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Abstract 

 

Broadband and strong motion seismic data from three moderate to large 

earthquakes were used to determine site response characteristics in the Seattle and 

Tacoma, Washington, area. The three earthquakes chosen for analysis were the 2012 Mw 

6.1 Vancouver Island earthquake, the 2012 Mw 7.8 Queen Charlotte Island earthquake, 

and the 2014 6.6 Mw Vancouver Island earthquake. Resonant frequencies and relative 

amplification of ground motions were determined using Fourier spectral rations of 

velocity and acceleration records from three-component seismic stations within and 

adjacent to the Seattle and Tacoma basins. Recordings from the sites were selected based 

on their signal to noise ratios. Both the Standard Spectral Ratio (SSR) and the Horizontal-

to-Vertical Spectral Ratio (HVSR) methods were used in the analysis and results from 

each were compared. Although 56% of the sites exhibited consistent results between the 

two methods, other sites varied considerably. Sites that had acceptable recordings from 

more than one of the earthquakes were compared. Using the results, several factors 

postulated to influence site response were examined for this study. These included depth 

to bedrock and age/type of geologic material.  Although the scope of this study is limited, 

results of the analysis suggest that sites located on the Pleistocene continental glacial drift 

tend to have high amplification at 1-1.5 Hz by both HVSR and SSR results. Acceleration 

data from the Seattle Liquefaction Array (SLA) were also used to determine the site 

response in different depths. The spectra and the SSRs from this station indicate 



consistent frequency characteristics of the near-surface amplification among the 

earthquakes.  The depth of the sediments to the bedrock along with the age and the type 

of the geologic units are investigated as the two major factors involved in the SSR and 

the HVSR results. 
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Introduction 

 

The Cascadia Subduction Zone (CSZ) megathrust stretches from northern 

Vancouver Island to California and separates the subducting Juan de Fuca plate from the 

overriding North America plate (Fig. 1). This subduction zone produced the January 26, 

1700, Cascadia earthquake, with an estimated moment magnitude of 8.7-9.2 (Atwater et 

al., 2005). Several other significant earthquakes have occurred in the western part of 

Washington in the past century. The April 13, 1949, 7.1 Mw Olympia earthquake, the 

April 29, 1965, 6.7 Mw Olympia earthquake and the February 28, 2001, 6.8 Mw 

Nisqually earthquake on which occurred very close to the epicenter of 1949 event, are 

among the most important. Smaller magnitude earthquakes happen frequently (almost 

once a month) (Barnett et al., 2009).  

Situated above the CSZ, the Seattle and Tacoma metropolitan areas in the Puget 

Lowland of western Washington are at risk from earthquake related damage. These 

seismically active areas overlie sedimentary basins and are home to over 3.5 million 

people. Since sedimentary basins affect seismic waves and often increase the level of 

earthquake damage, it is crucial to gain a better understanding of earthquake waves as 

they travel through basin sediments. 

Site characteristics, such as fundamental period and wave amplification, are 

influenced by sediment type, location, and thickness of sedimentary units, and can affect 



ground shaking at a given location.  Ground motions experienced at a site are a function 

of the earthquake source, the wave path, and the characteristics (e.g., sediment type, local 

geology, depth to bedrock) of the site itself. Much research by seismologists and 

engineers has focused on understanding and predicting these site characteristics for 

estimating seismic hazard in areas where the potential for large earthquakes exists. The 

site effect can be represented by an empirical transfer function that captures the influence 

of surficial geologic units on earthquake ground motions. Two common techniques used 

in previous studies for approximating this transfer function are the horizontal-to-vertical 

spectral ratios (HVSRs) and the standard spectral ratios (SSRs) (e.g., Frankel (1999, 

2002, 2009), Molnar et al., (2004), Pratt (2006), Koçkar and Akgün (2012), Garcia-

Fernandez and Jimenez (2012)).  

The goal of this study is to determine site effects on ground motions at several 

locations near the urban centers of Seattle and Tacoma using broadband and strong 

motion data acquired for three different earthquakes: (1) the October 28, 2012, Mw 7.8 

Queen Charlotte earthquake (2) the April 24, 2014, Mw 6.6 Vancouver Island 

earthquake, and (3) the November 8, 2012, Mw 6.1 Vancouver Island earthquake (Fig. 

1).  Results from this study will be compared with results from similar studies previously 

conducted in this area. The SSR results will  also be compared to the HVSRs to 

investigate the consistency of the results at each method. This study will also explore the 

two major factors affecting the ground motion amplification in the study area. 

 



Fig. 1. Simplified tectonic map showing the epicentral locations of earthquakes used in this study. The Juan 

de Fuca plate and the Explorer plate are subducting under the North America plate, forming the Cascadia 

Subduction Zone. Stippled area indicates land. 

 

 

 

 

 

 

 



 

 

Background and Geologic Setting 

 

The main sources of earthquakes in the Pacific Northwest are associated with 

plate motions involving the Pacific, North America, and Juan de Fuca plates (Fig. 1). 

Strain accumulation resulting from these plate interactions is released through 

earthquakes within the subducting Juan de Fuca plate, along the plate interface, or in the 

overriding plate (Barnett et al., 2009). The Queen Charlotte fault, is an active transform 

fault that forms a triple junction where it intersects the Explorer plate, the Juan de Fuca 

plate and the North America plate, transitioning to become the CSZ. 

The M  8.7 to 9.2 Cascadia earthquake in 1700 occurred along the CSZ and made 

a fault rupture estimated to be approximately 1000 km long from northern California to 

Vancouver Island in British Columbia with an average slip of 20 m (Atwater et al., 2005). 

North-south shortening resulting from oblique plate convergence (Khazaradze et al., 

1999) has produced east-trending thrust faults and dextral strike-slip faults throughout the 

Puget Lowland fore-arc basin. Crustal faulting in this area is the main mechanism for the 

formation of several thick sedimentary basins (Brocher et al., 2001). Among these basins, 

the Seattle and Tacoma basins pose the highest level of hazard because of their proximity 

to large populations.  



  The stratigraphy of Seattle basin has been studied using surface exposures, industry 

boreholes, and seismic profiles tied to the boreholes by many geoscientists (Fig. 2) 

(Johnson et al., 1996; Brocher et al., 1998; Snelson et al., 2007; Troost and Booth, 2008). 

Almost 1.1 km of  

 

Fig. 2. Stratigraphic column for the Puget Lowland (Snelson et al., 2007). 

 

unconsolidated Pleistocene and Holocene deposits at the top of the basin is assumed to be 

the main cause of amplification of seismic waves (Frankel et al., 1999, 2002; Pratt et al., 



2003). The upper part of these deposits is a temporally and spatially complex collection 

of glacial outwash till, lacustrine deposits, and recessional deposits that were formed 

when the Puget Lowland was glaciated during at least six different episodes in the 

Pleistocene (Booth, 1994). Well logs and seismic reflection data indicate that there are 

sedimentary rocks of Eocene and Miocene age below these unconsolidated Holocene 

deposits. The Miocene age Blakely Harbor Formation contains of siltstones, 

conglomerates and non-marine sandstones (Fig. 2). The conglomerate clasts are poorly 

sorted pebbles, cobbles, and boulders, of which about 85% are from Crescent Formation 

(Johnson et al., 1994, 1996). The Eocene to Oligocene Blakely Formation consists of 

different deep marine sequences. The Crescent Formation, which is stratigraphically 

below the Blakely Formation, consists of basalt and minor interbeds of siltstone, tuff, and 

conglomerate (Johnson et al., 1994; Jones 1996; Snelson et al., 2007). 

 

 

 

 

 

 

 

 



 

 

 

Previous Work 

 

Many studies have used ground motions to characterize the effects of sedimentary 

basins on seismic waves. Examples include Frankel (1999, 2002, and 2009), Molnar et al. 

(2004), Pratt et al. (2006), Ghasemi et al. (2009), and Koçkar and Akgün (2012). 

Frankel (1999) analyzed seismograms from 21 earthquakes (ML 2.0-4.9) recorded 

by digital seismographs situated on wide variety of geologic units and developed a new 

inversion procedure to estimate site response. He observed high amplifications on 

artificial fill, more moderate amplification for sites on stiff Pleistocene soils, and low 

response for rock sites. The results of his study also showed a strong 2-Hz resonance at 

sites with surficial layers of fill and younger alluvium. 

 In another study, Frankel et al. (2002) used the recordings of the M 6.8 Nisqually 

earthquake and its ML 3.4 aftershock to study site response and basin effects for 35 

locations in Seattle, Washington. This study used SSRs, or Fourier spectral ratios of 

horizontal ground motions recorded at soft sediment sites relative to a reference site. He 

observed that sites on artificial fill and young alluvium had the largest 1-Hz amplification 

for both the mainshock and aftershock.  



Molnar et al. (2004) examined site responses in Victoria, British Columbia, using 

weak ground motion recordings of the 2001 Nisqually earthquake in Washington. They 

analyzed the data using both the SSR method and the HVSR method and observed a 

considerable variation in acceleration spectra across the city due to local site conditions. 

The HVSR method uses the average of the horizontal components of the shear wave 

divided it by the vertical component. For their reference recordings for the SSR 

calculations, they used stations at thin soil sites (< 3 m) having a flat-amplitude spectra at 

frequencies less than 10 Hz. They found that sites with thicker soils (5-10 m) showed 

peak amplitudes at 2-5 Hz. 

Pratt et al. (2006) used SSR and HVSR methods at 47 sites in the Puget 

Lowland and observed significant amplification of 1.5- to 2.0-Hz shear waves 

within sedimentary basins. The SSR curves at thick basin sites showed peak 

amplification at frequencies of 3 to 6 Hz and lower amplification at frequencies 

above 6 Hz. They proposed that the attenuation within the basin strata is the main 

cause of the spectral decay at frequencies above the amplification peak.  

Frankel (2009) studied the effect of basins on site response in the Puget 

Lowland using 3D finite-difference simulations for five earthquakes, including 

the M 6.8 Nisqually earthquake. His modeling suggests a dependence of 

amplification on the directivity of the earthquake rupture. Earthquake directivity 

is the focusing of wave energy along a fault in the direction of rupture. He found 

that S waves are focused toward the southern margin of the Seattle basin in an 

area \that experienced increased chimney damage from the Nisqually earthquake. 

Chimney damage is used as a proxy for the intensity of ground shaking (Fig. 3). 



 

 

 

Fig. 3. Maps indicate observed (green circles) and 

predicted (black circles) amplification at 1 Hz for four 

earthquakes plotted on map of surface geology. Circle 

size is proportional to 1 Hz amplification. Arrows show 

direction of seismic wave propagation based on the location of the earthquake. Stations with no 

green circles did not record that particular earthquake (Frankel, 2009). 

 



 

 

Analogues   

In this section, four investigations from India, Turkey, Spain and South Africa 

using methods similar to those in this study are presented and serve as analogues to 

validate the modeling approach. 

Jammu City, India 

Passive seismic methods including HVSR and microtremors were used to 

investigate the site response at 30 station locations located in frontal part of the Himalaya 

Mountains, which contain soft sediments that have strong effects on recorded ground 

motions (Mahajan et al., 2012). Mahajan et al. (2012) used shear-wave velocities from 

the top 30 m l of Pleistocene and Holocene sediments overlying Lower Miocene bedrock, 

along with seismic data from the 20 October, 1991 (Mb 6.8) Chamilo earthquake to 

calculate the site response spectrum at the sites.  Buildings of different heights have 

different resonant frequencies, making amplification in certain period ranges an 

important engineering concern. The response spectrum of the sites indicates a five to 

seven times increase in peak ground acceleration for single or two-story buildings.  Fig. 4 

shows amplification ratios, periods, and shear wave velocities at different sites in the N-S 

and NW-SE directions (Mahajan et al., 2012). The study show eight to twelve times 

increase in amplification at 2 to 3 Hz frequency in the central part and 1.75 to 2 Hz in 

peripheral parts of the city.  



  

 

Fig. 4.  Amplification ratios and corresponding shear-wave velocities for sites in Jammu city. Upper panel 

(a) shows results from N-S profile; lower panel (b) shows results from NW-SE profile. (From Mahajan et 

al., 2012).   

The stations located in the central part of the city (e.g., Sites 14 and 9) show HVSR 

curves with clear peaks in comparison to the sites in the northwestern and southwestern 



part of the town (e.g., Sites 7, 25) (Fig. 5). Broad HVSR peaks imply a low impedance 

contrast between basement and overlying sediments and only provide a range of 

amplification values. Overall, it can be concluded that HVSR can only be successful in 

areas with high impedance contrast (Mahajan et al., 2012).

 

Fig. 5. HVSR curves in different part of Jammu city. Sharp peaks are associated with high impedance 

contrast as opposed to broad peaks that are indicative of low impedance contrast from Mahajan et al., 

(2012).   

 

 

 

 

Ankara, Turkey  



Koçkar and Akgün (2012) collected 352 microtremor measurements in the 

western part of the Ankara basin within the Plio-Pleistocene fluvial and Pleistocene and 

Holocene alluvial and terrace sediments. They used HVSRs of these measurements to 

calculate the fundamental periods and amplification of their sites. These measurements 

were correlated with the in situ measurements of dynamic properties of geologic 

information. The results from this study indicate that three main factors were involved in 

the site response: (1) age of the geologic formation, (2) depth of the sediments to the 

bedrock, and (3) non-uniform subsurface configuration. Due to the presence of low-

velocity deposits near the surface, stations located at Pleistocene and Holocene sediments 

show high amplification at longer periods than the older Plio-Pleistocene fluvial 

sediments. The HVSR results further showed that the variation of the fundamental period 

agreed well with maximum amount of amplification at a given site. Pleistocene and 

Holocene sediments, which are the thicker and unconsolidated, possess low shear wave 

velocity and show higher amplification results at fundamental periods.   

Using the HVSR results, the results of Vs30 measurements (average shear wave 

velocity in the upper 30 m), and geologic information, Koçkar and Akgün (2012) created 

a site class zonation map for the Ankara basin. The map provides a tool to assess and 

mitigate the potential risk from future seismic events in the study area (Fig.7).   
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Fig. 7. Seismic zonation map for assessing the effects in the Ankara basin. The plot includes the site 

classification map based on average Vs30 measurements and the maps of HVSR regarding resonance 

periods and maximum amplifications (Koçkar and Akgün, 2012). 

 

Vega Baja, Spain 

Garcia-Fernandez and Jimenez (2012) conducted ambient noise surveys at 90 

sites over the central part of the Lower Segura River basin in the Vega Baja region, 

located southeast of the Iberian Peninsula. This dataset, along with geological, 

geotechnical, and other geophysical data, was used to identify multiple peaks in some of 

the HVSR curves. The dataset represents different impedance contrasts at depths that 

were modeled to characterize the Vega Baja soils units, depth to the bedrock, and depth 

to the rock units. The depth to the bedrock varies in different parts of the basin from 30 m 

to 50 m. The average of the shear-wave velocity over the soil unit is approximately 200 

m/s, and the average velocity in the top 30 m is around 300 m/s. 



In Fig. 8, three examples of experimental and 1D synthetic H/V curves from their 

paper are shown together with three generalized models indicating the subsurface 

structure in Vega Baja. Model 1 sites are mainly located at the central and western part of 

the Lower Sengura basin and the northern border of the Hurchillo, Benejuzar and 

Guardamar Mountains. Model 2 sites are in the Orihuela-Callosa Ranges. Model 3 sites 

are located in the north, south, and east sections of the Lower Segura basin. The results of 

the study show a strong relationship of fundamental periods with lithological variation 

with sediment thickness (Garcia-Fernandez and Jimenez, 2012).   

  

Fig. 8. (a) Examples of observed (light gray line =mean value) and 1D modeled H/V (dark gray line) 

values; (b) generalized 1D soil models in Vega Baja (Garcia-Fernandez and Jimenez, 2012). 

 

 



Durban, South Africa 

A refined version of the HVSR generated by cultural seismic noise has been used 

to study the seismic response of several sites in Durban area of South Africa (Fernandez 

and Brandt, 2000). Three components of two ambient noise samples separated by several 

minutes were acquired at 18 sites. Although the data samples were different in time and 

frequency content, the HVSR curves look very similar in most of the pairs (Fig. 9). Not 

only were the frequency peaks almost identical, but also the ranges of amplifications 

were very similar. The method used in this study is based on using a hard-rock site (ñthe 

Kloofò) as a reference and comparing all the soft sites relative to the hard-rock site (Fig. 

9). This comparison with a hard- rock site helps to gain a better understanding of the 

physical meaning of the site response. Results from this study showed that the influence 

of the layer system on the vertical component of motion does not exceed the value of 

two; therefore, it can be assumed that the majority of amplification is due to the 

horizontal motion. 

Fig. 9 shows the HVSRs at two different times at two of the sites that are 

underlain with unconsolidated sediments. Fig. 9 also includes the site response at each 

site relative to the hard rock site, which is thought to be in direct relation to the 

amplification factor. 

 

 



 

Fig. 9. Left column: two HVSRs (a and b) at La Lucia Ridge (consolidated sand). Site response (c) is with 

respect to hard rock site ñThe Kloof.ò Right column: two HVSRs (a and b) at Warner beach (sand). Site 

response (c) is again with respect to hard rock site ñThe Kloofò (Fernandez and Brandt, 2000). 
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Methodology 

 

This section provides information about data acquisition and analysis. Data 

acquisition includes station selection and sources for broadband, strong motion, and other 

supporting data. Data analysis includes the methods used to process all the acquired 

seismic data. Three-component broadband data record velocity and cover a wide 

frequency band (0.01 to 25 Hz). Strong motion data measure acceleration and are useful 

for recording large-amplitude, high frequency (0 to 100 Hz) seismic waves.  

 

Data Acquisition 

Broadband data 

Seismic stations used in this study are located in western Washington, most of 

which are within Seattle and Tacoma basins (Fig. 10). Most of the sites are underlain by 

thick sedimentary sequences that fill the basins; however, in a few cases the bedrock is 

exposed or located very close to the surface. Three-component data from 16 broadband 

stations of the University of Washington (UW) and Transportable Array (TA) networks 

were selected and the data were downloaded from the Incorporated Research Institutions 

for Seismology (IRIS) data center (http://service.iris.edu/irisws/timeseries/docs/1/builder) 

for the November 8th, 2012 Vancouver Island earthquake. All data have a 40-Hz 

sampling frequency with the length of 40 minutes. Ten stations having acceptable signal 



to noise ratio (more than 2) were selected and cover areas with different liquefaction 

susceptibility (Fig. 10). The station name, network, latitude, longitude, and elevation of 

each station are shown in Table 1.  

  

Fig. 10. Locations of ten broadband stations selected for this study overlain on liquefaction susceptibility 

map (Palmer et al., 2004). 

 
 



 

Table 1. Broadband stations recorded the 2012 Vancouver Island earthquake.  

 
Network Station Latitude  Longitude Elevation(m) Geologic Unit 

TA B05D 48.2641 -122.096 153 Pleistocene continental glacial drift 

TA D03D 47.5347 -123.089 262 Pleistocene continental glacial drift 

UW DOSE 47.7172 -122.972 53 Pleistocene continental glacial drift 

UW GNW 47.56413 -122.825 220 Paleogene and Neogene intrusive rock 

UW LON 46.7506 -121.81 853 Paleogene and Neogene fragmental volcanic rock 

UW LRIV  48.0575 -123.504 293 Pleistocene continental glacial drift 

UW RATT 47.42546 -121.803 440 Paleogene and Neogene fragmental volcanic rock 

UW SP2 47.55629 -122.249 30 Pleistocene continental glacial drift 

UW TOLT 47.69 -121.69 541 Paleogene and Neogene volcanic rock 

UW WISH 47.11698 -123.771 45 Pleistocene and Holocene alluvium 

  

 

 

Strong motion data 

Forty-seven three-component acceleration records were acquired from strong 

motion stations for the Mw 7.8 Queen Charlotte Island earthquake and Mw 6.6 

Vancouver Island earthquake that occurred at 3:04:08 am on October 28th, 2012, and 

3:10:12 am on April 24th, 2014, respectively. The IRIS URL Builder was used to 

download 40 minutes of data with 100-Hz sampling frequency (Fig. 11).  Tables 2 and 3 

list the station name, location, elevation, and geologic unit of each station used in the 

study. 

 

 



 
 
Fig. 11. Strong motion stations overlain on  liquefaction map (Palmer et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Strong motion stations for the 2012 Queen Charlotte earthquake. 

 

 

 

 
 

 

 

 

 

 

 

 

Network Station  Latitude  Longitude Elevation 

(m) 

Geologic Unit 

UW ALCT 47.65 -122.04 55 Pleistocene continental glacial drift 

UW ALKI  47.58 -122.42 1 Pleistocene and Holocene alluvium 

UW BABE 47.61 -122.54 83 Pleistocene continental glacial drift 

UW DOSE 47.72 -122.97 53 Pleistocene continental glacial drift 

UW EARN 47.74 -122.04 159 Pleistocene continental glacial drift 

UW ERW 48.45 -122.63 389 Pleistocene continental glacial drift 

UW EVCC 48.01 -122.2 0 Pleistocene continental glacial drift 

UW EVGW 47.85 -122.15 10 Pleistocene continental glacial drift 

UW FINN 47.72 -122.23 121 Pleistocene continental glacial drift 

UW HICC 47.39 -122.3 115 Pleistocene continental glacial drift 

UW LON 46.75 -121.81 853 Paleogene and Neogene fragmental 
volcanic rock 

UW LRIV 48.06 -123.5 293.8 Pleistocene continental glacial drift 

UW LYNC 47.83 -122.29 19 Pleistocene continental glacial drift 

UW MARY 47.66 -122.12 11 Pleistocene and Holocene alluvium 

UW MEAN 47.62 -122.31 37 Pleistocene continental glacial drift 

UW MNWA 47.57 -122.53 8 Paleocene to Miocene marine 

sedimentary rock 

UW NIHS 47.74 -122.22 137 Pleistocene continental glacial drift 

UW NOWS 47.69 -122.25 21 Pleistocene and Holocene alluvium 

UW PAYL 47.19 -122.31 10 Pleistocene and Holocene alluvium 

UW PNLK 47.58 -122.03 128 Pleistocene continental glacial drift 

UW RATT 47.43 -121.8 440 Paleogene and Neogene fragmental 

volcanic rock 
UW SP2 47.56 -122.25 30 Pleistocene continental glacial drift 

UW SQM 48.07 -123.05 45 Pleistocene continental glacial drift 

UW SVOH 48.29 -122.63 22 Pleistocene continental glacial drift 

UW SWID 48.01 -122.41 62 Pleistocene continental glacial drift 

UW TOLT 47.69 -121.69 541 Paleogene and Neogene volcanic 
rock 

UW WISH 47.12 -123.77 45 Pleistocene and Holocene alluvium 



 

 

 

 

Table 3. Strong motion stations for the 2014 Vancouver Island earthquake. 

 
 

Network Station  Latitude  Longitude Elevation 

(m) 

Geologic Unit 

UW ALCT 47.65 -122.04 55 Pleistocene continental glacial drift 

UW ALKI  47.58 -122.42 1 Pleistocene and Holocene alluvium 

UW BABE 47.61 -122.54 83 Pleistocene continental glacial drift  

UW DOSE 47.72 -122.97 53 Pleistocene continental glacial drift 

UW EARN 47.74 -122.04 159 Pleistocene continental glacial drift 

UW ERW 48.45 -122.63 389 Pleistocene continental glacial drift 

UW EVCC 48.01 -122.2 0 Pleistocene continental glacial drift 

UW EVGW 47.85 -122.15 10 Pleistocene continental glacial drift 

UW FINN 47.72 -122.23 121 Pleistocene continental glacial drift 

UW HICC 47.39 -122.3 115 Pleistocene continental glacial drift 

UW LON 46.75 -121.81 853 Paleogene and Neogene fragmental 

volcanic rock 

UW LRIV 48.06 -123.5 293.8 Pleistocene continental glacial drift 

UW LYNC 47.83 -122.29 19 Pleistocene continental glacial drift 

UW MARY 47.66 -122.12 11 Pleistocene and Holocene alluvium 

UW MEAN 47.62 -122.31 37 Pleistocene continental glacial drift 

UW MNWA 47.57 -122.53 8 Paleocene to Miocene marine 
sedimentary rock 

UW NIHS 47.74 -122.22 137 Pleistocene continental glacial drift 

UW NOWS 47.69 -122.25 21 Pleistocene and Holocene alluvium 

 

 

 

Data Analysis 

 

There are three main factors affecting the recorded waveform of a seismic signal: 

the source, the path, and the site. To isolate the site response from the other two factors, 

we use seismic recordings from the same earthquake at stations that are approximately on 

the same azimuth. This eliminates the effect of the source and partially reduces the 

influence of path. The distances between the stations are relatively close in comparison to 

the source-receiver distance; however, seismic waves experience attenuation as a 



function of distance and this effect is accounted for in the data processing by using an 

attenuation correction (discussed below).     

 

Three-component Broadband data 

  

After downloading the broadband data, a bandpass filter (0.2-15Hz) (Langston, 

[http://www.ceri.memphis.edu/people/clangstn/, accessed on 28/7/2014]) was applied to 

each component. A segment of data with a length of 75 seconds (3001 samples) starting 

before the S-wave was extracted from each waveform for each station. Then the data 

were demeaned, detrended, and tapered, before calculating the power spectra for each 

component (horizontal east (He), horizontal north (Hn), and vertical (Vz) (Fig. 12).  

MATLAB TMôs power spectral density function (PSD) was used for this purpose. The 

spectral amplitudes were corrected for attenuation and spherical spreading using the 

following equation: 

Ac (f) = Ao (f) r
0.5 e ˊft/Qs(f)   (1) 

where Ao (f) is  observed amplitude, Ac (f) is  corrected amplitude, f is  frequency, t is  

travel time, r is  source-receiver distance, and Qs (f) is a frequency-dependent s-wave 

attenuation factor (Pratt and Brocher, 2006). The bedrock relation of Qs (f) = 380 f 0.39 

(Atkinson, 1995) was utilized in the equation to correct for attenuation and spherical 

spreading. The source-receiver distance was estimated using the geographic coordinates 

of the epicenter and stations. Due to the shallow depth (<15 km) of the focal point in all 

the events used in this study, the source-receiver distance approximately equals the arc 

distance used in the correction. According to Atkinson (1995), the value of r0.5 is 



preferred to r for source-receiver distances of more than 230 km. To calculate the travel 

time, the p-wave arrival was subtracted from the exact time of the earthquake.  

 

To calculate the HVSR, the spectra from the horizontal components (Hn and He) 

were averaged and divided by the vertical component (Vz). The results were smoothed 

using a MATLABTM function that uses a 20-point moving average. The data processing 

procedure is shown schematically in Fig. 12. 

 

Fig. 12. Flowchart showing data processing steps for data used in this study. 
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Strong motion data 

 

The processing of strong motion data was similar to that used for the broadband data. 

However, the bandpass filter used low- and high-end frequencies of 0.2 and 25 Hz, 

respectively, and the segments were 70 s (7001 samples) long (Fig. 13). A smoothing 

function was applied to the strong motion data using a 5-point span window.  

 

Fig. 13. Example of a 3-component broadband seismogram used in this study. The extracted data segment 

(red rectangle) begins shortly before the S wave and continues for 70 seconds.  

 

Liquefaction array  

 One strong motion station, SLA, (also known as Seattle liquefaction array) 

recorded acceleration data from several depths (0 m (surface), 4.5 m, 44.9 m, and 56.4 
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m). The site has a high level of noise introduced by trains traveling nearby. To eliminate 

the train noise, a bandpass filter with the cut off frequencies of 0.02 and 25 Hz was used 

on each component before extracting the segment and calculating the SSRs (Fig. 14).  

 

Fig. 14. Example of effect of bandpass filter on He component of acceleration from the liquefaction array 

before (upper plot) and after (lower plot) its application. High-amplitude noise (seen between 3.8 x 10 -5 

and 4.0 x 10-5 on upper plot) is reduced significantly after filtering (lower plot).  
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Results 

 

This chapter includes the HVSR and SSR results from the 2012 Queen Charlotte 

strong motion data, the 2014 Vancouver Island strong motion data, and the 2012 

Vancouver Island broadband data. It also contains the results from the Seattle 

liquefaction array. Details for each earthquake are included in Table 4. 

 

Table 4. Earthquakes used in the analysis. 

Event number 1 2 3 

Location Queen Charlotte  Vancouver Island Vancouver Island 

Date 10/28/2012 4/24/2014 11/8/2012 

Time 03:04:08 UTC 03:10:12 UTC 02:01:50 UTC 

Latitude  52.788° N 49.8459° N 49.231° N 

Longitude 132.101° W 127.444° W 128.477° W 

Magnitude MW7.8 MWW6.6 MW6.1 

Depth 14.0 km 11.4 km 13.7 km 

Data type Strong motion Strong motion Broadband 

Sampling rate 100 samples/sec 100 samples/sec 40 samples/sec 

 

SSR Results 

1. The 2012 Queen Charlotte Earthquake 

Fig. 15 shows the SSR plots from the 2012 Queen Charlotte earthquake strong 

motion data organized by the local geologic environment of the station location. Out of 

the 16 stations located on Pleistocene continental glacial drift, 11 show a peak at ~1 Hz 



frequency. In contrast, fundamental peak frequencies at 3 Hz are observed at DOSE and 

SP2 stations. Most of the stations indicate low amplification at frequencies higher than 6 

Hz. Secondary peaks are also observed at 2 Hz at LRIV, LYNC, EVCC, and NIHS. 

 

(a) Pleistocene continental glacial drift 

          Frequency Frequency 

S
S

R 
S

S
R 

S
S

R 

0.1 10 

200 



 

 Pleistocene continental glacial drift  (continued) 
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(b) Paleogene and Neogene volcanic rock 
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(c)  Pleistocene and Holocene alluvium 
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(d) Paleogene and Neogene fragmental volcanic rock and Paleocene to 

Miocene marine sedimentary rock 

 

Fig. 15. SSR results from the 2012 Queen Charlotte earthquake strong motion data. Results are 

displayed with respect to underlying geology, as determined from Washington Department of Natural 

Resources (http://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps.aspx) last accessed on 8/8/2014. 

(a) Pleistocene continental glacial drift, (b) Paleogene and Neogene volcanic rock, (c) Pleistocene and 

Holocene alluvium, (d) Paleogene and Neogene fragmental volcanic rock and Paleocene to Miocene 

marine sedimentary rock. Refer to Fig. 12 and Table 2 for station locations. The insets show the full  

extent of the some larger peaks.  

 

 

TOLT, which is the only station located on Paleogene and Neogene volcanic rock, 

shows peaks at 2 and 3 Hz. Three out of five stations located on Pleistocene and 

Holocene alluvium have peaks at 1 and 3 Hz, with the exception of ALKI (0.4 Hz) and 

MARY (2 Hz). Contrary to other stations located in this type of geology, WISH indicates 

a flat response at all frequencies. LON and MNWA, located on Paleogene and Neogene 

fragmental volcanic rock and Paleocene to Miocene marine sedimentary rock, 

respectively, also show a flat response at all frequencies. 

2. The 2014 Vancouver Island earthquake 
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Fig. 16 shows the SSR plots for strong motion data from the 2014 Vancouver Island 

earthquake organized by the local geologic environment of the station location. 

(a)   Pleistocene continental glacial drift 
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 Pleistocene continental glacial drift (continued) 
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(b) Paleogene and Neogene volcanic rock 

 

(c) Pleistocene and Holocene alluvium 

 

Fig. 16. The SSR results from the 2014 Vancouver Island earthquake strong motion data. Results are 

displayed with respect to underlying geology, as determined from Washington Department of Natural 

Resources (http://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps.aspx) last accessed on 8/8/2014. 

(a) Pleistocene continental glacial drift, (b) Paleogene and Neogene volcanic rock, (c) Pleistocene and 

Holocene alluvium. Refer to Fig. 12 and Table 3 for station locations. The insets show the full  extent 

of larger peaks. The station PNLK is plotted on a different scale.  
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For the 2014 Vancouver Island earthquake, peaks from 0.6 to 8 Hz are observed 

on stations located on Pleistocene continental glacial drift.  Five stations out of 11 share a 

peak at 1 to 1.5 Hz. However, there is little consistency in the peak frequencies in terms 

of the site geology. DOSE shows large peaks at 3 and 5 Hz. CDMR, KINR, and ELW 

indicate peaks at 7 Hz. ALCT, BEVT, and EVGW have peaks at 0.7 to 0.8 Hz.  

The response from TOLT (peaks at 1.5, 3, 5.5, and 7 Hz), which is located on 

Paleogene and Neogene volcanic rock, is quite similar to its response from the 2012 

Queen Charlotte earthquake.  Likewise, the responses from all stations located in 

Pleistocene and Holocene alluvium are similar to those from 2012 Queen Charlotte 

earthquake located in the same type of geology. Despite differences on SSR relative 

amplification values, peak frequencies at 11 stations are the same as those observed from 

the 2012 Queen Charlotte Island earthquake. 

3. The 2012 Vancouver Island earthquake 

Fig. 17 shows the SSR plots from broadband data from the 2012 Vancouver 

Island earthquake organized by site geology at the station location.  

(a) Pleistocene continental glacial drift 
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(b) Paleogene and Neogene volcanic rock 
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(c) Pleistocene and Holocene alluvium 

 

 

(d) Paleogene and Neogene fragmental volcanic rock 

 

 

Fig. 17. SSR results from the 2012 Vancouver Island earthquake broadband data. Results are displayed 

with respect to underlying geology, as determined from Washington Department of Natural Resources 

(http://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps.aspx) last accessed on 8/8/2014. (a) Pleistocene 

continental glacial drift, (b) Paleogene and Neogene volcanic rock, (c) Pleistocene and Holocene alluvium, 

(d) Paleogene and Neogene fragmental volcanic rock. Refer to Fig. 11 and Table 1 for station locations. 

Insets show the extent of the larger peaks 

 

The SSR results from 2012 Vancouver Island earthquake broadband data show 

consistent results for stations located on the Pleistocene continental glacial drift. All of 

these stations show peaks at 3 Hz and a flat response at lower frequencies. TOTL show 

peaks at 3, 5, and 7 Hz, which is quite similar to the response from this station in the 
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previous earthquakes. The only station located on the Pleistocene and Holocene alluvium, 

WISH, shows a peak at 8 Hz. Stations located on Paleogene and Neogene fragmental 

volcanic rock, LON and RATT, show a relatively flat response, except for the 

frequencies higher than 7 Hz at station RATT. 

 

HVSR Results 

1. The 2012 Queen Charlotte earthquake 

Fig. 18 shows the HVSR plots from strong motion data for the 2012 Queen 

Charlotte organized by site geology at the station location. 

(a) Pleistocene continental glacial drift 
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 Pleistocene continental glacial drift (continued) 

 

 

 

 

 

Frequency Frequency 

H
V

S
R

 
H

V
S

R
 

H
V

S
R

 



 

Pleistocene continental glacial drift (continued) 
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(a) Paleogene and Neogene volcanic rock 

 

 

(b) Pleistocene and Holocene alluvium 

 

Frequency 

Frequency Frequency 

H
V

S
R

 
H

V
S

R
 

H
V

S
R

 

10 0.1 

20 



 

 

 

(c) Paleogene and Neogene fragmental volcanic rock 

 

 

(d) Paleocene to Miocene marine sedimentary rock 
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 (e)  Paleogene and Neogene intrusive rock 

 

Fig. 18. HVSR results from the 2012 Queen Charlotte earthquake strong motion data. Results are 

displayed with respect to underlying geology, as determined from Washington Department of Natural 

Resources (http://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps.aspx) last accessed on 8/8/2014. 

(a) Pleistocene continental glacial drift, (b) Paleogene and Neogene volcanic rock, (c) Pleistocene and 

Holocene alluvium, (d) Paleogene and Neogene fragmental volcanic rock, (e) Paleocene to Miocene 

marine sedimentary rock, (f) Paleogene and Neogene intrusive rock. Refer to Fig. 12 and Table 2 for 

station locations. 

 

Four out of five stations located on Pleistocene and Holocene alluvium show 

different HVSR peaks in comparison to the SSR results for the same earthquake, except 

for PAYL, which shows the same peaks at 1 and 3 Hz. The peak frequencies include 1, 

1.5, 2, 3, 3.5, 5, and 6 Hz. Large peaks at 3.5 and 6 Hz are observed on the WISH HVSR 

plot, which is different with its flat response on SSR plot.  LON and MNWA, which are 

located on Paleogene and Neogene fragmental volcanic rocks and Paleocene to Miocene 

marine sedimentary rock, respectively, show the same peak frequencies as seen on the 

SSR plots. 

2. The 2014 Vancouver Island earthquake 
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Fig. 19 shows the HVSR plots from strong motion data from the 2014 Vancouver 

Island earthquake organized by site geology at the station location. 

(a) Pleistocene continental glacial drift 
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Pleistocene continental glacial drift (continued) 

 

 

(b) Paleogene and Neogene volcanic rock 
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(c) Pleistocene and Holocene alluvium 

 

 

 

 

 

 

 

 

Frequency Frequency 

H
V

S
R

 
H

V
S

R
 

10 0.1 

20 



 

 

 

(d) Paleogene and Neogene intrusive rock 

 

Fig. 19. HVSR results from the 2014 Vancouver Island earthquake strong motion data. Results are 

displayed with respect to underlying geology, as determined from Washington Department of Natural 

Resources (http://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps.aspx) last accessed on 8/8/2014. 

(a) Pleistocene continental glacial drift, (b) Paleogene and Neogene volcanic rock, (c) Pleistocene and 

Holocene alluvium, (d) Paleogene and Neogene intrusive rock. Refer to Fig. 12 and Table 3 for 

station locations. The insets show the extent of  larger. 

 

Peaks at 7 Hz are observed at stations ALCT, BEVT, ELW, FINN, LYNC, and 

KINR. Other stations have peaks at 1, 2, 4, 5, and 9 Hz. TOLT shows consistent peaks 

relative to the previous event (2012 Queen Charlotte earthquake) with peaks at 1, 5, and 7 

Hz.  

Stations located on Pleistocene and Holocene alluvium show rather different 

results compared to the SSRs. Three of the stations share peaks at 2 to 3 Hz; two of them 

repeat the peak at 6 Hz.  
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3. The 2012 Vancouver Island earthquake 

Fig. 20 shows the HVSR plots from broadband data from the 2012 Vancouver 

Island earthquake broadband data organized by site geology at the station location. 

(a) Pleistocene continental glacial drift 
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(b) Paleogene and Neogene volcanic rock 

 

 

 

(c) Pleistocene and Holocene alluvium 
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(d) Paleogene and Neogene intrusive rock 

 

 

(e) Paleogene and Neogene fragmental volcanic rock 

 

 

 

Fig. 20. HVSR results from the 2012 Vancouver Island earthquake broadband data. Results are 

displayed with respect to underlying geology, as determined from Washington Department of Natural 

Resources (http://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps.aspx) last accessed on 8/8/2014. 

(a) Pleistocene continental glacial drift, (b) Paleogene and Neogene volcanic rock, (c) Pleistocene and 

Holocene alluvium, (d) Paleogene and Neogene intrusive rock, (e) Paleogene and Neogene 

fragmental volcanic rock. Refer to Fig. 11 and Table 1 for station locations. The insets show the 

extent of larger.  
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The HVSR plots from 2012 Vancouver Island are almost identical to their SSR 

plots at the stations located on Pleistocene continental glacial drift. The peaks are very 

consistent at 2-3 Hz. There are also peaks observed at higher frequencies (7, 8, and 10 

Hz) that are also seen on the SSR plots. TOLT also shows a relatively similar result with 

peaks at 1.5, 5, and 10 Hz. WISH, which is located on Pleistocene and Holocene 

alluvium, shows a large peak at 8 Hz. GNW, indicates a flat response with a small peak at 

5 Hz.  The two stations, LON and RATT, that are located on Paleogene and Neogene 

fragmental volcanic rock show very similar results to their SSRs. Peaks are observed at 4 

Hz for LON, and 5, 7, and 9 Hz for RATT. 

 

To gain a better understanding of the site characteristics for each station, the 

frequencies observed were categorized in 5 groups, each representing a range of 

frequencies: 1 Hz (0-2 Hz), 3 Hz (2-4 Hz), 5 Hz (4-6 Hz), 7 Hz (6-8 Hz), and 9 Hz (8-10 

Hz),as shown in Figures 21 to 35 and Tables 5 to 7. The tables list the maximum 

amplitude observed from SSR and HVSR analysis for each group at each station for each 

of the three earthquakes.  At each peak frequency, low, moderate, and high relative 

amplification is shown in Figs. 21-24, with dot sizes proportional to the degree of 

amplification for a given earthquake. Fig. 21 shows the relative amplification from the 

2012 Queen Charlotte earthquake at 1 Hz from HVSR and SSR data. The HVSR results 

suggest low to moderate amplification at most sites while the SSRs show moderate to 

high amplification at 1 Hz for the same geologic units. Stations ALCT, MARY, and 

MEAN, which show relatively high amplification, are located close to Seattle on the 

Pleistocene continental glacial drift.   



Table 5. The maximum values (relative amplification) of SSR and HVSR from the 2012 Queen Charlotte 

earthquake at each station for different frequencies. 

Station 

Name 

1 Hz 

SSR 

3 Hz 

SSR 

5 Hz 

SSR 

7 Hz 

SSR 

9 Hz 

SSR 

1 Hz 

HVSR 

3 Hz 

HVSR 

5 Hz 

HVSR 

7 Hz 

HVSR 

9 Hz 

HVSR 

ALCT  80 15 9 9 40 2 1 2 1.3 1.6 

ALKI  25 5 1 3 5 2.5 1 1.1 1.1 1.5 

BABE 60 20 5 12 20 1.7 1.8 2.1 1.2 1.5 

DOSE 20 180 30 20 5 3 20 5 2.2 1.5 

EARN 32 18 5 4 4 2.2 1.8 1.9 1.4 1.2 

ERW 33 18 2 3 4 2.7 3 2.2 1.5 2.3 

EVCC 56 53 20 23 27 1.8 1.2 1 1.5 1.4 

EVGW 48 20 5 5 9 3.7 1.3 1.1 1.1 1.1 

FINN 20 17 10 5 7 1.9 1.2 2 2 1 

LON 3 3 5 5 5 0.8 1.2 4 1.3 2 

LRIV  5 10 9 3 2 1.6 3.6 7 2.6 2.1 

LYNC  16 15 3 3 7 1.1 1.2 1.1 1 1.1 

Mary  115 60 18 5 15 2.9 1.5 2.8 1 1.2 

MEAN  95 65 18 30 90 4 2.9 1.3 1.3 0.9 

MNWA  7 2 1 2 2 2.5 1.6 2.2 2.3 2 

NIHS 44 49 22 20 23 1.5 2.6 2.2 2.1 2 

NOWS 40 52 30 8 2 1.6 1.6 0.8 0.6 0.8 

PAYL  90 90 30 8 10 3.5 6.5 2 0.2 0.1 

PNLK  25 10 5 5 9 1.7 0.9 0.7 0.8 0.7 

SP2 40 117 15 5 2 1.7 2.7 2.1 1.8 0.6 

SQMD 45 40 12 5 2 2.6 2.2 1.6 0.8 0.9 

SVOH 145 105 25 5 15 4.8 2.7 1.5 1.3 1.2 



SWID 50 35 7 5 5 3.1 1.2 1.3 1.2 1.5 

TOLT  52 53 20 10 6 10 4.5 2.2 3.3 3.3 

WISH 3 2 3 6 7 1.1 4 12.5 19 12 

GNW - - - - - 0.9 1 1.4 1.5 1.7 

RATT  - - - - - 1.5 3 3.2 4 5.2 



 

Fig. 21. Relative amplification in the 2012 Queen Charlotte earthquake (strong motion data) at 1 Hz from 

(A) HVSR and (B) SSR analyses overlain on geology map (from Washington Department of Natural 

Resources website [www.dnr.wa.gov] accessed 7/28/2014). Red dots are proportional to degree of 

amplification at the site (V.R and S.R represent volcanic and sedimentary rock, respectively). 
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Fig. 22. Relative amplification in the 2012 Queen Charlotte earthquake (strong motion data) at 3 Hz from 

(A) HVSR and (B) SSR analyses overlain on geology map. Refer to Fig 21 for legend. 
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Fig. 23. Relative amplification in the 2012 Queen Charlotte earthquake (strong motion data) at 5 Hz from 

(A) HVSR and (B) SSR analyses overlain on geology map. Refer to Fig 21 for legend. 
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Fig.24. Relative amplification in the 2012 Queen Charlotte earthquake (strong motion data) at 7 Hz from 

(A) HVSR and (B) SSR analyses overlain on geology map. Refer to Fig 21 for legend.  
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According to the SSR results from the 2012 Queen Charlotte earthquake (Figs. 

21-25), most of the stations located on  Pleistocene continental glacial drift and the 

Pleistocene and Holocene alluvium have high amplification at low frequencies (0.5-3 Hz) 

and show a drop in amplification with increasing the frequency (> 5 Hz). Stations located 

on the Paleocene to Miocene marine sedimentary rock and the Paleogene and Neogene 

fragmental volcanic rock have low amplification at all frequencies. 

 The results from the 2012 Queen Charlotte earthquake HVSR data suggests high 

to moderate amplification at 1-5 Hz and low amplification at higher frequencies (> 6 Hz) 

at stations located on Pleistocene continental glacial drift. The analysis suggests similar 

results for the stations located on the Pleistocene and Holocene alluvium, with moderate 

amplification at 1-6 Hz and low amplification at higher frequencies (> 7 Hz). One of the 

stations however, shows high amplification at frequencies higher than 7 Hz. Stations on 

the Paleogene and Neogene fragmental volcanic rock have low amplification at 1-4 Hz 

and moderate to high amplification in higher frequencies (> 5 Hz). Relatively flat 

responses were observed at stations located on the Paleocene to Miocene marine 

sedimentary rock and the Paleogene and Neogene intrusive rock. 

Despite the fact that there are a few stations with similar SSR and HVSR results, 

there are many inconsistencies between the two methods for the same stations. 

 



 

Fig.25. Relative amplification in the 2012 Queen Charlotte earthquake (strong motion data) at 9 Hz from 

(A) HVSR and (B) SSR analyses overlain on geology map. Refer to Fig. 21 for legend. 
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Table 6. The maximum values of SSR and HVSR from the 2012 Vancouver Island earthquake at each 

station in different frequencies. 

Station 1 Hz 

SSR 

3 Hz 

SSR 

5 Hz 

SSR 

7 Hz 

SSR 

9 Hz 

SSR 

1 Hz 

HVSR 

3 Hz 

HVSR 

5 Hz 

HVSR 

7 Hz 

HVSR 

9 Hz 

HVSR 

B05D 30 67 35 12 8 7.5 10 4 2 6.8 

D03D 2 3 2 2 3 2.5 2.5 3.5 5 8.5 

DOSE 120 170 115 40 22 10 16.5 14 4.5 2 

LON 1 1 2 1 2 1.5 3.5 3.7 3.2 2.3 

LRIV  10 21 22 10 9 2 9.5 8.5 7 3.5 

RATT  1 2 3 14 16 1.3 3 4 5 7 

SP2 17 32 22 8 2 1.6 2.5 2.4 2.2 0.5 

WISH 25 15 30 52 46 3 12 66 70 35 

TOLT  122 130 175 100 135 7 7 5 3 9 

GNW - - - - - 2.5 2 4 3 3 

 

According to the SSR results from the 2012 Vancouver Island earthquake, 

stations located on the Pleistocene continental glacial drift have high amplification at 2-3 

Hz. Moderate to low amplification is observed on the high and low frequency ends at 

most of the stations. The station on the Pleistocene and Holocene alluvium shows high 

amplification at high frequencies (> 6 Hz) and moderate to low amplification at 1-5 Hz. 

High amplification is observed at 2-10 Hz on the Paleogene and Neogene volcanic rock. 

Stations located on the Paleogene and Neogene fragmental volcanic rock have moderate 

amplification at 8-10 Hz and low amplification in lower frequencies (< 7 Hz).  

The HVSR results show high amplification at 2-4 Hz and moderate amplification 

at 7-10 Hz on the Pleistocene continental glacial drift (Figs. 26-30). The station located 



on the Paleogene and Neogene volcanic rock has high amplification at 1-3 Hz and 9-10 

Hz. High amplification is also observed at 6-10 Hz on the Pleistocene and Holocene 

alluvium. Stations located on the Paleogene and Neogene intrusive rock and Paleogene 

and Neogene fragmental volcanic rock have relatively low amplification in all 

frequencies. Generally, a comparison of the results from the HVSR and the SSR analyses 

show that they are very consistent for the 2012 Vancouver Island earthquake. 

 



 

Fig. 26. Relative amplification in the 2012 Vancouver Island earthquake at 1Hz from (A) HVSR and (B) 

SSR analyses overlain on geology map(V.R and S.R represent volcanic and sedimentary rock, 

respectively). 
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Fig. 27.  Relative amplification in the 2012 Vancouver Island earthquake (broadband data) at 3 Hz from 

(A) HVSR and (B) SSR analyses overlain on geology map. Refer to Fig. 26 for legend. 
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Fig. 28. Relative amplification in the 2012 Vancouver Island earthquake (broadband data) at 5 Hz from (A) 

HVSR and (B) SSR analyses overlain on geology map. Refer to Fig. 26 for legend. 
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Fig. 29. Relative amplification in the 2012 Vancouver Island earthquake (broadband data) at 7 Hz from (A) 

HVSR and (B) SSR analyses overlain on geology map. Refer to Fig. 26 for legend. 
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