886 shaking was strongest in the meizoseismal zone of the 1886
earthquake and is in keeping with the concept of a unique seismotectonic setting at
Charleston. However, the return period for the Charleston source area is less than
previously established, with large Charleston earthquakes occurring about every 600
years. In addition to the established Charleston source area, paleoseismic data
suggest that one additional source within coastal South Carolina may have been
active within the past several thousand years.

Paleoliquefaction data collected as part of this study suggests that unlike some
intraplate earthquake sources, prehistoric seismicity in coastal S.C. may have
behaved in a generally time-predictable manner during late Holocene times. The
return period between the past four large liquefaction associated earthquakes is
about 500 years. Since only about 100 years have elapsed since the 1886 event, the
p bahility of a similar earthquake occurring within the Charleston area over the

it several decades is inferred 1o be low,

While the potential for an earthquake large enough to produce significant
liquefaction features is low, the hazard presented by smaller earthquakes both in the
Charleston area and elsewhere along the Atlantic Seaboard should not be
overlooked. Assuming the earthquake process behaves in a similar time-predictable
manner for smaller magnitude events, and that potentially damaging events can
occur independant of the rare 1886-like earthquakes, frequency-magnitude relations
derived from historical data suggest that the probability of an event similar to the
Modified Mercalli intensity VII 1912 Charleston-Summerville earthquake occurring
during the next few decades is relatively high (greater than 60%). Although smaller
than the 1886 earthquake, such an event could be in the magnitude m, 5.0 to 6.0
range. Given the low attenuation characteristics of the region such an event would
be felt throughout the southeastern U.S. and would be of engineering concern in the
epicentral region.
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1.0 INTRODUCTION

A review of historical seismicity occurring in the eastern United States confirms
that the overall level of activity along the Atlantic Seaboard is relatively low,
consistent with its intraplate tectonic setting (Figure 1.1). The Modified Mercalli
(MM) intensity X Charleston $.C. earthquake of August 31, 1886 stands out as the
largest seismic event to occur in this region during historical times. This earthquake
resulted in approximately 60 deaths in the meizoseismal area (Dutton, 1889) and
caused S million dollars (1886 rates) in property damage in the town of Charleston
(Bolt, 1978). Its proximity to populated areas made it the most destructive U.S.
earthquake in the 19th century. Although nearly identical in magnitude to the
October 17th, 1989 Loma Prieta earthquake which struck northern California, this
M, =7.1 (Nuttli, 1983) earthquake caused damage over a much larger area and was
felt as far north as Canada and as far west as the Mississippi River (Figure 1.2).

The potential for similar large events to occur again in Charleston or elsewhere
in the eastern U.S. inust be assessed to better understand long-term seismic hazard
in the region. This task is especially difficult because the 1886 Charleston
earthquake occurred far from a present plate boundary in a region where no
comparable earthquakes had occurred during the historical record. Furthermore,
there is no clear evidence in the Charleston area of past surface faulting episodes
associated with large prehistoric earthquakes. Consequently, many of the traditional
recognition criteria used by geologists and seismologists to assess seismic potential
are absent or potentially misleading.

Over the past two decades, multidisciplinary investigations of the geology,
tectonics, and seismicity of the southeastern U.S. have been carried out with the goal
of understanding the cause of the 1886 Charleston earthquake. Rankin (1977) and
Gohn (1983) provide overviews of some of these studies. Several widely different
models have been put forward to explain seismicity in the Charleston area (for a
review of these models, see Talwani, 1985 or Dewey, 1985). The cause of this event
remains & subject of much debate and no geologic structure has been conclusively
identified as its source.

1.1 Studies of Liquefaction in the Charleston Area

Strong ground motion associated with the 188¢ event caused secondary
deformation in the form of numerous sand expulsion features over a 1500 km*area
(Figure 1.3). Over the past decade, many investigators including Cox and Talwani
(1983), Cox (1984), Gohn and others (1984), Obermeier and others (1985, 1986 and
1987), Talwani and Cox (1985), Gelinas (1986), Weems and others (1986), Maurath
und Amick (1988), and Amick and others (1990) have documented the existence of
paleoliquefaction features preserved in the geologic record. They interpret these to
have been caused by large prehistoric seismic events similar in magnitude to the
1886 earthquake.
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FIGURE 1.1: Distribution of historical seismicity along the Atlantic Seaboard
17541970, Symbols scaled to Modified Mercalli intensity with MM V11 or greater
events occurring in the Charleston, Central Virginia, and Wilmington, Delaware
arcas represented by solid circles (See discussions in Chapters 8 and /). Modified
from Bollinger (1973)
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FIGURE 1.2; Isoseismal map for the 1886 Charleston, §.C. earthquake (modified from Bollinger,
1977). Modified Mercalli intensity X levels of ground motion were reported in the epicentral arca
Body wave magnitude estimates range from 6.8 to 7.1 (Bollinger, (977). Nuttli (1983) estimated its
surface wave magnitude to be 7.1. Although virtually identica’ in magnitude to the recent Loma
Pricta event, the felt arca for this event was an order of maguitude greater (USGS, 1989)
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FIGURE 1.3: Distribution of liquefaction sites identified bascd on the
detailed review of historical accounts of the 1886 carthquake. In addition
to the sites shown, isolated liquefaction was reported up to about 125 km
from Charleston. Primary data sources include Dutton (1889) and Peters
and Herrmann (1986). Dashed line identifies the extent of the MM
Intensity X meizoseismal area as defined by Bollinger (1977). Site #1 is
the Warrens Crossroads locale as reported in Cox (1984). Site #2 is the
Hollywood Ditch reported by Gohn and Others (1984) and Talwani and
Cox (1985) and Site #3 is the Ten Mile Hill site evaluated during this
study.



1.2 Implications of Paleoliquefaction Features

I'he occurrence of only one large earthquake in the Charleston area over the past
three centuries coupled with paleoliquefaction evidence of similar large prehistoric
earthquakes strongly suggest that the interval between large earthquakes in this
region exceeds the historical record (e.g.. Talwani and Cox, 1985). If the return
periods for large earthquakes at other locations along the Atlantic seaboard are
similar, the absence of large damaging earthquakes in these areas since colonization
does not preclude their occurrence in the recent geologic past or in the near future

I'his point is reinforced by recent studies tha: have shown that faults responsible
for large prehistoric earthquakes may be aseismic between large rare events and that
activity may be episodic in nature (Swan, 1990). Therefore the absence of moderate
to large earthquakes during historical times and/or the lack of instrumental
seismicity in a region does not in and of itself preclude the possible future
occurrence of a large earthquake. However, if such events have occurred,
paleoliquefaction features like those observed in the Charleston area could also have
been preserved in young unconsolidated sediments in the region

1.2 This Study

This study is designed to determine in a systematic fashion, whether or not
seismically induced paleoliquefaction features such as those observed in the
Charleston area are present eisewhere in young sediments of the Atlantic Coastal
Plain. Initial investigations centered on documenting the characteristics of "control’
liquefaction sites and features located in the Charleston area and identifying criteria
to guide a regional search for similar fentures. This aspect of the study is presented
in Chapters 2 through 7 augmented by Appendix A.

After completion of these "Control Studies”, investigations focused on establishing
a revised and updated chronology for large prehistoric earthquakes that have
occurred in the Charleston area. This aspect of the study is presented in Chapter
8 augmented by Appendix B

Using the results of the control studies as a guide, a systematic search for
seismically induced paleoliquefaction features outside the epicentral area of the 1886
Charleston earthquake was implemented. The results of this search are presented
in Chapters 9 and 10 and the evaluation of the outlving liquefaction features that
were discovered during this search is reported in Chapter 11. The significance of
these investgations with regard to the identification of earthquake sources and their
seismic potential are described in Chapter 12, Implications with respect to long:
term seismic hazard in the region are discussed in Chapter 13 and a summary of this
study is presented in Chapter 14
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Figure 2.1: Schematic representation of the process of SIL. A liquefiable
source bed (H,) is overlain by a non-liquefiable deposit (H,). During seismic
shaking (a), cyclic shear stress (1) develops in H,. The resulting shear strain
(v) causes the reduction in the poic spaces within H,. In turn, a reduction in
pore spaces results in increased pore pressures followed by dewatering of H,
and the formation of a water interlayer under M, As represented by the
arrows on the right, the hydrostatic pressures in the water interlayer increases
to levels higher than those present before the onset of seismic loading. Note
that in the example shown H, includes only soils above the local groundwater
table. However, H, can also include dense non-liquefiable layers present
within the saturated zone. Further, if H, is relatively impermeable, the local
potentiometric surface could actually be above the H,/H, interface




20 LIQUEFACTION

To provide a framework for subsequent discussions this section presents a brief
review of seismically induced liquefaction. For more detailed background
information on this subject the reader is referred to Youd (1973, 1977, and 1984),
Castro (1975), Seed and ldriss (1982) and Dobry and others, 1982).

In simplest terms liquefaction is defined as the transformation of a granular
material (usually sand) from a solid state to a fluid state due to an increase in
pore-water pressure (Youd, 1973). Liquefaction does not refer to phenomena
related exclusively to seismicity. For example, in some stratigraphic and/or
topographic settings, a rapid increase in ground water level like that associated with
flood conditions or storm surge, could cause liquefaction. The natural settling and
compaction of loose saturated sands that are isolated within less permeable
stratigraphic units could also cause elevated pore-water pressures which might result
in liquefaction. Other non-seismic causes of liquefaction are discussed in Section 6.
For clarity, liquefaction which results from cyclic shear strain caused by earthquake
ground motions will be referred to as "seismically induced liquefaction” or "SIL".

2.1 Seismically Induced Liguefaction (SIL)

Based on worldwide empirical data (Youd, 1973; Seed and ldriss, 1982), loose
materials are more susceptible to SIL than dense materials. High waier table
conditions also increase SIL potential. Further, as the intensity and duration of
strong ground motion increases so does the likelihood of SIL. SIL potential

decreases as the percentage of fines increases, and is generally limited to sands or
silty sands

Figure 2.1 provides a schematic representation of the process of SIL which
explains many of these observations. In the generic case illustrated, a liquefiable
source bed (H,) is overlain by a non-liquefiable deposit (H,). During seismic shaking
(a), cyclic shear stress (7) develops in H,. The resulting shear strain (7) causes the
reduction in the pore spaces within the liquefiable unit. In turn, a reduction in pore
spaces within H, results in increased pore pressures followed by dewatering. Based
on laboratory experiments reported by Liu and Qiao (1984), water expelled from
pore spaces within H, due to increased pore pressures accumulates as interlayers
under the more impervious layers (at the H,/H, boundary in our example). As
illustrated in Figure 2.1, the hydrostatic pressure in the water interlayer increases to

levels higher than those present before the onset of seismic shaking and may exceed
the confining stresses,

Whether liquefied materials reach the ground surface, and whether their surface
expulsion is relatively passive or explosive, depends on how fast and to what extent
the level of pore pressure increases within the water interlayer. In turn, these factors
are related to several important factors including: (1) the looseness and thickness of
H, and how long it is shaken (which control how much water is expelled as a result
of seismically induced shear strain); (2) the permeability of H, (which controls the




volume of expelled pore water and the time it takes the water to reach the H,/H,
interface); and (3) the thickness, cohesiveness, and permeability of H, (which
determine whether the pore pressures building in the water interlayer are effectively
contained, gradually released or build up to "explosive” levels).

22 Types of SIL Failure

Worldwide investigations of SIL (Seed, 1968) have led to the identification of
three primary types of failure; these include: (1) quick condition failures, (2) lateral
spreading landslides, and (3) flow landslides. Of these, flow landslides generally
occur on relatively steep slopes, a condition uncommon in the Charleston area and
elsewhere along the Atlantic seaboard, and will not be discussed further.

Quick condition SIL generally results from the compaction of thick saturated
sands (H,). Overlying H, deposits are often thin and made up of unsaturated loose,
non-cohesive sands similar to H, beds. Due to the relatively high permeability and
non-cohesive nature of H, waters expelled from within H, during seismic shaking
gradually reach the ground surface where the over pressurized conditions are
relieved in the form of sand boils and other dewatering features. In most cases,
quick condition failures are not explosive and are most often described as bearing
capacity failures, such as those observed following the 1964 Niigata, Japan
earthquake (Seed, 1968). During this earthquake buildings sank or tilted as a result
of the loose bearing capacity in underlying materials.

In contrast, lateral-spreading SIL commonly occurs in interbedded settings where
H, deposits are fine grain, impermeable, and cohesive. Due to the characteristics
of H, described above, waters expelled from within H, during seismic shaking can
not easily reach the ground surface. Uplift pressures develop at the H,/H, boundary
and H, is broken into blocks and/or flow toward adjacent lower lying areas.

McCulloch and Bonilla (1970) described the flow of unconsolidated sediments
during the 1964 Alaskan earthquake and noted many fissures formed parallel to
streams. Lateral spreading SIL features were also observed at Van Norman Lake
following the 1971 San Fernando earthquakes. They were described as surface
cracks oriented parallel to the shore of the lake (Youd, 1973). During failure, the
cohesive surface layer (H,) fractured into large blocks that slid downslope on the
underlying liquefied sands. Similar lateral spreading types of SIL features were also
reported in studies of the New Madrid area (Obermeier, 1984),



3.0 PREVIOUS SIL INVESTIGATIONS

Historical accounts of the August 31, 1886 Charleston earthquake indicate that
SIL features were widespread in the meizoseismal area (Dutton, 1889), In the weeks
and months following the 1886 earthquake, Sloan (as reported in Peters and
Herrmann, 1986), Dutton (1889), and to a lesser extent McGee (as reported in
Peters and Herrmann, 1986) noted the location, effects, and characteristies of many
SIL features. Within the past several years, investigators from the United States
Geological Survey (USGS) and the University of South Carolina (USC) have
conducted SIL investigations in the Charleston area. These 20th century studies
found SIL features attributed to the 1886 earthquake and older SIL features,
interpreted 1o have been caused by large prehistoric earthquakes of magnitudes
similar to the 1886 event,

3.1 Historical Accounts

As reported by 19th century investigators, the 1886 event produced numerous SIL
features over a 1500 km' area centered near Charleston (see Figure 1.3). By far the
most spectacular SIL features associated with the 1886 earthquake were sand-blow
explosion craters. Examples of this type of feature are shown on Figure 3.1, Typical
craters within the meizoseismal area were about 0.5 to 1.5 meters deep and up to
3 to 6 meters across. The largest craters reported measured approximately 8 meters
in diameter. An extensive ejection blanket of sand (up te 0.7 meters thick) extended
for tens of meters outward from many features. At some sites ejected sands were
found on tree limbs 6 meters above the ground surface, illustrating the explosive
nature of crater development. At other locations reports suggest a much more
passive development. While the 1886 mainshock occurred at night, eyewitness
accounts indicate that some craters continued to emit sediment-laden waters well
into the next day.

In addition to crater-like SIL features, 19th century investigators also report
numerous fissures and cracks in the meizoseismal area. While some of these
features were described as "dry", many emitted large volumes of water laden with
sediment. Fissures as long as 600 meters were reported. Very few photographs of
these features are available, perhaps because they were generally less spectacular
than the sand-blow explosion craters and were found for the most part along the
banks of rivers and streams and in areas of relatively dense vegetation and generally
poorer access. A photograph of a large "dry" fissure located along the bank of the
Ashley River is presented as Figure 3.2, This site was located near the center of the
meizoseismal area of the 1886 event.

Fissures were commonly associated with a series of small cravers or "craterlets”
along their length. Sloan’s description of such a feature follows:

"Belt of craterlets bearing S80W. Along this ridge many dry cracks have
occurred as well as long cracks connecting series of craterlets,. We find
extending through a field for distance of 700 ft a fissure from 8 to 14 ins in
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FIGURE 3.1: Examples of large sand-blow explosion crater associated with the 1886 Charleston, $.C
carthquake. These photographs were taken within a few weeks of the 1886 event and are published in
Du‘ton (1889). Based on Dutton’s accounts, these SIL features were located near Ten Mile Hill (see
Figure 1.3). Note the extensive ejection blanket of sand shown in both the foreground and background
of both photographs and the dark colored clasts that have fallen into the crater in the lower photo
Within the Charleston, $.C. arca this type of SIL feature is found predominantly in beach and near-
shore marine deposits (see Chapter 5)
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width connecting a series of large craterlets affording liberal quantities of
sand. In certain flats these craterlets indicate to have submerged earth 7
inches with water." (From page 59 of Peters and Herrmann, 1986)

I'he evaluation of accounts provided by 19th century investigators completed as
part of this study suggests that many of the fissures and associated crateriets
observed following the 1886 event occurred along very gentle slopes adjacent to
rivers and streams in the meizoseismal area and were similar to lateral-spreading
SIL as described in Chapter 2. Again from Sloan’s accounts:

Crack extends across roadbed and cut, developing within 150 feet several
series of cracks ramifying earth for 200 ft in width over a stretch of 700 ft at
which point disappears in small stream. Side of hill has evidently vibrated SI
& NW with an energy rupturing it from body of hill towards adjacent valley
line with which the more pronounced cracks (21 inches in breadth) are

parallel - having bearing N 40 E" (From page 23 of Peters and Herrmann,
1986)

"Close inspection revealed fact that there had been a vibratory movement of
sufficient energy to have caused entire plastic earth included piling on each
side of "draw" to bodily approach channel of stream”, "Liberal indications of
shortening of distance separating the banks." (From page 63 of Peters and
Herrmann, 1986)

3.2 Recent Investigations

Within the past several years, investigators from the United States Geological
Survey (USGS) and the University of South Carolina have conducted investigations
of SIL features in the Charleston area. The first liquefaction feature found by 20th
century investigators was discovered during the summer of 1983 at a SIL site
historically attributed to the 1886 earthquake. This site (referred to as the Warrens
Crossroads Site; see Site #1 Figure 1.3) was discovered by Cox following discussions
with a property owner who knew of a sandy spot on his property where according
to his older relatives an 1886 sand blow occurred (Cox, 1984). The excavation of a
series of shallow trenches confirmed the presence of a SIL feature (Figure 3.3).

Subsequently, Gohn and others (1984) reported the presence of numerous SIl
features in a large drainage ditch located in southern Charleston County (Site #2
Figure 1.3). This site, commonly referred to as the Hollywood Ditch Site, 1s located
neas the southwestern extent of the meizoseismal area as reported by Dution 1889,
just no*th of the town of Hollywood. Obermeier and others (1985), Talwani and
Cox (1985), and Weems and others (1986) also reported on age dating investigations
of prehistoric liquefaction features at this site. This is the first locale where clear
evidence of pre-1886 liquefaction was documented (Figure 3.4). In addition to the
Warrens Crossroads and Hollywood Ditch SIL sites, studies by the USGS
(Obermeier and others, 1986) identified about a dozen additional SIL locales within
the metzoseismal area




FIGURE: 32: An example of large earth fissure associated with the
1886 Charleston carthquake. This photograph was also taken within
a few weeks of the 1886 event and was published as plate XIII in
Dutton (1889). Although this particular fissure was "dry” and did not
appear to vent liquefied sands to the ground surface, historical
accounts report that many emitted large volumes of water and sand.
This type of liquefaction feature is referred to as a sand vent /fissure.
Based on the review of historical accouats of the 1886 carthquake
conducted as part of this study as well as the excavation of numerous
liquefaction features of this type in the Charleston area, this mode of
failure appears to be very similar to lateral spreading landslides as
described following large carthquakes in other parts of the world,
Within the Charleston, S.C. arca this type of liquefaction feature is
found predominantly in interbedded deposits, especially fluvial
settings (see Chapter §)



FIGURE 3.3: Sand vent/fissure excavated at the Warren Crossroads
SIL site. This photograph provides a cross sectional view of a typical
sand vent/fissure (see Figure 3.2 for a plan view) and illustrates the
characteristic morphology associated with this type of liquefaction
feature. Unlike explosion craters which are circular to elliptical in
plan, sand vents/fissurcs are generally elongated parallel to locale
topographic contours. This particular sand vent/flissure was about §
meters long. In contrast the central vent was only about )
centimeters wide.  Note the lack of a well developed soil profile
above thi feature - thought to be indicative of “younger” i.e. 1886 SIL
features. Also note the extremely large clasts within the vent and the
absence o @ small clast zone and a bedded fill sequence




FIGURE 3.4: Sand-blow explosion craters exposed in a large drainage ditch located near Hollywood,
South Carolina. A) Note the handle of a trenching shovel in the upper right for scale. This photograph
provide. a cross sectional view typical of sand-blow craters (see Figure 3.1 for a plan view). This feature
illustrates the characteristic morphology associated with this type of liquefaction feature, The central
*vent" is located in the lower center of the photograph and is identified as #1. 1t is filled with large
clasts of the surrounding "host" sand and Bh soil materials, which have "settled” te the bottom of the
bowl shaped depression. Above the zone of large clasts is a zone of cloan massive sand with relatively
few clasts and no distinctive flow structure (#2). Above this layer is a horizontal layer of clean white
sand that contains numerous ~mall clasts of Bh material (#3). Above this fine clast zone, extending to
within about a foot of the ground surface, are relatively horizontal thin layers of sand and Bh host silty
sand material, deposited subsequent to formation of the crater (#4). The well-developed Bh soil
horizon above the crater suggests that this liquefaction feature was probably not associated with the 1886
carthquake. (Photograph courtesy of §. Obermeier, from Obermeier and others, 1985). B) Large sand-
blow explosion crater exposed in the Hollywood Ditch. Although the crater-like morphology is obvious,
many of the internal structures described above are absent
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4.0 CHARACTERIZATION OF LIQUEFACTION SITES

As a first step in establishing the control data set 1o guide a regional search for
paleoliguefaction evidence of large prehistoric earthquakes, a comprehensive catalog
of SIL sites located in the Charleston area was prepared. This catalog is based on
the detailed review of historical accounts of the 1886 earthquake and 20th century
field investigations. Most of the available historical information regarding SIL sites
and features associated with the 1886 Charleston earthquake is from the accounts
of 19th century investigators which were published primarily in Peters and Herrmann
(1986) and Dutton (1889), This information was augmented by the results of recent
studies conducted by investigators from the US Geological Survey, other workers
from the University of South Carolina and field work conducted as part of this
investigation,

4.1 Site ldentification

The catalog of SIL sites evaluated includes 63 sites identified based on an
evaluation of historical accounts conducted as part of this study, 8 sites identified
during field activities conducted as part of this study, and 32 sites identified by other
20th century investigators as reported in Gohn and others (1984), Obermeier and
others (1986, 1989), Talwani and Cox (1985), Cox (personal communication, 1987),
and Talwani (personal communication, 1987).

A listing of these SIL sites is presented in Table 4-1. A map centered on the
Charleston, S.C. area showing the locations of these liquefaction sites is included
as Figure 4.1, For the locations of several additional liquefaction sites located
outside the boundary of this figure see Figure 1 of Obermeier and others (1989).

4.2 Site Characterization

Each of these SIL sites was located on available geologic maps, county soil maps,
topographic maps, and aerial photographs. In addition, as part of these studies field
investigations were carried out at 37 sites. These results were used to: (1)
characterize broad scale site characteristics, and (2) identify the specific
characteristics of the actual SIL features,

. Based on published information (primarily Colquhoun, 1965
and 1969; McCartan and others, 1984), the age of the host and liquefied materials
for each SIL site estimated. The distribution of liquefaction features by age of
host materials i ented on Figure 4.2, As shown, 97% of the sites occur in
Holocene or mid \o late Pleistocene deposits that are less than about 250,000 years
in age. Older materials appear to be significantly less susceptible to liquefaction.
Further, none of the 103 SIL sites identified are located in deposits that are older
than about 750,000 years in age.

These findings demonstrate that in the Charleston area sediments significantly
older than Holocene but younger than early Pleistocene are clearly liquefiable. This

15
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FIGURE 4.1: Map of the Charleston, S.C. area showing the location of SIL sites
identified and/or compiled during this study. Numbers correspond to site identifiers

resented in Table 4-1. Liquefaction sites identified based on a detailed review of

istorical accounts of the 1886 earthquake are labeled with single and double digit
codes. Liquefaction sites identified by 20th century ficld studies are noted by three
digit codes (100 series from Obermeier and others, 1987; 200 series from this study;
250 series from USC, including Cox and Talwani, personal communication, 1987).
Circles identify those sites where the liquefaction features are best described as sand-
blow explosion craters. Squares identify those sites where the liquefaction features are
best described as sand vents/fissures (see Chapter 5).
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FIGURE 4.2: Distribution of liquefaction features by age of host materials. Most
of the SIL sites located in the Charleston area oceur in mid to late Pleistocene
deposits that are less than about 250,000 years in age. Older materials appear to
be significantly less susceptible to liquefaction. None of the 103 SIL sites identified
are located in dej osits that are older than about 750,000 years in age.

is in contrast to the results of some previous worldwide investigations that have
found liquefaction to be restricted primarily to Holocene deposits (for example
Youd, 1973). However, it should be noted that laboratory tests have shown the
sands that have undergone liquefaction in the Charleston area are composed of at
least 95% silica (Cox, 1984, Obermeier and others, 1986). Consequently, the
build-up of fines due to the weathering of feldspathic materials to form clay is very
limited within these deposits. A higher percentage of fines tend to decrease the
liquefaction potential of sand units. The relative lack of fines due to original
sediment composition may explain why these "older" mineralogically mature
sediments readily experience liquefaction

jeologic Setting: Each of the SIL sites listed in Table 4-1 was located on
available geologic maps. The primary source of geologic data was McCartan and
others (1984). This information was augmented by a geomorphic evaluation of each
site based on 1:24,000 topographic maps. Site reconnaissance studies were
conducted at one third of the sites where the scale of the available geologic maps
made it impossible to determine if the site was located within 4 fluvial setting or in
a proximate older marine deposit. Based on published geologic data, field studies,
and geomorphic studies, the distribution of liquefaction sites by geologic setting is
presented on Figure 4.3.
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FIGURE 4.3: Distribution of liquefaction sites by geologic setting. Virtually all
of the SIL sites identified in the Charleston arca are located in beach, backbarrier,
or fluvial settings. Of these, half of th~ sites occur in beach deposits. This
observation is not surprising since e lsoseness, thickness, and relatively high
permeabiuty of these units would tend to make them especially prone to
tiquefaction under seismic loading.

Virtually all of the SIL sites identified in the Charleston area are located in
either beach, backbarrier, or fluvial settings. Of these, half of the sites occur in
beach ridge deposits. This observation is not surprising since the looseness,
thickness, and relatively high permeability of these units would tend to make them
especially prone to liquefaction under seismic loading. Morphologically, the beach
ridges are located roughly 2-3 meters higher than adjacent land and are formed from
a continuous bed of fine-grained sand that in many instances is up to 10 meters
thick. A schematic of the typical beach ridge complex is presented in Figure 4.4.

Most of the remaining sites are located in either back barrier (lagoonal) or
fluvial (river) deposits. Very few occur in other types of depositional environments.
These findings are consistent with the work of Weems and others (1986) and
Obermeier and others (1986), who found liquefaction features most commonly along
the crests of Mid to Late Pleistocene barrier island complexes in the Charleston
area.

Site Stratigraphy and Hydrology: To provide information regarding site

stratigraphy the location of each of the SIL sites identified during this study was
checked against the locations and logs for 2101 shallow auger holes and 540 water
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and test wells in the coastal p'ain of South Carolina (Colquhoun, 1987). Twenty-
six horeholes or wells were identified that are located within a few thousand feet of
the identified liquefaction locales. To provide additional data regarding site
stratigraphy 14 new continuous split spoon borings where drilled at SIL sites.

Based on these data, all of the SIL sites evaluated were found to be underlain
by fine to medium, well-sorted sand, or by interbedded sands, silts and clays. In all
but one instance the total thickness of these deposits exceeded three meters. Where
clay or silt beds were present they were generally less than one to two meters thick.
Conversely, the associated sand beds are typically over one 10 two meters thick (even
thicker in borings located in mid to late Pleistocene beach deposits). The depth of
what have been interpreted as probable source sands is, in virtually every instance,
less than six 1o seven meters below the ground surface, and in many instances on the
order of only 2 to 3 meters,

All SIL sites are underlain at depth by an impermeable, calcareous, phosphatic
clay (Cooper Marl Formation). This formation is present throughout most of the
southeastern Coastal Plain of S.C. The depth of this formation was found to vary
between four to twenty meters, In all cases the Cooper Marl was below the units
that have been interpreted to have experienced liquefaction, and due to its
impermeable nature may have acted as a lower "houndary", tending to direct upward
increased pore water pressures resulting from seismic loading.

Previous world-wide investigations of SIL have documented the requirement of
saturated conditions for liquefaction to occur. In keeping with these studies, the
water table was found to be relatively shallow at the great majority of liquefaction
sites identified in the Charleston area. At almost all SIL sites the ground-water
table is less than three meters below ground surface and probable source sands are
indeed saturated. As discussed by Amick and Talwani (1990), where engineering
data were available, the presence of loose sands within five meters of the ground
surface was documented and the susceptibility of these materials to liquefaction
under moderate levels of ground motion was confirmed using the techniques outlined
by Seed and Idriss (1982) and Ishakarwa (1985).

Proximity to Historical and Instrumental Seismicity: Each of the SIL sites
identified was located with respect to the two epicentra of the 1886 earthquake
identified by Dutton and recent instrumentally located earthquakes greater than or
equal to magnitude 3 (Tarr and others, 1981). All SIL sites identified on the basis
of historical accounts lie within 40 km of an epicentra or instrumentally located
magnitude 3 or greater earthquake. The great majority (over 80%) of the sites
identified by current investigators are also located within 40 km of an epicentra of
the 1886 earthquake or more rece ‘tly recorded instrumental seismicity.
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FIGURE 44: Schematic representation of several beach ridge systems,
Morphologically the beach ridges are located higher than adjacent land and are
formed from a continuous bed of medium to fine-grained sand that in many
instances is up to 10 meters thick. They are identified with #1 on this figure with
*a" being the youngest and “¢* being the oldest. Each beach ridge represents a
previous sea-level stand that was higher than present sea-levels. Backbarrier
deposits (identified as 2) are located landward of cach beach ridge. These include
estuary deposits and overwash sands. Seaward of each beach ridge are shallow
shelf deposits (identified as 3). These generally include silty and shelly sands.
Flowing on or incised within the backbarrier deposits are younger fluvial units
(identificd as 4) which include interbedded sands, silts and clays.

20



Table 4.1

Listing of Seismically Induced Liguefaction
Sites In The Charleston, S5.C. Area.
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exp. crater
exp. crater
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crater
crater
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crater
crater
crater
crater
crater
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crater
crater
crater
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exp. crater
v:gt/ffssure
exp. crater
vent/fissure
exp. crater
exp. crater
vent/flssure
vent/fissure
exp. crater
exp. crater
exp. crater
vent/fissure
vent/fissure
vent/fissure
vent/fissure
vent/fissure
exp. crater
exp. crater
exp. crater
exp. crater
exp. crater
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no
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1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1886
1286
1885

backbarrier
beach

beach

beach

beach

shelf

heach

beach

beach

beach

beach

beach

beach

beach

beach

beach 3
backbarrier
beach -
backbarrier
backbarrier
backbarrier
fluvial
beach

beach e
backbarrier
fluvial
beach ¢
backbarrier
beach
fluvial
fluvial
fluvial
fluvial
fluvial
beach

beach

beach

beach

beach

beach

Wicomico
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Paml ico/U Talbot
paml ico/U Talbot
pPaml ico/U Talbot
pPaml ico/U Talbo%
Pamlico/U Talbot
Princess Anne
Princess Anne
pPaml ico, U Talbot
pPamlico/’] Talbot
pPaml ico/\] Talbot
pPaml ico/1' Talbot
pPaml ico/t Talbot
Pamlico/U Talbot
Paml ico/U Taleot
Pamlico/U _albot
pamli1co/U Talibot
Princess Anne
pPamlico/U Talbot
Pamlico/U Talbot
Pamlico/U Talbot
Princess Anne
paml ico/U Talbot
Pamlico/U Talbot
Paml ico/U Talbot
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
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32.9667 79.9750 exp. crater 1886 backbarrier
32.9237 79.9792 exp. crater 1886 beach
32.9125 79.9805 exp. crater 1886 beach :
32.9542 79.9917 exp. crater 1886 backbarrier
32.9500 79.9167 exp. crater 1886 backbarrier
32.9000 80.90042 exp. crater 1886 beach
32.9000 80.0417 exp. crater 1886 beach .
32.9583 80.0612 exp. crater 1886 backbarrier
32.9542 80.1612 exp. crater 1886 backbarrier
32.9388 80.1417 exp. crater 1886 backbarrier
32.9722 80.1417 exp. crater 1886 backbarrier
33.0125 80.1833 exp. crater 1886 backbarrier
32.8222 80.1667 vent/fissure 1886 fluvial
32.8069 80.1722 vent/fissure 1886 fluvial
32.7667 80.1667 exp. crater 1886 shelf
32.7778 80.1722 vent/fissure 1886 fluvial
32.7708 80.2250 exp. crater 1886 beach
32.7500 80.2208 exp. crater 1886 beach
32.7042 80.1112 exp. crater 1886 beach
32.6750 80.1000 exp. crater 1886 beach
32.5278 60.2833 exp. crater i886 beach
32.7417 80.2250 exp. crater 1886 beach g
327222 80.2333 exp. crater 1886 backbarrier
32.6333 80.1458 exp. crater 1886 beach
32.8008 80.1953 vent/fissure 1886 fluvial
33.7438 78.9188 exp. crater re-1886 beach ;
33.4523 79.2243 exp. crater pre-1886 backbarrier
33.4342 79.4430 exp. crater re-1886 beach

. : and 1886 .
33.2438 78.4050 vent/fissure 1886 fluvial
33.0705 79.5245 vent/fissure e beach
32.9967 79.6367 vent/fissure pre-1886 beach ;
32.9967 79.8183 vent/fi1ssure s backbarrier
32.8983 79.7558 vent/fissure ——— fluvial
32.8983 79.7558 vent/fissure - fluvial
32.8017 79.8917 exp. crater 1886 beach
32.7517 80.0750 exp. crater 1886 beach
32.7383 80.1433 vent/fissure ———— fiuvial
32.7417 80.2214 exp. crater pre-1886 beach

and 1886
32.7333 80.3450 exp. crater 1886 beach
32.8000 80.4650 vent/fissure pre-1886 fluvial
32.8000 80.4317 vent/fissure pre-1886 backbarrier
32.9200 80.3117 vent/fissure pre-1886 swamp
; and 1886 y

32.9092 80.4105 vent/fissure 1886 fluvial
33.0412 £0.4513 vent/fissure -——— fluvial

Formaticn

Paml ico/U Talbot
paml jco/U Talbot
Pamlico/U Talbot
paml ico/U Talbot
Pamiico/U Talbot
pPaml jco/U Talbot
Pamlico/U Talbot
pamlico/U Talbot
Princess Anne
Princess Anne
Pamlico/U Talbot
Wicomico
Princess Anne
Princess Anne
pPamlico/U Talbot
Princess Anne
Pamlico/U Talbot
Pamliico/U Talbot
Princess Anne
Princess Anne
Princess Anne
pamlico/U Talbot
Princess Anne
Princess Anne
Princess Anne
Princess Anne
Paml ico/U Talbot
Talbot

Pamlico/U Talbot
Princess Anne
Princess Anne
Talbot

Princess Anne
Princess Anne
Princess Anne
Princess Anne
Princess Anne
pamlico/U Talbot
Pamlico/U Talbot
Pamlico/U Talbot
Holocene
Holocene

Holocene
Holocene




- - Table 4.1 }cont'd) - :
Listing of Seismically Induced Liquefaction
Sites In The Charleston, S5.C. Area.

2 _ Prima Age of Depositional "

ID Latitude Longitude eatu Event Environment Formation

119 33.0945 80.6035 vent/fissure 1886 fluvial Princess Anne
120 33.1300 80.7313 vent/fissure 1886 fluvial Princess Anne
121 33.2470 80.8263 vent/fissure 1886 fiuvial Princess Anne
222 223 TS 80.8603 exp. crater pre-1886 beach ; Princess Anne
123 32.8%08 79.7583 vent/fissure s backbarrier Princess Anne
124 32.7317 80.3217 exp. crater 1886 beach Pamlico/U Talbot
125 32.8633 79.7850 exp. crater 1886 beach Princess Anne
126 32.8278 79.7945 vent/fissure 1886 beach Princess Anne
127 32.8900 80.0250 exp. crater 1886 beach Pamlico/U Talbot
200 32.8908 80.4672 vent P fluvial Princess Anne
202 32.89%93¢C 80.1305 vent/fissure e fluvial Pamlico/U Talbot
204 32.7472 80.2105 exp. crater 1886 shelf Paml] jco/U Talbot
205 32.714%5 80.3222 exp. crater 1886 beach . Pamlico/U Talbot
206 32.7886 80.4147 vent/fissure e backbarrier Princess Anne
207 32.7422 80.3514 exp. crater 1886 beach g Pam] ico/U Talbot
250 32.8220 80.2662 vent/fissure 1886 backbarrier Paml jco/U Talbot
253 32.8153 80.2242 undefined — beach Pamlico/U Talbot
254 32.8953 80.0110 egg. crater 1826 beach = Pringess Anne
255 32.8217 80.2637 undefined —————— backbarrier Pamlico/U Talbot

Note: See explanation to Figure 4.1 for key to site identification numbers.

!ﬁmnbumconeqmnd!osicikaﬁﬁuspnsunedo-Fi;-cCJ.qu-dhu&xlﬁksikuﬁﬁedhundc-
a detailed review of historical accounts of the 1886 earthquake are labeled with single and double digit
codes. linnﬁnﬁundusik:ﬁﬁu!by!&icxaﬂryﬁdﬂsndks:n:lmwdbydbu:&gicuhs(um
series from Obermeier and others, 1987; 200 series from this study; 250 series from USC, including Cox
and Talwani, personal communication, 1987).



FIGURE 51 Cross section of lasge sand-blow cxplosion crater discovered during control
m@mmmmmuu(nacwdumsbowlmw«ﬁafmx&). Thas
feature s located within several thousand fect of the 1886 crater shown in Figure 3.1 and cxhibits the
four main characteristics of sand-blow >xplosion craters discussed by Goln and others [8]. Three
vents or feeder dikes are noted at the base of this feature. They are filled with large dasts of Bh

soil. ’mclargcdaslzoncsarcmcrlainbyamofsmdvhicham(ainssa;lneddastsandno
distinctive flow structure. Above this is a dark subhorizontal layer, approximately 15 cm thick that
contains numerous small clasts of Bh material. Above the fine clast zone are shaliow dipping thin

layers of sand, Bh material, and forest debris deposited suhsequent to formation of the crater.
Radiocarbon dates of bark and charcoal recovered from the bedded sequence confirm a pre-1836

ongin.




50 MORPHOLOGY OF LIQUEFACTION FEATURES

In addition to identifying the characteristics of SIL sites located in the Charleston
area, the morphology of SIL features also were evaluated. As discussed briefly in
Chapter 3, accounts of 19th century investigators suggest two primary types of SIL
features. These are referrad to as sand-blow explosion craters and
sand-vents/fissures. This generally follows the terminology of “explosion craters" and
"sand vents" proposed by Obermeier and others (1986).

5.1 Sand-Blow Explosion Craters

Based on historical accounts, the most common SIL features associated with the
1886 earthquake were sand-blow explosion craters (Figure 3.1). Figure 5.1 presents
& sectional view of a pre-1886 sand-blow explosion crater discovered during this
investigation which is located in the same general area as the 1886 features shown
in Figure 3.1,

Following the onset of seismic loading and the development of a water interlayer,
four sequential phases have beer identified in the development of sand-blow
explosion craters: (A" an explosive phase, (B) a flowage phase, (C) a collapse phase,
and (D) a filling phese. These were first discussed by Gohn and others (1984) and
are based on histori al accounts and the internal morphology of exhumed features.
This progressive des elopment of a sand-blow explosion crater is illustrated in Figure
5.2 through S.2I°. As shown, two distinct well sorted clast zones are commonly
found: (1) a larpe clast zone near the base of the crater, and (2) a small clast zone
located near «ne top of the crater. Clasts within the large clast zone, are generally
5 to 2 ¢m in size, and are overlain by a zone of massive to graded sand in which
thare are relatively few clasts. Above the layer of sands, is the small clast zone
which is composed of a horizontal layer of sand containing numerous small (usually
less than 2-5 ¢m in size) clasts. These clasts are usually derived from the original
soil profile and ofien inc'1de materials from the A, B, and Bh horizons. Small scale
normal faults often cut crater fill materials. Above the fine clast zone, extending to
the surface, are thin horizontal to near horizontal layers of sand and silty sand
material, deposited subsequent to formation of the sand blow.

It should be noted that Figure 5.1 presents an especially well preserved feature
and Figure 5.2 presents an idealized example of a sand-blow explosion crater. Very
rarely are all the features described above and illustrated in those figures preserved.
For example, while a central vent is shown, this feature is small in cross sectional
area when compared to the explosive crater and only rarely were they exposed in
near vertical excavations. Most commonly a cross section of the bowl shaped section
of the crater was all that could be viewed in trench walls. Further, in many pre-1886
craters bioturbation and weathering associated with soil development had masked
or destroyed the uppermost features.

Sand-blow explosion craters were found primarily in beach deposits, and are
notably absent in fluvial settings (Figure 5.3). Further, at many of the sand-blow
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FIGURE 5.2: Schematic representatior. of the phases in the development of a sand-blow explosion
crater proposed by Gohn and others (1984). (A) Explosive Phase - Cyclic seismic loading results
in the reduction of void spaces and an associated increase in pore pressures. A water interlayer
forms in parent sand with pore pressures great enough to explode and excavate a crater. (B)
Flowage Phase - Flow of sand-laden waters continues after grovnd motion has ceased, and stops
only when the pore pressure of the source sands equals the confining pressure. (C) Collapse Phase
- Collapse begins when pore-water pressures decrease to nearly the confining pressure of the source
sands. During this phase, clasts settle according to size and density, resulting in clast segregation
into two zones (the large clast zone near the bottom of the crater and within the central vent and
the small clasts zone near the top of the crater). As pore-pressures continue to decrease, upward
transport of fine grained material stops and the crater begins to collapse. At this time small-scale
dewatering structures may develop as well as local gravitational faulting along the sides of the
crater. (D) Filling Phase - Filling of the crater probably takes place in the days, weeks and months
following the carthquake, as materials from the crater rim, due to sedimentary and eolian processes
eventually fill the crater (modified with permission from Gelinas, 1986)
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FIGURE 5.3: Distribution of sand-blow explosion craters by depositional environment. They
are found primarily in beach deposits, and are notably absent in fluvial settings. The explosive
nature of the sand-blow explosion craters and their presence almost exclusively in mid to late
Pleistocene beach and near-shore marine deposits is probably due to several factors, Foremost
is the fact that mid to late Pleistocene beach deposits (acting as H, in Figure 2.1) are thick,
loose and permeable.

explosion crater sites, especially the beach and near-shore marine locales, no
confining layer of non-liquefiable material was present other than unsaturated sands
within the soil profile.

The explosive nature of the sand-blow explosion craters and their presence
almost exclusively in beach ridge and near-shore marine deposits is probably due to
several factors. First, the beach deposits (acting as H, in Figure 2.1) are thick, very
loose, and permeable. Consequently, the water interlayer which forms during and
just after seismic loading can develop very high pressures. Second, based on these
studies, the depth to source sands (H,) in the Charleston area is often only 2 meters
and in virtually every locale less than 7 meters. Such a shallow source surely
contributes to their explosive nature. Another factor that may contribute is the
presence of an impermeable marl below the source bed. This unit may act as a
boundary and tend to deflect or channel elevated pore-water pressures to the
surface. Further, other than non-cohesive unsaturated sands within the local soil
profile, no confining cap is present to inhibit the water interface from reaching the
ground surface. However, the much lower permeability of the weathered sands



within the soil profile may prevent the gradual release of elevated pore pressures
within the water interlayer and allow them to continue to build until they "explode"
to the surface.

5.2 Sand-Vents/Fissures

As previously discussed in Chapter 3, 19th century investigations also report
numerous fissures and cracks in the meizoseismal area of the 1886 earthquake.
Based on a review of historical accounts, as well as recent field investigations, this
type of liquefaction primurily occurred adjacent to rivers and streams in the
meizoseismal area. A photugraph of a large "dry" fissure located along the bank of
the Ashley River was presenisd previousiy as Figure 3.2. In this study, this type of
liquefaction feature is referrcd to as & "sand-vent/fissure",

The warrens Crossroads | juefaction locale described by Cox (1984) is a good
example of this type of SIL feature which resulted from the 1886 Charleston
earthquake (previously shown in Figure 3.3). It is an elongated fissure five meters
in length but less than one meter wide. The orientation of the fissure is generally

normal to the local downslope direction, similar to those described in historical
account. of the 1886 event,

At virtually all liquefaction locales where sand-vents/fissures have been found
and excavated a cohesive, finer grained, non-liquefiable confining layer or "cap" is
present over the source bed of liquefied sands. At some sites the cap appears to
have been transported short distances down slope, consistent with a lateral spreading

model for formation. During transport, the cap apparently fails under laterally
directed tension, resulting in the ejuction of the underlying liquefied sands through
resulting tabular vent in the cap materials. The long axis of the sand-vents/fissures
at these sites are generally oriented normal to the direction of lateral transport,

Several other examples of this type of SIL feature are presented in Figure 5.4,
When clasts occur within (H,) vents/fissures, they are generally large, unsorted, and
consist of the fine grained "cap". In contrast to sand-blow explosion craters, small
clasts and extensive internal flow structures are generally absent. In addition, small
scale structures commonly observed in sand-blow explosion craters and thought to
result from compacticn associated with dewatering within the crater are also
generally absent,

Based on laboratory studies (Chapter 2) and their internal morphology, four
sequential phases have been postulated in the development of sand vent/fissure
features (Figure 5.5). They include: (A) the development of a water interlayer, (B)
lateral flowage, (C) confining cap rupture, and (D) sand extrusion. During cyclic
seismic loading pore-water pressures increase in the underlying sand bed causing
liquefaction and the development of a water interlayer at the base of the overlying
cap. At the contact between the water interlayer and the overlying non-liquefied
materials (H,), pore pressures increase to the point where the non-liquefied cap
begins to move laterally in response to local gravitation forces. As the cap is
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transported, it begins to break apart, resulting in the formation of tension fractures
that are filled by the underlying liquefied sands. As pore-water pressures decrease,
the coefficient of friction at the sand/cap boundary increases and lateral spreading
ceases. Although downslope mass transport has stopped, the expulsion of sands may
continue.

In some cases an infilling phase is also represented in the geologic record.
However, when present it is generally much thinner that at sand-blow crater locales,
suggesting that the depression at the ground surface resulting from this type of SIL
feature is generally shallower. Consequently, the chances for the accumulation of
datable organic materi=ls within these types of SIL is greatly reduced.

Although the data are somewhat limited, vents/fissures are, in general, more
closely spaced where the cap material is thinner (on the order of several tens of
centimeters). At these SIL sites, failure may be more the result of the heaving of
the cap due to uplift pressures in the water interlayer than lateral transport. After
cap rupture, blocks of soil and cap material rotate and sink as the underlying
liquefied sands are extruded onto the ground surface. Further, at these sites the cap
is often observed to be broken into polygonal shapes. In plan view, the ejected
sands would be expected to coalesce, forming a continuous ejection blanket. In cross
section, massive sands with isolated, free-floating polygonal blocks of the cap
materials are often observed (Figure 5.6).

At SIL sites where the cap is on the order of a meter or more, typically fewer
vents/fissures were observed. In these areas large, monolithic blocks of cap material
were transported downslope. In plan view, thicker cap areas would be expected to
have ejected sands which form a long, narrow strip. In cross section, thick cap areas
are represented by mostly intact confining cap, with only occasional and widely
spaced sand vents/fissures. However, unfilled fractures throughout the cap which
are thought to be the result of heaving and/or differential oscillaiory motion
between H, (the cap) and H, (the underlying liguefied unit) were ofien observed.

Historical accounts of the 1886 event may provide insight regarding the
mechanism responsible for the formation of sand vent/fissure features and the wide
variations observed in their morphology. Two examples of Sloan’s description of
such features follow:

"We find extending through a {ieid for distance of 700 feet a
fissure from 8 (o 14 inches in widin ~onnacting a series of large
craterlets affording liberai quantities of sand." (From page 59
of Peters and Heirmann, 1986)

"On hillside sloping 30 feet within 400 ft. (where we find valley
line indicated by small stream) a two inch crack crosses the
roadbed, developing within 150 ft into a perfect network of
cracks rupturing the earth over an area 700 ft long with an
average breadth of 125 ft into a series of large Earth prisms
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separated by fissures varying from a line to 21 inches in
breadth, the general direction being parallel to adjacent valley
line N4OE: which in diverging more to East is entered by belt
of cracks which then ceases. The vibration has evidently
operated NW-SE rupturing side of hill from body of hill

towards valley line." (From page 57 of Peters and Herrraann,
1986)

The first quote probably describes a lateral spreading SIL failure. The second
quote also suggests a component of lateral spreading. However, the broad zone of
deformation most probably was associated with heaving and associated fracturing
due to excessive uplift pressures at the H,/H, interface. Excavations within the
materials described above would find broken H, (cap) materials surrounded or
within mobilized sands. The internal structure of the associated flow mass would
very likely resemble the morphology observed at numerous SIL sites,(e.g. at the

Warren's Crossroads Site) especially where the cap materials are especially cohesive
and relatively thin.

Sand-vents/fissures were noted to occur almost exclusively where a finer grained
cohesive confining unit (H,) lies above liquefiable sands (H,). As illustrated on
Figure 5.7, within the Charleston area this local stratigraphy is most commonly
found within backbarrier marine sediments and in interbedded fluvial deposits. This
type of liquefaction feature was rare in beach settings, except where a thick soil
profile or claypan had developed over the H, sand. Their less explosive origin was
probably due to the thinner source beds which characterize these depositional

environments (which result in less of a build-up in pore pressures within the water
interlayer), and the cohesive nature of the overlying cap.




FIGURE 54: Examples of sand vent/fissure foatures located on the
floodplain of the Edisto river. The Edisto river is located several hundred
meters to the cast of this site (left side of these photographs). Topography
dips gently, approximately 0.07 degrees, towards the river. At this site a
layer of gray silty clay approximately 1 m thick acts as H, overlying H, (a
light colored poorly sorted sand). Based on vent orientation and
morphology, it is postulated that the confining layer ruptured along fissures
parallel to the Edisto river and moved laterally down gradient towards the
river as a result of seismic loading. The underlying liquefied sand was
simultancously injected into these fissures aiding lateral spreading




(A) DEVELOPMENT OF WATER INTERLAYER (B) LATERAL FLOWAGE PHASE
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FIGURE 5.5: Schematic representation of the phases in the development of a sand vent/fissure.
(A) Development of Water Interlayer - Due to cyclic shear strain and dewatering, a water interlayer
forms under & more impervious confining cap. (B) Lateral Flowage Phase - With the liquefaction
of underlying sands and the development of a water interiayer, the friction at the contact between
H, and H, is reduced to the point where the non-liquefied cap begins to move laterally in response
to local gravitational forces. (C) Confining Cap Rupture Phase - As the cap (H,) is transported,
it begins to break apart, resulting in the formation of tension fractures that are filled by the
underlying liquefied sands. Sands begin to vent to the ground surface. As shown in general,
vents/fissures are more closely spaced where the cap material is thinner and heaving contributes
significantly to the break-up. Where the confining cap is thicker typically fewer vents/fissures are
observed. (D) Sand Extrusion Phase - Sands vent to ground surface in greater quantities. With the
venting of the sands, pore-water pressures decrease, the coefficient of friction at the sand/cap
boundary increases and laterai spreading ceases. Although downslope mass transport has stopped,
flow of sand-laden waters continues until the pore pressure of source sands equals the confining
pressure.



FIGURE 5.6: A) At some SIL sites, faili “¢ may be more the result of the
heaving of the cap due (o uplift pressures in the water interlayer than lateral
transport, As the cap ruptures, blocks of soil and cap material rotate and sink
as the underlying liquefied sands are extruded onto the ground surface.
Further, at these sites the cap is often observed to be broken into polygonal
shapes. B) Shows an example of unfilled fractures in the cap which are olien
found at this type of SIL site. These are thought to be the result of heaving
and/or differential oscillatory motion between H, (the cap) and H, (the
underlying liquefied unit),




FIGURE 5.7: Distribution of sand vent/fiss.'re features by depositional environment. They
are noted to occur almost exclusively where a finer grained cohesive confining unit (H,) lies
above liquefiable sands (H,). This local stratigraphy is most commonly found within
backbarrier marine sediments and in interbedded fluvial deposits. This type of liquefaction
feature is rare in beach settings, except where a thick soil profile or claypan has developed
over the H, sand. Their less explosive origin is probably due to the thinner source beds which
characterize these depositional environments (which result in less of a build-up in pore
pressures within the water interlayer), and the cohesive nature of the overlying cap.




6.0 PSEUDOLIQUEFACTION FEATURES

Chapters 4 and S focused on the characterization of SIL sites and the morphology
of SIL features located in the epicentral area of the 1886 earthquake. Equally
important in the search for evidence of paleoseismic activity (especially outside the
Charleston area) is the ability to distingi:ish between SIL features and other features
that look similar, but are unrelated to past earthquakes (pseudoliquefaction
features). This chapter includes a basic discussion of these features and orovides
several examples of those most likely to be misinterpreted as evidence of past
earthquake activity. It is stressed that what is presented here only represents a small
sample of the types of pseudoliquefaction features encountered during the course of
this study. These brief discussions are not intended to describe and characterize all
potential pseudoliquefaction features. Rather, they are designed to make the reader
aware of this complexity in the search for evidence of past earthquake activity, For
a more extensive discussion of pseudoliquefaction features the reader is referred to
Obermeier and others (1986), and Obermeier and others (1990),

Pseudoliquefaction features can resemble both types of the SIL features that have
been identified in the Charleston area. However, the presence of distinctive large
and small clast zones within sand-blow explosion craters are key recognition ¢riteria
that can identify (with a relatively high degree of confidence) these features as SIL
features. This is especially true if the local topographic and hydrogeologic settings
are not conducive to the development of artesian conditions. Conversely, the
morphology and internal structure of sand vent/fissure SIL features are often very
similar to the morphology and internal structure of many types of pseudoliquefaction
features. Unfortunately, no simple, single set of recognition criteria has been
identified which can easily distinguish SIL sand vents/fissures from these other
features. Often the strongest evidence for a seismic origin is a match between the
grain size of the mobilized sands present in the sand vent/fissure and a source bed
present at greater depths. However, even the identification of a source bed at depth -
does not conclusively prove a seismic origin. For example, the potential for
transport of sediments resulting from spring activity, or dewatering of sediments <
during natural compaction must also be considered.

Due to their striking appearance and relative abundance, geochemical alteration
features have a very high potential for misidentification by uninitiated investigators
Figure 6.1 presents a example of a large geochemical pseudoliquefaction feature that
couid easily be mistaken as evidence of past liquefaction. Note the white sands
which appear to have been injected into the surrounding materials. Also note the
dark "rind" that is present around the white sands.

During this study, these types of features were found both within the Charleston |
epicentral area and at numerous other locales along the Atlantic Seaboard. Based
on grain size studies, the white sand is identical to the adjacent black "rind" materials
and the adjacent "host" sands. Further, no evidence of material transport has been
observed. Rather, a chemical process related to ground water flow which result in
the bleaching of sands and the development of an adjacent "rind" is the preferred
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Figure 6.1: A) Example of a large pscudoliquefaction feature that could be mistaken as evidence of past
liquefaction (hoe in center for scale). Note the white sands which resemble sand vent/fissure SIL
features and the apparent "ejection blanket” present at and near the ground surface. Also note the dark
*rind" that is present around the white sands. No conclusive evidence of material transport has been
observed at any of these locales. A chemical process related to ground water flow resulting in the
bleaching of sands and the development of an adjacent "rind” is the preferred model for their ongin.
B) Example of a small pseudoliquefaction feature that resembles a vent/fissure type SIL feature. Al
first viewing the color difference suggests that the lighter sands have been transported into the adjacent
deposits, a closer ir: pection clearly shows that the apparent “vent/fissure” does not cut the original
bedding. In units where original bedding does not provide such clear marker horizons and the grain
size is relatively uniform it would be easy to misinterpret this type of geochemical feature as possible
evidence of liquefaction



model for their origin. Aithough these features commonly oceur in loose sands (and
consequently were sometimes located in close proximity to actual SIL features),
there is no evidence to suggest that they indicate past earthquake activity,

In addition to this type of pseudoliquefaction feature, numerous other
geochemical features which could under some conditions be mistaken for SIL were
discovered during this investigation. Figure 6.1 also provides an example where
geochemical alteration has resulted in the development of what appears to be a
vent/fissure SIL feature. Although the color (and in some instances even the
texture) of this type of feature resembles some of the features identified as
liguefaction in the Charleston, SC area, in this example shown, the feature clearly
does not cut the original bedding. There is no evidence of material transport
associated with a liquefaction episode. However, in units where the original bedding
does not provide such clear marker horizons and the grain size is relatively uniform
it would be easy to misinterpret this type of geochemical feature as possible evidence
of liquefaction.

Other types of pseudoliquefaction features discovered during this study include
those resulting from biological and mechanical processes. Examples of biological
activity that results in pseudoliquefaction features include root casts and infillings as
well as infilled animal burrows. Pseudoliquefaction features can also result from
mechanical processes such as the infilling of tree throws.



70 GEOMORPHIC AND REMOTE SENSING INVESTIGATIONS

In the Charleston area SIL features are not generally associated with an
identifiable surface expression, and virtually all prehistoric SIL features identified
have been found in existing excavations, As a means to expedite future searches, the
morphology of SIL sites/features, aerial photography and ground penetrating radar
were evaluated as potential reconnaissance tools.

7.1 Morphology of SIL Sites

At about one-third of the SIL sites studied, unique topographic depressions were
noted on 1:24,000 topographic maps. These features were primarily associated with
historical SIL sites located along beach ridges and take the form of a series of small
circular to elliptical depressions along the crests. Examples are presented in Figure
7.1 and 7.2. The observed depressions are generzlly less than one meter deep and
between 30 to 80 meters across (significanily wider than even the largest 1886 sand-
blow explosion crater). When elliptical, the Jsng axes of the features tend to parallel
the trend of the beach ridge. These dep.essions are distinctly different from and
should not be confused with "Carolina Bays". In addition, they do not appear to be
related to primary sedimentary features, or be the result of local eolian processes.
Further, due to their size, these features are not relics of explosion craters. Rather,
it is suggested that they are the result of compaction within the sands due to: (1)
natural diagenesis, or (2) liquefaction induced compaction at depth within the thick
sands. In case i, this type of morphology could be used to identify areas especially
prone to SIL because thick deposits of loose sands are likely present. In case 2, this
morphology could be used to define areas of thick sands where SIL may have
oceurred in the recent geologic past.

7.2 Morphology of SIL Features

In addition to studies using 1:24,000 scale maps, field investigations were
conducted to develop recognition criteria for SIL features. With few exceptions,
virtually all liquefaction sites in the Charleston area were discovered in existing
excavations and staining and weathering on the excavated face requires scraping to
reveal liquefaction features. However, a distinctive erosion pattern suggests the
presence of SIL fewwres 1i: some exposures. In near-vertical exposures, mobilized
sand often e.odes or <lunips in a fashion different from the adjacent clay-rich H,
materials. An eiample is shown in Figure 7.3. This type of morphology is most
likely related 10: (1) the relative non-cohesive nature of the clean sands, resulting
in more rapid erosion or slumping, and/or (2) their relatively high permeability,
resulting in the development of characteristic "weeps".

7.3 Aerial Photography

Each of the SIL features identified was located on available aerial photographs.
Black and white aerial photographs at a scale of 1:4800 was examined for each site.
In addition, false color composite photographs were examined for approximately 80
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FIGURE 7.1: Example of depressions identified on 1:24,000 topographic maps. Arrows denote
depressions identified in the vicinity of the Hollywood Ditch. These features are primarily associated
with historical SIL sites located in mid to late Pleistocene beach complexes and take the form of a
series of small circular to elliptical depressions along the old dune crests.

sites. Only about 10% of the sites were associated with probable expressions on the
available imagery. An example of an 1886 SIL feature is shown in Figure 7.4. No
pre-1886 SIL site was associated with recognizable expressions.
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FIGURE 7.2: Another example of depressions identified on 1:24,000 topographic maps which are
located in close proximity to SIL sites. Arrows denote depressions identified in the vicinity of Middleton
Gardens, The shaded area identifies the area shown in detail on Figure 7.". This is one of the few
locations where these depressions were observed in Mluvial deposits.
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FIGURE 73 Example of distinctive "weep™ teature Similar features were noted at several SIL sit
| |
flovn

In near vertical exposures such as ditches or the walls of other excavations, mobilized sands were often

found to erode or slump in this manner. While not associated exclusively with SIL features, this

i
'
morphology is usually indicative of sands adjacent to more clay rich materials The formation of thesc
' 2 ]

features is due mostly to the relative non-cohesive nature of the clean sands, resulting in more rapid
crosion or slumping, and/or their relatively high permeabilities, which result in the development ol

weeps. Excavation of this particular feature resulted in the identification of a lateral-spreading SIL site
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Next, low altitude overflights were carried out over
sites and color and black-and-white infrared photographs were obtaine
while a few historical 1886 sites were associated with pww;'ﬂ( expressions o
infrared imagery, " the pre-1886 locales showed a consistently recognizable
CXPression

I'he reason for the apparent lack of expression in remote sensing imagery Is
problematic. For example, Obermeier (1984) reported that many SIL sites in th
New Madrid area could clearly be ‘
unlike the New Madrid area, most of the SII

Innatad hara n o :
ocated wnere sandy Suriace SOii

|

dentitied on availat rial | 'h Bu




contrast sharply with the original surface materials. Conversely, many of the areas
in the New Madrid region where the liquefaction features have been identified are
where sands have been brought from depth and extruded onto extensive deposits of
fluvial clays and silts. Further, and perhaps most importantly, many of the locales
in the New Madrid area where evidence of liquefaction has been observed on aerial
photographs are located in agricultural settings, where the land is cleared. In
contrast, many of the liquefaction locales in the Charleston area are where the land
is presently covered with timber or has been extensively urbanized.

7.4 Ground Penetrating Radar

Ground Penetrating Radar (GPR) was also tested at known liquefaction sites
located in the Charleston area, to determine if this technique could be used as a
reconnaissance tool in the search for liquefaction features outside the Charleston
area (especially where exposure was limited or nonexistent). More detailed results
of this aspect of these studies is presented in Appendix B, However, to summarize,
field tests at control liquefaction sites in the Charleston area found that in
interbedded depositional settings where an identifiable fine-grained cap (H,) was
present over the source sands, GPR anomalies were associated with the known SIL
features (Figure 7.5). As noted previously, this type of depositional setting is most
conducive to the formation of vent/fissure types of liquefaction features. At these
sites, the near-surface materials are silts and clayey sands, which due to their
relatively high conductivities, tend to attenuate the GPR signal. In areas where
underlying sands have experienced liquefaction and moved upward resulting in the
rupture or disruption of the overlying cap a distinctive GPR anomaly is observed,
GPR tests at liquefaction sites located in beach/near-shore settings (where the sand-
blow explosion crater type of SIL features predominate) were largely unsuccessful,
probably due to the lack of a sufficient contrast between the H, and H, materials.

GPR data were next collected in several areas where local conditions appeared
suitable for liquefaction, but where no liquefaction features had been identi ed.
Five potential liquefaction sites in the Charleston area were identified solely on this
basis. Trenches were excavated across two of these anomalies and liquefaction
features were observed (Figure 7.6). These results suggest that in some geologic
settingg GPR may be a valuable reconnaissance tool in the search for
paleoliquefaction features, especially in fluvial deposits such as along the James
River in the Central Virginia Seismic Zone, or in the New Madrid region.



BAND OF
POSSIBLE
i SIL FEATURES

SCALE IN FEET

FIGURE 7.4: Aecrial photograph of Middleton Place. This site is located near the center
of the meizoseismal arca of the 1886 earthquake and was reported as a site of liquefaction.
The arrow denotes one of several light colored circular features identified in this pasture.
These features may be associated with sands ejected during the 1886 vent. This site is one
of the very few where any hint of SIL features could be identified on aerial photographs
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FIGURE 7.5 Two exat tples of Ground Penetrating Radar traverses over a knowr, liquefaction locale
located in the Charlest m, $.C. area. Arrows identifies the location of large liquefaction features
pi dously mapped w o Srainage ditch running parallel to the GPR traverse. Al each locale mappieg
within the ditch identified a series of sand vents that have disrupted the overlying silts and clays
throughout wide zones
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FIGURE 7.6: Example of sand vent 'lissure located in fluvial deposits. No pre-existing exposurg
wus prosent at this site. It was discovered solely on the basis of a Ground Penctrating Radar (GPR)
aaomaly. Trenches were excavated across this and several other GPR anomalies. In cach trench,

vents/fissures similar to this were unearthed. At this site a layer of gray silty clay approximately 0.5
m thick acts as H,. Based on site borings, the source bed (H)) for the vent materals is at a depth

of about two meters



80 REVISED EARTHOUAKE CHRONOLOGY FOR THE CHARILESTON
AREA

l).;f.!‘[ the study of ¢contro S { ocated 1n the Charlest

N area, Samj
anic Materiais were recovered m Homn meany \ll [eatures “.x\\ Wi
ology Of ¢ach teatures, as ine I\',‘L“Ak.;l'd location of each sat

were dentihied navin gh probabiiity Ot providing re able ape
|

ints on the tmir { | .\‘.&?n\{. \"\““\H\;\ l}'\\k were submitted
Carbon-14 age dating : s have been obtained for ten ol the \x!'ﬂ\\
collected at the Ten Mile Hill SIL site (site #3 in Figure 1.3). As part of this study,
pub ished radiometrig age data tot Charleston SIL features were also ¢« ""'\HL\I and
evaluated. Most of these data come from SIL features located at the Hollywood Site
(site #2 on I!}'\ re 1.3) and have been reported in Obermeler and others (1988),
Falwani and Cox (1985), Weems and others (1986), Weems and others (1988) and
Weems and Obermeier (1990)

Collectively, these data were used to prepare a revised and “,'\"..'.Q\'. prenstoric
('.('I‘)\‘.,\H\L\ \?'\'\’:‘l’!"‘;‘\ 1O1 1?‘( C harl 1T MEIZOSC smal ared \"",'g naix “ P'H\.\’;'\
?‘.i\"}'f\’\l?u'. information on ( n \ . 1 diIsCusses the '.'\\[‘1»'\;\.&‘ used
Iring this study. Detatled information 1 the Sampies collected and dated durit I\
this study are also }‘It\ki‘.'uf in Pi | An overview ol out \i;‘;'Ylhi\,' 1O
dating SIL features is provided in subchapter 8.1 I'he relevant information used to

"t

identify and date liquefaction episodes 1n the Charleston meizoseismal area 18

discussed in subchapter 8.2 and summarized in [able 8.1

8.1 Approach to Dating Paleoliquefaction Episodes

Qualitatively the relative ape of SIL features can often be determined
comparing the thickness of overlying soil profiles and the degree of staining and
weathering of sands within the feature (Figure §8.1) Older SIL episodes are
generally associated with more heavily stai 1ed sands within the feature and a thicket
overlying soll profile In contrast, younget SIL episodes are often associated with
minimal staining and thinner overlying soil profiles. The relative age of liquefaction
episodes can also be established based on the ¢ross cutting relations of one feature
to another (L.e. younger features truncating or intruding older features)

On & more quantitative basis, the age of hquetaction episodes can be determined

by radiometric dating of organic materials contained within or cut by liquetaction

features (Figure 8.2). For example, the Carbon-14 determined age of roots which

s
have grown into a SIL feature provides a4 minimum age constraint on the
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by the feature, or by dating organic maternals recovered from within soil clasts whigh
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and can resiae at or near the ground surface for hundreds or even thousands
of years following a forest fire, this type of sample only provides & maximum age




FIGURE 8.1: Qualitatively, the relative age of SIL features can often be determined by comparing
the thickness of overlying soil profiles and the degree of staining and weathering of sands within the
feature. This 15 illustrated schomatically in Figures A and B, In both cases the feature is fed by a
central vent filled with large clasts (#1). Overlying the large clast zone are massive sands (#2), a small
clast zone (#3) and a bedded sequence (#4). In some older features these may be obscured due to
stained and the development of soil profiles within them. Other factors equal, the older the feature the
"deeper” the staining and soil development has progressed. In contrast, as illustrated in Figure A, very
young (i.e. 1886) features have little of no soil profile developed over them and the overlying materials
are often limited to only a 6 to 10 inch thick "plow zone" which is the result of cultivation over the past
100 years (#5). As illustrated in Figure B, "youngest” prehistoric features are often overlain by a newly
doveloped Bh soil profile (#5) which is limited to the uppermost portions of the bedded sequence




constraint on the time of liquefaction. The most accurate estimates for the age of
a liquefaction episode are obtained by the radiometric dating of organic debris such
as leaves, pine needles, bark or small branches that were washed or blown into the
liquefaction crater following its formation

8.2 Number and Ages of Paleoliquefaction Episodes

Collectively the Carbon- 14 dating studies conducted by previous investigators and
those carried out as part of this study suggest that in addition to liquefaction
resulting from the 1886 earthquake, as many as five other liquefaction episodes may
have occurred in the Charleston meizoseismal area during Holocene times
Including the 1886 event these are referred to from youngest to oldest as liguefaction
episodes CH-1 through CH-6 (Table 8.1)

CH-1: The 1886 earthquake is designated as liquefaction episode CH-1. As
reported by 19th century investigators, it resulted in the formation of numerous Sl
features within 40 km of Charleston. Historical accounts also suggest that isolated
occurrences of liquefaction associated with the 1886 earthquake may have occurred
up to 125 km from Charleston as far north as Georgetown, South Carolina and as
far south as Beaufort, South Carolina (Seeber and Armbruster, 1981)

CH-2: Liquefaction episode CH-2 is based on data from the Hollywood site as
reported in Weems and Obermeier (1990), They noted that some of the liquefactior
features at this site have a distinctive soil profile which, although relatively thin, is
still better developed than those overlying a typical 1886 liquefaction feature.
Further, they note that this soil profile is less well developed than Ch-3 features
(see following discussions). The age of CH-2 has been quantified by the dating of
a tree branch recovered from the base of the cross-bedded zone within one of these
features (Table 8.1). The branch was probably deposited within the liquefaction
feature as surface water and wind filled the depression with forest debris and has
been dated at 640460 YBP (Beta 20186). Note that the sample identifiers shown
in parenthesis following each date represent laboratory reference numbers, The
term "YBP" refers 1o years before present and is radiocarbon age relative to the year
1950. Its age should be nearly identical to the age of SIL formation. A photograph
of this feature and the dated branch is presented as Figure 15 of Weems and
Obermeier (1990). These investigators also noted that a root which had
subsequently grown into this liquefaction feature was dated at 435460 YBP (Beta
27733), confirming that it was not an 1886 SIL feature

CH-3: Episode CH-3 is based on data collected at the Hollywood site as
reported by Talwani and Cox (1985) and Weems and others (1986). Figure 8.3 is

taken from wani and Cox (1985) and illustrates an SIL feature that they studied
at their Hollywood #2 site. Radiometric data collected by these investigators yielded
modern ages for ‘new burn" charcoal recovered from the overlying soil profile and

provided no constraints on the age of this feature. However, they suggested a pre-
1886 origin on the basis of the overlying soil profile. Subsequent studies (see Figure
§ of Weems and others, 1986) excavated deeper into the trench wall and recovered
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FIGURE %2: The age of liguefaction episodes can be determined by radiometric
dating of organic materials contained within or cut by liquefaction features. The most
accurate estimates for the age of a liquelaction ¢ are obtained by the radiometric
dating of or, debris such as leaves, pine necdles, bark or small branches that were
washed or blown into the liquefaction crater following its formation (#1). The
Carbon-14 determined ages of roots which have grown into a SIL feature (#2a) or into
the owrlyit? soil profile (#2b and #2¢) provide minimum age constraints on the time
of the liquelaction episode. Minimum age constraints can also be obtained by dating
forest-fire derived charcoal from the shaliow soil profile overlying the feature. To
provide useful information, this "new burn" charcoal must clearly be within the
MIM;’ soils which post date feature formation. Maximum age constraints can be
obtained by dating roots cut by the feature (#3a), humate materials recovered from
soil clasts which are isolated from recharge due to their at depth in the feature (#3b),
or by dating organic materials recovered from within soil clasts which collapsed into
the deeper part of the crater during the SIL episode (#3¢). Maximum age constraints
can also be obtained by dating forest fire-derived charcoal which was washed or blown
into the crater after its formation (#4). While wood recovered from within the feature,
especially the bedded sequence, provides a very accurate ch constraint ou the timing
of feature formation, charcoal is biologically ineri and before being washed into the
bedded sequence can reside at or near the ground surface for hundreds or even
thousands of years following a forest fire, C uently, this type of sampie only
provides a maximum age constraint on the time of liquefaction,
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FIGURE 8.3 Trench log showing structures at Site 2 of Talwani and Cox (1985). The local soil profile
has been disturbed by two liquefaction events. The structure to the northeast has been interpreted by
these authors as ar. infilled crater. A preserved central vent (1) just below the crater differs markedly
from the internal bedding present within the crater (2). A large block of Bh material (4) siumped along
the northeast margin of the crater. A Bh horizon (5) that has developed since the emplacement of the
crater overlies the crater, suggesting that this feature was not associated with the 1886 carthquake, The
undisturbed Bh horizon at this locale typically attains a thickness of 60 em. Southwest of the crater is
another preserved conduit (3) which has been interpreted by these investigators as being associated with
a later event - it truncates the internal bedding of the erater along its southwest margin (6). Subsequent
studies (see Figure § of Weems and others, 1986) excavated deeper into the trench wall and recovered
a stump (#7) that had apparently collapsed into the older feature during venting and a stick (#8) with
rounded ends that also fell or was washed into the same feature shortly after its formation. Carbon
14 ages of these samples are included in Table 8.1, The stump was dated at 12901 %) YHP (W 5664)
and 10704 200 YBP (W 5669). The stick was dated at 1230 4 &S YBP (Beta 12886) and 12304 % YBP
(W 5664). These data suggest that the older of the liquefaction features occurred about 1200 YBP. The
age of the younger feature has not been determined but based on the overlying soil profile it probably
was nol associated with the 1886 earthquake. Modified from Talwani and Cox (1985)

a stump that had collapsed into the feature during venting and a stick with rounded
ends that also fell or was washed y the feature shortly after its formation,
Carbon 14 ages of these samples are included in Table 8.1, The stump was dated
at 1290490 YBP (W 5664) and 10704200 YBP (W §669). The stick was dated at
12304 85 5 3P (Beta 12886) and 1230490 YBP (W 5664)

Weems and others (1986) also recovered a stick from within the central vent of
a second feature located at the Hollywood site (Figure 8.4). This feature had an
overlying soil profile similar to that at Site 2 of Talwani and Cox (1985) and the
radiometric age of the stick was very similar (123075 YBP - Beta 12885) to the age
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FIGURE 84: Sketch of sand-blow explosion crater at the Hollywood site (modified from Figure 4 of
Weems and others, 1986). These investigators recovered a stick from within the central vent of this
feature. The radiometric age of the stick was very similar (1230475 YBP - Bota 12885). Weems and
others (1986) and Obermeier (1989) note that many liquefaction features at the Hollywood Site exhibit
very similar overlying soil profiles. They suggest that t features formed at approximately the same
time as this feature.

determined for the liquefaction episode observed there. Weems and others (1986)
and Obermeier (personal communication, 1989) noted that many liquefaction
features at the Hollywood Site exhibit very similar overlying soil profiles. They
suggested that these features formed at approximately the same time as the two SIL
features discussed above.

CH4: Episode CH-4 is based on data collected at the Hollywood site as
reported by Talwani and Cox (1985), and Weems and others (1986) in addiiion to
data collected during this study at the Ten Mile Hill site and a radiometric date
reported in Weems and others (1988). It is the best documented of the prehistoric
Charleston liquefaction episodes.

52



NE

Present land surface

P C———————

o
SR9820 1100

¢ : Organic matter . Samplm; pite

FIGURE 85: Cross-scctional trench log at site 1 of Talwani and Cox (1985). This feature 18 located
approximately 50 m southwest of site 2 discussed in Figure 8.3. The preserved crater (1) has the same
internal grading and bedding (2) and slumped clasts of Bh material (4) as were observed at Site 2. A
preserved central vent (3) is northeast of the crater. Faulting (F) associated with formation of the crater
offsets roots dated at 3740 4 110 vears before present. Dates obtained from roots crosscutling the infilled
crater vielded ages of 302150 years (6), 3804220 years, and 12704 9% years (7). The oldest root is not
hown because it was covered at the time the outcrop was mapped. Dates from the infilled crater
indicate that it was emplaced after 37404116 but before 1270290 years before present. An age ol
19304 90 years for a root provided no useful data on the timing of events. Subsequent studies  c¢ Table
I of Weems and others, 1986) excavated deeper into the trench wall and discovered an even older root
that had grown into the crater. This root was dated at 16604 100 (Beta 11836). Collectively these data
suggest that the feature formed more than about 1660 YB?P and less than about 3740 YBP

Figure 8.5 taken from Talwani and Cox (1985) shows a CH-4 feature that they
evaluated at the Hollywood Site. At this locale, (referred to as Site 1 by these
authors) a maximum age constraint of 37404110 YBP was obtained by dating roots
which were cut by this feature. Talwani and Cox also reported a minimum age
constraint of 1270490 YBP based on the dating of a root that had grown into the
crater.  Subsequent studies (see Table 1 of Weems and others, 1986) excavated
deeper into the trench wall and discovered an even older root that had grown into
the crater. This root was dated at 16604100 (Beta 11836). ( ollectively these data
suggest that the feature formed more than about 1660 YBP and less than about 3740
YBP. The overlying soil profile of this feature is thicker than that observed over the
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FIGURE 86: Sketch of sand-blow explosion crater discovered during this study. This feature is located
at the Ten Mile Hill SIL site, near the 1886 SIL features shown in Figure 3.1, At this site several large
SIL features were studied in detail. The bedded sequence of this feature is approximately 11 ft in width,
The Carbon-14 determined ages of bark and wood recovered from the bedded sequence of this feature
yielded dates that are approximately 3400 YBP (se¢ Table 8.1),

1230 YBP CH-2 (see previous discussion), consistent with an older origin. For
comparison review the thickness of the soil profiles shown in Figures 8.4 and 8.5.
Obermeier (personal communication, 1989) noted that many liquefaction features
at the Hollywood Site exhibit very similar overlying soil profiles, and suggested that
they probably formed at approximately the same time as this SIL feature.

The timing of episode CH-4 is better constrained by data collecied at a site
evaluated during this investigation (Ten Mile Hill). It is located in the vicinity of the
present day Charleston airport, near the 1886 SIL features shown in Figure 3.1. At
this site several large SIL features were studied in detail. Sketches of two of these
features are presented as Figure 8.6 and 8.7. A photograph of one of these features
is presented as Figure 88. The Carbon-14 determined ages of bark and wood
recovered from the bedded sequence of two craters were 34384+ 87 YBP (GX15201),
34054255 YBP (GX15182), 3450+ 120 YBP (GX15185), and 2675+ 310 YBP
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FIGURE 87 Skeich of sand-blow explosion crater discovered during this study. This feature is also
located st the Ten Mile Hill SIL site, near the 1886 SIL features shown in Figure 3.1, The bedded
sequence of this feature is approximately 14 ft in width The Carbon-14 determined age of bark
recovered from the bedded sequence of this feature was approximately 3400 YBP date (see Table 8.1)

(GX15196). As discussed previously, ‘nis type of sample is thought to provide a very
good estimate on the timing of the )'quefaction episode. A minimum age constraint
of 28654 190 YBP (GX15186) wa'. obtained from a tree root which had grown into
one of the features after its forraation. Weems and others (1988) report an age of
32804+ 130 YBP for tree bark recovered from the bedded sequence of a SIL feature

located at their site ARP (Table 8.1). This site is located adjacent to the Ten Mile
Hill site.

CH-S: Episode CH-S is based primarily on data obtained during this study at
the Ten Mile Hill site. Several liquefaction features with extremely thick overlying
soil profiles were observed there. The thickness of these overlying profiles suggest
a very "old" age. The Carbon-14 derived age of a root that had grown into one of
these features after its formation and subsequent filling provided a minimum age
constraint of 47304265 YBP (GX 15194). This clearly distinguishes these features
from episode CH-4 features. A maximum age constraint of §7904 650 YBP (GX
16184) was obtained from the Carbon-14 derived age of charcoal recovered from
within the bedded sequence of one of these features (Figure 8.9).




FIGURE 8K Photograph of large sand-blow explosion crater discovered during this study. This feature
is also located at the Ten Mile Hill STL site, near the 1886 SIL features shown in Figure 3.1, Note the
contral vent and associated large clast zone, the overlying massive sands, small clast zone and the bedded
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FIGURE 89 Sketch of cross cutting liquefaction features observed at the Ten Mile Site. The Carbon-
14 dcdve:vau of & root that had grown into the feature on the right afier its formation and subsequent
filling provided & minimum age constraint of 4730+ 265 YBP (GX 15194). A maximum age constraint
of §790+ 650 YBP was obtained from the Carbon-14 derived age of charcoal recovered from within the
bedded sequence of this same feature. This episode CH-S feature clearly cuts the margins of an even
older liquefaction feature and the relative thickness of the soil profiles overlying these two liquefaction
features suggest that their furmation was separated by at least several hundred years.

CH<6: Episode CH-6 is also based primarily on data collected during this study
at the Ten Mile Hill site. The Cﬂg feature described above clearly cuts the
margins of an even older liquefaction feature (Figure 8.9). The relative thickness
of the soil profiles overlying these two liquefaction features suggest that their
formation was separated by at least several hundred years.

Other Data: Data from SIL features at the Hollywood site (Weems and others,
1986) suggest at least one liquefaction episode which falls in the age range 4160100
(Beta 11825) to 70604110 YBP (Beta 11824). The estimated age of these features
is c&n'sistem with their formation during either or both liquefaction episode CH-5
or CH-6.

83 Summary

Collectively the data discussed above suggest that in addition to the 1886
liquefaction episode, five other earthquakes associated with liquefaction may have
occurred near Charleston during Holocene times. The inferred age of each
liquefaction episode is shown in ‘Table 8.1. Episodes CH-1, CH-3, and CH+4 are
strongly supported by the available data and have been documented through the
dating of several features at two different sites. Episodes CH-2, CH-§, and CH-6 are
based on reliable but more limited information.
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FIGURE 8.10: Photographs of CH-5 and CH-6 features. Also see Figure
8.9 for sketch. The feature on the right has been dated at 51504 5060 YBP
Note that it truncates the bedded sequence of the feature on the left,
suggesiing that it is younger in age. Also note the thicksr soil profile over
the (CH-6) feature on the left, consistent with it being at least several
hundred years older than the CH-5 feature on '+ right
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TABLE 8.1
CHARLESTON LIQUEFACTION EPISODES

LIQUEFACTION EPISODE CH-1 (AGE 104 YBP)

ACE (YBP)
{INIMUM CONTEMP MAX IMUM SOURCE
104 1886 EQ-Historical Record

LIOQUEFACTION EPISODE CH-2 (AGE 6004100 YBP)
AGE (YBP)
SITE MINIMUM CONTEMP HAX IMUH SOURCE

HOLLYWOOD 6404+ 60 Weems and Obermeier (1990)

LIGUEFACTION EPISODE CH-3 (AGE 12004100 YBP)

AGE (YBP)
SITE MINIMUM CONTEMP MAXIMUM SOURCT.

4

HOLLYWOOD 12304 75 and Others (1986)

12304 &5 ‘ and Others (1986)
10704200 and Others (1986)
12904200 and Others (1986)
12304 90 and Others (1986)




TABLE 8.1 (Continued)
CHARLESTON LIQUEFACTION EPISODES

[— 1JQUEPACTlol EPISODE CH-4 (AGE 32004200 YBP)

r 1

| ; AGE (YBP)

CSITE . MINIMUM  CONTEMP  MAXIMUM SOURCE
e i T

 HOLLYWOOD = 3804220 |

1 Telvani and Cox (1985)
| 5304150 | ; .~ Talwani and Cox (1985)
| i

I 1270490 . Talvani and Cox (1985)

. | ; - 37404110 i Talwani and Cox (1985)

‘ . 16604100 | | Weems and others (1986)

| AIRPORT | | 32804130 ! Weems and others (1988)
| | { |

CTEN MILE | | 34384 87 | ' This study

| | 34054255 | This study

y 28654260 | . This study

‘ | 26754310 . This study

li ; | 34504120 | | This study

A ii&?iﬁcn& i}?s&bs an- 5 (AGE suo:soo YBP) !
| AGE (YBP) { '

SITE | MININUK  CONTENP  MAXIMUM SOURCE |

TEN nu.u anogzss‘
i
|

1 i I This study !
| | 7904710 | This study
| i
HOLLYWOOD | 41604100 ' Weems and others (1986)
a ! 70601110[ Weems and others (1986)

______---___‘
|

[ uqvnmc'nou arlsoos CH-6 (AGE >5150 YBP) ]
SR .l . ) e —
{ | AGE (YBP) f |
SITE | NININUN  GONTENP  MAXINUM | SOURCE |
L . 4 | R Y Y R (e te— '—"—."--_—'—"“.—"
Tl'.N HIU ‘)7900710 ﬁ | This study |
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9.0 CTUDIES IN THE CENTRAL VIRGINIA AREA AND
WIHLMINGTON, DELAWARE AREAS

Along the Atlantic seabow J, intensity VII earthquakes have occurred at two
othet locales where potentially liquefiable deposits are present (Central Virginia and
Wilmington, Delaware). The levels of ground motion resulting in MM intensity Vil
effects are generally not sufficient to generate liquefaction features (Russ, 1983)
However, if the return periods between large rare events are greater than several
hundred vears. Charleston-like earthquakes may have occurred in these areas prior
to colonization. Consequently, reconnaissance searches for paleoliquefaction
evidence of prehistoric earthquakes were initiated in both areas

9.1 Studies in the Central Virginia Area

I'he central Virginia area has been the locale of low level seismicity for the past
two hundred years, Over 20 intensity V events are reported for the years 1770
through 1969 (Bollinger, 1973). Frequency magnitude relations developed for this
area (Bollinger and others, 1989) suggest that if the area is capable of generating
large events the return period between events similar to the 1886 Charleston
earthquake would possibly be on the order of 600 to 5000 years

he largest historical event in the central Virginia area occurred in December
of 1875, 1t was felt over approximately 130,200 km’ and was associated with intensity
VI levels of ground motion in and west of Richmond. Maximum intensities were
observed on river terrace deposits located along the James River. Based on a recent
reevaluation of intensity data (Bollinger and Oaks, 1986), the epicenter of this event
has been placed about 40 km west of Richmond, in Gouchland county (Figure 9.1).
An earlier intensity VII event occurred in 1774,  This event was felt over
approximately 150,000 km' (Bollinger, 1975). Maximum intensities were reported
on fluvial deposits about 10 km north of Petersburg

Potentially liquefiable deposits in the central Virginia area are primarily fluvial
in origin (see Figure 9.1 explanation for key references). They include alluvial sands
and gravels of late Pleistocene age and more recent Holocene floodplain and
overbank units along the James, the Appomattox, Mattaponi, Pamunkey, and
Raphahannock Rivers. In general, the water table was found to be one to three
meters deep and given their looseness and composition, their liquefaction potential
was judged to be very high,

The distribution of potential liquefaction sites evaluated during this
reconnaissance study is presented in Figure 9.1. The proximity of these sites to the
two intensity VII historical earthquakes are shown in Figure 9.2. Extensive
exposures wers evaluated along the James River near Richmond, Virginia where
numerous sand and gravel quarries are present. Sand and gravel operations are
present to a much lesser degree along the Mattaponi and Raphannock rivers and
only a limited number of existing exposures were identified along the portion of the
James River west of Richmond.
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FIGURE 9.2: Distribution of potential liquefaction sites investigated in the Central Virginia study arca.
Figure A illustrates the proximity of sites (expressed in km) evaluated with respect to the epicenter of
the Decomber 1875 intensity VI carthquake. Figure B illustrates the proximity of sites evaluated with
respect (o the epicenter of the 1774 intensity VI event

9.2 Studies in the Wilmington, Delaware Area

A historical intensity VII earthquake occurred in October, 1871, in the
Wilmington, Delaware area, and caused minor structural damage in Wilmington
(Jordan and others, 1972). Low-lev.. activit nas been recorded since 1971 in
northeastern Delaware, near the Delaware River. The epicenter of the 1871 event
I8 thought to be in the same general area as these instrumentally located
earthquakes.

The sediments in northern Delaware have been described as Quaternary age
deposits of the Columbia Formation. During field st ‘ies they were observed in
many exposures to consist primarily of yellow and reddish brown quartz sand with
some gravel. However, in general the water table was found to be deeper than
anticipated, and was rarely observed to be within two to three meters from the
surface. Further, the degree of weathering observed in the upper several meters of
the Columbia formation suggests that it has a low potential for liquefaction,

The deposits along the Delaware River are late Pleistocene to Holocene age
alluvial and estuary sediments. Most are members of the Pensauken and Cape May
Formations. These Jdeposits consist of sands, gravels, silts and marsh deposits. In
general, the water table was found to be very shallow. The liguefaction potential of
the sands was judged to be very high. Although, exposures ure limited, several large
sand and gravel operations were evaluated. At higher elevations than the alluvial
and estuary sands discussed above, the Pensauken Formation is present. These
deposits are thought to be Pleistocene in age and are found on high terraces and
capping hills and drainage divides. They consist primarily of sands and gravels.
Numerous pre-existing exposures of Pensaukin were ideniified and visited. In
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FIGURE 9.3: Proximity of potential liquefaction sites investigated in
the Wilmington, Delaware study arca with rospect to the location of
the October, 1871 MM intensity VI carthquake

general, the depth to the water table within Pensaukin deposits was found to be
more than 3 meters and given the composition and relative looseness of these
materials the liquefaction potential of the sands was judged to be moderate to low,
The distribution of potential liquefaction sites evaluated during this reconnaissance
study is presented in Figure 9.1. The proximity of these sites to the intensity VII
historical earthquake of October 1871 is shown in Figure 9.3,

9.3 Results of Reconnaissance Search

To date, no evidence of SIL has been found in either the central Virginia or
Wilmington, Delaware areas. However, it must be stressed that potentially
liquefiable deposits are not pervasive in these areas and existing exposures are
somewhat limited, especially within 40 km of the larger historical events. Further,
while the results of control studies as well as the work of Obermeier and others
(1986) found that beach and near-shore marine deposits are most favorable for the
generation and preservation of liquefaction features, most of the potentially
liquefiable deposits in the central Virginia area are fluvial in origin, and the sources
of those in the Wilmington area are fluvial and estuary. Furthermore, many of the
deposits closest to the historical earthquakes are recent overbank deposits that are
geologically very young (probably less than several thousand years in age). Given
their age these units could not provide SIL data on early to mid Holocene seismicity
which could have occurred prior to their deposition. The negative results of our
search for SIL features in this area must be viewed with these limitations in mind.

64



100 ATLANTIC SEABOARD SEARCH AREA

A detailed search for evidence of prehistoric earthquakes has been implemented
along the Atlantic seaboard. This search focused on late Quaternary beach and
near-shore marine deposits. These units are most similar to the deposits in which,
the great majority of SIL features in the Charleston area have been identified,
Although no large earthquakes (other than the 1886 Charleston event) have been
reported along this 1000 km stretch of the Atlantic seaboard, the potential for the
generation and preservation of SIL evidence of large prehistoric earthquakes is very
high. Furthermore, the extent of exposures, such as drainage ditches, sand and
gravel quarries and borrow pits, allows for a fairly uniform search throughout this
region, thus increasing the chance of discovering SIL features.

Investigations have been completed at over 1000 potential liquefaction sites,
extending from the margins of the 1886 meizoseismal area southward to the
Georgia/Florida state line, and northward to the Cape May peninsula of New Jersey
(see Figure 10.1 for overview and Figures 10.2 through 10.5 for details). For ease
in discussion the search region has been broken into four areas. The correlation of
units between the four areas and how they relate to the control sites studies in the
Charleston area is illustrated on Figures 10.6 and 10.7 (key references are listed in
the explanation to this Figure). Also shown on Figure 10.7 is a breakdown of the
number of potential liquefaction sites evaluated in each area. An overview of the
number of sites evaluated and the distribution of sites with respect to their distance
from the Charleston, S.C. area is presented in Figure 10.8. As illustrated, with the
exception of the Delmarva and Cape May peninsulas (Area 4) where exposures are
limited, a fairly uniform search has been completed throughout the region.

10,1 Area 1

Area 1 extends southward from the southern margin of the meizoseismal area of
the 1886 earthquake to the Georgia/Florida state line. Over 350 sites were
evaluated in this area. A breakdown by age is presented in Figure 10.9. The
primary units studied were the Silver Bluff, Princess Anne, and Pamlico formations.
SIL features have been identified at seven sites in Area 1. All are located within
South Carolina, most near Bluffton and Hilton Head.

Historical accounts of the 1886 earthquake suggest that MM intensity VII to IX
levels of ground motion occurred in the vicinity of these SIL sites (Figure 10.10).
Although the exact locations were not noted, historical accounts suggest that during
the 1886 event some scattered liquefaction associated with this earthquake may have
occurred in the vicinity of the seven SIL sites identified (Seeber and Armbruster.
1081).

102 Area 2

Area 2 extends northward from the northern margin of the meizoseismal area of
the 1886 earthquake to the Cape Fear Arch. Over 320 sites were evaluated in this
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FIGURE 10.1; Distribution of poiential liquefaction sites evaluated slong the
southeastern Atlantic Seaboard (dark shading). The lightly shaded regions lie within
about 40 km of sites evaluated during this study. As noted in chapter 4, the great
majority of the SIL features discovered in the Charleston arca lic within 40 km of
carthquake activity. Consequently, large prehistoric carthquakes within the lightly
shaded regions could reasonably be expected to result in SIL in the dark shaded
regions. However, it must be stressed that large carthquakes similar (o the 1886
carthquake could have occurred in the unshaded regions without leaving their record
in the unconsolidated deposits evaluated during this study.

—

area. The primary units studied included the Wando, Socassee and Talbot
formations. A breakdown by age is presented in Figure 10.11. SIL features have
been identified at seven sites in Area 2. Two additional sites in Area 2 have been
reported by Obermeier and others (1987). However, these have not been
independently confirmed during this study and will not be discuss<d further. Six of
the seven SIL sites discovered are located in South Carolina, three in the general
vicinity of Georgetown and three in the Myrtle Beach area. The seventh SIL site
is located about 2 miles north of the SC/NC state line,
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FIGURE 10.7: Correlation of units studied in the Charleston meizoseismal arca and the four study
arcas evaluated along the Atlantic seaboard. Over 1000 potentia! liquefaction sites were evaluated. The
search focused on mid to late Pleistocene beach deposits, which are most similar to those where SIL
features occur in the Charleston area. Principal references include Colquhoun and others 1968, 1971,
and 1981, Cooke (1943), Duban and others (1974, 1980), Johnson (1976), Johnson and Berquist (1984),
Luddicoat and others (1982), McCartan and others (1982), Mixon and others (1982), Owens and Donny
(1979), Pecbles and others (1984), as reported in Richmond and others (1986a, 1986b, 1987a, and 1987b),

Historical accounts of the 1886 earthquake suggest that MM intensity VI to VIII
levels of ground motion occurred in the vicinity of these SIL sites (Figure 10.5).
Although their exact locations were not noted, historical accounts suggest that during
the 1886 event some scattered liquefaction associated with this earthquake may have
occurred in the vicinity of the three SIL sites identified in the Georgetown area
(Seeber and Armbruster, 1981).
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FIGURE 108:  Distribution of potential liquefaction sites evaluated along the
southeastern Atlantic Seaboard
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FIGURE 10.9: Number of potential liguefaction sites evaluated in Arcas 1 and 2 broken down

by age of deposits. A total of 357 sites were evaluated in Arca 1. A total of 321 sites were
evaluated in Area 2

103 Area 3

Area 3 extends northward from the Cape Fear Arch to Chesapeake Bay.
Approximately 300 sites were evaluated in this area, The primary units studies
included the Tabb, Shirley and Flanner beach formations. A breakdown by age is
presented in Figure 10.6. No SIL features have been identified in Area 3.
Historical accounts of the 1886 earthquake suggest that MM intensity V to VI levels

of ground motion occurred in this area during the 1886 Charleston earthquake.

104 Area 4

Area 4 extends northward from the Chesapeake Bay to an area just north of
Atlantic City, N.J. The width of the Pleistocene beach complex in this area is much
narrower than in Areas 1-3 and the total number of sites evaluated was limited to
76. Most of the sites evaluated are located in the late Pleistocene Sinnepuxent,
Ironshire, Nassawadox, and Cape May formations. A breakdown by age is presented
in Figure 10.11. Historical accounts of the 1886 earthquake suggest that MM

intensity IV levels of ground motion occurred in this area during the Chart ,ton
earthquake.

While no SIL features have been identified in Area 4, unusual soil deformation
structures were discovered on the Cape May peninsula. Although these features are
similar in morphology to those found and described as SIL features at the Hain
quarry in Connecticut (Thorson et al., 1986), evidence from this studv would suggest
that they are not the result of past earthquake activity,




Sy

NORTHERN
OUTLIERS

0 25 50 MILES

R S R S
25 SOKILOMETERS
SOUTHERN
OUTLIERS

FIGURE 10.10: lsoscismal data for the 1886 earthquake within South Carolina. The
general location of both northern and southern outlying liquefaction sites are also shown
(modified from Bollinger, 1977)
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FIGURE 10.11: Number of potential liquefaction sites evaluated in Areas 3
and 4 broker down by age of deposits. A total of 299 sites were evaluated in
Area 3. Only 76 sites were evaluated in Area 4 due to limited exposures in
the beach ridge deposits in this area
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FIGURE 10.12: General location of outlying liquefaction sites discovered
during this study. See Figure 11.1 for detailed locations

10.5 Summary of Findings

Although suitable sites have been investigated throughout the region, liquefaction
features have been found almost exclusively in South Carolina (Figure 10.12). These
sites are located well to the south and north of the 1886 meizoseismal area and are
referred to as "outliers”. At most outlying sites, multiple liquefaction features
representing two or more liquefaction episodes have been identified. The results of
detailed studies at selected outlying sites are discussed in Chapter 11,




11.0 EVALUATION OF OUTLYING LIQUEFACTION SITES

As discussed in Chapter 10, liquefaction features were found almost exclusively
in South Carolina (the lone exception discovered during this investigation is located
just north of the $.C./N C. state line). Of these, a total of 15 liquefaction sites were
discovered well outside the meizoseismal area of the 1886 earthquake. At most of
these "outlying sites", multiple liquefaction features representing two or more
liquefaction episodes were identified. The locations of thess outlying sites are
presented on Figure 11.1.  As shown, they occur both north and south of the
Charleston, S.C. area. Also shown for reference purposes on Figure 11.1 are the
Hollywood and Ten Mile Hill sites which were previously discussed in Chapter 8,

Detailed studies were conducted at selected northern and southern outlying
liquefaction sites. Organic samples were collected and analyzed using radiocarbon
dating techniques to determine the age of these outlying liquefaction features and
to allow for comparison with the ages of paleoliquefaction episodes identified in the
Charleston area. The results of radiocarbon age dating are presented in Tables 11.1
and 11.2 for the northern and southern sites respectively.

11.1 Northern Outlying Liquefaction Sites

A total of eight liquefaction sites were identified north of the Charleston
meizoseismal area. From north to south they are referred to as: Calabash, Henry
Road, Myrtle, Martin Marietta, Harbor, Georgetown, Olin, and Sampit. Three of
these sites (Myrtle, Georgetown, end Olin) were originally discovered by
investigators from the U.S. Geologic Survey (Obermeier and others, 1987). During
this study these same general locales were reinvestigated and at each site additional
liquefaction features were discovered. It should be noted that subsequent discussions
have not addressed the reported liquefaction sites located farther from Charleston
near Conway, S.C. and Southport, N.C. These sites were also reported by
Obermeier and others (1987), however, they were not independently confirmed
during this study.

Detailed investigations were conducted at five northern liquefaction sites. These
included the Myrtle, Martin Marietta, Georgetown, Olin, and Sampit sites. The
results of these field uctivities are presented below.

Muyrtle: This is the northernmost of the sites evaluated in detail and covers
several thousand acres. Within these lands, liquefaction features were identified at
three different locales. Most features exhibit many of the morphological
characteristics of sand-blow explosion craters, but are smaller - about onc meter or
less in width. Based on the degree of staining and the thickness of the overlying soil
profiles, none are thought to have been associated with the 1886 earthquake.
Radiocarbon data as well as the qualitative assessment of features based on relative
degree of staining and thickness of overlying soil profiles suggest at least two
liquefaction episodes.

79



TABLE 11.1
NORTHERN LIQUEFACTION EPI{

LIQUEFACTION EFPISODE N-1 (AGE

AGE (YBP)
MINIMUM CONTEMP MAXIMUM

IQUEFACTION EPISODE N-2 (AC

AGE (YBP
CONTEMI MAXIMUM

§

+ 13 1+

i+
oo e

JQUEFACTION EPISODE N-3 (AGE

GE (YBP)

MINIMUM CONTEMP MAXIMUM SOURCE
232+ 75 This study
19554 75 This study
16904220 This study
23854170 This study
23554250 This study
14654290 This study

Weems and Obermeier (1990)
This study
18604200 This study

MYRTLE
| 17004250
MARIETTA | 18204180

GEORGETOWN

This

This

This

This

25704100 Weems and Obermeler
This study

This study

16004100 Weems and Obermele:
B -~ 7 1
21974200 | This study

2697+ B4 l This study

LIQUEFACTION EPISODE N-4 (AGE >4575 YBP)

ACE (YBP)
MINIMUM CONTEMP MAXIMUM




TABLE 11.2
SOUTHERN LIQUEFACTION EPISODES

LIQUEFACTION EPISODE S$-1 (104 YBP)

AGE (YBP) In
£ITE MINIMUM  CONTEMP MAXIMUN SOURCE
———— ————— ——-t o o S _.__,._._..-_.r«.-..--.-. e e A A - Srema—————
BLUFA 100 g ] This study
<200 | This study
{ 107461 ; Thin study

Based on Soil profilu also present at Colony Garden and Classie.

UWAL‘I‘IN SPISODE 8 2 (AGE 6001100 YBP)

ety ERC R AL RN RS
AGE (YBP)
SITE MINIMUM CONTEMP MAXINUM SOURCE
aasamad e R
BLUFA 2754105 This study
6054160 This study
5704100 Weems and Oberneler (1990)
LIQUEFACTION EPISODE S$-3 (AGE 11004200 YBP)
SERT e e e s b it SO
‘ AGE (YBP)
SITE MINIMUM CONTENP MAXIMUM SOURCE
COLONY 1066475 This study
L._._._” L 1305191- This study
e " LIQUEFACTION EPISODE -4 (Acs 51004500 mi'm"
ACE (YBP)
SITE MINIMUM CONTEMP MAXIMUM SOURCE
MALPHEROUS | 46204195 This study
55204370 ’l‘hls atudy ]
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Weems and Obermeier (1990) reported the recovery of a stem from one of the
features located at this site. It was dated at 17004250 YBP (W 5799). As discussed
previously, the age of this type of sample is interpreted to be very close to the actual
age of the liquefaction episode. At this same site, a humate clast was recovered
from an adjacent feature. It yielded a radiocarbon age of 14654290 (GX14996).
This sample is interpreted to provide a maximum age constraint for this second
feature. Given the resolution of these radiocarbon dates, these two samples could
represent the same liquefaction episode. Alternately the 1465 YBP age could
represent a later, albeit pre-1886 liquefaction episode.

A piece of "new burn" charcoal was recovered from the soil profile overlying a
third liquefaction feature located at the Myrtle site. This sample yielded an age of
45754350 YBP (GX15575) and based on its position in the soil profile above and
overlying the feature it provides a minimum age constraint on the age of the
liquefaction episode, and confirms that two or more liquefaction episodes are present
at this site.

Martin Marietta: This site is located several kilometers south of the Myrtle site.
At this locale, three liquefaction features were identified. A photograph of the
largest and best defined is shown in Figure 11.2. The central vent is approximately
3() centimeters wide and could be traced to more than three meters below the
present ground surface. The bedded sequence is about two meters wide,

Two organic samples were recovered from this feature. A piece of tree bark was
collected from within the central vent. This sample was dated at 18204180 YBP
(GX14994), and is interpreted to provide an estimate of the actual age of the
liguefaction episode. The second sample was a soil clast recovered from above the
small clast zone. This clast was very rich in organic materials and yielded an age of
18604200 YBP (GX15004). This sample is thought to provide a maximum age
constraint on the age of liquefaction.

Georgetown: This site is located several tens of kilometers south of the Myrtle
and Martin Marietta sites. At this locale at least four liquefaction features were
identified. Each is associated with similar staining and overlying soil profiles. The
features are generally larger than those observed at the two sites previously
discussed. Weems and Obermeier (1990) report the recovery of charcoal from
within one of these features. This sample was dated at 25704100 YBP (W 5830)
and is interpreted to provide a maximum age constraint on the age of liquefaction
at this site. Three tree roots which cut the feature were recovered and dated during
this study. These samples provide minimum age constraints on the time of
liquefaction and yielded ages of 2104170 YBP (GX15192), 12004110 YBP (14995),
and 13604110 YBP (15003).

Qlin: This site is located about 50 kilometers southwest of the Myrtle site and
about 20 kilometers southwest of the Georgetown site. During this study, several
liquefaction features were evaluated at this site, including one previously studied by
the USGS. The features at this site were comparable in size to those observed at

83



FIGURE 11.2: Photograph of SIL feature discovered at the Martin Marietta site.
See ruler for scale. Note the staining of the sands within the feature and the
overlying soil profile. Also note the fracture that runs from the upper left to lower
right portions of the photograph and reall the discussions in Chapter § about
heaving of H, materials. Two organic samples were recovered from this feature -
their location are identified by the arrows. A piece of tree bark was collected
from the central vent (lower right). This sample was dated at 1820+ 180 YBP
(GX14994), and is interpreted to provide an estimate of the actual age of the
liquetaction episode. The second sample was soil clast recovered from above the
small clast zone (upper left). This clast was very rich in organic materials and
yielded an age of 18604200 YBP (GX15004). This sample is thought to provide
a maximum age constraint on the age of liquefaction.




e L&g&ﬂ Ges D s epace

s EASE 2P EXPOSVEE

FIGURE 11.3: Sketch of SIL feature discovered o the Georgetown site. At this locale at least four
liquefaction features were identified. Each is associated with similar staining and extensive overlying Bh
and E soil profiles. Weems and Obermeier (1990) report the recovery of charcoal from within one of
these features. This sample was dated at 25704100 YBP (W 5830) and is interpreted o provide a
maximum age constraint on the age of liquefaction at this site. Three tree roots which cut the feature
were recovered and dated during this study. These samples provide minimum age constraints on the
time of liquefaction and yielded ages of 210£170 YBP (GX15192), 12004110 YBP (14995), and
1360 4 110 YBP (15003).

the Georgetown site. The bedding sequences of the larger features are about two
meters in width. Based on the degree of staining and the thickness of the overlying
soil profiles none were associated with the 1886 earthquake.

Weems and Obermeier (1990) reported the recovery of a piece of charcoal from
one of these features that was dated at 16004 100 (W 5827). As discussed previously
unless "new burn", the age of charcoal is interpreted to provide a maximum age
constraint on the age of the liquefaction episode. At this same site, five additional
samples were collected from a single liquefaction feature. Two samples were from
a tap root of a tree which cut and disrupted the right side of a crater, clearly
postdating its formation. These two samples yielded ages of 1150+190 YBP
(GX15006) and 13604110 YBP (GX14992) and provide a minimum age constraint
on the age of liquefaction. A sample of tree bark was recovered from within the
feature. This sample was dated at 16474390 YBP (GX15199) and provides an
estimate of the actual age of liquefaction. Two samples of charcoal were also
recovered from within the feature and yielded dates of 21974200 YBP (GX15005)
and 2697+ 84 YBP (GX14993). They were a0t new burn and thus provide maximum
age constraints on the age of the liquefaction episode. Given the resolution of the
dates, the five samples collected during this stady and the charcoal sample collected
by Weems and Obermeier (1990) probably r present the same liquefaction episode.
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Sampit: This site is the southernmost of the northern outlying liquefaction sites.
It is located adjacent to and south of the Olin site, about 100 kilometers northeast
of Charleston. Based on the degree of staining and the thickness of overiying soil
profiles, several generations of liquefaction features are present at this site. They
are similar in size to those observed at the Georgetown and Olin sites.

The feature with the thinnest overlying soil profile at the Sampit site is shown in
Figure 11.4. Note the light color of the sands within the feature and the very thin
overlying soil profile. Qualitatively, these observations suggest a relatively young
age. Tree bark recovered from within this feature yielded an age of 507497 YBP
(GX15206), consistent with these observations. This type of sample is interpreted
to give a very good estimate on the age of the liquefaction episode.

Two other liquefaction features at the Sampit site are shown on Figure 11.5.
Based on the degree of staining and the thickness of the overlying soil profiles, both
features appear to be older than the feature shown on Figure 11.4. However, of the
two liquefaction featuses shown on this figure, the feature on the right has a thinnar
overlying soil profile and less staining than the feature on the left, suggesting that
it may be the younger of the two. Three samples of tree bark were recovered (rom
the feature on the right, two from near the base of the main crater and one from the
smailer crater that is contained within the main crater. The bark taken frcm the
base of the large crater yielded an AMS age of 940480 YBP (GX15202) and an
adjacent sample yielded a Beta age of 13804175 YBP (GX15579). The differences
in AMS vs Beta dates is discussed further in Appendix B. The bark recovered from
the smaller crater-like feature yielded an AMS age of 907479 YBP (GX15200).
This type of sample is interpreted to give a very good estimate on the age of the
liquefaction episode.

Whether the small crater within the main crater represents liquefaction
associated with an aftershock, an earthquake occurring several decades later, or
merely represents a small slump feature associated with dewatering of the large
feature can not be determined on the basis of these radiocarbon data. However,
field studies tend to support the latter hypothesis.

A small root was cut by the feature chown on the left side of Figure 11.5. It
yielded an age of 1232+ 77 YBP (GX15000). Given the resolution of age constraints
established for the feature on the right and the dark staining and thicker overlying
soil profile of this feature, the feature on the left is thought to represent an older
liquefaction episode.

The feature with the thickest overlying soil profile discovered at this site is shown
in Figure 11.6. This feature is also extremely stained, suggesting that is older than
the feature shown on Figure 11.4 and the feature shown on the right of Figure 11.5,
Four organic samples were collected and dated from this feature. One sample was
a root which had grown into the feature after its formation. This sample yielded an
age of 1955475 YBP (GX15189) and provides a minimum age constraint on the
age of liquefaction. A sample of wood recovered from the bedded sequence was
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FIGURE 11.4: Photczraph of very "young" SIL feature located at the Sampit site
Note the thin overlying soil profile and the light color of the sands within the feature
The arrow in photograph B shows the location of a small piece of tree bark that was
recovered from within this feature. It yiclded a radiocarbon age of 507197 YBP
(GX15206)



FIGURE 11.5: Photograph of two SIL features located at the Sampit site. Both
features appear to be older than the feature shown on Figure 114, Arrows show the
location of samples collected for radiocarbon dating. Three samples of tree bark were
recovered from the feature on the right, two near the base of the main crater and one
from the smaller crater that is contained within the larger crater,  The bark taken
from the base of the large crater yielded an AMS age of 940480 YBP (GX15202) and
an adjacent sample yielded a Beta age of 13804175 YBP (GX15000). The bark
recovered from the smaller crater-like feature yiclded an AMS age of %07+79 YBP
(GX152(00). This type of sample is interpreted to give a very good estimate on the age
of the liquelaction opisode. A small root cut by the feature on the left yielded an age
of 1232477 YBP (GX15000 . G.ven the resolution of age constraints established for
the feature on the right and the dark staining and thicker overlyiag soil profile of the
feature on the left, it is thought that they represent two different liquefaction episodes
Also note that the feature on the right includes a small crater contained within a larger
crater. Whether the small crater represents liquefaction associated with an aftershock,
an carthquake occurring several decades later, or merely represents a small slump
feature associated with dewatering of the large feature can not be determined on the
basis of these radiocarbon data. However, field studies tend to support the later
hypothesis.




FIGURE 11.6: Based on the degree of staining and the thickness of the overlying soil
profile this is a photograph of the "oldest” SIL feature discovered at the Sampit site.
Four organic samples were collected and dated from this feature. One sample taken
from the lower portion of the feature was a root which had grown into the feature after
its formaiion. This sample yielded an age of 1955475 YBP (GX15189) and provides
a minimum age constraint on the age of liquefaction. A sample of wood recovered
from the bedded sequence was dated at 16904220 YBP (GX15199) and provides an
estimate of the actual age of liquefaction. Two samples of charcoal were also
recovered from within the feature and yielded dates of 2285+ 170 YBP (GX14998) and
2455+ 250 YBP (GX15001). They were not new burn and thus provide maximum age
constraints on the age of the liquefaction episode.
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dated at 16904220 YBP (GX15199) and provides an estimate of the actual age of
liquefaction. Two samples of cnarcoal were also recovered from within the feature
and yielded dates of 2285+ 170 YBP (GX14998) and 24554250 YBP (GX15001).

They were not new burn and thus provide maximum age constraints on the age of
the liquefaction episode.

( for Northern Sites: Based on the ages of organic samples collected
from five northern outlying liquefaction sites, four liquefaction episc 25 may have
occurred in this area during Holocene times. From youngest to oidest they are
referred to as episodes N-1 through N4, Liquefaction episodes N-1 and N-2 are
based on the ages of liquefaction features discovered exclusively at the Sampit site.
It is the southernmost of the northern outlying liquefaction sites and therefore is
ciosest to the Charleston source area. Liquefaction episodes N-1 and N-2 have not
been identified at any of the other northern liquefaction sites. In contrast,
liquefaction episode N-3 is based on data from these five widely dispersed northern
outlying liquefaction sites, and is dated at 18004200 YBP. Liquefaction episode N-
4 is based on limited radiocarbon data from the Myrtle site. Some of the features
at this site are extremely stained and have very thick overlying soil profiles. A
minimum age of about 45204250 YBP has been determined for one such feature
(Table 11.1). To date, no features of this age have been found at any of the
northern outlying liquefaction sites located between this site and Charleston. Of the
four northern liquefaction episodes proposed it is the least constrained.

11.2 Southern Liquefaction Locales

A total of seven liquefaction sites were identified south of the Charleston
meizoseismal area. From north to south they have been named: Colony Gardens,
Bluffton Golf, Bluffton A, Bluffton B, Bluffton C, Malpherous, and Classie. Two of
these sites (Bluffton A and Bluffton B) were originally discovered by investigators
from the U.S. Geological Survey (Obermeier and others, 1987).

Detailed investigations were conducted at five of these southern liquefaction sites.
These included from north to south: Colony Garden, Bluffton A, Bluffton B,
Malpherous, and Classie. The results of these field activities are presented below.

Colony Gardens: This is the closest of the southern liquefaction sites to
Charleston, Several hquddctmn features were identified at this site. The largest
is approximately three meters in width, comparable in size to some of the larger SIL
features discovered at the Ten Mile Hill site. Based on the degree of staining and

the thickness of the overlying soil profile, at least two generations of liquefaction are
present,

One feature at this site was virtually unstained and associated with only a very
thin overlying soil profile. A sketch of this feature is presented as hgure 11.7.
Leaves recovered from within this feature yielded a modern radiocarbon date.
However, the sample came from an exposed face and could have washed into the
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Figure 11.7: Sketch of "young" SIL feature discovered at the Colony Gardens site., This feature exhibits
little or no staining of the vented sands and has only a very thin overlying soil profile. Qualitatively,
these observations suggest a relatively young age.

FIGURE 11.8: Sketch of "older” SIL feature discovered at the Colony Gardens site. Two organic
samples were recovered from this feature. A piece of wood was recovered from the bedding sequence
and vielded an age of 1066475 YBP (GX15136). Its age is interpreted to be very close to the actual
age of the liquefaction episode. A second piece of wood was recovered from within a soil clast which
had collapsed into the feature. It yielded an age of 1305187 YBP (GX15100) and provides a maximum
age constraint
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feature after the ditch was excavated. Qualitatively, these observations suggest a
relatively young age.

Two organic materials were recovered from a second "older” feature located at
this site. A sketch of this feature is present as Figure 11.8. A piece of wood was
recovered from the bedding sequence of this feature and yielded an age of 1066475
YBP (GX15586). The age of this type of sample is interpreted to be very close to
the actual age of the liquefaction episode. A second piece of wood was recovered
from within a soil clast which had collapsed into the feature. It yielded an age of
1305487 YBP (GX15136) and provides a maximum age constraint, Since this
second sample was wood rather than charcoal, its residence time in the shallow soil
prior to liquefaction was probably limited and it should provide tight control on the
maximum age of liquefaction,

Bluffton A: At this site several generations of liquefaction features were
discovered. Many were associated with very thin overlying soil profiles, suggesting
a very young age. A photograph and sketch of one such feature is presented as
Figure 11.9. Leaves were recovered from the bedding sequence of this liquefaction
feature. They yielded a radiocarbon age older than 40 YBP and less than 200 YBP
(GX15183).

A sketch of another "young" liquefaction feature discovered at the Bluffton A site
is presented as Figure 11.10. Tree bark recovered from the bedding sequence of this
feature yielded a radiocarbon age of 107461 YBP (GX15582). A piece of wood
recovered from a third feature was dated at older than 40 YBP but less than 100
YBP (GX15581).

Several "older" features associated with thicker overlying soil profiles were also
discovered at this site. Figure 11.11 is a sketch of one of these older features. New
burn charcoal recovered from the soils overlying this feature was dated at 2754105
YBP (GX15132), confirming that it is older than the features discussed previously,
A tap root of a tree is located along the left margin of this feature. The bedded
sequence of the crater does not appear to have been disrupted by the penetrative
growth of this root. Rather, the bedding appears to have been laid down against and
around the root, suggesting that the root was in place at the time of the liquefaction
episode. It yielded a radiocarbon age of 6054160 YBP (GX15130). Based on
flagging and sampling markers present at this feature, members of the USGS are
thought to have also sampled this same feature. Weems and Obermeier (1990)
reported a root dated at 5704100 (W S804) that "was found with a crater developed
along its side". They suggested that the root "predates the crater and may have
been killed by the disruption due to the crater’s formation",

Bluffton B: This site is located about a kilometer from Bluffton A. Based on
the relative thickness of overlying soil profiles and their degree of staining, most of
the liquefaction features discovered here are older than the young features
discovered at Bluffton A. An example of one of these "older” features is shown in
Figure 11.2.

92



Aezel T A2 U p sVENCE
e e e et e .o i et ————— i

g ALL/se L  ——— o
B L
/! W -y-y 1 Ma‘Y 'J% P

e ELE & WREIZo

P sia g -~ <
Q:i’ S — ——— . s ? L X :
LEgE dAsT e 5 R o - EELOED SERUELLE
e & P %)
(¢ é

ZBSTRAL VE T

FIGURE 119: A) Photograph of young SIL feature discovered at the Bluffton A site. Note the light
colored sands within the fcature and the associated ejection blanket. A sketch of this same feature
showiag the sampling locale is presented in B. Leaves were recovered from the bedding sequence of
this liquefaction feature. They yiclded a radiocarbon age older than 40 YBP and less than 200 YBP

(GX15183), and confirm that this is a very young lcature
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FIGURE 11.10: Sketch of another "young" liquefaction feature discovered at the Bluffton A site. Tree
bark retovered from the bedding sequence of this feature yielded a radiocarbon age of 107461 YBP
(GX15000).
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FIGURE 11.11: Sketch of an "older® SIL feature discovered at the Bluffton A site. Not the overlying
sob profile. New burn charcoal recovered from the soils overlying this feature was ~ated at 2753 105
YBP (GX15132), confirming that it is older than the feature shown in Figure 11.9. The tap root of a
tree is located along the left margin of this feature. The bedded sequence of the crater does not appear
to have been disrupted by the penetrative growth of this root. Instead, the bedding appears to have been
laid down against ard around the root, suggesting that it was in place at the time of the liquefaction
episode. This root yielded a radiocarbon age of 6054160 YBP (GX15000).
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To date, datable materials have been recovered from only one of these older
features (Figure 11.3). Small pieces of new burn charcoal were recovered from
overlying soils. Their distribution and the discoloration of the adjacent soils suggest
that they originated from a tap root which burned in place. A composite sample
yielded a radiocarbon age of 1850480 YBP (GX15585). This date provides a
minimum constraint on the age of liquefaction and distinguishes this older
liquefaction episode from the younger episodes identified at Bluffton A.

Additional charcoal was recovered from this same feature near the top of the
bedding sequence, immediately below the tap root charcoal samples discussed above.
It could not be established conclusively whether this charcoal was actually from
within the bedding sequence (in which case it would provide a maximum age
constraint) or was part of the new burn tap root (in which case it provides a
minimum age constraint). It yielded a radiocarbon age of 2164 + 68 YBP (GX15584).

. Several liquefaction features were locaied at this site. Although
differences in the thickness of overlying soil protiles and the degree of staining were
noted, none were associated with very thin overlying soil profiles. Organic sampies
were recovered from one heavily stained liquefaction feature (Figure 11.14). A large
root which had grown into the feature after its formation yielded a radiocarbon age
of 46204+ 195 YBP (GX15131). This sample provides a minimum age constraint. A
small charcoal sample recovered from within a soil clast that had collapsed into this
same feature was dated at §5204370 YBP (GX15190). It provides a maximum age
constraint on the age of liquefaction,

§ | Ct ites: Based on the ages of organic samples
collected from southern outlying liquefaction sites, four liquefaction episodes may
have occurred in this area during Holocene times. They are referred to from
youngest to oldest as episodes §-1 through S-4.

Liquefaction episode S-1 is based on data from the Colony Gardens, and Bluffton
A sites. At both of these sites, several liquefaction features are present that have
very thin overlying soil profiles, suggesting relatively recent origins. Radiocarbon
data confirm that these features formed within the past two hundred years but are
not modern in age (this generally represents the resolution of this technique for
relatively young samples). The absence of a large earthquake in this southern area
during historical times suggests that these features were most likely the result of the
1886 earthquake.

At both the Colony Gardens and Bluffton A sites, additional liquefaction features
with well-developed overlying soil profiles were also observed. These are inferred
to represent older liquefaction episodes. Similar "older" liquefaction features have
been observed at each of the other southern sites studied. Liquefaction episode S-
2 is dated at 600+ 100 YBP and is based on the age of a tap root which may have
been killed by the liquefaction episode.
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FIGURE 11.12; Photograph of "older" SIL feature discovered at the Bluffton B site

Note the degree of staining of the craier sands and the relatively thick overlying soil
profile

Liquefaction episode $-3 is based on radiometric dates obtained from one of the
"older” craters iocated at the Colony Gardens site and is estimated at 1066.+.75 YBP.
The age of this episode is based on wood fragments recovered from within the
bedded sequence of the sand-blow explosion crater and is further constrained by a
maximum age of 1305+87 YBP.

Liquefaction episode $-4 is based on data from the Malpherous site Its age 18
estimated at 4620+ 195 to 55204375 YBP. The minimum age constraint is based on
the age of roots which had grown into the sand-filled crater after it formed. The
maximum age constraint is based on the age of charcoal recovered from within a soil
clast which had collapsed into the liquefaction feature during its formation.
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FIGURE 11.13: Sketch of "older” SIL feature discovered at the Bluffton B site. Small picces of new
burn charcoal were recovered from overlying soils. Their distribution and the discoloration of the
adjacent soils suggest that they originated from a tap root which burned in place. A composite sample
yiclded a radiocarbon age of 1850480 YBP (GX15000). This date provides a minimum age constraint
on the age of liquefaction and distinguishes this older liquefaction episode from the younger episodes
identified at Bluffton A. Additional charcoal was recovered from acar the top of the bedding sequence,
immediately below the iap root charcoal samples. 1t could not be established conclusively whether this
charcoal was from within the bedding sequence (in which case it would provide a maximum age
constraint) or was part of the new burn tap root (in which case it provides a minimum age constraint).
It yiclded a radiocarbon age of 2164468 YBP (GX15000).
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FIGURE 11.14: Sketch of SIL feature discovered at the Malpherous site. A large root which had
grown into the feature after its formation yielded a radiocarbon age ol 46204 195 YBP (GX15131). This
sample provides a minimum age constraint. A small charcoal sample recovered from within a soil clast
iocated within this same feature was dated at 55204370 YBEP (GX15000) and provides a maximum age
constraint on the age of liquefaction.
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120 CHARACTERIZATION OF EARTHQUAKE SOURCE,
MAGNITUDE AND FREQUENCY

The morphology of paleoliquefaction features found both within the Charleston
meizoseismal area and at outlying sites located both to the north and south are
similar to features which clearly formed as a result of the 1886 earthquake. They
have been interpreted to be the result of similar prehistoric earthquakes. If this
interpretation is correct, then the spacial and temporal distribution of these
liquefaction features can be used to: 1) broadly define the epicentral area of past
earthquakes, 2) estimate the size of the earthquake generating these features, and
3) estimate the return period between earthquakes large enough to produce
liquefaction features.

12.1 Epicentral Areas of Past 1.--ge Earthquakes in South Carolina

I'he outlying liquefaction sites are located well outside the meizoseismal area of
the 1886 Charleston Earthquake, Their existence can be explained by three possible
scenarios: 1) they could be outlying liquefaction sites resulting from ground motion
associated with the 1886 Charleston event and/or prehistoric Charleston
earthquake(s) comparable in size to the 1886 event, 2) they could be related to a
pre-1886 Charleston earthquake larger than the 1886 event {which resulted in the
generation of liquefaction features over a larger area), or 3) they could be the result
of liquefaction associated with seismic events originating outside the Charleston
epicentral area, Further, the potential the temperal and spacial distribution ef impact

that climatic and/or sea level changes could have on SIL features must also be
considered.

Scenarios 1 and 2 predict that the ages of the outlying liquefaciion features would
be the same as the age of prehistoric Charleston earthquakes. Conversely, model
3 predicts different ages at the outlying sites (assuming that the seismogenic sources
of the causative events do not act in unison), Any combination of these three
models is also possible. For example, some outlying liguefaction features could be

the result of a much larger prehistoric Charleston event, while others could be due
to a second earthquake source

The spacial and temporal distribution of the liquefaction episodes discussed in
Chapters 8 and 11 is illustrated in Figure 12.1. As shown, data suggest that all of
the liquefaction episodes observed at southern outlying liquefaction sites and at least
two of the liquefaction episodes observed at the nortnern liquefaction sites can be
attributed to earthquakes originating in the established Charleston epicentral area.

I'he age of N-4 is generally consistent with episodes CH-5 or CH-6, but is poorly
constrained

However, liquefaction episode N-3 has no clear parallel liquefaction episode in
the Charleston epicentral area and the data ccliected to date suggest that its
causative event may have originated in a different area. Alternately, the earthquake
associated with liquefaction episode N-3 may have originated near Charleston but
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FIGURE 12.1: Temporal and spacial distribution of liquefaction and paleoliquefaction features at the
southern and northern outlying liquefaction sites as well as in the meisoscismal area of the 1886

g denotes events which are thought to correlate. Note that while the past three

episodes (S-1/CH-1; §-2/CH-2/N-1; and §-3/CH-3/N-2) seem 1o correlate, the N-3 episode has no
companion i the Charleston arca and it is suggested that a different epicentral arca was the source
of the earthquake which caused these features.

it has not yet been identified in the paleoliquefaction record there. Additional
studies would be needed to confirm the existence of this postulated northern
iiquefaction episode.

12.2 Impact of Climate and Sea Level on the Spacial and Temporal
Distribution of SIL Features

As noted in Chapter 2, saturated conditions are required for SIL to oceur,
Further, the level of local ground-waters can play a significant role in determining
the liquefaction potential of nearsurface sediments. In turn, ground-water tables rise
and fall in response to changes in climatic conditions, and in coastal areas, regional
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changes in ground-water levels often mimic changes in sea level. Consequently,
variations in Holocene climatic conditions and sea levels may have played a

significant role in determining the spacial and temporal distribution of
paleoliquefaction features.

Brooks and others (1989) report that in the Southeastern U.S. sea level has been
at or near its present elevation for about the past 2000 years and that climatic
conditions have been relatively stable. Consequently, the paleoliquefaction record
is probably most complete for this pe:iod. These same investigators note that during
the period 2000 YBP to about 5000 YBP sea level was generally about one 10 four
meters below present levels and fluctuated widely within this range. Consequently,
the paleoliquefaction record for this interval probably includes only those
earthquakes which occurred during periodic transgressive seas and/or wet climatic
periods. Finally, there is abundant data to suggest that before about 5000 YBP the
climate in the southeastern U.S. was drier and that sea level was more than four
meters lower than present (Watts, 1971; Brown, 1981; and Brooks and other, 1989).
Such conditions would severely reduce or eliminate the potential for SIL and may
explain the absence of early Holocene paleoliquefaction features (before about 6000
YBP) in the paleoliquefaction record.

123 Size of Past Earthquakes

Work within the New Madrid Region (Russ, 1983) and worldwide empirical data
(Youd, 1973: Seed and Idriss, 1982) the smallest earthquake which could reasonably
be expected o generate significant SIL features is estimated to be in the magnitude

-ange of m, 5.8+4.4. Each of the seven earthquakes postulated (CH-1 to CH-6, and
%) would be expected to have exceeded this threshold magnitude. The M, 7.1
(¢~ earthquake (CH-1) generated liquefaction features over the same general area
ac episodes CH-2 and CH-3, suggesting that these two older earthquakes were of
similar magnitude. At this time, data are inconclusive regarding distribution of
liquefaction features associated with older Charleston liquefaction episodes. This is
especially true given that the impact of increases and decreases in liquefaction
potential due to climatic and/or other factors is not fully understood.

For example, episode CH-4 has been identified only at a few sites located in
close proximity to Charleston, suggesting (all other factors being equal) that it may
have been caused by an earthquake smaller than the 1886 event. However, the work
of Brooks and others (1989) suggests that at the time of the CH-4 liquefaction
episode (about 3200 YBP) sea level was three meters lower than present. If this
resulted in lower ground-water tables, the liquefaction potential of shallow sediments
along the South Carolina coast would have been greatly reduced. Consequently, an
1886-like earthquake occurring 3200 YBP would have generated SIL features over
a smaller area than the 1886 event. Similarly, Brooks and others (1989) noted that
about 1750 YBP sea level may have been slightly higher than at the present. If this
resulted in higher regional ground-water tables, the liquefaction potential of shallow
sediments would have been increased. Consequently, an 1886-like earthquake
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FIGURE 12.2: Variability of carthquake return period with time. Figure A illustrates the time clapsed
since last liquefaction episode for only the CH series of liquefaction episodes. Figure B illustrates the
clapsed since last liquefaction episode for all $.C. data (including episode N-3). Note that in cither case
the time between episodes appear. to have decreased from about 2000 years in the mid holocene to
about 560 to 600 years in more recent times

occurring about 1750 YBP could have generated SIL features over a much larger
area. This may explain the observed N-3 outlying SIL features. However, this
hypotb: s could only be confirmed if SIL features of similar ages are sub aquently
found in the Charleston area.

124 The 1886 Earthquake - A Characteristic Evert?

Over the past decade several investigators have noted that the total rupture
length and the amount of displacement at a given point along a fault are often very
similar during successive surface-faulting earthquakes. Schwartz and Coppersmith
(1984) reported this to be the case along many segments of the Wasatch fault. They
also noted similar observations along the south central segment of the San Andreas
fault, where location-specific slip during the 1857 earthquake appears to repeat the
amount of displacement of at least the two prior prehistoric events,

The fault responsible for the 1983 Borah Peak, Idaho earthquake also appears
to exhibit similar behavior. Mapping of the surface rupture (Crone and Machette,
1985; Crone et al,, 1987) and trenching (Schwartz and Crone, 1985) showed that the
distribution of slip during the 1983 event repeated, both in location and amount, the
slip distribution of the one pre-1983 earthquake that had occurred on this segment
of the Lost River fault zone during the past 12,000-15,000 years. Given similar
rupture lengths for the 1983 and the prehistoric earthquake and similar amounts of
slip at most locales along the fault, the magnitudes of these two earthquakes were
inferred to be essentially the same. These observations as well as others have led
to the development of the "characteristic earthquake model". This model proposes
that many individual faults and fault segments tend to generate a characteristic
maximum earthquake that is related to the geometry, mechanical properties, and
state of stress of that fault or fault segment, Consequently, the characteristics of




large prehistoric earthquakes should provide a good estimate of the maximum
magnitude earthquake that a specific fault can reasonably be expected to generaie.

As noted in previous discussions, paleoliquefaction data suggests that the 1886
earthquake (CH-1) generated !ijuefaction features over the same general area as
episodes CH-2 and CH-3. Given sea leve! and climatic conditions are thought to
have been relatively stable during these times, this observation could be interpreted
to indicate that the M, = 7.1 1886 event may represent the "characteristic earthquake”
for the Charleston source area.

125 Earthqual» Return Periods

The mean return geriod between liquefaction episodes identifizd in the feo!ogic
record (including both those originating in the Charleston area and the single event
to the north) is about 1000 years, However, as illustrated in [ -ure 1%.2‘ data
suggest that the time between episodes has varied from about 2000 ye».s during mid-
Holocene times to about 600 years in ~.ore recent times. The observed differences
may reflect variability in the causative process, However, it is moe probable that
the apparent decrease in return periods is related to "gaps” in the weoliquefaction
record duc to the absence of SIL features associated with earthquakes that occurred
during times of decreaseJ liquefaction potential. Since sea level has been at or near
its present level over about the past 2000 years and climatic conditions have bheen
relatively stable, the paleoliquefaction record is thought to be most complete for this
period. Earlier, the record is thought to be incomplete and probably includes only
those earthquakes which occurred during periodic transgressive seas and/or wetter
chimatic periods. The absence of early Holocene paleoliquefaction features is
probably related to generally drier climatic conditions and much lower sea levels
which greatly reduced the liquefaction potential of near surface sediments.
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13.0 IMPLICATIONS FOR LONG-TERM SEISMIC HAZARD

When viewed in a statistical perspective, information presented in Chapter 12 can
be used to estimate the likelihood of future large earthquakes. In this chapter
paleoseismic data are used to estimate the probability of an earthquake similar to
the 1886 event occurring within the next century. In addition, two recently published
frequency-magnitude relations (Amick and Talwani, 1986; B¢ inger and others,
1989) have been used to assess the probability of a smaller but still potentially
damaging earthquake occurring during the next 15, 50, and 100 years,

13.1 The Time-Predictable Madel

How uniform the time interval between successive characteristic earthquakes is
a key to understanding long-term seismic hazard. Worldwide data exhibit a range
of behavior, from time predictable to highly irregular patterns (Shimazaki and
Nakata, 1980). “ ome investigators have suggested that along majoi plate boundaries
where the rate and source of stress are relatively constant and the rate of strain
accumulation is high, seismicity may tend to act in a more time predictable fashion
with the variation between the actual and average tin «s between large earthquakes
being about 20 percent (Nishenko and Buland, 1987). /n contrast, data for intraplate
regions suggest that the times between characteristic earthquakes are highly variable
and can differ by as much as factor of five. For example, Cluff and others (1980)
and Wallace and others (1984) showed that on a regional scale intraplate recurrence
of earthquake activity is often characterized by episodic seismicity characterized by
clusters of events that are concentrated in small areas or zones and that these bursts

of activity can be separated by long periods (tens to hundreds of thousands of years
of quiescence).

Paleoliquefaction Jata collected as part of this study suggests that unlike some
intraplate earthquake sources, prehistoric seismicity in S.C. has behaved in a
generally time-predictable manner during late Holocene times. This concept of
regular recurrence intervals appears to be most valid for the last four events (1800,
1230, 640 and 104 YBP) which give a mean return period of 566 years. Assuming
a ume-predictable model, it is possible to estimate the likelihood of a liquefaction.
inducing earthquake similar in size to the 1886 event occurring in the future,

To apply a time-predictable earthquake model, the mean recurrence time and the
variability about this mean must be estimated. A common approach is to model the
variability about the mean using an appropriate probability distribution function (for
additional background information see, Johnston and Nava, 1985). For illustrative
purposes an arbitrary probubility distribution function is shown on Figure 13.1,
Given a mean recurrence interval and a standard deviation about this mean, the
cumulative probability is simply the probability that an earthquake would have
occurred in a given time since the last event. Of more importance than the
cumulative probability is the probability that an earthquake will occur in the future,
given the time passed since the last occurrence is known, This is referred to as the
conditional probability of occurrence (Figure 13.1).
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Different types of probability density functions have been used in time-
predictable studies, including Gaussian, Weibull, and log normal. Both the Gaussian
and log normal have been used more extensively in modeling earth sciences
phenomena. Using the techniques outlined in Johnston and Nava (1985), they have
been used in this investigation to evaluate the conditional probability of several
possible cases.

132 Paleoseismic Data - The Probability of a Characteristic
Charleston Earthquake

Given that 104 years have passed since the last characteristic earthquake (1886)
the conditional probability has been evaluated using both Gaussian and log-normal
distributions for the following three cases:

Case 1. All seven liguefaction associated South Carolina earthquakes (six
paleoseismic, one historic) were used to calculate a mean recurrence interval of 1009
years and an associated standard deviation of $7%. The conditional probabilities for
the occurrence of a similar large earthquake were then estimated for a time window
of 100 years (Figure 13.2).

Cose 2: Only the six earthquakes inferred to have originated within the
Chatleston source area were considered. These data were used to calculate a mean
recurrence interval of 1262 years and an associated standard deviation of 55%. The
conditional probabilities for the occurrence of a similar large earthquake were then
estimated for a time window of 100 years (Figure 13.3).

Case 3; Assuming that the four most recent events (CH-1, CH-2, CH-3, and N-
3) represent the current earthquake process, a mean recurrence time of 566 years
and an associated standard deviation of 4% were calculated. Although the inferred
variability is very low, given the resolution of the paleoseismic data conditional
probabilities were estimated using standard deviations of 10% and 33%. The time
windows under consideration were 15, 50, and 100 years (Figures 13.4 and 13.5).

As illustrated in Figures 13.2 to 13.5, the probability of an earthquake similar to
the 1886 event occurring over the next 100 years is estimated as less than five
percent for all three cases considered,

13.3 Historical Seismicity

While this statistical evaluation based on paleoliquefaction data suggests that the
potential for a liquefaction-inducing earthquake is very low in the Charleston area,
the hazard presented by smaller more frequent earthquakes cannot be overlooked.
For example, empirical data suggest that earthquakes as large as about m, 58+ 4
do not usually generate liquefaction features, and therefore would not be
represented in the paleoliquefaction record. Although smaller, these moderate
events could still cause damage to structures in the epicentral area.
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The frequency-intensity relatiors developed for historical seismicity in Ct arleston
area developed by Amick and Talwani (1986) and Bollinger and others (19116) were
used to estimate the probability of the occurrence of this smaller yet pctentially
damaging earthquake

. | It should be stressed that two underlying assumptions were made to estimate the
probability of future events. First, it was assumed that the Charicston source is
capable of producing magnitude S to 6 earthquakes during the intervals between rare
characteristic earthquakes. This may or may not be the case. Second, it was
assumed that the frequency-intensity relation of low-level seismigity occurring in the
{ Charleston area can be used to estimate the recurrence interval of these moderate
magnitude earthquakes

The two frequency-intensity relations used were derived using slightly different
techniques. For a complete description, see the referred articles. To briefly
summarize, the relation derived by Amick and Talwani (1986) was based on a linear
| least squares fit to historical seismicity for the ninety year period 1893 through 1983
‘u This time window was chosen to exclude both the 1886 earthquake and its

- aftershocks from consideration and was designed to provide an estimate of the
frequency-distribution of background seismicity occurring within in the Charleston
area between characteristic earthquakes. The frequency-magnitude relation derived
by Bollinger and others (1989) is based on the evaluation of a 215 year historical
record for the Charleston source, including the 1886 earthquake but excluding all
dependant events. The maximum likelihood r.2thod was used to fit the observed
data in this later study (flender, 1983)

These two published frequency-intensity relations have been used to evaluate the
conditional probability of an MM intensity VII earthquake occurring assuming
several time windows and associated distribution functions and variabilities (Figures
fi 13.6 through 13.9). The results suggest that the probability of a moderate
1, earthquake of epicentral MM intensity VII occurring within the next 15 years is
between 30% and 75%. For a S0 year window the probability is 60% to 99%. The
probability of the occurrence of an MM intensity VII earthquake over the next 100
j years is even higher. Such an event would be similar to the Charleston-Summerville
earthquake of June 12th, 1912, This event produced ground motions levels of MM
intensity IV to V in the South Carolina Piedmont and eastern coastal plain of
Georgia and some structural damage in the epicentral area (Taber, 1914)
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} FIGURE 13.1: A) An arbitrary distribution function illustrating the concept of f(t), the
* probability density function, and F(t), the cumulative probability function. The variable
3 . denotes time. B) Formulation of conditional probability Pc in terms of the ratio of
twe, areas of cumulative probability. (From Johnston and Nava, 1985)
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FIGURE 132 Gaussian and log normal derived conditional probability curves for
Case 1. The mean recurrence interval (Tr) is 1009 years with an associated standard
deviation (0) of §7%. At present (1990), there is about & 3% probability of an event
in the next 100 years. Gaussian values were derived from equation (1) using values of
G(z + 42) and G(z) taken from Nutional Burcau of Standards (1953)

K1 » &

Gt A= G (1, B2) » = _ (1)

Log normal values were derived from equation (2)

where T, and 0" are the mean and standard deviation of the log normal distribution
For background discussions and more detailed information of the technigques used see
Johnsion and Nava (1985)
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FIGURE 123 Gaussian and log normal derived conditional probability curves for
Case 2. The mean recurrence interval (Tr) is 1262 years with an associated standard
deviation (0) of 55%. At present (1990), there is about a 3% probability of an event
in the next 10X vears
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FIGURE 134 Gaussian and log normal derived conditional probability curves for
Case 3. The mean recurrence interval (Tr) is 566 years with an associated standard
deviation (¢) of 4%. Given the nature of the paleoliquefaction data a standard
deviation of 10% was assumed. At present (1990), there is virtually no probability ol
an event in the next 100 years
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FIGURE 13.5: Gaussian and log normal derived conditional probability curves for
Case 3. The mean recurrence interval (Tr) is 566 years with an associated standard
deviation (o) of 4%. Given the nature of the paleoliquefaction data a standard

doviation of 33% was assumed. At present (1990), there is less than a 3% probability
of an event in the next 100 years
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FIGURE 136: The frequency-magnitude relation derived by Amick and Talwani
(1986) suggests that the recurrence interval for a MM intensity VIl earthquake is 83
years (T,). The last such earthquale oceurred in 1912, 78 years ago. Using these
values the conditional probabilities for the occurrence of an MM intensity Vil
certhquake were then estimated for time windows of 15, 50, and 100 years and an
assumed standard deviation of 33%.
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FIGURE 137 The frequency-maguitude relation derived by Amick and Talwani
(1986) suggests that the recurrence interval for a MM intensity VI carthquake is 83
vears (T.). The last such carthquake occurred in 1912, 78 years ago. Using these
values the conditional probabilities for the occurrence of an MM intensity V11
carthquake were then estimated for time windows of 15, 50, and 100 years and an
assumed standard deviation of 50%,
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FIGURE 138: The frequency-magnitude relation derived by Bollinger and others
(1989) suggests that the recurrence interval for an MM intensity VII earthquake is 104
years (T,). These investigators modeled the MM intensity VII of 1912 as an altershock
of the 1886 carthquake and no other MM intensity VII events have been reported in
their catalog. Consequently the time passed since the last such event is not known,
However, these same authors suggest that the historical seismic record in the
Charleston area is only complete for MM intensity VII carthquakes for the past 218
years. For Tr = 104 years and & assumed time since last event of 215 years, the
conditional probabilities for the oce wwrence of an MM intensity VII carthquake were
then estimated for time windows of 'S5, 50, and 100 years for an assumed standard
deviation of 33%

113




IONAL PROBABILITY (%)

100 pomemapee e —— R p— — 7
~ g

A e -~
/ ot 100vn/

—
—
-
-
-
-
//
rd
ot =50 yrs /
Z
/7
/
/
/
J/
/
ot =15 yrs
ot=104
o= .50
LOG NOIrMAl e
1990 GausSian — == v =
7'§"~”'1 e e —pe Saean. aae \ 1
200 300 400 500

TIME SINCE LAST EVENT (YRS)

FIGURE 13.9: Conditional probabilities for the occurrence of an MM intensity VII
carthquake for time windows of 15, 50, and 100 years. The recurrence interval (104)
years is based on frequency-intensity relation of Bollinger and others (1989), time since
last event assumed to be 215 vears. A standard deviation of 50% was assumed for
these calculations
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14.0 DISCUSSION

Over the past decade, three groups of investigators identified paleoliquefaction
features located in the vicinity of the 1886 Charleston, S.C. earthquake. The
‘ morphology of these features were similar to liquefaction features which clearly
- formed as a result of the 1886 earthquake, and they were interpreted to represent
prehistoric seismic events,

The characteristics of over 100 "control” seismically induced liquefaction sites and
1 features located in the epicentral area of the 1886 Charleston, 5.C., earthquake were
. evaluated during this study. The great majority of SI). sites were found to be located
1 in the vicinity of the 1886 Charleston, SC earthquake occur in deposits which are
either Holocene or mid to late Pleistocene in age (4,000 to about 250,000 years old).
Materials older than about 250,000 years were found to be significantly less
susceptible to liquefaction than these younger deposits (Figure 4.2). Beach settings
were found to be the most favorable depositional environment for the generation
4 and preservation of seismically-induced liquefaction f2atures (Figure 4.3). Virtually
- ail liquefaction sites for which local stratigraphic information was available are
underlain by at least three meters of sand, or by at least three meters of alternating
sand, silt, and clay beds. The depth to the probable source beds at these
] liquefaction sites is in virtually every case less than six to seven meters and the
ground-water table is characteristically less than three meters beneath the present
i ground surface. Finally, all of the seismically induced liquefaction sites identified on
the basis of historical accounts of the 1886 earthquake and most of the seismically
induced liquefaction sites associated with pre-historic earthquakes were located
within 40 kilometers of an epicentra of the 1886 earthquake or the epicenter of more
recent instrumentally located seismicity.

The two most common seismically induced liquefaction features observed during
these studies were sand-blow explosion craters and sand vents/fissures. Sand-blow
explosion craters formed as a result of the explosive upward movement of pore fluids
and liquefied materials and were associated with a concave upwards bow!l shaped
"craters”. They were roughly circular to elliptical in plan view. In section, their most
distinguishing characteristics were a central "feeder vent" and two separate clast
zones, which torm near the bottom and top of the crater as a result of differential
settiement following the initial explosive excavation of the crater (Figure £.2). This
type of SIL feature occurs ulmost exclusively where no significant confining layer
other than a soil profile is present over liquefiable sands and where the source beds
are relatively thick and loose (Figure $3). In the Charleston area this local
stratigraphic setting is most commonly found in old beach and near-shore marine
depositional environ. ents. Significantly, this type of SIL liquefaction feature is

virwally absent in fluvial sites, where thinly bedded silts, sands and clays are
common,

In addition. sand vents/fissures were also found in the Charleston area. At

almost all locales where sand vents/fissures were found, a non-liquefie™'e confining
layer or "cap” was present over the source bed of liquefied sands. A me sites the
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cap appeared to have been transported short distances down slope due to a loss of
friction along the boundary between the cap and the underlying sand resulting from
the formation of water interlayers. During transport, the cap apparently failed under
laterally directed tension, resulting in the ejection of the underlying liquefied sands
into tabular fissures in the cap materials. The fissures at these sites were generaily
oriented normal to the direction of lateral transport (Figure 5.5). At other sand vent
sites, the cap appeared to have been shattered in place due to heaving associated
with elevated pore pressures within the underlying water interlayer and/or oscillatory
motion between the cap and the underlying liquefied sands. At these sites the cap
was often broken in polygons rather than along distinet tabular fissures. In the
Charleston area, the local stratigraphic setting most commonly associated with sand
vents/fissures are interbedded river terrace or back-barrier deposits (Figure 5.7).
Although liquefiable these deposits are generally thinner and not as loose as
materials at locales where explosion craters were found.

A systematic evaluation of remote sensing imagery including black and white,
color and infrared photographs was conducted during this study, Low altitude aerial
surveys were also carried out.  Unfortunately, no consistently recognizable
expressions for either liquefaction sites associated with the 1886 earthquake or
liquefaction sites associated with older, pre-historic earthquakes was found. Most
importantly from the point of view of finding prehistoric liquefaction events in other
areas of the Atlantic Seaboard, none of the pre-1886 liquefaction structures was
found to be associated with recognizable expressions on the available imagery.

About one third of the sites in the Charleston area were found to be associated
with characteristic topographic depressions identified on 1:24,000 scale topographic
maps (Figure 7.1). These features were primarily associated with historical SIL sites
located in beach complexes and took the form of a series of small circular to
elliptical depressions along the dune crests. The preferred model for the
development of these features suggests that they indicate loose, thick sand deposits,
which were especially susceptible to liquefaction when saturated. Consequently, this
distinctive morphology could possibly be used to identify areas where thick deposits
of loose liquefiable sands are present and/or areas where liquefaction may have
occurred in the recent geologic past.

During this study, Ground Penetrating Radar (GPR) was also tested at known
liquefaction sites located in the Charleston area, to determine if this technique could
be used as a reconnaissance tool in the search for paleoliquefaction features outside
the Charleston area. The results of these tests at control liquefaction sites found
that in interbedded depositional settings where an identifiable fine grained "cap" was
present over the source sands, GPR anomalies were associated with the known
liquefaction features (Figure 7.6).

Based on the findings of these control studies, a systematic search for similar
seismically induced paleoliquefaction features in other parts of the Atlantic Coastal
Plain was implemented. The search has focused on late Quaternary beach and near
shore deposits in Virginia, North Carolina, South Carolina, and Georgia. These

116




deposits are most similar to the units where the great majority of liquefaction
features have been identified in the Charleston area. In addition, limited studies
have also been conducted along the James River in Central Virginia and near
Wilmington, Delaware (locales of moderate seismicity in the 1800's). Limited
studies were also conducted on the Delmarva Peninsula, northward to the Delaware
Bay (Figure 9.1 and Plate 1).

To date, no conclusive paleoliquefaction evidence of large prehistoric
earthquakes originating outside of South Carolina has been found (Figure 11.1).
Given the caveats expressed in earlier chapters, these findings suggest that over the
past several thousand years coastal South Carolina has been more seismically active
than the other areas studied.

Based on the results of paleoliquefaction studies within South Carolina, several
important observations can be mace. In addition to SIL resulting from the 1886
earthquake, radiocarbon dates indicate that perhaps as many as six other
earthquakes associated with liquefact'on occurred in coastal South Carolina during
Holocene times (Figure 12.1). Each of these earthquakes is inferred to have been
greater than magnitude 5.8+ .4 (the thieshold required to generate SIL feature)
The M, 7.1 1886 earthquake generated liquef2iuion features over the same genera,
area as the two most recent prehistoric licuefaction episodes and it is inferred that
they were caused by earthquakes of sim .ar magnitude. This suggests that the 1886
could be viewed as the "characteristic event" for the Charleston source area. At this
time, data are inconclusive regarditg distribution of liquefaction features associated
with older Charleston liquefaction episodes and additional studies would be required

to provide more definitive information regarding the size of these older Charleston
earthquakes.

Paleoliquefaction data also suggested that past large earthquakes within coastal
S.C. may not have been limited exclusively to the established Charleston epicentral
area. In addition to the six large earthquakes originating near Charleston, an
earthquake located within a different epicentral area may have occurred about
18004200 years ago. This earthquake could have originated in the
Georgetown/Myrtle Beach area. Alternately, the outlying paleoliquefaction features
used to identify this new source area may be a result of the increased liquefaction
potential of shallow sediments due to elevated ground-water levels resulting from a
slightly higher sea level stand. If this was the case, an 1886-like earthquake
occurring in the Charleston area could have generated the observed SIL features,
However, this hypothesis could only be confirmed if SIL features of similar ages
are subsequently found in the Cha.leston area. To date, no such features have been
discovered. Additional studies would be required to confirm the existence of this

postulated northern source and to better quantify its seismic potential and associated
return periods,

The mean return period between liquefaction episodes identified in South
Carolina is 1009 years. If only those earthquakes located in Charleston are
considered the mean return period is approximately 1250 years,  The
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paleoliquefaction data suggest that the apparent interval between liquefaction
episodes has decreased from as much as 2000 years during mid-Holocene times to
about 600 years in more recent times. However, since sea level has been at or near
its present level over the past 2000 years and climatic conditions have been relatively
stable, the paleoliquefaction record is probably most complete for this period. The
return period between large earthquakes during this time probably is more

representative of the overall seismic process acting in the area than the overall
mean.

During the period 2000 YBP to about 5000 YBP sea level was generally one to
four meters below present levels and fluctuated widely. Consequeatly, the
paleoliquefaction record for this time interval probably includes only those
earthquakes which occurred during periodic transgressive seas and/or wet climatic
periods. Further, before about 5000 YBP the climate in the southeastern United
States was drier and sea level was more than four meters lower than present. Such
conditions would severely reduce or eliminate the potential for SIL and may explain

the absence of early Holocene paleoliquefaction features in the paleoliquefaction
record.

With respect to long-term seismic hazard, paleoliquefaction seismic data suggest
that the probability of an earthquake similar to the 1886 event occurring within the
next several decades is less than 5%. While the potential for an earthquake large
enough to produce significant liquefaction features is very low, the hazard presented
by smaller earthquakes should not be overiooked. Frequency-magnitude relations
derived from historical data suggest that the probability of a event similar to the

intensity VI1 1912 Charleston-Summerville earthquake occurring during the next few
decades is relatively high (over 60%). Although smaller than the 1886 earthquake,
such an event could be in the magnitude m, 5.0 to 6.0 range. Given the low
attenuation characteristics of the region such an event would be felt throughout the
Southeastern U.S. and would be of engineering concern in the epicentral region.
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5 APPENDIX A
,« THE APPLICATION OF GROUND PENFTRATING RADAR IN THE SEARCH
FOR PALEOLIQUEFACTION FEAT RS

A0 BACKGROUND

a During this study Ground Penetrating Radar (GPR) was tested at known

1 liguefaction sites located in the Charleston area, to determine if this technique could

. be used as a reconnaissance tool in the search for liquefaction features outside the

‘ Charleston area (especially where exposure was limited or nonexistent) M. st of the
discussion presented below is presented by Amick and others (1990).

A.1 Introduction

Over the past eighteen months we have tested Ground Penetrating Radar (GPR)
GPR several controlled liquefaction sites located within the epicentral area of the
1886 Charleston, S.C. earthquake. This MM intensity X event resulied in the
formation of numerous seismically induced V'quefaction features throughout the
southeastern coastal plain of S.C. However, o1.¢ hundred years later, unless exposed
in recent excavations, it is virtually impossible 1o find clear evidence at the ground
T surface of 1886 liquefaction features. This study was conducted to determine if the
GPR technique could be used to identify and trace liquefaction features where no
present day exposure exists

Ultimately it is hoped that GPR can be used to aid in a search for paleoseismic
evidence of large prehistoric earthquakes both within the Charleston, S.C. area, and
elsewhere along the Atiantic Coastal Plain. In this Appendix, we present a
background discussion of paleoseismicity as it relates to the Eastern United States,
outline the need for developing remote sensing techniques to aid in the search for
evidence of large prehistoric earthquakes, and discuss the results of GPR field tests
in the Charleston area.

A.2 Paleoseismicity

P Paleoseismicity is the search for evidence of prehistoric earthquakes as expressed
in the geologic record. Previously, much of this work was centered in the western
United States where numerous prehistoric earthquakes associated with surface
faulting episodes have been documented. For example, paleoseismic investigations
along portions of the San Andreas Fault have discovered geologic evidence which
suggests that the recurrence times of large earthquakes to be on the order of several
hundred vears (Seih, 1978). Further, within the Basin and Range Province, far from
the present plate boundary, paleoseismic investigations have clearly documented the
. repeated occurrence of characteristic large earthquakes with recurrence times on the
order of several thousand years (Cluf and others, 1980),

In contrast, seismic sources within the eastern United States are still poorly
defined and clear evidence of surface faulting (such as that found in the western
U.S.) is generally lacking. In these areas paleoseismic studies have focused on the
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identification and dating of secondary deformation features resulting from faulting
or strong ground shaking, such as seismically induced liquefaction.

The two largest historical earthquake sequences to occur in the eastern United
States (181i-1812, New Madrid, Mo. earthquakes and the 1886 Charleston, S.C.
earthquake) each resulted in widespread liquefaction. Paleoseismic investigations
in the New Madrid area have found sediments dated at abcut 2,250 BP which show
evidence of liquefaction related to earthquakes that predated the 1811-1812 New
Madrid events (Russ, 1979). These data suggest a recurrence interval of
approximately 900 years for large potenually damaging earthquakes in the region.
More recently, studies of seismically-induced liquefaction features associated with the
1886 Charleston, S.C. earthquake have revealed the existence of as many as three
older liquefaction caused by similar large prehistoric earthquakes (see main text for
discussion). Based on the ages of prehistoric liquefaction features, the time between
these large Charleston earthquakes is estimated to be on the order of 500 to 1000
years,

While both the New Madrid and Charleston areas still exhibit higher levels of
seismicity than most other areas in the eastern United States, recent studies of the
Meers Fault have shown the structures responsible for large prehistoric earthquakes
may be aseismic between lurge rare events (Swan and others, 1990). Most
importantly from the stand point of seismic hazards, the results of many paleoseismic
studies both in the eastern and western U.S. strongly suggest that the absence of
moderate to large earthquakes during historical t'mes and/or the lack of
instrumental seismicity in a region does not in and of itself preclude the possible
future occurrence of a large earthquake,

A.3 The Probiem

Unlike many fault scarps in the western U.S, paleoliquefaction features such as
those identified in the New Madrid and Charleston areas (as well as the small scale
liquefaction features associated with the recent Saguenay earthquake in Quebec) are
not generally associated with an identifiable geomorphologic expression. Virtually
all prehistoric ~uefaction features identified to date in the Charleston, S.C. and
New M-drid areqs fiave been discovered in existing excavations such as quarries,
drainage ditches or borrow pits. Consequently, the search for such {eatures is limited
to areas where prior exposures are present, precluding an extensive search in most
regions.

A4 Ground Penetrating Radar

Ground penetrating radar (GPR) is a relatively recent addition to the remote
sensing tools available for subsurface investigations. GPR uses a transducer to
generate short-duration electromagnetic pulses (generally in the 80 to 500 Mhz
range). The transmitted pulse travels through the subsurface until it reaches an
interface where a portion of the transmitted pulse is reflected back to the surface
and picked up by a receiver. The received signal is sent to the control unit where it
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is processed and a real-time display of the information is presented on the systems
graphic recorder.

Only interfaces associated with a change in (he dielectric properties of the
materials result in "reflections” on the GPR record. Dielectric properties are to a
great extent related to the conductivity of the medium. Variations in dielectric and
conductivity properties are most often the result of changes in the physical and
chemical properties of the subsurface units. For example, changes in lithology,
moisture content, and porosity are commonly associated with significant variations
in the dielectric and conductivity values and result in identifiable "reflections” on
GPR records.

The transmission and adsorption (attenuation) of GPR electromagnetic pulses
is governed by two main factors. First, pulses generated using higher frequency
transducers attenuate more rapidly than pulses generated using lower frequency
transducers. While associated with less penetration, higher frequency signals do
provide better resolution, Therefore, higher frequency sources/antennas are mosi
effective at detecting variations in subsurface properties near the surface, while lower
frequency sources/antennas have greater "penetration” power and are more effective
at detecting deeper subsurface variations. Uafortunately, detailed information near
the surface is lost in order to obtain the greater "penetration” power of lower
frequency sources/antennas.

Secondly, and most importantly from the perspective of these discussions, the
transmission and adsorption of the radar pulse is also controlled by the electrical
properties of the material through whicli it is traveling. Generally, the higher the

conductivity of a material the greater it attenuates the transmitted signal.

Based on this premise, GPR is sometimes used in hazardous waste site
investigations to trace contaminant plumes which contain conductive pollutants such
as solvents, salt compounds, acids, or metallic compounds. Often, the GPR signal
is greatly attenuated by the highly conductive plume effectively masking any deeper
horizons. This masking phenomena can also occur when highly conductive natural
materials such as clays are present in the subsurface. In general, clays and to a
lesser extent silts are associated with relatively higher conductivities than coarser
grained materials such as sand. When these finer grained conductive materials are

present they reflect and adsorb the GPR signal, resulting in a masking of underlying
units,

AS Approach

As an initial test of the GPR technique, radar surveys were completed at seven
known liquefaction sites located in the epicentral area of the 1886 Charleston
earthquake. At each site where field tests were conducted, liquefaction features had
already been identified in existing excavations during previous field studies. The
results of these GPR surveys serve as control data to evaluate this technique as a
means to locate and/or trace liquefuction features.
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FIGURE A.1: Example of Ground Penctrating Radar traverse over a known liquefaction locale
1 cated in the Charleston, S.C. area. Arrows identify the location of larger liquefaction features
previously mapped in a drainage ditch running parallel to the GPR traverse. As noted a series of
?und vents have penetrated and disrupted the overlying silts and clays over a zone several hundred
eet in width,

Of the seven control liquefaction sites evaluated, radar anomalies were noted
at each of the four licuefaction sites located in fluvial depositional environments.
Figures A.1 and A.2 provide examples of radar data from two of these previously
identified seismically induced liquefaction locales. Note the distinct GPR anomaly
associated with each of the previously identified zones of liquefaction. At all four
fluvial sites the shallow units are clays and silts. In existing exposures these "cap"
materials were observed to have been broken and disrupted by fluidized sand ejected
from underlying units.

The GPR data from the three control liquefaction sites located in beach deposits
failed to show any anomalies associated with .1e known liquefaction features. The
absence of a GPR anomaly at liquefaction sites located in beach depositional
settings is thought to be due to the similarity of the materials at these locales.
Although sands from depth have been ejected into and through overlying sands and
may be diffcrent in grain size, the conductivity of the overlying "host" sands and
underlying "source" sands are essentially identical. Consequently, the GPR technique
was unable to distinguish the liquefaction features.

A6 Interpretation

As noted previously, in general the higher the conductivity of a material is the
greater it atlenuates the transmitted signal. Where the relatively high conductivity
“cap” silts and clays are intact and have not been disrupted, the GPR signals have
been attenuated greatly and fail to produce significant GFR returns from below
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FIGURE A.2: Another example of a Ground Penetrating Radar traverse over a known liquefaction
locale located in the Charleston, S.C. area. Arrow identifies the location of several large
liquefaction features previously mapped in a drainage ditch running paraliel to the GPR traverse.
At this locale mapping within the ditch identified a series of sand vents that have disrupted the
overlying silts and clays throughout a zone approximately 20 feet in width.

about 4 to 6 feet. In contrast where the "cap" has been broken by and/or
incorporated into the liquefied underlying sourcc sands, the attenuation of the GPR
signal is much less and a "window" into the underlying materials is present.

A.7 Additional Field Tests

After initial studies established that GPR could be used as a reconnaissance tool
to locate liquefaction features in favorable stratigraphic settings, additional GPR
data was collected at a number of known liquefaction sites using a variety of
instrument settings, data acquisition rates and transducer combinations to refine this
exploratory method. This test confirmed that a 120 MHz transducer produced
optimum results. Subsequently, as an additional field test of this technique,
reconnaissance GPR data was then coliected in several areas where local conditions

appeared right for liquefaction, but where no liquefaction features have been
identified previously.

Several potential liquefaction sites in the Charleston area were identified solely
on the basis of this reconnaissance GPR survey. Figures A.3 and A4 illustrate the
GPR anomalies discovered along several of these profiles. Note the similarity of
anomalies present on Figures A3 and A4 with those associated with known
liquefaction features shown on Figures A.1 and A.2.

Trenches were subsequently excavated across the GPR anomalies shown. In
each case, features interpreted to be the result of seismically induced liquefaction
were observed. Figure 7.6 in the main text presents a photograph showing the
disrupted cap materials and associated sands unearthed in one of these test trenches.
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FIGURE A.3: Example of Ground Penctrating Radar traverse where no liquefaction features were
known to be present. Note the similarity of these anomalies with that shown in Figure 2
Subsequent trenching confirmed the presence of liquefaction features in each area

A8 Summary

Over the past eighteen months, the authors have field tested Ground Penetrating
nau?r (GPR) as a method to identify and trace seismically induced liquefaction
features 1. areas where no preexisting excavations are present. As the first step in
this study, GPR surveys were completed at known liquefaction sites located in the
epicentral area of the magnitude 6.7-7.1 Charleston earthquake of August, 1886.
Liquefaction features had previously been identified in existing excavations at each
of these control sites.

This field test found that in interbedded depositional settings where an
identifiable fine grained "cap" was present over the source sands, GPR anomalies
were associated with the known liquefaction features. At these sites the near surface
materials are silts and clayey sands, which due to their relatively high conductivities,
tend to attenuate the GPR signal. In areas where underlying sands have experienced

liquefaction and moved upward resulting in the rupture or disruption of the overlying
"cap" a distinctive GPR anomaly is observed.

Subsequently, as an additional field test of this technique, GPR data was then
collected in several areas where local conditions appeared to be right for
liquefaction, but where no liquefaction features have been identified previously.
Several potential liquefaction sites in the Charleston area were identified solely on
the basis of this reconnaissance GPR survey. Trenches were excavated across several
of these GPR anomalies and, in each trench, liquefaction features were observed.
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FIGURE A4 Another =xample of Ground Penctrating Radar profile where no liquefaction
features were known 1o be present. Again note the similarity of this anomaly with that shown in

Figures 1, 2, and 3. Subsequent trenching confirmed the presence of liquefaction features over a
zone 30 feel in width

Based on this successful test, GPR is currentiy being used as a reconnaissance
tool to aid in the search for paleoliquefaction features elsewhere along ti Atlantic
Seaboard. The ultimate goal of these investigations ‘. ' wotermine if } nistoric
earthquakes similar to the 1886 Charleston, S.C. earthg... "¢ have occurred elsewhere
in the region, and, if so, assess the potential for their occurrence in the future.

A9 Recommended Additional Studies

The results of field tests conducted in the Charleston S.C. area suggest that
where an identifiable silt or clay "cap" is present and/or where finer grained
materials overly clean sands, GPR can be used to identify and trace liquefaction
features. However, these tests have been limited to the Charleston region. To
further test and refine this reconnaissance tool additional controlled studies should
be conducted in other areas where seismically induced liquefaction features are
known to be present. The goal of these recommended studies is to further test
(GPR) as a method for locating and tracing paleoliquefaction sites. Subsequent
trenching of radar anomalies (paleoliquefaction features) will also provide additional
information on the characteristics of liquefaction features and their morphology. This
data will enhance the understanding of how prehistoric liquefaction features are
represented in the geologic record.




APPENDIX B
RADIOCARBON AGE DATING - BACKGROUND AND APPROACH

B0 BACKGROUND

Radiocarbon dating is the principal method for determining the age of organic
materials that are less than about 40,000 years old. This method uses the presence
and established decay rate of a natural occurring radioactive isotope of carbon (C-
14) to estimate the age of organic materials.

Carbon-14 is formed in the earth's upper atmosphere due to the interaction of
cosmic ray neutrons with Nitrogen-14, The C-14 formed as a result of this
interaction is oxidized in the earth’s atmosphere into carbon dioxide, which is
incorporated into plants during photosynthesis. Through plants, C-14 is introduced
to the food chain. The ratio of C-14 to C-12 and C-13 in the cells of an organism
is the same as the ratio of C-14 present in atmospheric carbon dioxide. However,
once an organism dies, its C-14 is no longer "recharged” by flow from the
atmosphere and the C-14 present in its structure gradually decays to N-14, The half
life of C-14 is approximately 5730 years. By measuring the amount present in
samples of ancient carbon compourds and comparing this with the amount in
modern materials, it is possible to determine the time of cessation of carbon

exchange with the atmosphere and the approximate age of the death of the
organism,

B.1 Dating Techniques

There are two techniques available for dating radiocarbon: Beta-decay and
accelerator mass spectrometry (AMS). Each technique has associated advantages
and disadvantages. The beta-decay technique determines the relative C-14 content
of an organic sample by counting the beta-decay events which occur when C-14
atoms decay to N-14, This technique is more economical and has a relatively short
processing time of about one month, However, relatively large samples which yield

more than about SO milligrams of carbon are needed to maximize the results using
this technique.

The AMS technique uses an accelerator ion source and mass spectrometry to
determine the relative amount of C-14, C-13, and C-12 in an organic sample and
can determine the age of samples which yield as little as S to 10 milligrams of
carbon. However, it is more costly (about 2-3 times the cost of beta-decay) and
requires two to four months for processing. Both techniques were used during this
study, with the most costly AMS technique being used to date key samples which
were too small for conventional beta-decay dating. Information regarding the
samples dated using radiocarbon methods is included in Table B.1.

The initial pretreatment of all samples evaluated during this study was conducted
by Kruger Enterprises Inc. Geochron Enterprises Division. This same group
performed all of the Beta-decay radiocarbon dates reported in the study. The




accelerator mass spectrometry work was performed by the Institute of Nuclear
Sciences (INS) within the Department of Scientific and industrial Research of New
Zealand.

B.2 Sample Identification

During this investigation the location of each sample within an SIL feature was
noted in the field prior to its collection. In each instance a sketch was prepared
illustrating the spacial relationship of the sample to the feature and a photograph
was taken. The type of sample (root, charcoal, wood, etc) was also noted as was the
potential age constraint that the sample could potentially provide with respect to the
timing of the SIL episode.

The approach used during this study to determine the age of liquefaction
episodes was based on the radiocarbon dating of various types of organic materials
contained within or cut by SIL liquefaction features. The most accurate estimates
for the age of a liquefaction episode were obtained from the radiocarbon age of
organic debris such as leaves, pine needles, bark or small branches that were washed
or blown into the liquefaction crater following its formation. These samples were
given the highest priority for radiocarbon dating.

The Carbon-14 determined ages of roots which had grown into a SIL feature or
into the overlying soil profile provided minimum age constraints on the time of the
liquefaction episode. Minimum age constraints were also obtained by dating forest-
fire derived charcoal recovered from the shallow soil profile overlying the feature.
Maximum age constraints were obtained by dating roots cut by the feature and by
dating forest fire-derived charcoal which was washed or blown into the crater after
its formation. During this study, these types of samples were given the second
highest priority for radiocarbon dating. Finally, maximum age constraints were also
obtained by dating humate materials recovered from soil clasts which were isolated
from surface recharge due to their isolation at depth in the feature, or by dating
organic materials recovered from within soil clasts which collapsed into the deeper
part of the crater during the SIL episode. These types of samples were given a
lower priority for rediocarbon dating.

B3 Sample Preparation and rretreatment

Upon returning from the field, the samples were cleaned of dirt and any clearly
recent organic materials. They were then weighted, reinspected and dissected to
better determine the type of organic material. For example, many samples which
were thought to be "charcoal” in the field were found after cleaning to be wood. (In
this study only those materials which have clearly been burned are referred to as

charcoal) The sample was then shipped to Geochron Laboratory for further
processing.

The first step at the laboratory was a second cleaning followed by pretreatment
of the sample to remove possible contaminants. All samples were sequentially
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treated with dilute acid and dilute base solutions in order to remove, respectively,
contaminant carbonates and humates which could recharge C-14 levels, Next,
samples were converted to carbon diuxide by combustion in pure oxygen or by acid
hydrolysis. The carbon dioxide was purified and collected by passing it through a
series of cryogenically cooled traps.

B.4 Analysis

For samples analyzed using the Beta-decay technique, methane was prepared
by reacting the carbon dioxide with hydrogen at 475° C in the presence of a
ruthenium catalyst. The methane was then purified and separated from excess
hydrogen and water of reaction by passing it through a series of cryogenic traps.
The methane was then transferred to a vacuum flask from which it was loaded into
one of several proportional counters which are especially designed for the detection
of C-14 decay events. The counters were shielded in lead and surrounded by
annular guard counters operating in anticoincidence with the sample counters in
order to reduce external radiation background to very low levels. Each sample was
counted for C-14 beta-decay activity for at least 1200 minutes, longer if activity is
very low or if the results were unstable.

Standard activity is determined by periodic counting of methane prepared from
the original NBS oxalic acid standard (SRM-4990) or the newly issued replacement
standard, NBS Research Material RM-49. Isotopic fractionization was corrected for
by measuring the C13/C12 ratio and correcting the C-14 content accordingly. The

fractionation of C-14 relative to C-12 is considered to be twice that of C-13 relative
to C-12,

Reported radiocarbon ages were calculated by comparing the beta-decay activity
of each sample to that of the international standard, NBS oxalic acid (SRM-4990)
Calculations were identical to those outlined in Stuvier and Polach (1977). The
error assigned to the calculated radiocarbon age assessment included potential errors
associated with: 1) the uncertainty due to the random nature of C14 decay in the
sample, 2) the error due to background count fluctuations in the proportional
counters, and 3) the precision with which the activity of the standard is known. The
reported error expressed in Table B.1 and in the main text represents a one standard
deviation aggregate of these three potential errors. (Note, many labs report an error
which is only based on the uncertainty due to the random nature in the decay of the
sample. To provide a generai qualitative comparison to this type of reported error,
the values in Table B.1 should be reduced by a factor of approximately 2 - H.
Kruger, personal communication 1990).

For samples analyzed using accelerator mass spectrometry, the Carbon dioxide
gas prepared by Kruger was shipped to INS. There it was converted to graphite by
reaction with hydrogen over an iron catalyst in a sealed reaction vessel at 700°C.
The graphite was deposited onto a copper target that was then mounted into the
accelerator ion source along with a NBS oxalic standard, sucrose standard, and




background target that is 44,000 years before present in age. Each target was
measured for five two-minute counting periods.

The resulting radiocarbon age was calculated using the techniques and definitions
of Stuvier and Polach (1977). The stated experimental error is calculated from
counting the statistics for each run and include the three potential errors discussed
previously. A chi-square test was applied to all runs on each sample to identify non-
statistical error components and apply a scaling factors to the assigned error.

T' e data collected during this study provided several cases where a rough
comparison could be made between radiocarbon ages determined using Beta-decay
vs AMS techniques. For three potential sample pairs in the age range 500 YBP to
1500 YBP, the AMS ages were found to be 10% to 20% lower than the Beta-decay
ages. In two of these three cases the values, although different, were within the
stated errors. In the third case the values differed by just over the stated errors.
For a single potential sample pair in the age range of 3600 YBP to 3500 YBP the
AMS age was found to be about approximately 5% older, but the difference in ages
were within the stated errors. As a follow-up to this observation two split samples
were recently submitted for both Beta-decay and AMS dating.
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