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CHAPTER 1 

Paleoliquefaction Investigations 
In the central and eastern United States (CEUS), seismogenic faults are uncommon or 
difficult to identify. Strain rates are relatively low, and recurrence intervals for large 
earthquakes are usually longer than the historical record.  In this tectonic environment, 
identification of liquefaction or other features resulting from strong ground motion has 
proven to be an effective tool in identifying and characterizing seismogenic sources that 
generated moderate- to large-magnitude earthquakes in prehistoric time.

Earthquake-induced liquefaction is understood to be a process by which saturated, granular 
sediment temporarily loses its strength in response to earthquake ground shaking.  
Relatively cohesionless sediment that is water-saturated and loosely packed will tend to 
compact, leading to an increase in pore water pressure.  If pore water pressure increases to 
the point that it equals overburden pressure, the sediment can behave as a viscous liquid.  
Under certain conditions the resulting slurry of sediment and water will tend to flow 
toward the ground surface, forming a number of distinctive sedimentary features, including 
sand blows (or boils), dikes, and sills. 

Recent papers by Obermeier (1996), Obermeier et al. (2001 and 2002), Tuttle (2001), Olson et 
al. (2003, revised January 2004), and Green et al. (2004a, 2004b), review the criteria and 
multi-step process by which features of seismically induced liquefaction are identified and 
used to evaluate the timing, location of source area, and magnitude of the causative 
earthquake.  These papers summarize and critique issues concerning field methods for 
identifying paleoliquefaction features, as well as the interpretation and back-analysis of 
strength of shaking and earthquake magnitude using geologic and 
geotechnical/seismologic procedures. 

Recent studies in the region of the Exelon Generation Company (EGC) site that is the subject 
of this Early Site Permit (ESP) application have identified energy centers for several 
prehistoric moderate- to large-magnitude earthquakes in southern and central Illinois based 
on evidence of paleoliquefaction.  Those studies show the usefulness of paleoliquefaction 
investigations in demonstrating a longer seismic record than provided by historical 
seismicity alone.  The results of those studies were used to evaluate the earlier expert 
assessment of seismic sources in the CEUS performed by the Electric Power Research 
Institute (EPRI) Seismicity Owners’ Group (SOG).  In particular, the results of recently 
published studies suggest that the range of maximum magnitude for the regional 
background sources defined by the EPRI-SOG teams may be insufficient.  Paleoliquefaction 
studies previously had not been conducted throughout most of the region within a 25-mile 
radius of the EGC ESP Site.  A reconnaissance field study was conducted as part of the 
current ESP application to supplement previously published studies and to provide more 
site-specific information that could be used to better evaluate the estimated magnitude of a 
background earthquake.  The results of previous and current field studies are summarized 
below.
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1.1 Previous Investigations in Southern Illinois Basin Region 
The Illinois basin encompasses most of Illinois and nearby parts of southwest Indiana and 
western Kentucky.  The southern Illinois basin region is characterized by persistent, 
scattered seismicity that includes several moderate-magnitude historical earthquakes.  The 
field investigation of liquefaction features at several sites indicates that multiple 
paleoearthquakes having magnitudes significantly larger than historical events have 
occurred in the region (Figure B-1-1).   

Mapping and dating of liquefaction features throughout most of the southern Illinois basin 
(in parts of Indiana, Illinois, and Missouri) have identified epicentral areas for at least eight 
Holocene and latest Pleistocene earthquakes of estimated moment magnitude M 6 to ~ 7.8 
(Figures B-1-1 and B-1-2) (Obermeier et al., 1991; Munson et al., 1997; Pond and Martin, 
1997; Tuttle et al., 1999; Obermeier, 1998; McNulty and Obermeier, 1999).  The energy 
sources (and inferred epicenters) for the identified paleoliquefaction evidence occur within 
Indiana and Illinois, except for the youngest features, observed in Cache Valley in 
southernmost Illinois, that probably were induced by the great New Madrid, Missouri, 
earthquakes of 1811-1812 (Obermeier, 1998).  Evidence for the location, size, and timing of 
those prehistoric events is summarized in Table B-1-1.  Discussed below are the identified 
events that are closest and most significant to the assessment of seismic hazard at the EGC 
ESP Site. 

Lower Wabash Valley Earthquakes—The magnitude of the largest paleoearthquake in 
lower Wabash Valley (the Vincennes-Bridgeport earthquake), which occurred 6,100 ± 200 yr. 
BP1, was estimated to be ≥ M 7.5 using the magnitude-bound method (Obermeier, 1998).    
Use of a more recently developed magnitude-bound curve for the CEUS based on a value of  
M ~7.6-7.7 for the largest of the 1811-1812 New Madrid earthquakes (reduced from the  
higher M 8 used in the older curve)  and review of other historical events gives a lower  
estimate of M 7.3 (Olson et al., 2005, in press).  A re-analysis of this earthquake by Green et  
al. (2004a, 2004b) using more recent ground motion attenuation relationships for the central  
United States; review of boring logs presented by Pond to select appropriate SPT values for  
the re-analysis; and 2001 NEHRP site amplification factors gives lower results.  Based on  
this analysis, Green et al. (2004a, 2004b) estimate the magnitude of the Vincennes  
earthquake was approximately M 7.5.  The more recent evaluations by Green et al. have  
considered the influence of aging effects on liquefaction susceptibility and concluded that  
for moderately susceptible sites such as those in southern Illinois, the small changes  
expected given the types of sediments would have little influence on the interpretation of  
paleomagnitude (Obermeier et al., 2001, 2002; Green et al., 2004a, 2004b).    

Skelton-Mt. Carmel Earthquake – The next-largest earthquake (the Skelton-Mt. Carmel 
earthquake) occurred 12,000 ± 1,000 yr. BP (Hajic and Wiant, 1997; Munson et al., 1997; 
Obermeier, 1998).  This earthquake is estimated to have been M 7.1 to 7.2 by Munson et al. 
(1997) and M 7.3 by Pond and Martin (1997).  Based on a revised magnitude-bound relation    
(Olson et al., 2005, in press), give a best estimate of M 6.7. Both this and the Vincennes- 
Bridgeport earthquake were close to one another and took place in the general vicinity of 
the most numerous and strongest historical earthquakes (M 4 to 5.5) in the lower Wabash 
                                                           
1 Ages reported are uncorrected radiocarbon years BP (before present), except where noted (i.e., for calendar ages reported 

as BC or AD). 
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Valley of Indiana-Illinois (Obermeier, 1998).  The inferred locations of the energy sources for 
these events are approximately 15 miles west and 25 miles southwest of Vincennes, Indiana, 
respectively (Figures B-1-1 and B-1-2).  

Springfield and Shoal Creek Earthquakes – Paleoearthquakes of lower magnitude, as 
indicated by paleoliquefaction features, are more randomly distributed, commonly having 
struck in regions having no significant historical seismicity.  Smaller paleoearthquakes 
recorded by liquefaction features in Indiana, described in Table B-1-1, include at least three 
events that occurred east of the lower Wabash Valley source region in central and southern 
Illinois.  In this area two strong, mid-Holocene earthquakes, referred to as the Springfield 
and Shoal Creek earthquakes, are documented by paleoliquefaction features such as clastic 
dikes, sills, and detachments of fine-grained sediment that sank into liquefied sand 
(McNulty and Obermeier, 1999).  

Springfield Earthquake—Evidence for a prehistoric earthquake near Springfield, Illinois, was 
first discovered by Hajic in 1994 (Hajic et al., 1995).  Subsequent field investigations 
documented at least one moderate-sized earthquake (M 6.2 to 6.8) and probably a second 
smaller event (minimum magnitude of ~ M 5.5) in the region between 5,900 and 7,400 yr. BP 
(McNulty and Obermeier, 1999).  Based on the areal extent of paleoliquefaction and the 
location of the largest dike observed (15 inches [37 cm] wide), the source of the larger event 
was centered about 22 miles northeast of Springfield, Illinois (Figure B-1-3).  Both events 
may have had approximately the same source location and extent of liquefaction, but data 
are insufficient to confirm this conclusion.  

The McNulty and Obermeier (1999) estimate of the magnitude of the Springfield earthquake  
was based on the maximum distance of paleoliquefaction features from the inferred energy  
center (approximately 22 miles [35 km]) compared to curves that relate moment magnitude 
versus maximum distance to surface evidence of liquefaction (Figure B-1-4A).  McNulty and  
Obermeier (1999) state that M 6.8 represents an upper-bound estimate for this earthquake, 
citing evidence for a high water table at the time of the earthquake and relatively shallow 
depth to bedrock that would limit amplification of bedrock shaking. Based on a revised  
magnitude-bound relation presented in Olson et al. (2005, in press), the estimated  
magnitude of this earthquake is M 6.3 (Figure B-1-4B).  

There are no readily apparent geologic structures that can serve as strong candidates 
for the causative source for the Springfield earthquake(s).  Only two small structures 
are mapped within the recognized source region of the Springfield event(s) as 
defined by the observed paleoliquefaction features.  These structures are a small  
(< 6 miles-long), generally northwest-trending domal structure and a 10-mile-long 
north-northwest-trending fold and associated fault (Figure B-1-5).  The apparent 
localization of liquefaction features may relate more to thickness and susceptibility 
of local sediment, so that the energy source for an event may not be coincident with 
the larger liquefaction features, but rather with a more distant, larger earthquake  
(R. Bauer, Illinois Geological Survey, personal communication, November 21, 2002).  

Shoal Creek Earthquake—Paleoliquefaction evidence shows that a strong earthquake occurred 
in southwest Illinois at about 4,520 BC ± 160 yr., or 6,500 years ago (also 5,670 ± 80 
radiocarbon years BP) (McNulty and Obermeier, 1999; Tuttle et al., 1999).  McNulty and 
Obermeier (1999) infer the energy source to be about 50 miles east-southeast of St. Louis, 
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Missouri, in the vicinity of lower Shoal Creek where there are dikes as wide as 1.6 feet  
(0.5 m), and there is a concentration of dike sites (Figure B-1-2).  Dikes from this event as 
mapped by McNulty and Obermeier extend approximately 22 miles (35 km) from the 
inferred energy source.  Tuttle et al. (1999) report prehistoric Holocene dikes at sites 
immediately south and east of St. Louis (see discussion below).  They suggest that the 
energy source for all liquefaction sites near St. Louis and Shoal Creek was east of St. Louis, 
likely at the location inferred by McNulty and Obermeier (1999).  However, they also 
suggest plausible sources nearer to St. Louis, or on the Centralia fault east of the Shoal Creek 
center shown on Figure B-1-2.  McNulty and Obermeier (1999) believe that the source may 
be nearer to St. Louis, but based on the absence of dikes immediately east of the Kaskaskia 
River, they discount a source centered there. 

Evidence for at least two earthquakes, widely spaced in time, is represented by the dikes 
within the approximate limit of liquefaction in the Shoal Creek area, as shown on Figure 
B-1-2.  Although multiple events are indicated in the Shoal Creek region, the level of ground 
motion appears to have been significantly different during the two events, suggesting that 
the younger event was either of significantly lower magnitude or from a more distant 
source.  The younger dikes are rare and small within deposits younger than mid-Holocene, 
indicating the absence of very strong ground shaking since that time.  These features may 
have been caused by the 1811-1812 great New Madrid earthquakes (McNulty and 
Obermeier, 1999). 

The magnitude of the Shoal Creek earthquake probably exceeded M 6.  Based on 
comparison to the magnitude versus maximum distance of paleoliquefaction curves, a 
reasonable lower limit seems to be about M 6.5 (McNulty and Obermeier, 1999). The revised  
magnitude-bound relation (Olson et al., 2005, in press), gives a lower estimate of M 6.3.  

The closest major mapped bedrock structure to the energy source for the Shoal Creek 
earthquake is the Centralia fault, which is associated with the Du Quoin monocline 
approximately 12 miles to the east (Figure B-1-5).  The distribution of paleoliquefaction 
features associated with this event suggests an energy source west of the Centralia fault.  
Other small folds (< 6 miles long) are mapped at similar distances northeast, south, and 
southwest of the inferred energy center.  

Southeastern Missouri (St. Louis area) --  A sand sill, associated dikes, and other 
liquefaction features along the Big Muddy River formed since 9,070 BC and possibly prior to 
4,240 BC (Tuttle et al., 1999).  In addition, sand dikes along the Meramec River near St. Louis 
appear to be prehistoric and to have formed since 13,210 BP.  It is possible, but not 
necessary, that these features formed as a result of the same earthquake responsible for the 
middle-Holocene liquefaction features in the Shoal Creek region.  Tuttle et al. (1999) 
consider three alternative scenarios for the formation of these features:  a M 7.5 earthquake 
on the Centralia fault; a M 7.0 centered near Germantown, Illinois, near the largest features 
on Shoal Creek; or a M > 5.2 near St. Louis.   

Based on the spatial distribution of prehistoric liquefaction features, mapped faults, and 
modern seismicity in the region northwest of the New Madrid seismic zone, Tuttle et al. 
(1999) suggest that possible paleoearthquake sources include the Valmeyer and Waterloo-
Dupo anticlines; Du Quoin monocline; Centralia, St. Louis, and New Madrid faults; and an 
unidentified source near Shoal Creek and Germantown, Illinois.  They conclude, however, 
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that poor age constraints make it difficult to draw regional correlations of liquefaction 
features and to estimate magnitudes of causative earthquakes, and that any of the 
alternative scenarios described above could explain the distribution of paleoliquefaction in 
southern Illinois and southeast Missouri.  

1.2 Completeness of Paleoliquefaction Record 
Previous workers have noted that additional moderate- to large-magnitude earthquakes 
may have occurred within the southern Illinois basin that cannot be detected with present 
methods.  Obermeier (1998) discusses several factors to be considered, such as the few 
known liquefaction features that cannot be assigned to one of the eight postulated 
prehistoric earthquakes, the few known liquefaction features older than 12 ka2, the areas 
that have not been studied, and the lack of liquefiable deposits or local sedimentalogic and 
hydrologic conditions that affect the magnitude threshold for liquefaction.  He concludes 
that the record is most likely to be complete for earthquakes that are most recent, 
particularly larger earthquakes.  He suggests that probably no prehistoric earthquake larger 
than M 7 has been overlooked in southern Illinois or southwestern Indiana, but that ten or 
more Holocene or latest Pleistocene earthquakes of M 6 to 7 might have been overlooked 
because of lack of nearby liquefiable deposits. 

1.3 Estimating Source Areas and Magnitudes of 
Paleoearthquakes 

As discussed above, the size distribution of liquefaction features commonly is assumed to 
reflect the source region of a paleoearthquake.  Tuttle et al. (1999) note that empirical data 
from historical earthquakes (e.g., 1988 Saguenay, Quebec; 1989 Loma Prieta; and 1994 
Northridge) show that the distribution of liquefaction features can be irregular and not 
necessarily centered around or even within the meizoseismal area.  Factors that influence 
the distribution of liquefaction features include earthquake characteristics, such as 
directivity and focusing of seismic waves, and site conditions, such as liquefaction 
susceptibility of sediments, local ground motion amplification, and topography.  Wheeler 
and Cramer (2002) note that for hazard calculations, inferring energy centers based on the 
size and distribution of paleoliquefaction features appears to involve uncertainties of a few 
tens of kilometers.  They consider factors such as the non-uniform distribution of liquefiable 
deposits, the length of ruptures, particularly for larger events that likely would not result 
from a point source, directivity effects, and data from prehistoric events in Illinois and 
Indiana that show that the widest dikes for individual events are found 6 to 15 miles (10 to 
25 km) from the approximate centers of the corresponding liquefaction fields. 

1.4 Paleoliquefaction Investigations in the Site Vicinity 
Both field reconnaissance and detailed field investigations in the vicinity of the EGC ESP 
Site have been conducted along sections of several larger streams, including the Sangamon 

                                                           
2 ka (thousands of years before present) 
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River, South Fork of the Sangamon River, and Salt Creek, as well as such smaller streams as 
Sugar Creek, Kickapoo Creek, Deer Creek, and Lake Fork (McNulty and Obermeier, 1999) 
(Figures B-1-2 and B-1-3).  These studies provide reasonably good coverage of the region 
south and west, and to a lesser degree east, of the site.  Geomatrix performed 
reconnaissance-level investigations of rivers and streams north and east of the site to 
provide more complete coverage of the site region (within a radius of approximately 25 to 
35 miles) (Figure B-1-6).  Approximately 41 miles of river, including parts of the Mackinaw 
River, the Sangamon River, and the North and South forks of Salt Creek, were investigated 
for this study.  This fieldwork was performed during a two-week period from September 23 
to October 4, 2002.  Dr. Stephen Obermeier, a recognized specialist in identifying and 
characterizing paleoliquefaction features in the central and eastern United States, 
participated in the field investigations and the interpretation of results. 

Formation of seismically induced liquefaction features such as dikes is optimized by the 
following conditions:  (1) liquefiable sediment (preferably a clean sand that has a thickness 
of 3 feet or greater); (2) an overlying thin, low-permeability soil cap—generally a cap of silt 
and clay at least 3 and less than 30 feet thick (optimally about 6 to 16 feet); and (3) a shallow 
water table (optimally less than 16 feet deep).  Liquefaction-induced features can form even 
where the top of the overlying cap is submerged by many feet of water.  Obermeier et al. 
(2001 and 2002) discuss the basic mechanisms that induce seismic liquefaction features.  
Dikes in a fine-grained cap form chiefly by three ground failure mechanisms:  hydraulic 
fracturing, lateral spreading, and surface oscillations.  These three mechanisms can occur 
independently or in combination. 

The drainages in the study area are incised into till plains and moraine systems associated 
with the late Wisconsin-age Lake Michigan lobe (Hansel and Johnson, 1996) (Figures B-1-7 
through B-1-9).  Deposits of the Wisconsin Episode of glaciation in Illinois record migrating 
proglacial and glacial environments that are classified into two intertonguing groups.  The 
diamictons, including till and ice-marginal deposits, are classified in the Wedron Group.  
The sorted proglacial sediment deposits, primarily loess, eolian sand, lake sediment, and 
outwash, are classified in the Mason Group (Figures B-1-7 and B-1-9).  The larger streams 
cut through broad valleys where the highest terraces are composed of Wisconsinan 
glaciofluvial and early Holocene braid-bar deposits of thick, clean sand.  The sands are 
capped by fine-grained overbank and loess material that can reach 10 to 15 feet in thickness.  
These highest terraces are generally about 15 feet above the low flow level of the modern 
streams.  Inset into these terraces are younger deposits that include point-bar sediments 
(primarily sandy gravel, gravelly sand, and sand) from streams having a meandering 
character (Figures B-1-10 and B-1-11).  The sand and gravel deposits, both of braid bars in 
low terraces and of point bars, usually are capped abruptly by 6 to 15 feet of fine-grained 
(sandy silt to clayey silt) alluvium, primarily from overbank and channel-fill deposits.  The 
degree of soil development in the fine-grained cap generally reflects the age of the 
sediments.   

In the study area, deposits older than mid-Holocene (> 6 to 7 ka) are recognized by 
weathering profiles that exhibit oxidation in fine-grained sediments to depths at and below 
the modern depth of the water table.  Obermeier (1998) notes that these weathering profiles 
were imposed chiefly during the early to middle Holocene, when the climate was generally 
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warmer and drier than at present.  This period of warm, dry weather commonly is referred 
to as the “hypsithermic.” 

The following general approach was used in this study to identify sites having conditions 
favorable for the development and preservation of paleoliquefaction features. 

1. The Quaternary geologic map for the State of Illinois (Lineback, 1979) was used 
to identify reaches of the larger streams within the study region (~ 40- to 56-mile 
radius of the site) where deposits of the late Wisconsin Henry Formation have 
been mapped (Figure B-1-11).  The Henry Formation includes generally well-
sorted sand and gravel deposited as glacial outwash in outwash plains, as valley 
train, or as ice-contact sediments.  In areas of high groundwater, these sediments 
would be susceptible to liquefaction.  Where the sediments are preserved at or 
within a few feet (meters) of present low water along current drainages, they 
provide the most complete geologic record of the presence or absence of late 
glacial and post-glacial liquefaction.  

2. A secondary tool for identifying locations where deposits of latest Pleistocene to 
early Holocene age may be preserved along present drainages were the U.S. 
Department of Agriculture Soil Conservation Survey (Soil Survey) maps for 
DeWitt, McClean, and Champaign counties.  These maps were used to identify 
more specific locations where well-developed soils might be found in 
appropriate parent material (loess, glaciofluvial outwash terraces, or early 
Holocene alluvium).   

3. U.S. Geological Survey 7.5-minute quadrangle topographic maps also were 
reviewed to identify geomorphic surfaces of latest Pleistocene to early Holocene 
age and to identify gravel pit operations that would provide accessible 
subsurface exposures.   

The Geomatrix field reconnaissance was performed by examining banks of streams and 
exposures in local sand and gravel pits.  Recent paleoliquefaction investigations 
demonstrate that search of eroded banks of steams, generally from a canoe, is the best 
means of documenting the presence or absence of paleoliquefaction features.  Optimal 
conditions for finding liquefaction features depend on the size of the stream.  For larger 
streams and rivers (e.g., the Mackinaw River and the lower reaches of the Sangamon River 
and Salt Creek), the low-water conditions of late fall/early winter after vegetation starts to 
die generally offer the most continuous exposures.  For smaller streams that typically are 
overgrown with brush and vegetation (e.g., the upper reaches and North Fork of Salt 
Creek), ideal conditions occur soon after flooding (early spring), when undercutting of the 
stream creates new bank exposures.  The larger streams examined during this study had 
relatively low water levels, which provided good exposures at and slightly above stream 
level.  The low water, however, limited access by canoe to the upper reaches of the 
drainages.  Continuous reconnaissance along limited stretches of these reaches was 
conducted by walking.  These relatively continuous reconnaissance-level investigations 
were supplemented by additional reconnaissance at targeted stream and gravel pit locations 
easily accessible from roads or bridge crossings.  
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In an average day, 3 to 5 miles of river bank could be searched.  Access by canoe was limited 
along some heavily wooded sections where log jams were common.  The degree of exposure 
of susceptible deposits varied along the stretches of the rivers studied (Table B-1-2).  
Typically, approximately 5 to 7 percent of the banks revealed “pre-hypsithermic” deposits 
of mid-Holocene (at least 5,000 years old) to earlier Holocene age (~ 6 to 10 ka).  Exposures 
of older latest Pleistocene alluvium were much more limited.  Many bank exposures, 
particularly the youngest (late Holocene terrace deposits), were masked by a thin veneer of 
colluvium or slope wash and vegetation.  However, the relatively low water levels in larger 
streams generally provided sufficient exposure of the lowermost 1 to 2 feet, particularly for 
older (pre-hypsithermic) deposits.  The degree of exposure along larger streams and rivers 
in the study area was comparable to that observed in the Springfield study region.  Along 
smaller streams, however, exposures in the Springfield area, which were investigated 
shortly after record floods, were more frequent and complete than those observed during 
this study.  Overall, the reconnaissance performed for the EGC ESP project provided a 
reasonable opportunity to find clastic dikes that had formed throughout the Holocene, and 
especially since the mid-Holocene (post-hypsithermic) throughout the study area.  

The objective of the field reconnaissance was to document the presence or absence of 
paleoliquefaction features in the vicinity of the EGC ESP Site.  Liquefaction features of latest 
Pleistocene/early Holocene and mid-Holocene age were identified at isolated localities in 
the study area.  The following sections present the criteria for differentiating seismic from 
nontectonic origins of liquefaction features, followed by descriptions of the features 
observed and interpretations of the likely origin or triggering event for each feature.   

1.4.1 Criteria for Identifying Clastic Dikes of Seismic Origin 
The clastic dikes and possible sills identified during this investigation exhibit many 
characteristics in common with seismically induced paleoliquefaction features.  However, 
nonseismic mechanisms may produce clastic dikes or other deformational features in 
sediments that may be difficult to distinguish from those that represent seismically induced 
liquefaction.  As noted by others (e.g., Tuttle, 2001; Obermeier, 1996 and 1998), nonseismic 
mechanisms that should be considered include dewatering due to rapid sedimentation and 
compaction, artesian pressure, and, during floods, piping and diversion of runoff that may 
produce sand boils (Figure B-1-12). 

In addition, in glaciated regions, clastic dikes comprising fluid escape structures, glaciogenic 
injections, and fluidal and viscous hydraulic expulsions may form in response to subglacial 
melting and dewatering (Broster, 1991; Dreimanis and Rappol, 1997).  Alternative 
mechanisms postulated to explain formation of these features include Broster’s (1991) model 
involving expulsion of pore water from confined layers and consolidation and fracturing of 
subglacial sediments by overriding grounded ice.  He notes that most deformation 
structures formed by expulsion reflect initial overriding and compaction of saturated 
sediments, with this compaction producing hydraulic conditions that favor release of pore 
water.  Correlation with directions of glacial movement, association with glacial facies (e.g., 
termination at the base of overlying till), and infilling by glacial sediments are considered to 
be glaciogenic signatures useful in differentiating glacial from nonglacial (e.g., earthquake) 
origins for similar features (Broster, 1991). 
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As synthesized by Obermeier (1996) and summarized below, criteria for identifying 
earthquake-induced liquefaction features include: 

1. sedimentary characteristics indicative of sudden, strong, upwardly directed 
hydraulic force of short duration; 

2. sedimentary characteristics consistent with case histories of earthquake-induced 
liquefaction (e.g., the meizoseismal zone of the 1811-1812 New Madrid 
earthquakes); 

3. occurrence of similar features at multiple locations;   

4. occurrence in geomorphic settings where the hydraulic conditions described in 
No. 1 above would not develop under nonseismic conditions; and  

5. age data to support both contemporaneous and episodic formation of the 
features over a large area.  

Specific criteria (sedimentary and stratigraphic characteristics of host deposits and material 
source, conduit morphology, distribution pattern, etc.) that may be used to assess the origin 
of possible liquefaction features identified in this study are listed in Table B-1-3.  These 
features are described below. 

1.4.2 Possible Paleoliquefaction Features 
Possible liquefaction features were observed at four localities in the study area, three along 
Salt Creek (Localities SC 25, SC 16, and SC 19/SC 18), and one along the Mackinaw River 
(Locality M 6) (Figure B-1-6).  The characteristics of these features and the stratigraphic 
relationships and ages of the associated deposits are described in general below.  Table B-1-4 
summarizes the estimated age and preferred interpretation for each feature. 

1.4.2.1 Locality SC 25 
Locality SC 25 lies approximately 5-½ miles northeast of Farmer City, Illinois, on Salt Creek.  
At Locality SC 25, there is an approximately 11 feet-high terrace exposure that extends 
approximately 300 feet along the left stream bank, providing varying degrees of exposure.  
The exposure generally consists of an ~ 8-foot-thick silty loess cap overlying medium to 
coarse sand and gravel of probable glaciofluvial origin.  Within this 300-foot reach, the 
contact between the sand and overlying silt was exposed intermittently for a cumulative 100 
feet, and the upper 6 feet of the silt cap was exposed for a cumulative 180 feet.  The Soil 
Survey of McLean County maps this area as Tama silt loam, a moderately well-drained soil 
that typically forms on uplands, loess plains, terraces, and outwash plains.  They describe a 
typical Tama silt loam as a very dark gray, friable silt loam from a depth of 0 to 12 inches; 
underlain by brown friable silty clay loam to a depth of 16 inches; underlain by dark 
yellowish brown, friable, silty clay loam that is mottled in the lower part extending to 46 
inches; followed by a dark yellowish brown, mottled, friable silt loam that extends to 60 
inches and beyond.  Field observations noted that the soil at Locality SC 25 is similar to that 
described as a typical Tama silt loam. 

The most recent glacial flooding on the main fork of Salt Creek likely deposited the gravel 
and sand exposed at the base of this sequence.  Leon Follmer of the Illinois State Geological 
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Survey (Personal Communication, October 15, 2002) estimates this event occurred around 
17 ka, when the Bloomington moraine (labeled “B” on Figure B-1-8) was breached near the 
town of Saybrook, Illinois (Figure B-1-11).  Follmer suggests that during this event most of 
the floodwater drained down the Sangamon River, but overflow likely would have flowed 
down Salt Creek.  The age of 17 ka is consistent with numerical ages and relative ages of 
various members of the Tiskilwa and Lemont formations from Hansel and Johnson (1996).  
The loess that constitutes most of the upper 8 feet of exposure at Locality SC 25 likely was 
deposited soon (within several hundred years) after the final flood event.  Based on the 
above information and the relatively deeply developed soil, the deposits in exposure at 
Locality SC 25 is estimated to be approximately 16 to 17 ka. 

The silt cap at Locality SC 25 is intruded by 6 sand dikes (Dikes 1 through 6).  These dikes 
range in width from ~ ¼ inch to 4 inches, and in height above the sand-silt contact from  
~1 foot to more than 6 feet.  The dikes are described briefly below. 

• Dike 1 protrudes approximately 6.3 feet up from the gravelly sand  
(Figures B-1-13A&B) into the silt cap, approaching within 20 inches of the  
ground surface, where it measures ~ 2 inches wide.  This complex dike strikes 
nearly parallel to the exposure, but also bifurcates, with some branches oriented 
nearly perpendicular to the wall.  It also includes apparently disjointed segments 
at its lower end (Figure B-1-13B).  Dike 1 can be traced for ~ 13 feet along the  
stream bank.  The dike fill material ranges from clean, oxidized, medium-grained 
sand near the top, to oxidized gravelly sand near the base.   

• Dike 2 occurs high on the stream bank, extending to within 3 feet of the modern 
ground surface.  It consists of two narrow (approximately 0.5-inch-wide), 
tabular, subvertical dikes that extend 2 feet above and 6 inches below a 
horizontal sill that measures 6 inches long by 2 inches thick.  The entire feature is 
filled with oxidized, uniform, fine-grained sand.  Dike 2 is exposed well above 
the sand-silt contact, and therefore is not associated directly with the gravelly 
sand at the base of the exposure. 

• Dikes 3, 4, and 5 each consists of thin (0.25- to 0.5-inch-thick), tabular dikes that 
extend a short distance (1 to 1.5 feet) up from the gravelly sand into the overlying 
silt.  Each has sharp contacts and is filled with fine- to medium-grained, oxidized 
sand.   

• Dike 6 intrudes the silt unit to within approximately 2.5 feet of the modern 
ground surface.  This complex dike reaches a maximum width of 2.5 inches and 
is exposed clearly for more than 4 vertical feet.  It consists of a prominent 
subvertical dike oriented at an ~ 60-degree angle to the exposure wall and two 
narrower (approximately 1-inch-wide) dikes, oriented roughly parallel to the 
exposure wall, that join the main dike and extend out from it.  These secondary 
dikes can be traced along the exposure wall for a distance as great as 3 feet.  
Additionally, a narrow (~ 0.25-inch-wide) dike intrudes the silt approximately  
3 feet downstream of the main dike, striking parallel to it.  Although the dikes at 
this locality are roughly tabular in shape, their walls are very irregular.  Near the 
base, the dike filling consists of oxidized gravelly sand, which grades upward to 
fine sand near the top.  The filling includes irregular, angular clasts of silt (wall 
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rock) that measure as much as 1 inch in diameter.  This dike system could not be 
traced clearly into the gravelly sand below, because much of the lower part of the 
exposure was covered, but it does approach to within 1.5 feet of the lower unit. 

The dikes observed at Locality SC 25 display many characteristics common in seismic 
liquefaction features (Table B-1-3).  They are filled with sand; have sharp, irregular side 
contacts; widen with depth; occur in clear association with the underlying gravelly sand 
(except for Dikes 2 and 6); and are generally tabular in plan view, although Dikes 1 and 6 
bifurcate in multiple directions.  The high degree of weathering of the material within the 
dikes is interpreted as evidence that they were formed during the latest Pleistocene 
(between approximately 10 and 17 ka). 

A seismic origin is preferred for the clastic dikes observed at this locality.  The locality is not 
in an area where high artesian pressures are known to occur (Leon Follmer, Illinois 
Geological Survey, personal communication, October 4, 2002), nor in a topographic setting 
that could produce localized artesian conditions.  The features post-date the most recent 
glacial advance at this location and clearly are not related to glaciotectonic processes.  The 
features at SC 25 meet criteria 1, 2, and 4 outlined above.  However, the available data do 
not fulfill criterion 3 (the occurrence of similar features at multiple sites) or criterion 5 
(contemporaneous and episodic formation of features over a large area).  The relatively 
limited extent of exposure of older deposits in the study area cannot provide an amount of 
evidence comparable to that found for the Springfield event, for example, which is 
evidenced by multiple dikes at ten localities and shows a well-defined pattern over a 
distance of at least 22 miles (35 km) from the inferred energy center. 

1.4.2.2 Locality SC 16 
Locality SC 16 is approximately 2.5 miles northeast of Farmer City on Salt Creek.  This 
Locality provided approximately 20 feet of intermittent exposure of a terrace that is 
approximately 8 feet above creek level.  The stratigraphy measured down from the ground 
surface includes ~ 4 feet of very dark brown silty clay to clayey silt that grades downward 
into dark brown sandy gravel with clay.  Maximum clast size in the sandy gravel is ~1 inch.  
Sandy gravel continues to a depth of 7 feet, where it sharply overlies bluish gray clayey silt 
that contains minor fine sand.  A hand-auger hole revealed that this unit extends to at least 
11 feet depth and coarsens downward, grading to sandy silt with clay and gravel at that 
depth.  The entire unit is stiff to very stiff.  The blue-gray color suggests that this silty unit is 
gleyed (reduced).  The Soil Survey of De Witt County depicts the soil at this Locality as the 
Sawmill silty clay loam, a poorly drained soil that typically forms on flood plains that 
occasionally are flooded for brief periods from March through May. 

This exposure is interpreted to be an overbank flood sequence and estimated to be middle to 
late Holocene in aged, based on the lack of significant soil development and lack of 
oxidation in the part near the modern water level (Table B-1-4). 

This clayey silt unit is interrupted by two possible liquefaction features, Dikes 1 and 2  
(Table B-1-4).  Dike 1 extends from the water surface to the upper contact of the clayey silt 
(approximately 1 foot) and ranges from 1 to 1.5 inches wide.  A bulbous protrusion extends 
laterally 6 inches from the main dike at the top of the clayey silt.  Irregular pockets of clean 
sand in the overlying sandy gravel suggest that Dike 1 may continue upward through this 
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unit.  The clayey silt observed for approximately 1 foot on either side of Dike 1 is black.  The 
margins of this black clayey silt are sharp to very sharp. 

Several characteristics suggest that Dike 1 represents a sudden injection originating from 
below:  its side contacts are sharp and irregular; its width remains relatively constant with 
depth (over the short distance that could be observed); and it is filled with clean, medium- 
to coarse-grained gravelly sand.  These characteristics are consistent with seismically 
induced features formed during liquefaction by hydraulic fracturing (Table B-1-3).  

Dike 2 is a very thin (averaging ¼ inch wide), tabular fracture filled with clean, coarse-
grained sand.  The lack of clay in the fracture fill suggests that it may have resulted from 
liquefaction.  The clayey silt found for approximately 1 foot on either side of Dike 2 is black.  
The margins of this black clayey silt are sharp to very sharp. 

An approximately 12-foot-long section of the stream bank immediately downstream of Dike 
2 has slumped, bringing grass and the uppermost brown silty clay down to stream level.  
This section overlies an ~ 1.5-foot-thick lens of gravelly sand with cobbles at the upper 
contact of the blue-gray clayey silt.  The proximity of the slump block and Dike 2 suggests 
that Dike 2 may be related to the slumping, either because sand was dragged along the slide 
plane during slumping, or because the slumping resulted from liquefaction.  The black clay 
surrounding Dike 2 could be interpreted as part of the slide plane.  These interpretations do 
not, however, explain the presence of Dike 1 approximately 8 feet upstream. 

The preferred explanation for Dikes 1 and 2 is that they both resulted from seismic 
liquefaction and are unrelated to bank slumping.  The slump block at Locality SC 16 appears 
young (between a few months and a few years old), whereas Dikes 1 and 2 appear to be at 
least several hundred years old.  The preferred interpretation for the origin of the black 
clayey silt surrounding both dikes is chemical alteration (oxidation?) by water flowing 
through the sandy dikes. 

1.4.2.3 Locality SC 19/SC 18 
Locality SC 19 lies approximately 1.5 miles northeast of Farmer City on Salt Creek.  This 
locality includes approximately 100 feet of high-quality exposure that was as much as 6 feet 
high above stream level.  The exposed sequence includes approximately 4.5 feet of 
predominantly clay to clayey silt overlying interbedded sand and silt that extend to the 
water surface and below.  The Soil Survey of DeWitt County shows the soil at this site to be 
Sawmill silty clay loam, a poorly drained soil that typically forms on flood plains that 
occasionally are flooded for brief periods from March through May.   

A general field description of the soil profile at Locality SC 19 includes a 0.3-foot-thick black 
A horizon overlying a dark brownish gray silty clay loam AB horizon that extends to a 
depth of 1.9 feet.  Below this layer, a dark brownish gray blocky clay Bt horizon continues to 
a depth of 2.8 feet, followed by a red, structureless clay Bt horizon to a depth of 3.6 feet.  
Below this layer, a slightly weathered silty clay loam B horizon having a weak prismatic 
structure and very thin clay coatings on peds extends to a depth of 4.0 feet.  A light-
brownish gray silt loam Cox horizon having abundant filled animal burrows extends to a 
depth of 4.7 feet, followed by medium-gray silt with sand lenses that continues below the 
water surface, which was at a depth of 5.8 feet.   
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This exposure is interpreted to be an overbank flood sequence, and its age estimated to be 
mid-Holocene based on its moderate degree of soil development and lack of deep oxidation 
near the modern water level (Table B-1-4). 

The upper section of the exposure (the 4.5 feet of clay and clayey silt) represents a 
nonliquefiable cap.  This cap is interrupted by two possible liquefaction features, Dikes 1 
and 2 (Table B-1-4; Figure B-1-14).  Both dikes are similar in size and shape, extending 
approximately 12 inches up from the interbedded sand and silt at the base of the exposure 
into the overlying silty clay loam.  Both dikes reach a maximum width of 1.5 inches. 

Several characteristics suggest that both Dikes 1 and 2 represent injection features.  Their 
side contacts are sharp and irregular; they widen with depth; they are filled with clean fine- 
to medium-grained sand; the sand filling them fines upward; they include clayey silt clasts 
likely torn from their walls; and they extend upward from the sandy source material (in 
clear association with a source bed).  These characteristics are consistent with those 
exhibited by seismically induced paleoliquefaction features (Table B-1-3). 

Locality SC 18, located approximately 1,000 feet upstream of SC 19 on Salt Creek, includes 
approximately 15 feet of poor to moderate exposure that in places extends ~ 8 feet above 
stream level.  The upper 4 to 5 feet of this exposure are covered with overhanging grasses 
and brush, which were not cleared.  Below this section, a dark grayish brown silt loam 
extends to and below the water surface.  The Soil Survey of DeWitt County, Illinois, maps 
Orion silt loam at this Locality.  The Orion silt loam typically forms on floodplains that are 
somewhat higher than those where Sawmill soil is found, but that may be flooded for brief 
periods from March through May.  The Orion silt loam typically includes a buried soil at an 
average depth of 38 to 40 inches.  

This exposure is interpreted as an overbank flood sequence.  Initially its age was estimated 
to be middle to late Holocene based on its lack of significant soil development and lack of 
oxidation in the part near the modern water level.  However, dating of two radiocarbon 
samples from these deposits (7935_SC-19-2-1 and 7935_SC-19-2-2) yielded radiocarbon ages 
of 9,550 ± 40 yr BP and 10,230 ± 40 yr BP (Cal BC 9150 to 8750 and Cal BC 10,390 to 9780), 
respectively, suggesting the deposits are early Holocene (Table B-1-4; Exhibit 1). 

Several irregular bodies of clean fine sand interrupt this sequence between 6 and 12 inches 
above the water level.  The largest of these bodies reaches 3 inches in thickness and 
approximately 4 feet in length.  These features may reflect liquefied injection, or may 
represent deformation of a fluvial sand lens, possibly due to sediment loading. 

1.4.2.4 Locality M 6 
Locality M 6 lies approximately 6 miles west of Colfax, Illinois, on the Mackinaw River.  At 
this locality approximately 150 feet of continuous exposure that was approximately 12 feet 
in height above river level was found.  The stratigraphy includes approximately 3 feet of 
soft clayey silt loess overlying 3.5 feet of loose fluvial sand, with a gravel lag at the base.  
These fluvial deposits rest unconformably on a thin (0.5- to 1-foot-thick) bed of very dense, 
fissile, oxidized, cross-bedded sandy silt.  The fissile structure of this unit indicates that it 
was overridden by a glacier at some point.  This sandy silt overlies a very hard, dark grayish 
brown, pebbly sandy clay till that was present down to the present water level of the river.  
Pebbles and cobbles, scattered sparsely throughout the till, sometimes reach 0.5 foot in 
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diameter.  The Soil Survey of McLean County shows the soil at this Locality as Fox silt loam, 
a well-drained soil that typically forms from thin sheets of loess overlying sands and gravels 
on stream terraces. 

A field description of the soil developed at this exposure includes 0.5 foot of a very dark 
grayish brown, friable, organic, silt loam A horizon at the surface, followed by a friable, 
grayish brown, silty clay loam BE horizon that extends to a depth of 0.9 feet, followed by a 
firm, dark yellowish brown, silty clay loam to a clay loam Bt horizon that has a weak, fine, 
prismatic structure that extends to the base of the loess at a depth of 3.2 feet.  Below the 
loess, a friable, dark brown, sandy clay loam Bt horizon having a massive structure and 
abundant manganese oxide staining extends to 4.8 feet depth, followed by a friable, dark 
brown loamy sand that extends to the unconformity at the base of the fluvial deposits, at  
6.4 feet depth.  Below the unconformity, a firm, fissile, yellowish brown, oxidized, sandy 
clay loam Cox horizon extends to a depth of 6.9 feet, followed by a hard, dark grayish brown 
pebbly sandy clay to clayey sand C horizon that extends to the base of the exposure at a 
depth of 10.5 feet. 

Two prominent dikes intrude the till in the lower half of this exposure.  Dike 1 comprises a 
vertical dike that reaches a maximum of 4 inches in width and strikes parallel to the bank 
exposure.  A secondary dike extends outward in both directions from the southern 
(downstream) end of this dike, striking approximately perpendicular to the bank.  This 
secondary part of Dike 1 reaches 2 inches in width and extends from near the water surface 
(~ 6 inches up) to approximately 2 feet above the main body of Dike 1 (approximately 5 feet 
in total length).  Another secondary dike extends outward from Dike 1 toward and 
approximately perpendicular to the bank (resulting in an apparent vertical dip).  This 
vertical part of Dike 1 can be traced for 4 feet up the bank exposure, until it is truncated by 
the dense, fissile sandy silt unit (Figure B-1-15A).  This dike maintains a fairly constant  
width of 2 to 3 inches, with short (3- to 6-inch-long) branches extending outward from it 
(Figure B-1-15B).  Dike 1 has very sharp, very irregular contacts and is filled with very fine-  
to medium-grained sand.  The fill material is banded parallel to the walls of Dike 1, with 
bands defined by changes in grain size and color (caused by differences in the lithology of 
the sand grains). 

A hand-auger hole advanced near Dike 1 showed that the silty clay till extends to a depth of 
at least 17.5 feet below ground surface at the top of the exposure (10.5 feet below the top of 
the till). 

Dike 2 intrudes the till approximately 100 feet south of Dike 1.  Like Dike 1, this dike reaches 
a maximum width of 4 inches and is truncated at its top by the dense, fissile sandy silt unit.  
Dike 2 is filled with medium-grained sand, has sharp contacts, and can be traced 
approximately 14 feet along and down the bank.  This feature is tabular, strikes an 
approximately 20-degree angle to the bank exposure, and is vertical in cross section.   

Both Dikes 1 and 2 exhibit several characteristics typical of seismic liquefaction features 
(Table B-1-3).  Both clearly resulted from liquefied sand injected into the till from below.  
However, both Dikes 1 and 2 are truncated by the dense sandy silt deposit, which owes its 
fissile structure to compaction beneath a glacier.  This relationship implies that both dikes 
were overridden by a glacier.  Although clastic dikes commonly are formed by seismic 
liquefaction, they may also result from increased pore pressure, increased loading, drag, 
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and compression associated with the advance and deflation of glaciers (Broster, 1991; 
Dreimanis, 1992; Dreimanis and Rappol, 1997).  Therefore, glaciotectonic deformation is as 
likely a cause for Dikes 1 and 2 at Locality M 6 as is seismic shaking. 

1.4.3 Evidence for the Absence of Paleoliquefaction 
Obermeier et al. (2001 and 2002) discuss the major factors that identify the severity of 
liquefaction and describe how to consider those factors when evaluating evidence for the 
presence or absence of strong shaking in a region.  They note that throughout the 
meizoseismal area of a very strong earthquake, for which the Modified Mercalli Intensity 
(MMI) value is IX or higher, liquefaction features should abound even where liquefaction 
susceptibility is only moderate.  Some dikes almost certainly exceeding 1 foot in width, and 
many smaller ones, should be discovered during a reasonably thorough search of the 
region.  They suggest that in areas of moderate liquefaction susceptibility affected by 
earthquakes of MMI VII to VIII, small liquefaction features may be sparse, but should be 
numerous enough that some would be discovered during an examination of tens of miles of 
stream banks. 

Moderate liquefaction susceptibility implies a medium relative density of the soil material, a 
water table within 10 to 15 feet of the surface, and a cap less than 25 to 30 feet thick 
(Obermeier et al., 2001 and 2002).  A lower limit of moderate susceptibility requires a bed of 
silty sand, sand, or gravelly sand (generally less than about 40 percent gravel) that is at least 
5 feet thick, capped by a minimum of approximately 1.5 feet of lower-permeability 
sediment.  Where a cap is underlain by medium-grained sand or coarser sediment, the 
water table would have to be at or above the base of the cap at the time of the earthquake to 
produce liquefaction features.  Otherwise, the high permeability of the material beneath the 
cap would permit dissipation of pore water pressure, leaving no evidence of 
paleoliquefaction.  These authors, however, cite examples of liquefaction features produced 
from source beds much thinner than 10 feet in the meizoseismal zone of an ~ M 7 
earthquake. 

In the study area, deposits of latest Pleistocene and Holocene age were laid down by 
moderate to large streams and generally fit the criteria used to define moderate 
susceptibility.  This level of susceptibility applies to stream deposits of both glaciofluvial 
braid-bar and Holocene point-bar origins.  These deposits should have been at least 
moderately susceptible to liquefaction throughout the time since their deposition, with the 
possible exception of the hypsithermic period (middle Holocene; Obermeier, 1998), when 
the water table was several feet lower than in modern time.  During our field 
reconnaissance, particular care was taken to identify and examine early Holocene and latest 
Pleistocene deposits.  Exposures of pre-hypsithermic deposits were noted on field maps.  In 
addition to the distinctive oxidation mottling observed at and below modern water levels, 
these deposits generally appeared to be more resistant to erosion than late Holocene 
deposits, forming a blockier appearance at and below the water level.  Based on previous 
experience, Dr. Obermeier judged that even small clastic dikes would be visible in 
exposures of these deposits and that sufficient deposits were observed to document the 
absence of a Springfield-type event centered in the study region since the hypsithermic 
period (in the past 6 to 7 ka). 
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Deposits of latest Pleistocene age were noted on field maps if judged to have been 
moderately susceptible to liquefaction throughout much of the Holocene.  Deposits at some 
localities likely pre-date the loess deposits at SC 25, which were intruded by clastic dikes 
(Table B-1-5).  Evidence for the absence of paleoliquefaction features at these localities is 
described in Table B-1-5; the locations of the localities are shown on Figure B-1-6.  The 
reported absence of paleoliquefaction features in the Mahomet gravel pits (Locality S 14; 
Figure B-1-16) offers the strongest evidence for the absence of significant ground shaking in 
this part of the study region.  The limited number and small extent of the exposures of late 
Pleistocene fluvial and loess deposits observed elsewhere in the region make it more 
difficult to evaluate the significance of the features observed at SC 25.  However, no 
evidence comparable to that produced by the Springfield event—the multiple dikes at ten 
localities and a well-defined regional pattern over an area 22 miles (35 km) in diameter – 
was found. 

1.4.4 Conclusions 
Field reconnaissance conducted for this study obtained additional information regarding 
the prehistoric record of earthquakes within the near region (approximately 25- to 30-mile 
radius) of the EGC ESP Site.  That information is summarized below. 

1. No evidence for a post-hypsithermic (post-mid-Holocene) earthquake 
comparable to the postulated Springfield event (McNulty and Obermeier, 1999) 
was observed in the study area.  Sufficient exposures of pre-hypsithermic (> 6 to 
7 ka) deposits were observed to demonstrate the absence of paleoliquefaction 
features indicative of an energy source for a comparable event (estimated M 6.2 
to 6.8) in the site vicinity.  Radiocarbon ages from samples originally estimated to 
be mid-Holocene yielded ages of approximately 10 ka (see Section 4.2.3), 
suggesting that the absence of significant events may extend back even further 
into the early Holocene. 

2. Isolated features of mid-Holocene and latest Pleistocene/early Holocene age 
were observed in the study area that could be interpreted as evidence of 
seismically induced paleoliquefaction.  Features of probable mid- to early 
Holocene age were observed at two localities along Salt Creek (SC 16 and SC 
19/SC 18), approximately 1.5 to 2.5 miles northeast of Farmer City and 
approximately 11.5 to 13 miles from the EGC ESP Site.  Characteristics of the 
dikes exposed at these locations are consistent with seismic liquefaction features.  
Assuming that these features are seismically induced, their small scale and the 
lack of evidence for similar features elsewhere in the study area suggest either a 
more distant source or a low-magnitude event (at or close to threshold of 
paleoliquefaction, estimated to be MMI VI or VII).  Radiocarbon ages for samples 
from Locality SC 19 indicate that these features formed after 9550 ± 40 yr. BP 
(CAL BC 9150 to 8750).  

3. Older features (clastic dikes that cut the post-glacial silt cap [probably early post-
glacial loess deposits]) were observed at Locality SC 25, approximately 5.5 miles 
northeast of Farmer City and approximately 17 miles from the EGC ESP Site.  
Those features post-date loess deposits estimated to be ~ 16 to 17 ka.  Based on 
weathering and soil development of the clastic dikes and silt cap, and the height 
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of the water table at the time of formation (~ 3 feet higher than at present), the 
dike features are inferred to be latest Pleistocene to early Holocene  
(< 17 to 10 ka).  Sedimentary and stratigraphic characteristics of host deposits 
and material sources, as well as conduit morphology, are consistent with a 
seismic origin for these features.  It is estimated that, if seismically triggered, 
clastic dikes observed at this location would imply Modified Mercalli Intensity 
values of at least VII to VIII.    

4. Clastic dikes observed in till deposits at Locality M 6, approximately 29 miles 
north-northeast of the EGC ESP Site, appear to have formed during the latest 
glacial advance in that region (~ 17.7 ± 1 ka).  The event that triggered injection of 
the clastic dikes at this location is uncertain.  Both dewatering related to glacial 
processes and seismic shaking are possible mechanisms.    

5. No evidence for paleoliquefaction of an age similar to that observed at Locality 
SC 25 was identified at any other locality, although the possibility that clastic 
dikes at Locality M 6 formed contemporaneously with the features at Locality SC 
25 cannot be precluded at this time given the uncertainties in age estimates.  The 
limited extent of exposure of older deposits makes it difficult to document the 
well-defined regional pattern needed to estimate a magnitude and location for 
this event.  Susceptible deposits of estimated latest Pleistocene age at Localites M 
2, S 6, S 14, and NSC 1 show evidence for no liquefaction.  These localities should 
have been favorable sites for liquefaction throughout much of the latest 
Pleistocene and Holocene, with the possible exception of NSC 1, where the 
fluvial deposits may not have been below the water table throughout the 
Holocene.  Deposits at these sites therefore provide reasonable evidence for the 
absence of significant ground shaking since latest Pleistocene/early Holocene 
time, and may limit the geographic extent of liquefaction that can be correlated 
with the features observed at Locality SC 25.  The extensive Mahomet gravel pit 
exposures (S 14), in particular, provide evidence for the absence of strong ground 
motion that would produce significant liquefaction since deposition of the upper 
silt approximately 17 to 18 ka. 

The results of this study suggest that there have been no repeated moderate- to large-
magnitude (comparable to the postulated Springfield-type) events in the vicinity of the EGC 
ESP Site in latest Pleistocene to Holocene time.  The late Holocene record in particular is 
sufficient to demonstrate the absence of such events in the past approximately 6 to 7 ka.  The 
significance of the latest Pleistocene/early Holocene features recorded at Locality SC 25 is 
less certain.  There is insufficient information to accurately estimate a location or magnitude 
for a postulated seismic source.  The features, however, suggest that the range of maximum 
magnitude assigned to a random background earthquake in the probabilistic seismic hazard 
analysis for the EGC ESP Site should include events comparable to that estimated for the 
Springfield earthquake (i.e., M 6.2 to 6.8).  
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TABLE B-1-1 

LIQUEFACTION EVIDENCE FOR PREHISTORIC EARTHQUAKES IN THE SOUTHERN ILLINOIS BASIN 
Seismic Hazards Report for the EGC ESP Site 

Name of 
Earthquake(s) 

 
Location 

Size and Distribution  
of Features 

 
Age1 

Estimated 
Magnitude 

 
Reference(s) 

Lower Wabash Valley  

≥ M 7.5 to 7.8  
(magnitude-bound, cyclic 
stress, and energy-stress 
methods)  

Munson et al. (1997); 
Obermeier (1998);  
Obermeier et al. 
(1993);  

M 7.7 to 7.8  
(energy-stress) 
(see comments below by S. 
Obermeier, 10 January, 
2003 and 13 May, 2003 

Pond and Martin 
(1997) 

M ~7.2-7.3 (based on  
revised CEUS magnitude-
bound relation 

Olson et al. (2005, in 
press) 

Vincennes-
Bridgeport  

~ 15 miles (25 km) west of 
Vincennes, Indiana 

≥ 0.5-m dike width; 150-
km maximum distance 
from inferred energy 
center  
 
 

 

~ 6,100 ± 200 yr. 
BP 

M 7.0+ to 7.5 (cyclic stress 
method using site-specific 
geotechnical data and most 
recent magnitude scaling 
factors, suggested by E. 
Idriss and L. Youd) 
M  ~7.5 (2003 reanalysis 
using energy-based solution 
and NEHRP recommended 
procedures for calculating 
ground motions) 

Green et al., (2004a, 
2004b) 
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Name of 
Earthquake(s) 

 
Location 

Size and Distribution  
of Features 

 
Age1 

Estimated 
Magnitude 

 
Reference(s) 

The energy-stress method 
used by Pond and Martin 
(1997) is flawed (energy 
attenuation relations used 
should not be used for 
liquefaction analysis) and 
the results are not reliable. 

S. Obermeier 
(personal 
communication, 13 
May 2003); Green et 
al., (2004a, 2004b) 

Skelton-Mt. Carmel ~ 25 miles (40 km) 
southwest of Vincenees, 
Indiana 

≥ 0.5-m dike width; 50- 
to 60-km maximum 
distance from inferred 
energy center 

~ 12,000 ± 1,000  
yr. BP 

M 7.1 to 7.2 (magnitude-
bound); 
M 7.3 (energy-stress) 
M6.7 (based on revised 
CEUS magnitude-bound 
relation 

Munson et al. (1997); 
Pond and Martin 
(1997); Hajic and 
Wient (1997); 
Obermeier (1998); 
Olson et al. (2005, in 
press) 

Single site near Iona, 
Indiana 

22 miles (35 km) southeast 
of Vincennes, Indiana, 
near Iona (location not 
shown on Figure B-1-2) 

Very small and restricted 
(probably limited to 5 
km) 

4,000 ± 500 yr. BP Near threshold  
(M  ~5.5 – 6.0 to < 6.7) 

Munson et al. (1997); 
Obermeier (1998) 

Central and Southern Indiana  

Vallonia East Fork valley ~ 60 miles 
(100 km) east of the 
Wabash Valley seismic 
zone  

≥ 0.5 m;  36 km 
maximum distance from 
inferred energy center 

3,950 ± 250 yr. BP M ≥ 6.9 (magnitude-bound)
M 7.1 (energy-stress)  
M 6.3 (new magnitude-
bound relation) 

Munson et al. (1997); 
Obermeier (1998);  
Pond and Martin 
(1997) 
Olson et al. (2005, in 
press) 
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Name of 
Earthquake(s) 

 
Location 

Size and Distribution  
of Features 

 
Age1 

Estimated 
Magnitude 

 
Reference(s) 

Martinsville-
Waverly 

~ 18  to 30 miles (30 to 50 
km) southwest of 
Indianapolis, Indiana 
(location poorly 
constrained) 

≥ 0.15 to ≤ 0.5 m;  28 km 
maximum distance from 
inferred energy center 

Between 8,500 and 
3,500 yr. BP 

M 6.8 (magnitude-bound); 
M 6.9 (energy-stress) 
 
 
 
M 6.2 (new magnitude-
bound relation) 

Munson et al. (1997); 
Obermeier (1998) 
Geotechnical 
analyses demonstrate 
that these features are 
not associated with 
the M ~ 7.5 
Vincennes 
earthquake 
Olson et al. (2005, in 
press) 
 

Single site near 
Elnora, Indiana 

37 miles (60 km) east-
northeast of Vincennes 
(location not shown on 
Figure B-1-2) 

Limited areal extent 2,000 ± 500 yr. BP M ≥ 5.5 to 6.0 Munson et al. (1997); 
Obermeier (1998) 

Single site along 
Indian Creek, 
Indiana 

~ 30 mi (50 km) south-
southwest of Indianapolis 
(location not shown on 
Figure B-1-2) 

Single site ~ 20,000 yr. BP Unknown Munson et al. (1997); 
Obermeier (1998) 

Ohio River region—Absence of paleoliquefaction in Ohio River sediments along the Indiana-Kentucky and Illinois-Kentucky borders suggests that this area 
has not experienced severe ground shaking in the past 4,500 years (Munson et al., 1997). However, those authors suggest that a 5- to 6-m-thick clay cap may 
have kept sand dikes from penetrating to levels above the current maintained water level of the Ohio River. 
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Name of 
Earthquake 

 
Location 

Size and Distribution  
of Features 

 
Timing1 

Estimated 
Magnitude 

 
Reference 

Central and Southern Illinois 

Springfield  ~ 22 miles (35 km) 
northeast of Springfield, 
Illinois 

Maximum dikes width 0.4 m; 
35 km maximum distance 
from inferred energy center 

One, possibly two, 
events between 5900 
and 7400 yr. BP 

M 6.2 to 6.8 
M 5.5 (second event) 
 
M 6.3 (based on revised 
magnitude-bound relation)  

Hajic et al. 
(1995);  McNulty 
and Obermeier 
(1999) 
 
Olson et al. 
(2005, in press) 
 

Shoal Creek  Centered in vicinity of 
lower Shoal Creek near 
its confluence with 
Kaskaskia River: 
~ 40 miles (65 km) east-
southeast of St Louis, 
Missouri.  
Alternative location: 
Centralia fault (Du 
Quoin monocline) 

Maximum dike width 1.55 
m; 35 km maximum distance 
from inferred energy center 
  

~ 5670 ± 80 yr. BP 
(4520 ± 160 BC or 
6500 yr. BP) 

M 6.5 (lower limit) 
 
 
 
M 6.3 (based on revised 
magnitude-bound relation)   

McNulty and 
Obermeier 
(1999); Tuttle et 
al. (1999) 
 
 
Olson et al. 
(2005, in press) 
 
 

Cache River Cache River from 
Sandusky to the 
Mississippi River 

Dike width 1 to 9 cm Two ages: maximum 
age AD 1020 to 1250 
for younger and 
possibly older event(s)  

Unknown Chester and Tuttle 
(2000) 
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Name of 
Earthquake 

 
Location 

Size and Distribution  
of Features 

 
Timing1 

Estimated 
Magnitude 

 
Reference 

 Big Muddy River  No new sites identified.  
Geologic conditions not 
favorable for liquefaction. 

 All paleoliquefaction dikes in 
the region could possibly be 
induced by paleoearthquakes 
that occurred near the potential 
seismogenic sources identified 
by reanalysis of seismic 
reflection data.  The maximum 
possible magnitude for a 
basement-involved fault in the 
region is between M 6 to just 
above M 7. 

Su and McBride 
(1999) 

New Madrid  Big, Cache, Kaskaskia, 
and Marys rivers 

 Past 4,000 years 
(possibly during the 
AD 900, AD 1530, or 
AD 1811-1812 
earthquakes) 

-- Tuttle et al. 
(1999) 

Southeastern Missouri  
Big Muddy 
and Meramec 
Rivers 

~ 20 miles (30 km) 
southwest of  St. Louis, 
Missouri  

Dikes 0.1 to 1 cm wide; sand 
diapir that reaches 20 cm 
wide 

Big Muddy River: post-
9070 BC and possibly 
prior to 4240 BC 
Meramec River: -post-
13,210 BC 

3 scenarios: 
Local, M > 5.2 
Shoal Creek, M 7.0 
Centralia fault, M 7.5 

Tuttle et al. 
(1999) 

 
1 Ages given in yr. BP (years before present) are uncorrected radiocarbon ages 
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SUMMARY OF DEPOSITS IN BANK EXPOSURES 
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River Salt Creek Sangamon Mackinaw 

Total distance observed 11.7 miles 12.3 miles 17.5 miles 

Estimated total length of till 

observed

150 feet 4,950 feet 8,200 feet 

Estimated total length of 

liquefiable latest Pleistocene 

alluvium observed 

(glaciofluvial outwash) 

360 feet 135 feet 440 feet 

Estimated total length of pre-

hypsithermic (early Holocene) 

alluvium observed 

1,200 feet 2,000 feet 5,850 feet 

Notes:

1. Limited reconnaissance (approximately 1 mile walked) on the North Fork of Salt Creek revealed ~ 20-foot 

exposure of latest Pleistocene alluvium. 

2. Sections of riverbank not accounted for in this table generally consist of younger Holocene terrace deposits. 

Approximately 70 to 80 percent of the riverbanks observed were covered. 

3. The estimated total lengths of liquefiable latest Pleistocene alluvium shown in this table do not include the 

exposures at Locality S 14 (the Mahomet gravel pit).  
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TABLE B-1-3 

CRITERIA FOR DIFFERENTIATING ORIGINS OF LIQUEFACTION FEATURES 

Seismic Hazards Report for the EGC ESP Site 

SC 25 SC 16 SC 18 SC 19 M 6 

Seismic

Dike widens at depth or remains constant in width 

(injected from below) 

Yes Yes No Yes Yes? 

Dike fill includes silty sand, clean sand, or gravelly 

sand (liquefiable material) 

Yes Yes Yes Yes Yes 

Dike fill fines upward or remains constant in grain 

size (injected from below) 

Yes No N/A Yes Yes 

Dike is tabular in plan view Yes Yes No Yes? Yes 

Dike wall contacts are sharp and planar or irregular 

(injected suddenly) 

Yes Yes Yes Yes Yes 

Dike is observed in clear association with source 

material 

Yes No No Yes No 

Source material is observed to be loose Yes N/a N/A Yes N/A 

Source material is located at or below the water table Yes Yes? Yes? Yes Yes? 

Nonliquefiable cap present  Yes Yes Yes Yes No 

Evidence of recurrent events is found nearby Yes Yes Yes Yes No 

Dike fits a regional pattern based on dike width and 

abundance

Noi Noii Noii Noii Noi

Glaciotectonic

Evidence of basal drag, ice push, meltwater 

expulsion, and hydraulic fracturing is found 

     

Temporal association with glaciers No No No No Yes 

Spatial association with glaciers No No No No Yes 

Associated or nearby evidence for subglacial 

deformation of soft-sediments 

No No No No Yes 

Terminates at base of overlying till No No No No Yes 

Other Nonseismic Mechanisms

Artesian conditions are recorded historically in the 

vicinity 

No No No No No 

Dike is located in a setting prone to artesian 

conditions (e.g., at the base of a hill or near an 

artificial levee) 

No No No No No 

Dike is associated with features that may indicate 

nonseismic landsliding 

No Yes No No No 

i The paucity of latest Pleistocene to early Holocene deposits identified during this field investigation makes it 

difficult to assess this parameter.  The absence of evidence for liquefaction was noted at several locations in 

the study area (Table B-1-5).
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ii The proximity of the three sites where possible mid-Holocene liquefaction features are recognized (SC 16, SC 

18, and SC 19) and the small scale of the features at all sites do not define a clear regional pattern for a mid-

Holocene event centered in the EGC ESP Site area.  Sufficient exposures of pre-hypsithermic deposits 

throughout the area are available to demonstrate the absence of larger late Holocene liquefaction features in 

the site vicinity. 
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TABLE B-1-4 

CHARACTERISTICS AND ESTIMATED AGES OF POTENTIAL LIQUEFACTION 
FEATURES IDENTIFIED IN SITE VICINITY 

Seismic Hazards Report for the EGC ESP Site 
 

Maximum 
Width  

 
Locality 

 
Coordinates 

 
No. of 
dikes in. cm 

 
Material 
Intruded 

 
Interpretation 

 
Estimated Age  

Salt Creek 
SC 25 

365962 E 
4460489 N 

6 4 10 Silt cap 
(loess) 
 

Preferred origin 
for dikes is 
seismic 
liquefaction. 

Latest 
Pleistocene/early 
Holocene based on 
weathering of dike 
material, soil 
development, and 
estimation of paleo-
water table levels. 

Salt Creek 
SC 16 

363816E 
4459593N 

2 1.5 4 Clayey silt 
(fluvial) 
 

Dikes likely 
caused by 
seismic 
liquefaction. 

Mid- to late Holocene 
based on soil 
development. 

Salt Creek 
SC 19/ 
SC 18 

363376E 
4457299N 

2 1.5 4 Clayey silt 
(fluvial) 
 

Preferred origin 
for dikes is 
seismic 
liquefaction. 
Sill may 
indicate seismic 
liquefaction or 
soft sediment 
deformation. 

Mid- to late Holocene 
based on soil 
development. 
 
 

Mackinaw 
River  
M 6 

355764E 
4493685N 

2 4 10 Lodgement 
till 
 

Origin for dikes 
is uncertain; 
may be seismic 
or 
glaciotectonic 
fluidized 
injection. 

Latest Pleistocene 
(17.7 ± 1 ka) capped 
by glacially 
compacted fluvial 
deposits. 

 
Note: Coordinate system is UTM (meters) zone 16, NAD 83. 
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LOCALITIES OF OLDER ALLUVIUM  
Seismic Hazards Report for the EGC ESP Site 

Locality Coordinates Unit Description Estimated Age Comments 

Sangamon River 
S 2 368766E 

4476983N 
Silt cap (~ 5 feet 
thick) overlying 
oxidized pebbly 
gravelly sand 
(fluvial) 

Middle Holocene Good exposure (~50 feet) 
having no apparent 
liquefaction features or 
fractures. 

S 3 368874E 
4476926N 

Older alluvium 
overlying till, 
overlain by ~ 6-foot-
thick silt cap at 
upstream end of 
exposure 

Pre-hypsithermic 
(early Holocene) 

No liquefaction features 
observed. Good conditions for 
liquefaction, but limited 
exposure. 

S 6 383748E 
4454301N 

Silt cap (~2 feet 
thick ) overlying ~10 
feet of interbedded 
gravelly sand, sand, 
and silt (fluvial) 

Latest Pleistocene to 
early Holocene. Based 
on weathering and soil 
development, this unit is 
estimated to be 
equivalent in age to SC 
25 or perhaps older. 
Radiocarbon analysis of 
charcoal from deposit 
(sample 7935_S-6-2) 
yielded a radiocarbon 
age of 35,550 ± 1,200 
yr. BP. This age 
suggests the charcoal 
was re-used from an 
earlier time and does not 
represent the age of the 
deposit 

Contact between silty clay to 
clayey silt unit and underlying 
coarse sand exposed for 40 
feet. The sand below the fine-
grained unit, which lies ~ 2 to 
3 feet above present water 
level, should have been below 
the water table at the time of 
the SC 25 event (comparable 
age and position). There is 
good evidence for the absence 
of liquefaction in susceptible 
deposits at this site.  

S 8 No reading 
taken at this 
location (see 
Figure B-1-6) 

Fine-grained 
alluvium (~ 9 to 10 
feet thick) 

Middle Holocene No liquefaction observed 
along 30-foot-long exposure. 
Larger paleoliquefaction 
features should have been 
apparent. 
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Locality Coordinates Unit Description Estimated Age Comments 

S 9 383723 E 

4453574 N 

20-foot-high stream 

bank: interbedded 

loess and water-laid 

fine sediment ( ~ 12 

feet thick) overlying 

thin gravelly sand, 

silt, and poorly sorted 

gravel ( ~ 8 feet 

thick) 

This unit appears to be 

older than S 6 or SC 25 

based on geomorphic 

position and soil 

development (shown on 

Soil Survey map as soil 

unit 570C2) 

The exposure at this site is poor, 

covered by slump colluvium and 

vegetation. 

Sangamon River 

S 10 382937E 

4452756N

14- to 15-foot-high 

stream bank: silt cap 

(3 to 5 feet thick) 

overlying gravelly 

sand

Latest Pleistocene to 

early Holocene 

Poor exposures of terrace deposits 

along meander loop. Exposures (~ 300-

foot-long ) insufficient to assess 

presence/absence of paleoliquefaction.

S 11 382525E 

4452432N

9-foot-high stream 

bank: alluvium 

Pre-hypsithermic 

(early Holocene) 

~ 200  feet of exposure. Very good 

evidence of no liquefaction in 

susceptible deposits. 

S 12 no reading 

taken at this 

location 

~ 20-foot-high stream 

bank: gravel 

observed up at least 

half the bank 

Latest Pleistocene/early 

Holocene based on 

geomorphic position. 

Stream bank mostly covered. No 

information observed  regarding 

presence/absence of paleoliquefaction. 

S 13 379041E 

4449465N

9-foot-high terrace: 

silt cap (4 to > 9 feet 

thick) overlying 

strongly oxidized 

fluvial deposits 

(clean, medium-

grained sand) 

Pre-hypsithermic 

(early Holocene) 

~ 100 feet of good exposure (left bank 

adjacent to a rifle range) of susceptible 

deposits showing no evidence of 

liquefaction. 
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Locality Coordinates Unit Description Estimated Age Comments 

S 14 379879E 

4449215N

Upper section: 

glacial outwash 

(cross-bedded sand 

and pebbly gravel) 

overlies 4-foot- 

(average) to 6-foot-

(locally)-thick silt 

bed (slackwater 

deposit), which 

overlies glacial 

outwash (sand and 

gravel)

Slackwater deposit in 

upper part of section is 

correlated to flooding 

event (breaching of the 

Bloomington moraine at 

Saybrook) ~ 17 to 18 ka. 

Prairie material gravel pit (Mahomet 

Operation,Yard 58). Excavation started 

in 1971. Gravel pit is > 70 feet deep, 

covers ~ 150 acres. 100+ acres of 

continuous exposure observed since 

operation began. Upper section well 

exposed in older part of gravel pit. 

Present water table is just below floor 

of older gravel pit (probably within a 

few feet of base of silt layer). Lack of 

oxidation observed in deposits below 

silt layer suggests water table generally 

has been relatively high since 

deposition. No anomalous features 

(clastic dikes, fractures) in silt layer 

noted during excavation. Site 

conditions are very susceptible to 

liquefaction, providing good evidence 

for lack of significant paleoliquefaction 

since deposition of the silt layer.  

Mackinaw River 

M 2 361731E

4491708N

Older alluvium 

(stratified sand) 

underlying 7- to 8-

foot-high terrace that 

onlaps hill, underlain 

by poorly sorted 

gravelly sand unit 

having subvertical 

filled fractures and 

deformation features 

Based on geomorphic 

position and soil profile 

development, the fluvial 

deposits underlying the 

terrace probably are 

latest Pleistocene in age. 

Deformation features observed in 

poorly sorted sand unit are likely 

related to glaciotectonic or periglacial 

(frost-wedge) processes. The 

hummocky terrain associated with these 

deposits suggests the deposits are ice-

contact drift or ablation till (deposited 

during stagnating ice conditions). The 

overlying fluvial deposits appear to be 

only slightly younger based on the soil 

profile developed across the contact. 

These deposits, which would be 

susceptible to liquefaction, show good 

evidence of no disruption 

(paleoliquefaction) since deposition.  

M 3 360046E 

4492330N

~ 10-foot-high 

terrace: silt cap (4 

feet thick) overlies 

fluvial sand and 

gravel (4.5 feet 

thick); which 

overlies? silt (2 feet 

thick) 

Pre-hypsithermic 

(early Holocene) 

25-foot long exposure showing good 

evidence of no paleoliquefaction in 

susceptible deposits. 
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Locality Coordinates Unit Description Estimated Age Comments 

Mackinaw River 

M 101 351920E 

4495543N

10-foot-high terrace: 

silt cap (9 to 11 feet 

thick) overlies gravel 

Pre-hypsithermic 

(early Holocene) 

20–foot-long exposure showing good 

evidence of no paleoliquefaction in 

susceptible deposits. 

M 102 350494E 

4496546N

Alluvium Pre-hypsithermic  

(early Holocene) 

Good 60-foot-long exposure showing 

no evidence of paleoliquefaction. 

Deposits probably not as old as those at 

SC 25. Additional 200 feet of good 

exposure downstream showing no 

evidence of paleoliquefaction.  

Additional 

exposures of 

pre-

hypsithermi

c deposits 

noted on 

field maps 

   No evidence of significant 

paleoliquefaction features or anomalies 

noted during visual examination of 

these exposures from canoe. 

Salt Creek

SC 21 361929.6 

4456133

12-foot-high terrace: 

5-foot-thick silt cap 

overlies 7 feet of 

fluvial sand and 

gravel (glacial 

outwash) 

Latest Pleistocene Approximately 30 feet of poor to 

moderate exposure. Sediments probably 

would have liquefied, although features 

may not have been preserved in the 

relatively thick silt cap. 

North Fork Salt Creek 

NSC 1 350937E 

4464273N

~ 500 feet 

upstream of 

confluence

with West 

Fork of North 

Salt Creek 

11-foot-high terrace: 

thin silt cap (2 feet 

thick) overlies fluvial 

deposits (glacial 

outwash) (~ 8.5 feet 

thick), which overlies 

1 to 2 feet of till at 

base of exposure 

Latest Pleistocene 20+ feet of exposure. Sediments would 

have liquefied if water table were 2+ 

feet higher than at present. It might be 

difficult to see small clastic dikes in 

these coarse sands. No larger dikes or 

anomalous features observed. These 

deposits are likely old enough and in a 

favorable position in relation to the 

water table to have recorded the SC 25 

event.

Note: Coordinate system is UTM (meters) zone 16, NAD 83.









From McNulty and Obermeier (1999).
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Moment Magnitude Versus Maximum Distance to
Surface Evidence of Liquefaction
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From Olson et al. (2005, in press)
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Revised Region-Specific Magnitude Bound Relation for Central United States
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Covered

Sand

Silty sand

Silty sand

Gravelly sandGravelly sand

SandSand

Cut faceCut face
perpendicularperpendicular
to streamto stream

Gravelly sand

Sand

Cut face
perpendicular
to stream

Edge of
cut face

Edge of
cut face (dash)

Injected sand
and gravel

Stream bank

Note that:
1.  Dike widens downward.
2. Gravelly sand fill fines upward.
3. Dike walls are sharp and irregular.
4. Dike is roughly tabular.
5. Dike occurs in clear association with source material.
6. Weathering within dike suggests it is relatively old.
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Photographs of Dike 1 at Locality SC 25
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Silt

VegetationVegetationVegetation

Silty sand

Sand

Excavated area
(location of
photograph A)

Covered

Covered
Gravelly sand
extends ~ 3’ down
to water level

Clayey silt

Dike intrudes
~8 feet of loess

Dike approaches 
within 20 inches of 

ground surface

Note that:
1.  Dike widens downward.
2. Gravelly sand fill fines upward.
3. Dike walls are sharp and irregular.
4. Dike is roughly tabular.
5. Dike occurs in clear association with source material.
6. Weathering within dike suggests it is relatively old.

Bank rises approximately 12 feet above water level
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Photographs of Dike 1 at Locality SC 25
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Silt with sand lensesSilt with sand lensesSilt with sand lenses

Injected sand 

Clayey siltClayey siltClayey silt

Detrital plant material

KrotovinaFilled KrotovinaFilled KrotovinaFilled Krotovina

Note that:
1.  Dike widens downward.
2.  Sand in filling fines upwards.
3.  Contacts are sharp and irregular.
4.  Dike occurs in clear association with source material.
5.  Dike includes clasts of silty clay, apparently ripped 
 from its walls.
6. Maximum dike width is 1.5 in. 
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Photograph of Dike 2 at Locality SC 19
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Upward extension 
of Dike 1 is 

truncated by the 
cross-bedded

overlying sand unit

Gravel lag

TillTill

Cross-bedded,
dense, fine sand 

Covered

Covered
Dike 1

Note: Knife is 8 in. long
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Photographs of Parts of Dike 1 at Locality M 6
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Vertical portion of Dike 1 
passes to the left of knife

Location of Photograph A

Dike 1

Fluvial silt, sand and 
gravel

Hard clayey till

Cross-bedded, dense, 
fine sand
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Photographs of Parts of Dike 1 at Locality M 6
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CHAPTER 1 

Recurrence for New Madrid Characteristic 
Earthquakes

This attachment to Appendix B of the Site Safety Analysis Report (SSAR) for the Exelon 
Generating Company (EGC) Early Site Permit (ESP) Site presents an assessment of the 
recurrence of characteristic earthquakes on the central faults of the New Madrid seismic 
zone (NMSZ).  Section 2.1.5.2.1 of Appendix B describes the paleoliquefaction investigations 
that have been conducted in the NMSZ region.  These investigations have identified a 
number of paleoliquefaction features interpreted to have been caused by earthquakes and 
that have provided estimated age dates for these features.  Table 2.1-5 of Appendix B 
summarizes the age dates for samples taken from these features, including the 95-percent 
confidence interval on the corrected calendar year for each sample.  Various assessments of 
the paleoliquefaction features have interpreted them to be due to recurrence of characteristic 
earthquakes on the central faults of the NMSZ.  The characteristic earthquake interpretation 
has been used for the EGC ESP analysis discussed in this Attachment.  The first step in the 
recurrence assessment is to use these age dates and their uncertainties to provide constraints 
on the dates for prehistoric earthquakes.  The intervals between these estimated dates then 
provide a sample of the repeat times between assumed characteristic earthquakes on the 
central New Madrid faults.  The second step is to use these repeat times to estimate the 
parameters of appropriate recurrence models for the earthquakes.  For this assessment, the 
uncertainties in the estimated dates were propagated through the estimation process using 
Monte Carlo simulation. 

1.1 Estimation of the Time Interval between Prehistoric New 
Madrid Earthquakes 

The process used to estimate the time interval between prehistoric New Madrid liquefaction 
events is illustrated on Figure B-2-1.  Part (a) shows an example data set of dates and their 
95-percent confidence intervals for samples taken from individual paleoliquefaction 
features.  The various symbols indicate whether the feature is identified to have formed 
before or after event ‘Y’ (the earthquake of ~ AD 1450) or event ‘X’ (the earthquake of ~ AD 
900).  The first step was to simulate a set of possible dates for each sample using the defined 
uncertainty limits.  A normal distribution for the sample date was for the date estimation 
error assumed, and the 95-pecent confidence interval was used to define the ±2σ range for 
the age.  Part (b) of Figure B-2-1 shows such a simulation using the data set from part (a). 

The possible set of dates for individual samples in part (b) can now be used to constrain the 
possible ages for the prehistoric earthquakes.  The oldest post-liquefaction date and the 
youngest pre-liquefaction date define the range of possible dates for each paleoearthquake.  
For example, the solid circles shown in part (b) of Figure B-2-1 indicate samples taken from 
features that postdate event Y.  The oldest of these is considered to provide an estimate of 
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the youngest date for event Y.  The solid squares shown in part (b) of Figure B-2-1 indicate 
samples taken from features that predate event Y and the youngest of these provides an 
estimate of the oldest date for event Y.  These two sample dates thus provide a date range 
for event Y, shown by dashed lines.  A similar assessment provides an estimated data range 
for event X. 

The actual dates for the individual events were then simulated from these date ranges.  The 
true date was assumed to be uniformly distributed within the possible date range.  The 
uniform distribution represents the maximum uncertainty distribution for a parameter 
when all that is known is the range of possible values.  Part (c) of Figure B-2-1 shows an 
example simulation result for the dates of the prehistoric earthquakes.  The simulated dates 
for the prehistoric events, along with the 1811 to 1812 earthquake sequence date, define a 
sample of the time interval between characteristic earthquakes that can be used to estimate 
the parameters of a recurrence model.  This estimation can include the open interval from 
1811-1812 to the present. 

The uncertainty in estimated time intervals between prehistoric earthquakes was captured 
through Monte Carlo simulation.  One hundred sets of sample ages (part b of Figure B-2-1) 
were simulated.  For each set of simulated sample ages, 100 simulations of prehistoric 
earthquake dates were created.  The resulting 10,000 samples of time intervals between 
characteristic earthquakes were then used to develop 10,000 estimates of recurrence 
parameters as described in Section 1.2 of this attachment.  Separate simulations were 
performed using data from the northeastern, central and southwestern portions of the 
NMSZ.  The individual samples used in the analysis are given in Table B-2-1.  The statistics 
of the simulated ages for the prehistoric earthquakes are summarized in the following table. 
The ages obtained for the three data sets are similar. 

Statistics of Estimated Dates for Prehistoric NMSZ Characteristic Earthquakes 

Event

Event Date 

Northeast Data 

Set

Central Data Set Southwest Data 

Set

Y 1453 AD

±56 years 

1421 AD

±18 years 

1448 AD

±17 years 

X 890 AD

±31 years 

917 AD

±29 years 

922 AD

±35 years 

1.2 Estimation of Recurrence Model Parameters 
Two general types of recurrence models have been used to characterize the occurrence of 
characteristic earthquakes, time-independent and time-dependent.  The time independent or 
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Poisson model is the recurrence model commonly use in probabilistic seismic hazard 
analysis (PSHA) formulations for earthquakes of all sizes and was the recurrence model 
used in the Electric Power Research Institute Seismic Owner Group (EPRI-SOG) 
characterization of earthquake recurrence for all sources.  The implication of this model is 
that the time interval between events is exponentially distributed (with the mode at zero), 
and a coefficient of variation of the time intervals is equal to 1.0.  The likelihood of 
occurrence of an earthquake in any time interval is independent of when the previous event 
occurred.  However, the physics of the process of stress accumulation followed by release in 
characteristic earthquake ruptures on faults has led a number of investigators to consider 
time-dependent recurrence models for these sources.  In the simplest form, time-dependent 
recurrence models are cast as a renewal model in which the likelihood of the next 
characteristic event occurring in a specified time interval is dependent only on the elapsed 
time since the previous characteristic event (e.g., Cornell and Winterstein, 1988; Wu et al., 
1995).  These models typically use a skewed distribution, such as the lognormal, Weibull, or 
gamma, to represent the distribution of times between characteristic earthquakes.  Recently 
the Working Group on California Earthquake Probabilities (Working Group, 2003) has used 
these types of models to characterize the likelihood of large earthquakes on faults in the San 
Francisco Bay area.  Cramer (2001) used a lognormal distribution to estimate the average 
repeat time for large earthquake in the NMSZ based on the estimated earthquake dates 
presented in Tuttle and Schweig (2000).  In the following, recurrence model parameters are 
estimated for characteristic New Madrid earthquakes using both time independent and 
time-dependent recurrence models. 

1.2.1 Time-Independent (Poisson) Recurrence 
For the time-independent or Poisson recurrence model, the time interval between 
earthquakes, t, is exponential distributed with probability density given by: 

tetf λλ −=)(       (Eq. B-2-1) 

and cumulative probability given by 

tetF λ−−= 1)(       (Eq. B-2-2) 

where λ is the average rate of characteristic events (1/λ is the average time between events).

Given a sample of n time intervals and one open interval, t0, the likelihood function for the 
observed data set is given by: 
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The maximum likelihood solution for the mean rate is given by the expression: 
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λ     (Eq. B-2-4) 

An empirical uncertainty distribution for the parameter λ can be determined by computing 
the likelihood of observing the sample of event inter-arrival times (ti ..tn and t0) for a range 



ATTACHMENT 2 TO APPENDIX B - SEISMIC HAZARDS REPORT FOR THE EGC EARLY SITE PERMIT SSAR FOR THE EGC EARLY SITE PERMIT 

B2-1-4 REV4

values of λ, and then normalizing these likelihoods to form a discrete probability 
distribution.  This process was used to develop a probability distribution for λ for each set of 
simulated prehistoric earthquake dates.  The resulting 10,000 likelihood distributions were 
then averaged to produce a composite uncertainty distribution for λ.  The top plot of
Figure B-2-2 shows the resulting cumulative distributions for the average time between 
events, 1/λ, estimated from the three sets of simulation of times for events X, Y, and the 
open interval post 1811-1812.  The three data sets (northeast, central, and southwest) 
produce very similar distributions for mean repeat time.  Therefore, the simulations from all 
three data sets were used to develop a composite distribution, shown in the bottom plot of 
Figure B-2-2.  This distribution was represented in the hazard analysis by a five-point 
discrete approximation to a continuous distribution defined by Miller and Rice (1983).  This 
discrete distribution is listed in Table B-2-2. 

1.2.2 Time-Dependent Recurrence 
For the time-dependent renewal recurrence model, there are a variety of distributions that 
have been used to model the variability in the time between events, such as the lognornmal, 
Weibull, and gamma distributions.  Recently, Matthews et al. (2002) have proposed a model 
based on the inverse Gaussian distribution for inter-arrival times of repeated large ruptures 
on a fault.  This model, termed the Brownian Passage Time (BPT) model was used by the 
Working Group (2003) to assess the probabilities of large earthquakes in the San Francisco 
Bay area.  Ellsworth et al. (1999) and Matthews et al. (2002) propose that the BPT model is 
more representative of the physical process of strain buildup and release on a seismic source 
than the other distribution forms that have been used for renewal models (e.g., the 
lognormal).  Based on these arguments, the BPT model was used in this analysis. 

For the BPT model, the time interval between earthquakes, t, is distributed with probability 
density given by: 
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and cumulative probability given by 
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     (Eq. B-2-6) 

where μ lnt is the mean inter-arrival time (repeat time), α is the aperiodicity coefficient 
(coefficient of variation of t), and Φ( ) is the standard normal cumulative probability 
function.

Given a sample of n time intervals and one open interval, t0, the likelihood function for the 
observed data set is again given by equation (B-2-3) with f(t) and F(t) replaced by equations 
(B-2-5) and (B-2-6).  The maximum likelihood solution must be found by numerical 
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methods.  Because of the very limited data set, the estimate of the aperiodicity coefficient, α,
is highly uncertain.  Therefore, the value of α was constrained to values reported from 
examination of larger data sets.  Based on examination of a number of data sets, the 
Working Group (2003) developed an uncertainty distribution for the aperiodicity coefficient 
for the BTP model consisting of three weighted values of 0.3 (0.2), 0.5 (0.5), and 0.7 (0.3). The 
Working Group (2003) weighted distribution was adopted to constrain the value of α.

The process described in Section 1.2.1 of this Attachment was repeated to develop an 
empirical distribution for μlnt, given a specified value of α using the combined simulations 
for the dates of events X and Y using the northeastern, central, and southern sites. For each 
simulated set of dates for the prehistoric New Madrid earthquakes, equations (B-2-3),  
(B-2-5), and (B-2-6) were used to compute the likelihood of observing the sample for a range 
of values of μlnt.  These likelihoods were normalized to define a discrete distribution for μlnt.
The estimation process was repeated for each of the 10,000 simulated sets of dates and the 
resulting distributions averaged to produce a composite distribution for μlnt.  These 
distributions are shown in the lower plot on Figure B-2-2.  These distributions were 
represented in the hazard analysis by the five-point discrete approximations to a continuous 
distribution listed in Table B-2-2. 

For the renewal recurrence model, the probability of an earthquake in the next time interval 
Δt is given be the expression: 

)(1

)()(
) toin timeevent(

0

00
00 tF

tFttF
tttPrenewal −

−Δ+
=Δ+    (Eq. B-2-7) 

The basic PSHA formulation used to assess the site hazard assumes that the occurrence of 
individual earthquakes conforms to a Poisson process.  In order to combine the hazard from 
earthquakes defined by a renewal process into the total hazard, an equivalent Poisson rate is 
defined such that a Poisson process will given a probability of at least one earthquake in 
time interval Δt is that is equal to the probability given by equation (B-2-7).  The equivalent 
Poisson rate, λrenewal, is given by the expression: 

[ ] ttttPrenewalrenewal ΔΔ+−−= /) toin timeevent(1ln 00λ    (Eq. B-2-8) 

A time period of 60 years was chosen as the time period of interest for the ESP application 
(20-year application period plus 40-year plant design life).  The time t was set at October 1, 
2005.  The corresponding estimates of λrenewal are listed in Table B-2-2. 

The last column of Table B-2-2 lists the average equivalent repeat time for characteristic 
earthquakes derived from the discrete distributions for λ or λrenewal.  The values in bold are 
the inverse of the weighted average event frequency for each model.  Assigning equal 
weight to the Poisson and renewal models, the resulting weighted average frequency of 
characteristic events is 1/465 events per year.
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Name 
of Site 

Lab Sample 
Number1 

Material Time Relationship of 
Sample to Event 

Age (95% Probability 
Interval) 

Beta-133006 
(T2-C14) 

Charcoal 
(top of lower sand 

blow) 

Pos Y AD 1520 to 1690 

Beta-133005 
(T2-C13) 

Charcoal 
(19 cm below sand 

blow) 

Pre Y AD 1020 to 1210 

Amanda 
Northeast Set 

 Artifacts, including 
diagnostic ceramics 

Pre Y AD 800 to 1400 

Bugg 
 Central Set 

Beta-108883 Charcoal Post X AD 167 to 1950 

Beta-108869 Charcoal Post X  AD 1690 to 1740 

Beta-81308 Soil (30 cm thick, 
with few small 

artifacts possibly 
reworked) 

Post X  AD 1000 to 1240 

Central Ditch 1 
Southwest Set 

Beta-81309 Soil; artifacts Pre X  AD 790 to 1020 

Beta-110225 Charcoal Post Y AD 1300 to 1450 

Beta-110223 Cypress knees Pre Y AD 1310 to 1480 

Current River 2 
Southwest Set 

Beta-110224 Charcoal Pre Y AD 1240 to 1440 

Beta-166248 
(C5) 

Charcoal from base of 
soil developed in 
sand-blow crater 

Post Y AD 1400 to 1490 Dillahunty 
Central Set 

Beta-171218 
(FSN4) 

Maize kernel fragment 
from 0 to 10 cm 
below sand blow 

Pre Y AD 910 to 1210 

Beta-142449 Charred corn kernel 
from aboriginal wall 
trench dug into sand 

blow 

Post Y AD 1410 to 1460 

Beta-119102 Charcoal Pre Y AD 1290 to 1410 

Dodd 
 Central Se 

Beta-102502 Charcoal Pre Y AD 1220 to 1300 
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Name 
of Site 

Lab Sample 
Number1 

Material Time Relationship of 
Sample to Event 

Age (95% Probability 
Interval) 

Beta-91511 Charcoal 
(vertical root) 

Post Y AD 1690 to 1740 

Beta-75326 Charcoal  Post Y AD 1650 to 1950 

Eaker 1 

Southwest Set 

Beta-81313 Soil; ceramics Pre Y AD 1180 to 1400 

NA Ceramics Post X AD 800 to 1000 

Beta-86810 Charcoal Post X AD 1400 to 1630 

Beta-86811 Charcoal Post X AD 1310 to 1480 

Beta-77450 Charcoal Post X AD 1270 to 1420 

Beta-86190 Soil Post X AD 1180 to 1310 

Eaker 2  

Southwest Set 

Beta-86816 Soil and ceramics Pre X AD 470 to 780 

Beta-69618 Charcoal and artifacts Post X AD 1460 to 1800 Eaker 3  

Southwest Set NA Ceramics Pre X AD 800 to 1000 

Haynes 
 Central Set 

G-19080 Charcoal Post X AD 1300 to 1660 

Beta-102500 Charcoal and ceramics Post X AD 780 to 1000 Hillhouse 
 Northeast Set 

Beta-102499 Charcoal Pre X AD 790 to 1010 

Johnson 5 
Northeast Set 

Beta-102505 Soil Pre X AD 770 to 1040 

Beta-49608 Charcoal Post Y AD 1430 to 1650 

Beta-49609 Charcoal Pre Y AD 1220 to 1390 

K1 
Champey 

Pocket 
Northeast Set 

Beta-48553 Charcoal; artifacts Post X AD 430 to 890 

CAMS-13559 Charcoal Pre Y AD 1260 to 1410 

CAMS-13540 Charcoal Post X AD 980 to 1220 

K2 
Proctor City 

Northeast Set 

CAMS-13537 Charcoal Pre X AD 780 to 1030 

Kochtitzky 
Ditch 1 

Beta-97574 
Artifacts  

Charcoal Pre Y AD 990 to 1220 
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Name 
of Site 

Lab Sample 
Number1 

Material Time Relationship of 
Sample to Event 

Age (95% Probability 
Interval) 

Southwest Set 
 

Beta-102512 Charcoal Post Y AD 1440 to 1660 

L2 
 Northeast Set 

Beta-71234 Soil (dispersed 
carbon) 

Post X AD 770 to 1040 

Beta-97577 Soil Post X AD 890 to 1170 

Beta-97578 Soil Post X AD 860 to 1020 

New Franklin 3 
Central Set 

Beta-86191 Soil Post X AD 690 to 990 

Beta-97578 Soil Post X AD 860 to 1020 Central Set 

Beta-86191 Soil Post X AD 690 to 990 

Beta-146738 Wood W2 collected 
from silt deposit 
above sand blow 

Post Y AD 1530 to 1680 Obion 200 
Northeast Set 

Beta-146737 Wood  W1 collected 
within 1 cm of base of 

sand blow 

Pre Y AD 1300 to 1420 

Beta-152008  Wood (W2 from outer 
1 cm of horizontally 

bedded log  buried by 
sand blow) 

Pre Y AD 1060 to 1080  
AD 1150 to 1290 

Obion 216 
Northeast Set 

Beta-152009 Wood (W4 from outer 
1 cm of tree trunk in 
growth position in 

clay deposit beneath 
sand blow.  

Pre Y AD 1160 to 1300 

Walker 
Southwest Set 

Beta-133018 
(T2-C2) 

Charcoal from cultural 
horizon < 1 cm below 
sand blow; artifacts 

Pre Y AD 1420 to 1500 

Beta-84977 Tree Post Y AD 1680 to 1760 Yarbro 3 
Central Set 

Beta-108882  Tree center Pre Y AD 1445 to 1670 
Plus 68 rings 

(AD 1513 to 1738) 
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NEW MADRID EARTHQUAKES 

Seismic Hazards Report for the ECG ESP Site  

                          B2.T-4                                                                                                                                                                                                                                REV4 

 

Recurrence 
Model 

1/λ 
(events/year) 

exp(μlnt) 
(years) 

Event 
Frequency 
λ or λrenewal 

(events/year) 

Weight Equivalent 
Average Repeat 

Time 
(years) 

161  6.20E-03 0.10108 161 
262  3.82E-03 0.24429 262 
410  2.44E-03 0.30926 410 
694  1.44E-03 0.24429 694 

1,563  6.40E-04 0.10108 1,563 

Poisson 

    366 
 333 3.39E-03 0.10108 295 
 410 1.07E-03 0.24429 935 
 485 3.02E-04 0.30926 3,311 
 574 5.95E-05 0.24429 16,807 
 709 4.30E-06 0.10108 232,558 

Renewal 
(Lognormal 
σlnt = 0.3) 

    1,404 
 316 4.85E-03 0.10108 206 
 440 2.18E-03 0.24429 459 
 573 8.89E-04 0.30926 1,125 
 746 2.58E-04 0.24429 3,876 
 1,032 2.97E-05 0.10108 33,670 

Renewal 
(Lognormal 
σlnt = 0.5) 

    733 
 325 4.45E-03 0.10108 225 
 506 2.25E-03 0.24429 444 
 719 1.02E-03 0.30926 980 
 1,011 3.37E-04 0.24429 2,967 
 1,521 4.49E-05 0.10108 22,272 

Renewal 
(Lognormal 
σlnt = 0.7) 

    713 
 





Figure

B-2-2
Seismic Hazards Report for the EGC ESP Site 

Mean Repeat Time for New Madrid Characteristic Earthquakes

N
o

n
-G

D
S

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 450
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for compliance with 10CFR1, Appendix A.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice




