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ABSTRACT 
In order to estimate the average shear-wave velocity to 30 m, 𝑉!(30m), at 

recording stations in Central and Eastern North America (CENA), we develop a map 
based on mapped surface geology and topographic slope. The available velocity profile 
database for CENA does not sufficiently sample firm and hard rock sites, so we augment 
the velocity database with assigned 𝑉!(30m) values at strong motion stations that are 
documented to be located on firm and hard rock sites. First, we develop an updated slope-
based 𝑉!(30m) model for CENA that incorporates the firm and hard rock sites. We then 
separate the data into general geologic categories to identify differences in the 𝑉!(30m)-
slope relationship. The differences in the 𝑉!(30m)-slope trend between the different 
geologic categories are modest, but the variability and thus the uncertainty varies 
significantly between geologic units. For example, the uncertainty is much larger within 
glaciated sediments than within non-glaciated sediments because there are many flatlying 
yet stiff soil or rock sites in the glaciated areas.  
 
1.0 INTRODUCTION 

As a single parameter quantifier of site amplification, measurement of the average 
shear-wave velocity to a depth of 30m, 𝑉!(30m), has become a generally accepted 
description of site conditions (Borcherdt, 1994a, 1994b; Martin and Dobry, 1994; Rinne, 
1994; Dobry et al., 1999).  𝑉!(30m) has been incorporated into U.S. building codes 
(NEHRP, 1994, 1997; UBC, 1997; BSSC, 2000, 2004) and recently incorporated into 
Ground Motion Prediction Equations (GMPEs) (Boore et al., 1997; Atkinson and Boore, 
2006; Power et al., 2008).   

Empirical observations have consistently revealed a strong dependence of ground 
motions on site conditions.  Del Barrio, in the 1855 Proceedings of the University of 
Chile states*"...a movement.... must be modified while passing through media of different 
constitutions.  Therefore, the earthquake effects will arrive to the surface with higher or 
lesser violence according to the state of aggregation of the terrain which conducted the 
movement.  This seems to be, in fact, what we have observed in the Colchagua Province 
(of Chile) as well as in many other cases" (Del Barrio, 1855).  In 1862, Mallet (1862) 
noted the effect of geology upon earthquake damage.  Milne (1908) observed that in soft 
"damp" ground it was easy to produce vibrations of large amplitudes and long duration, 
while in rock it was difficult to produce vibrations of sufficient amplitude to be recorded.  
Wood (1908) and Reid (1910), using apparent intensity of shaking and the distribution of 
damage in the San Francisco Bay area during the 1906 earthquake, gave evidence that the 
severity of shaking can be substantially affected by the local geology and soil conditions.  
Gutenberg  (1927, 1957) developed amplification factors representing different site 
geologies by examining recordings of microseisms and earthquakes from instruments 
located on various types of ground.   

Quantification of site effects on earthquake recordings range from simple rock 
verses soil characterizations (Abrahamson and Shedlock, 1997) to surfical geology 
(Hayashi et al., 1971; Mohraz, 1976; Seed et al., 1976; Borcherdt, 1970; Borcherdt and 

                                                
*Translated from the old Spanish by Professor Ricardo Dobry. 
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Glassmoyer, 1992; Bonilla et al., 1997; Harmsen, 1997) and currently to 𝑉!(30m) 
(Borcherdt 1994a; 1994b; Power et al., 2008; Atkinson and Boore 2006). 

Although not without controversy (e.g., Castellaro et al., 2008), 𝑉!(30m) captures 
stable differences in mean site amplification across frequency, albeit with considerable 
aleatory variability. While not a replacement for a site-specific analysis of amplification, 
an average velocity over only the top 20m to 30m is sufficient to statistically characterize 
a profile to depths that affect wavefields to periods of several seconds (Power et al., 
2008) because profiles exhibit a correlation in shear-wave velocity with depth (EPRI, 
1993; Silva et al., 1996, (Appendix C by G. Toro); Boore et al., 2011).  As such 𝑉!(30m) 
has supplanted binary site descriptors such as rock verses soil and discrete geology 
related descriptors such as Geomatrix categories, providing a continuous and quantitative 
transition of site amplification with a clearly defined site condition.  The addition of a soil 
depth parameter, such as the depth to a significant impedance contrast (e.g., basement 
rock) would enhance predictive power.  For example, a 30m deep soil site will have less 
amplification at low-frequency (f ≤ 1 Hz) than a 100m deep soil site, both with the same 
SV (30m) (Silva et al., 1999; Abrahamson and Silva 2008).  While perhaps somewhat 

incomplete, 𝑉!(30m) alone reflects a significant improvement over previous non-
quantitative site descriptors and has been generally adopted as a primary tool for mapping 
generic site amplification. 

To provide a basis for mapping of 𝑉!(30m), there are three general correlation 
techniques which have been implemented: (i) surficial geology (Wills and Silva, 1998; 
Wills and Clahan, 2004, 2006); (ii) generic site categories or classifications such as 
Geomatrix, Campbell, or Spudich (Chiou et al., 2008) which are loosely based on 
geology, anticipated depth to rock, or local setting such as wide or narrow valley; and 
(iii) remote sensing techniques (physiographic characteristics) such as topographic slope 
(Wald and Allen, 2007) and terrain (Yong et al., 2009, 2010, 2011).  Thompson et al. 
(2010) and Wald et al. (2011) showed that an additional geostatistical step could be 
applied along with the above mapping methods locally refine the maps to be consistent 
with measurements. 

All three correlation approaches reflect surrogates for profile stiffness and each 
have basic strengths and shortcomings that are reflected in their related epistemic 
uncertainties in 𝑉!(30m) estimates (Chiou et al., 2008).  While intermethod measurement 
error or differences in 𝑉!(30m) estimates are typically small, around a few percent 
(COV; Moss, 2008), intermethod differences or measurement type epistemic uncertainty 
tends to be much greater with a COV around 10% to 20% (Moss, 2008).  When spatial 
variability is included, as in correlations with surficial geology or generic site categories 
such as Geomatrix, the variability (epistemic uncertainty in median 𝑉!(30m) estimates) 
in terms of σln increases to about 0.3 to 0.4 (Wald and Allen, 2007). There is some 
evidence of increasing variability with increasing profile stiffness (Chiou et al., 2008; 
Moss, 2008).  

To provide context for the spatial variability associated with category 
assignments, it is informative to look at the assignment of variability (epistemic 
uncertainty) for sites with measured 𝑉!(30m) adopted for the PEER NGA GMPE 
development (Chiou et al., 2008).  The assumption would naturally be zero and any 
number greater than zero implies uncertainty.  However practical access issues as well as 
the lateral extent of surface techniques necessitated a working definition of “at a site”.  
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Based on Borcherdt’s (2002) experience with drill rig access in the USGS multi year 
drilling effort, PEER adopted a working definition such that any measurement within 
300m of a recording instrument was defined to be “at the site”.  Based on analyses of 
clusters of measurements and professional judgment, the σln reflecting spatial variability 
over distances up to 300m ranged from 0.05 for the softest sites (NEHRP Category E) to 
0.30 for stiff sites (NEHRP Category A) (Chiou et al., 2008).  These variabilities are 
similar to those of the intermethod COV 10% to 20% for firm soil sites, due to limited 
multimethod measurements at stiff sites, and reflect, to a significant extent, spatial 
variability due to the practical limitation of measurement proximity as well as the 
extended apertures of surface methods. 

For physiographic methods such as topographic slope (Wald and Allen, 2007) and 
terrain (Yong et al., 2008), the variability over all 𝑉!(30m) is about 0.35 (σln) for 
California, where the density of measurement is greatest.  This epistemic uncertainty, 
about 0.35, is commensurate with that of correlations of surficial geology and generic site 
categories (e.g., Geomatrix) suggesting the world-wide utility of physiographic methods 
(Wald and Allen, 2007; Yong et al., 2008).  It should be pointed out all correlation 
techniques, including physiographic, fundamentally rely on sufficient sampling of the 
correlate with measured 𝑉!(30m) where regional differences may exist (e.g., Western 
North America (WNA) verses CENA; Wald and Allen, 2007).  Such a dependence 
reflects a fundamental shortcoming of correlation methods as it necessities an assessment 
regarding what may constitute a “regional difference” in correlation between 𝑉!(30m) 
and the underlying parameter that is mapped.  As a result, applications of correlations to 
regions lacking sufficient measurements to confirm or assess existing models must be 
accompanied by a significant increase in epistemic uncertainty and may be subject to 
significant bias as well. 

To summarize, variabilities in 𝑉!(30m) estimates are about 0.2 (σln) for 
measurements within about 300m and range up to about 0.3 to 0.4 when using 
correlations of surficial geology, generic site categories, or topographic slope and terrain.  
These estimates of epistemic uncertainty provide a context for assessing the accuracy of 
the 𝑉!(30m) mapping for CENA. 

 
2.0 PROFILE DATABASE 

The profiles database of Pacific Engineering provides the fundamental 𝑉!(30m) data 
for the development of the CENA maps.  The database consists of measured velocities 
determined by both borehole (suspension, crosshole, downhole, seismic cone) and 
surface (ReMi, SASW, MASW, reflection, refraction) techniques and includes 
compressional-wave velocities if available.  Each profile was vetted by examining the 
accompanying acquisition information or metadata.  Suspension profiles were smoothed 
by eye (reduced resolution) to provide velocity estimates more representative of the area 
surrounding the borehole.  Seismic cone interpretations typically reflect interval 
velocities that may result in rapidly varying velocities with depth.  Because the interval 
velocity interpretation relies on differences in travel times, small errors can accumulate, 
resulting in spurious velocity estimates.  For cases where waveforms and arrival times 
were available, the seismic cone data have been reinterpreted with the traditional 
downhole approach with velocities and layer thicknesses based on sections of constant 
slope in travel time plots (e.g., Boore and Thompson, 2007).  For seismic cone profiles 
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where travel times were not available, rapidly varying layer velocities were smoothed by 
eye, as with the suspension log profiles.  The intent of the smoothing (reduction in 
resolution) of rapidly varying velocities with depth (due to very high frequencies for 
suspension log data (≈ 500 + Hz)) and seismic cone profiles (interval interpretations) was 
to provide velocity estimates representative of wide apertures around the boreholes.  
Since shear-wave velocities estimated with surface methods reflect laterally averaged 
values (along one azimuth only depending on the technique and survey implementation), 
the smoothing of rapidly varying (vertical) local velocities was intended to produce a 
similar resolution across techniques and provide a more rational basis for averaging 
profiles, one of many applications of the profile database (Wills and Silva, 1998; Wills 
and Clahan, 2004, 2006; Chiou et al., 2008). 

For 𝑉!(30m), the profile database computes the time average to 30m for profiles 
which extend to at least 30m.  For cases where measurements do not extend to 30m, the 
deepest layer velocity is continued to 30m (constant extrapolation).  Profiles which 
extend to at least 20m provide a very reliable 𝑉!(30m) estimate with a bias of about 2% 
(underprediction, Yu and Silva, 2011) and standard deviation of about 0.04 to 0.07 (σln, 
Yu and Silva, 2011; Boore, 2004) and were used for the CENA map development.  
Profiles with depths less than 20m were not used because a regional calibration to CENA 
profiles was not available to avoid biased extrapolations based on a gradient extrapolation 
(Boore et al., 2011; Yu and Silva, 2011).   
 
2.1 CENA Profiles 

Currently the profile database contains over 3000 measured profiles with 632 in 
CENA (Figure 1).  For CENA, the data are: 

1. Public domain contributions: Eggert et al. (1994), Streat et al (1995), Beresnev and 
Atkinson (1997), Schneider and Mayne (1999), Street and Woolery (2001), 
Woorlery and Wang (2002), Odum et al. (2003), Williams et al (2003), Anderson et 
al. (2003), Gomberg et al (2003), Williams et al. (2003), Wang et al. (2003), Bauer 
(2004), Kociu et al. (2004), Street et al. (2004), Woolery and Wang (2005), Bauer 
(2005, 2006), Hoffman et al. (2006), Rosemblad (2006), Jaume (2006), Anderson et 
al. (2007), Banab and Motazedian (2007), Rosenblad et al. (2007), Geovision 
(2008), McIntyre (2008), Read et al.(2008), Pehrne and Melaney (2009), Odum et 
al.(2008), Rosenblad and Li (2009), Odum et al.(2010),Liu and Adams (2010), 
Odum et al.(2011), 

2. A large number of profiles from the southeastern US; Georgia and the Carolinas 
and about 30 profiles available for New York City from a recent project with 
Weidlinger Associates, Inc. and URS,    

3. The Eastern Canadian recording site profiles from Beresnev and Atkinson (1997), 
4. Recording site velocity information compiled by Chris Cramer during processing of 

the NGA-East CEUS and Canada recordings as received from the data providers 
and transmitted to PEER, 

5. Profiles from DOE sites Savannah River, South Carolina; Paducah, Kentucky; Oak 
Ridge National Laboratory, Tennessee; and Portsmouth, Ohio, all from internal 
seismic hazard projects, 

6. Available site information for the ECTN sites compiled in a report to PEER by Lin 
and Adams (2010), 
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7. There are about 23 COL (Combined Operating License) nuclear power plant 
applications under review by the NRC.  All of the sites have extensive velocity 
measurements available at the NRC web site.  Profiles reflecting original 
(unimproved) site conditions have been included, 

8. USGS measurements in CEUS available in open file reports: e.g. Jack Odumn and 
Robert Williams (USGS, Golden Colorado), Robert Bauer et al. (2007), 

9. Profiles available from individuals: e.g. Ron Andrus (Clemson University), Ron 
Street and Edward Woolery (University of Kentucky), Glen Rix (Georgia Tech), 
Steven Jaume (College of Charleston), and Martin Chapman (Virginia Tech), 

10. The profile database also contains a large number of profiles from privately funded 
seismic hazard projects of Pacific Engineering located in Oklahoma, Mississippi, 
Missouri, Texas, Georgia, Carolinas, Virginia, Tennessee, New York, and New 
Jersey.   

11. Profiles collected as part of the ARRA funded profiling effort (Yong et al., 2013).  
12. Profiles collected for EPRI GMM review project. (EPRI, 2004, 2006).  

Due to the private nature of many profiles, the database is considered proprietary. 
 
2.1.1 Inferred CENA Profiles at Recording Sites 

A significant limitation of available 𝑉!(30m) measurements is reflected in the 
sample size of NEHRP Category A (> 1,500m/s) as well as Category B sites which 
exceed 1,000m/s.  The profile database currently contains only 17 profiles with 𝑉!(30m) 
exceeding 1,000m/s and only 6 profiles exceeding 1,500m/s.   

The sampling of very stiff profiles (𝑉!(30m) ≥ 1,000m/s) in CENA is comparable 
to that of WNA with both regions having about 1-2% of the measured profiles with 
𝑉!(30m) at or above 1,000m/s.  In contrast to WNA, this sampling for CENA is 
surprising as CENA recordings, perhaps dominated with eastern Canada stations, 
generally reflect a much larger percentage of rock sites, particularly hard rock (Atkinson 
and Assatourians, 2010; Atkinson and Boore, 2006).  The dichotomy of a small absolute 
number of 𝑉!(30m) measurements at or exceeding 1,000m/s in the CENA and a large 
number of hard rock recording sites in the CENA presents two potential issues: 

1. Insufficient sample size upon which to develop correlations, 
2. Apparent inconsistency between recording site classifications as hard rock and 

𝑉!(30m) assignments (related to 1 above and discussed in Section 3). 

The consequence of very few high 𝑉!(30m) measurements would likely result in a 
bias in developing correlations with proxy methods as well as a possible undersample of 
the extent of high 𝑉!(30m) areas.  The high 𝑉!(30m) sampling issue impacts the 
application of the topographic slope method of Wald and Allen (2007) to CENA as their 
highest 𝑉!(30m) bin is greater than 760m/s (NEHRP BC boundary). The available 
velocity data do not permit a distinction between NEHRP B and A sites, with NEHRP A 
and B/C being the current reference site condition for CENA GMPEs (EPRI, 2004; 
Atkinson and Boore; 2006, 2010). 

For recording site classifications, because the CENA has a considerable region of 
shallow (≤ 30 m) soils overlying firm (sedimentary) and hard (crystalline) rock (Section 
3.1), an ambiguity exists regarding the appropriate 𝑉!(30m) to associate with recording 
sites which may have instruments buried either within or very close to rock.  In such 
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cases measurements adjacent to the instruments properly reflect soil and underlying rock 
but with a 𝑉!(30m) value that is inappropriate for recordings and not reflective of the 
actual amplification. 

To address both the sample size and shallow soil/instrument issues in a very 
approximate manner, we decided to augment the measurement database with the hard 
rock category shear-wave velocity assignments of Gail Atkinson (Atkinson and 
Assatourians, 2010) for recording sites. Based on the site geology Atkinson assumed an 
average shear-wave velocity of 2 km/s, generally taken as a 𝑉!(30m).  Many of the sites 
actually reflect shallow soil but with the instruments founded at or very close (few 
meters) to rock. The inclusion of these assumed site velocities added 131 hard rock 
samples for correlations that more accurately reflect amplification at hard rock recording 
sites even though the surficial geology may actually be shallow soil.  Such shallow soil 
sites exist in wide regions of the CENA across many states. 

To more accurately represent actual 𝑉!(30m) at the recording sites to estimate 
surface amplification, the 𝑉!(30m) of 2 km/s was lowered to 1.5 km/s as a rough 
approximation.  For example only 1m of 200m/s over 2 km/s material reduces the 
𝑉!(30m) to about 1,500m/s.  While there are no data to support that this condition exists 
on average, it simply serves as an example that it takes very little low velocity shallow 
material to significantly reduce a high rock 𝑉!(30m). In the CENA, shallow soils may be 
tills or loess with shallow shear-wave velocities well above 200m/s, but several meters 
thick.  To better quantify actual recording site 𝑉!(30m) values that reflect amplification, 
it is strongly recommended the PEER NGA-East project take the following steps: 

1. Compile a list of CENA rock and shallow soil sites, screen which are confirmed 
with instruments located at or very near rock, and request the providers have their 
technicians (who routinely visit the sites) assess sensor proximity to rock, 

2. After the characterization in step 1, fund and encourage more measurements at 
CENA rock and shallow soil sites at locations where surface measurements 
reasonably reflect recording site amplification. 

 
3.0 ISSUES IN Vs(30m) MAP DEVELOPMENT FOR CENA 

A natural approach to augment the sparse 𝑉!(30m) measurements in the CENA 
would involve applying proxy correlations developed in the more data rich WNA to the 
CENA.  However, there are a number of issues which complicate the development of 
𝑉!(30m) maps for CENA and prevent an unbiased implementation of WNA proxy 
correlations to CENA.  These issues do not reflect fundamental difference in the dynamic 
material properties of soils and rocks between WNA and CENA due to lithology or age, 
but are a consequence of the relative differences in distributions of similar soil and rock 
types and ages.  The relative areal extents of soil and rock types varies substantially 
between WNA and CENA, necessitating region-specific correlations of 𝑉!(30m) proxies 
in general and in particular for recording stations located at very shallow soil sites.  The 
following discussion illustrates the issues. 

 
3.1   Shallow Soils 

The existence of very shallow (1m to 10m) soils overlying firm rock (e.g., shale) or 
hard rock (e. g., granite) is not common in WNA (Wills and Silva, 1998; Silva et al., 
1999; Wills and Clahan, 2004, 2006) and presents a significant issue for assigning 
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𝑉!(30m) estimates to CENA recording sites because there are significant regions in the 
CENA where shallow soils overly firm and hard rock but recording instruments may 
actually be founded directly on rock.  As Figure 2 illustrates for the glaciated region in 
the CEUS, with the exception of the Michigan, Illinois, and Williston basins, much of the 
bedrock is overlain by soils with an estimated thickness of less than 15m.  In these areas, 
recording instruments may be at or within 3m to 6m of rock, especially those located in 
basements of buildings.   

For such cases, 𝑉!(30m) estimates, measured or inferred from correlations, will 
reflect a combination of soil and rock while the recorded ground motions will have the 
response of firm or hard rock site conditions.  Shallow soil sites overlying firm or hard 
rock may especially be an issue in general for physiographic proxies such as terrain 
(Yong et al., 2008) and topographic slope (Wald and Allen, 2007).  The particular 
attributes of physiographic proxies may reflect significantly deeper soils, not 
distinguishing between regions of shallow soils and deep soils and depend on which 
conditions dominate the database of measurements used for calibration.  This issue 
affects any proxy method implemented in the CENA and may result in increased 
epistemic uncertainty in moderate 𝑉!(30m) estimates (e.g., NEHRP category B sites) 
that include shallow soils over firm or hard rock.  For WNA, 𝑉!(30m) in the moderate 
range (≈ 500 m/s to 1,000 m/s) typically reflects soft rock with a moderate gradient 
reaching 3 km/s at depths beyond about 2 km (Boore and Joyner, 1997; Silva, 1997; Silva 
et al., 1999).  With surface velocities around 300 m/s, recording site placement typically 
reflects little embedment and 𝑉!(30m) estimates provide a reliable measure of deeper 
velocities.  As a result a moderate 𝑉!(30m) value may reflect significantly different 
amplification for WNA and CENA sites.  This is further complicated by the location of 
instruments at shallow soil sites in the CENA with amplification actually reflecting much 
higher 𝑉!(30m) values than indicated by the profile.   

Examples of shallow soil sites with instruments founded in rock are ECTN sites 
OTT, WBO, CKO, and GRQ with shear-wave velocity profiles measured by Beresnev 
and Atkinson (1997).  The 𝑉!(30m) values for the four sites are: 760 m/s, 1,734 m/s, 
1,203 m/s, 1,889 m/s respectively. The corresponding 𝑉!(30m) for the rock material 
beneath the shallow soils are 1,670 m/s, 3,110 m/s, 2,190 m/s, and 2,850 m/s 
respectively.  The average ratio of the “actual” measured 𝑉!(30m) (soil plus rock) to 
“effective” 𝑉!(30m) (at the instrument) is about 1.8, clearly indicating an unacceptably 
large bias.   
 
3.2  Distribution of Hard Verses Firm Rock Properties  

Related to the ambiguity of 𝑉!(30m) within CENA estimates at shallow soil sites 
but with instruments at or very close to underlying rock is the distribution of sedimentary 
rocks beneath soils in the CENA.  North of Cairo Illinois, the northern extent of the 
Mississippi Embayment and in Missouri, Ohio, Indiana, and Michigan, the soils are 
typically shallow (except for deeper parts of the Michigan and Illinois basins, Figure 2) 
and are directly underlain by sedimentary rocks such as sandstones, siltstones, and shales 
(Soller, 2004; Figure 3).  The areal extent of the underlying sedimentary rock includes the 
Gulf Coastal region (EPRI; 1993, 2004) and north into Oklahoma. 

Typical shear-wave velocities for these gas and coal bearing sedimentary rocks 
range from about 1.5 km/s to 2.5 km/s, significantly below the 2.83 km/s assumed for 
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hard reference rock conditions in the CENA (EPRI, 2004). As Figure 3 illustrates for the 
CEUS glaciated regions, much of the region has sedimentary rock directly underlying the 
soils (Soller, 2004). In many areas the sedimentary rocks may extend thousands of feet 
before Precambrian hard rock basement is encountered.   

For the areas of shallow soils underlain by sedimentary rock, realistic 𝑉!(30m) 
estimates for instruments located at or very near rock should reflect lower velocities than 
corresponding shallow soil sites underlain by crystalline rock.  The latter sites include the 
Piedmont and Blue Ridge with saprolite overlying hard crystalline basement rocks as 
well as the north eastern US and eastern Canada where thin veneers of till overly hard 
rock. 
 
3.3 Distribution of Soil Properties Between WNA and CENA 

An additional factor in potential differences between WNA and CENA soils relevant 
to proxy correlations is the relative dominance of till and loess.  These Quaternary 
sediments are much more widespread in CENA.  For example till and glacial outwash is 
present in western Washington around Seattle but is widespread in the glaciated region of 
CENA (Figure 4).  Loess soils are common along the eastern bank of the Mississippi 
River near Memphis Tennessee and form the bluffs of the Uplands region there.  Loess 
exists in the WNA, for example in areas of eastern Washington, but is typically much 
thinner than in the uplands in CENA.   

Both till and loess reflect higher velocities than more widespread soils in WNA yet 
may have similar proxy attributes (Wald and Allen, 2007; Yong et al., 2011) and 
extrapolations for measurements that do not extend to 30m (Boore et al., 2011; Yu and 
Silva, 2011) may be subject to significant bias.  The potential regional bias in 𝑉!(30m) 
and proxy correlations between WNA and CENA likely extends outside North America 
and worldwide implementation should be accompanied by region-specific assessments 
with local 𝑉!(30m) measurements. 

 
4.0 Vs(30m) MAP DEVELOPMENT 

Silva et al. (2011) developed a 𝑉! 30m  map for the CEUS and assessed a number 
of alternative proxies, including surface geology (Fullerton et al., 2003), terrain (Yong et 
al., 2011), and topographic slope (Wald and Allen, 2007). Based on the velocity data 
available at the time, and the need for a model that extends into Canada (the Fullerton 
map only covers CEUS), Silva et al. (2011) based their map on the Wald and Allen 
(2007) topographic slope model, but modified it to account for hard rock sites because 
the Wald and Allen (2007) model gives a maximum 𝑉! 30m  of 760 m/s which is too 
low for the CEUS where hard rock conditions are pervasive. Silva et al. (2011) developed 
two models: one for “actual” conditions and one for “effective” conditions, as discussed 
in 3.1. The “actual” model is given by 
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 180 for               m ≤ 10-4  
 6.440 + 0.1353 ln(m) for     10-4 < m ≤ 2×10-3  
 6.709 + 0.1787 ln(m) for 2×10-3 < m ≤ 10-2  
ln𝑉! 30m  = 8.822 + 0.6374 ln(m) for     10-2 < m ≤ 2×10-2 (1) 
 8.051 + 0.4406 ln(m) for 2×10-2 < m ≤ 4×10-2  
 9.033 + 0.7420 ln(m) for 4×10-2 < m ≤ 0.1  
 1500 for                m > 0.1  
 
and the “effective” model is given by   
 
 180 for               m ≤ 10-4  
 6.440 + 0.1353 ln(m) for     10-4 < m ≤ 2×10-3  
 6.709 + 0.1787 ln(m) for 2×10-3 < m ≤ 10-2  
ln𝑉! 30m  = 8.822 + 0.6374 ln(m) for     10-2 < m ≤ 2×10-2 (2) 
 8.051 + 0.4406 ln(m) for 2×10-2 < m ≤ 4×10-2  
 10.032+1.0560 ln(m) for 4×10-2 < m ≤ 0.1  
 2000 for                m > 0.1  
 
where m is the slope gradient. Following Wald and Allen (2007), the gradient (i.e., 
maximum slope) was computed from 30 arc-sec SRTM data (Farr and Kobrick, 2000) 
using the GMT command “grdgradient” (Wessel and Smith, 1991). This command uses 
the central difference technique to approximate the derivative of the elevation surface in 
two orthogonal directions.  The gradient, m, is then computed as the vector sum of the 
two components.  In the time since the completion of Silva et al. (2011), the database has 
been expanded and thus we refine the previously developed model in this report and 
investigate an alternative geology classification system that was not considered 
previously.  
 
4.1   Surficial Geology  
 For our purposes, the Soller et al. (2009) map provides a number of advantages to 
the Fullerton et al. (2003) map that was considered by Silva et al. (2011). First, there are 
a number of stations within the CEUS that were not covered by the Fullerton et al. (2003) 
map, and this problem was addressed by the Soller et al. (2009) map because it covers the 
entire US. Second, the total number of units in the Soller et al. (2009) has been simplified 
relative to the Fullerton et al. (2003) map, which makes interpretation easier. For Canada, 
we employed the Fulton (1996) map.  
 The first challenge in developing the geology proxy is to unify the two different 
geologic maps for Canada and the US. To accomplish this, we group the units in each 
map into four simple categories: 1) sediments, 2) glaciated sediments, 3) residual soils, 
and 4) rock. The correspondence between the mapped units and these simple categories is 
given in Table 1. These categories are mapped in Figure 5, which shows that the 
classification is relatively consistent across the US-Canada border. The Soller et al. 
(2009) map includes a classification of soil thickness, shown in Figure 6. Unfortunately, 
there is no similar description for soil thickness in the Fulton (1996) map.  

Table 2 gives the mean, standard deviation (s), and the number of samples (n). 
The mean and s are computed from the natural logarithm of 𝑉! 30m ; the mean is 
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exponentiated while s is reported in natural log units. This table illustrates the large 
amount of variability within the glacial sediments and residual soils, while the variability 
is comparatively small in the non-glacial sediments. There are only 6 values in the rock 
group, all of which are assumed rock stations (i.e., 𝑉! 30m =2.0 km/s).  
 Table 3 gives the same summary statistics but breaking down each unit by 
thickness. The trend of the means for the non-glacial sediments is promising, ranging 
from 220 m/s up to 350 m/s as the thickness decreases. It is interesting to note that the 
largest variability is for thin sediments, which has a standard deviation more than twice 
that of thick or patchy sediments. The trouble with this breakdown is that there are a 
number of rows with only a handful of measurements, and so the estimated statistics, 
particularly the standard deviations, are not reliable. Further, analogous classifications are 
not available in the Fulton (1996) map for Canaada and so this classification system may 
not be as useful as using topographic slope to discern a trend within the geologic 
groupings, which we investigate in the next section.  
 
4.2   Hybrid Slope-Geology Model 
 It is likely that the relationship between topographic slope and 𝑉! 30m  will be 
different depending on the geologic environment. To investigate this, we plot 𝑉! 30m  as 
a function of slope for each of the geologic groups in Figure 7. For each panel, we 
provide the 𝑉! 30m -slope curve from Silva et al. (2011) for reference. The mean and +/-
1 standard deviations of the 𝑉! 30m  measurements are also displayed for various slope 
bins. The black lines represent the geology-specific 𝑉! 30m -slope relationship; these 
were determined by comparing the empirical trends to the Silva et al. (2011) curve and 
adjusting the slope break points to bring the curve closer to the mean of the empirical 
data. We kept the 𝑉! 30m  values that define the curve the same because they 
correspond to site class boundaries. As in Table 2, Figure 7 shows the larger variability in 
the glacial sediments and residual soils. However, it is clear that knowing that the 
sediments are non-glacial allows one to use a more precise 𝑉! 30m -slope relationship.  

Within the glacial sediments, there are two clear groups of data with different 
𝑉! 30m values but a wide range of slopes: one at about 220 m/s and another at 2000 m/s 
(assumed rock sites). The slower group likely represents thick glacial fluvial and similar 
sediments. The faster group may include 1) very thin soil where the instrument may be 
placed on outcrop, or 2) very dense and highly compacted soils such as till that can 
exhibit 𝑉! 30m  that approach those that are typical of firm rock. The 𝑉! 30m -slope 
relationship given in Figure 7 for glacial sediments fits the curve to the mean value, but 
given the bimodal distribution of the velocities, an alternative interpretation could be a 
discontinuous curve given in Figure 8. The fundamental problem, however, is that both 
𝑉! 30m  groups extend over a broad range of slopes, indicating that within glaciated 
sediments, there are extensive areas of firm to hard rock at low slopes and also soils that 
follow the more typical 𝑉! 30m -slope relationship for non-glaciated regions. Because of 
this, we have to accept larger uncertainty in estimating 𝑉! 30m  within glaciated 
sediments. Figure 9 gives the 𝑉! 30m  map that is produced by the relationships is 
Figure 7.  

The bias and standard deviations (both in natural log units) for the Silva et al. 
(2011) and updated slope-geology model are compared in Table 4. The bias and standard 
deviations are broken down into bins of geologic classification and sub-bins of slope. 
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Using all the available data, the table shows that adding the geologic classifications 
decreases the bias and standard deviation. The overall standard deviation is about 18% 
lower when we include the four general geologic classifications in the model.  

To evaluate the model, we provide the slope-𝑉! 30m  pairs in Table 5. For 
estimating the standard deviation of the model, we recommend using the value reported 
in Table 4 for the appropriate geology/slope bin if the number of samples is 30 or more. 
If the number of samples is less than 30, then we recommend using the standard deviation 
reported in the nearest bin within the same geologic group that has more than 30 samples. 
For example, if evaluating the 𝑉! 30m  in glacial sediments where the slope is less than 
1e-3 (n = 3 in Table 4), the appropriate standard deviation should be 0.903 (from the bin 
for glacial sediments with slope between 1e-3 and 1e-2).  
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Table 1. Surface geology groupings for the US and Canada.  

Group US –  Soller et. al. (2009) Canada – Fulton (1996) 
Sediments Alluvial sediments, thin 

Alluvial sediments, thick 
Eolian sediments, mostly dune sand, thin 
Eolian sediments, mostly dune sand, thick 
Calcareous biological sediments 
Coastal zone sediments, mostly fine-

grained 
Coastal zone sediments, mostly medium-

grained 
Eolian sediments, mostly loess, thin 
Eolian sediments, mostly loess, thick 
Eolian sediments on southern High Plains 
Organic-rich muck and peat, thin 
Organic-rich muck and peat, thick 
Residual materials developed in alluvial 

sediments 
Playa sediments 
Lacustrine sediments 

Alluvial Deposits: stratified silt, sand, 
clay, and gravel; floodplain, delta, 
and fan deposits; in places overlies 
and includes glaciofluvial deposits. 
(A) 

Marine Mud: Fluid silty clay and clayey 
silt: deposited as quiet water 
sediments. (mM) 

Lacustrine Sand: Sand and locally gravel; 
deposited as sheet sands, lags, and 
beaches. (sL) 

Marine Sand: Sand and locally gravel; 
deposited as sheet sands, lags, and 
beaches. (sM) 

Organic deposits: peat, muck and minor 
inorganic sediments; large bog, fen, 
and swamp areas where organic fill 
masks underlying surficial 
materials; generally >2 m thick. (O) 

Eolian Deposits: sand and minor silt: 
dunes, blowouts, and undulating 
plains: In most places overlies 
deltaic sediments, coarse lacustrine 
sediments, or glaciofluvial deposits. 
(E) 

Lacustrine Mud:Fluid silty clay and 
clayey silt: deposited as quiet water 
sediments. (mL) 

Glaciated 
Sediments 

Proglacial sediments, mostly fine grained, 
thin 

Proglacial sediments, mostly fine grained, 
discontinuous 

Proglacial sediments, mostly coarse-
grained, thick 

Proglacial sediments, mostly fine grained, 
thick 

Proglacial sediments, mostly coarse-
grained, discontinuous 

Proglacial sediments, mostly coarse-
grained, thin 

Glaciofluvial ice-contact sediments, 
mostly sand and gravel, 
discontinuous 

Glaciofluvial ice-contact sediments, 
mostly sand and gravel, thin 

Glaciofluvial ice-contact sediments, 
mostly sand and gravel, thick 

Glacial till sediments, mostly silty, 
discontinuous 

Glacial till sediments, mostly silty, thin 
Glacial till sediments, mostly clayey, 

discontinuous 

Glaciofluvial Plain, sand and gravel; 
deposited as outwash sheets, valley 
trains, and terrace deposits (Gp)  

Glaciofluvial Complex, sand and gravel 
and locally diamicton; 
undifferentiated ice contact stratified 
drift, and outwash; locally includes 
till and rock (Gx) 

Fine grained (Glacio)Marine, dominantly 
silt and clay, locally containing 
stones; deposited as quiet water 
sediments (fM)  

Coarse grained (Glacio)Marine, sand and 
gravel; deposited as sheet sands, 
deltas, and extensive flights of 
beaches (cM)  

Lag (Glacio)Marine, sand, gravel, and 
pockets of finer sediment; thin to 
discontinuous sediment veneer and 
residual lag developed during 
marine submergence; includes areas 
of washed till and rock (Mv)  

Fine grained (Glacio)Lacustrine, silt, and 
clay, locally containing stones; 
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Glacial till sediments, mostly clayey, thin 
Glacial till sediments, mostly clayey, 

thick 
Glacial till sediments, mostly silty, thick 
Glacial till sediments, mostly sandy, 

discontinuous 
Glacial till sediments, mostly sandy, thin 

deposited as quiet water sediment 
(fL)  

Coarse grained (Glacio)Lacustrine, sand, 
silt, and gravel; deposited as deltas, 
sheet sands, and lag deposits (cL)  

 
Till Blanket, thick and continuous till 

(Tb)  
Till Veneer, thin and discontinuous till; 

may include extensive areas of rock 
outcrop (Tv) 

Residual 
Soils 

Residual materials developed in igneous 
and metamorphic rocks 

Residual materials developed in 
sedimentary rocks, discontinuous 

Residual materials developed in fine-
grained sedimentary rocks 

Residual materials developed in bedrock, 
discontinuous 

Residual materials developed in bedrock, 
thin 

Colluvial sediments, discontinuous 
Colluvial sediments, thin 
Colluvial and alluvial sediments 
Colluvial sediments and loess 
Colluvial sediments and residual material 
Residual materials developed in 

sedimentary rocks, thin 
Residual materials developed in 

carbonate rocks, discontinuous 
Residual materials developed in 

carbonate rocks, thin 
Residual materials developed in bedrock, 

with alluvial sediments, 
discontinuous 

Residual materials developed in bedrock, 
with alluvial sediments, thin 

Colluvial Rubble, rubble and silt; derived 
from carbonate and consolidated 
fine clastic sedimentary rock 
substrate (rC)  

Colluvial Fines, silt, clay, and fine sand; 
derived from substrate weakly 
consolidated shale and siltstone 
substrate (fC)  

Colluvial Sand, Sand and gravel; derived 
from poorly lithified sandstone and 
conglomerate substrate (sC)  

Colluvial Blocks, Blocks, and rubble with 
sand and silt; derived from 
crystalline bedrock, medium grade 
metamorphic substrate, and 
cemented sandstone (bC)  

 

Rock Basaltic and andesitic volcanic rocks 
Rhyolitic volcanic rocks 

Alpine Complexes, rock, colluvium, and 
till; rock and Quaternary deposits 
complex in an area, characterized by 
alpine and glacial landforms (Ra)  

Undivided, rock with minor Quaternary 
deposits (R)  

Quaternary Volcanics, consolidated lava, 
breccia and tephra; dominantly 
basaltic and andesitic in 
composition; includes flows, 
volcanic piles, and cinder cone (V) 
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Table 2. 𝑉! 30m  summary statistics by geologic groupings.  
Group Mean s n 
Sediments 309 0.337 462 
Glacial Sediments 899 0.954 179 
Residual Soils 515 0.854 73 
Rock 2000 -- 6 
 
 
 
 
 
 
 
 
Table 3. Summary statistics by geologic group and thickness.  
Group Thickness Mean s n 
Sediments Thick 220 0.133 13 
 Thin 260 0.342 196 
 Patchy 350 0.154 249 
Glacial Sediments Thick 239 0.408 7 
 Thin 533 0.878 86 
 Patchy 800 1.05 3 
Residual Soils Thin 305 0.308 3 
 Patchy 527 0.864 70 
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Table 4. Comparison of bias and variability (natural log units).  
 Slope Silva et al. (2011) Slope-geology 

n Min Max Bias s Bias s 
Sediments -- 1e-3 -0.034 0.156 -0.034 0.156 50 

1e-3 1e-2 -0.014 0.251 -0.014 0.251 346 
1e-2 0.1 -0.130 0.464 -0.037 0.432 66 
0.1 -- -- -- -- -- 0 

Glacial 
sediments 

-- 1e-3 0.034 0.028 -0.150 0.011 3 
1e-3 1e-2 0.486 0.911 0.002 0.903 77 
1e-2 0.1 0.850 0.691 0.148 0.669 91 
0.1 -- 0.136 0.429 -0.046 0.429 8 

Residual 
soils 

-- 1e-3 -- -- -- -- 0 
1e-3 1e-2 0.061 0.740 -0.124 0.682 37 
1e-2 0.1 0.288 0.818 0.069 0.794 36 
0.1 -- -- -- -- -- 0 

Sediments -- -- -0.032 0.286 -0.019 0.276 462 
Glacial 
sediments 

-- -- 0.648 0.808 0.072 0.767 179 

Residual 
Soils 

-- -- 0.173 0.782 -0.029 0.741 73 

Rock -- -- 1.352 0.385 0 0 6 
All -- 1e-3 -0.030 0.153 -0.040 0.154 53 

1e-3 1e-2 0.083 0.523 -0.020 0.468 462 
1e-2 0.1 0.425 0.783 0.068 0.622 197 
0.1 -- 0.136 0.429 -0.046 0.429 8 

All -- -- 0.169 0.609 0.003 0.501 720 
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Table 5. Points for evaluating the slope-geology model.  

NEHRP 
𝑉! 30m  m/s 

Slope m/m 

Sediments 
Glacial 
Sediments 

Residual 
Soils 

Min Max Min Max Min Max Min Max 
E -- 180 -- 1e-4 -- 1e-4 -- 1e-4 
D 180 270 1e-4 2e-3 1e-4 6e-4 1e-4 2e-3 

270 360 2e-3 1e-2 6e-4 2e-3 2e-3 6e-3 
C 360 560 1e-2 4e-2 2e-3 6e-3 6e-3 1e-2 

560 760 4e-2 5e-2 6e-3 1e-2 1e-2 3e-2 
B 760 1500 5e-2 7e-2 1e-2 4e-2 3e-2 0.2 
A 1500 -- 7e-2 -- 4e-2 -- 0.2 -- 
* For rock, use 2000 m/s for all slopes.  
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Figure 1.  Distribution of the 𝑉!(30m) database used in developing the CENA 𝑉!(30m)  
map.  CENA is considered to extend from 105o longitude eastward and includes Canada.  
Recording sites (triangles) are shown and the dense suite of stations in the Midwest are 
portable arrays and not simultaneously occupied.  Note many of the NEHRP A sites 
reflect assumed 𝑉!(30m) values (Section 2.1.1). 
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Figure 2.  Map of Quaternary sediment thickness for the glaciated regions in the CEUS 
(based on Soller, 2004). 
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Figure 3.  Map of bedrock lithology beneath the Quaternary sediments in the glaciated 
region of the CEUS (from Soller, 2004). 
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Figure 4. Spatial distribution of glacial Till and outwash as well as Loess in the CEUS 
based on the Fullerton et al. (2003) map of surficial deposits. 
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Figure 5. Map of the simplified geologic groupings in Table 1.  
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Figure 6. Map of soil thickness provided by Soller et al. (2009).  
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Figure 7. Slope versus 𝑉! 30m  for (a) sediments, (b) glacial sediments, (c), residual 
soils, and (d) rock. The dashed line is the Silva et al. (2011) 𝑉! 30m -slope relationship 
and the dots/bars represent the median and +/-1 standard deviation of 𝑉! 30m  for 
various slope bins. The solid line represents the updated model.  
 
  



34 
 

 
Figure 8. Same as Figure 7 except for the interpretation of the 𝑉! 30m -slope 
relationship for glacial sediments in (b).  
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Figure 9. Map of 𝑉! 30m  based on the hybrid model illustrated in Figure 7 where the 
slope-𝑉! 30m  relationship is different for the four simplified geologic groups as 
described in Table 1.  


