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Abstract

Broadland 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 thg 2012 M
6.1 Vancouver Island equake, the 2012 M7.8 Queen Charlotte Island earthquake,
and the 2014 6.6 MVancouver Island earthquake. Resonant frequencies and relative
amplification of ground motions were determined using Fourier spectral rations of
velocity and acceleration res from threecomponent 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 Herizontal
to-Vertical Spectral R@go (HVSR) methods were used in the analysis and results from
each were compared. Althou§b6% of thesites exhibited consistent results between the
two methods, other sites varied considerably. Sites that had acceptable recordings from
more than one of thearthquakes 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 othe analysis suggest that sitesatedonthe Pleistocene continental glacial drift
tend to have high amplification at115 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 1semface amplification among the
earthquakes. The depth of the sediments to the bedrock along with the age and the type
of the geologic unitareinvestigatedas the two major factors involved in the SSR and

the HVSR results
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Introduction

The Cascadia Subduction Zone (CSZggathrust stretches from northern
Vancouver Island to California and separatesstii®uctingluan de Fucplate from the
overridingNorth America platé¢Fig. 1). This subduction zone produced thauary 26,
170Q Cascadia earthquakeith an estimated mment magnitude of 8:9.2 (Atwateret
al., 2005). Several other significant earthquakes have occurred in the western part of
Washington in the past century. TApril 13, 1949 7.1 M, Olympia earthquake, the
April 29, 1965,6.7 M, Olympia earthquake andelfrebruary 28, 2006.8 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) (Barnegt al, 2009).

Situated above the @Sthe Seattle and Tacoma metropolitan aredbe Puget
Lowland of western Washingtare at risk from earthquake related damagese
seismically active areas overlie sedimentary basins and are home to over 3.5 million
people. Since sedimentary basaffect 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 sedimentaryamdtsaraffect



ground shaking at a given location. Ground motions experienced at a site are a function
of the earthquake source, the wave path, and the charact€esgicsedimetrtype, local
geology, depth to bedrockf 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 earthgxaits. 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 functiortla@orizontaito-vertical

spectral ratios (HVSRs) and the standard spectral ratios (SSRs) (e.g., Frankel (1999,
2002, 2009)Molnar et al.,(2004) Pratt (2006), KockaandAkgiin (2012), Garcia

FernandeandJimenez2012)).

The goal of this study is tdetermine site effectsn ground motions at several
locationsnear the urban centers of Seattle and Taassimy broadband and strong
motion data acquired for three different earthquakes: (1) the October 28, 2012, Mw 7.8
Queen Charlotte earthquake (2) &karil 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 aredhe SSR resultwill alsobe comparedo the HVSRs to
investigate the consistency of the results at each metimiistudy will also explore the

two major factors affecting the ground motion amplification in the study area.
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Backgroundand 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 plated)(Fig.
Strain accumulation resulting from these plate interactions is released through
earthquakes ithin the subducting Juan de Fuca plate, along the plate interface, or in the
overriding plate (Barnett al, 2009).The Queen Charlotte fault, is an active transform
fault that forms a triple junctiowhere it intersects thex@lorer plate, the Juan déuca

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

TheM 8.7 to 9.2 Cascadia earthquake in 1886urred along thESZand made
a fault ruptureestimated to bapproximately 1000 km lonfyjom northern California to
Vancouver Island iBritish Columbiawith an average slip of 20 (Atwateret al, 2005).
North-south shortening resulting from oblique plate convergence (Khazaetdke
1999) has produced easending thrust faults and dextral strikkp faults throughout the
Puget Lavland forearc basin. Crustal faulting in this area is the main mechanism for the
formation of several thick sedimentary basins (Broeteal, 2001). Among these basins,
the Seattle and Tacoma basins pose the highest lelratafdbecause of their praxity

to large populations.



The stratigraphy of Seattle basias beeistudiedusing surface exposures, industry
boreholes, and seismic profiles tied to the borehmfamany geoscientis(§ig. 2)
(Johnson et al., 19968rocheret al, 1998; Snelsontel., 2007 Troost and Booth, 2003

Almost 1.1 km of
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Fig. 2. Stratigraphic column for the Puget Lowlag&helsoret al.,2007).

unconsolidatedPleistocene@nd Holocene deposits at the top of the basin is assumed to be

the main cause of amplificatiori 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 thePugetLowland 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. Théiocene ag Blakely Harbor Formation contains of siltstones,
conglomerates and nanarine sandstones (Fig). The conglomerate clasts are poorly
sorted pebbles, cobbles, and bouldefsvhich about 85% are from Crescent Formation
(Johnson et al., 1994, 1996). Tlecene to Oligocene Blakely Formation consists of
different deep marine sequences. The Crescent Formation, which is stratgtgphic
below the Blakely Formation, consists of basalt and minor interbeds of siltstone, tuff, and

corglomerate (Johnson et &.994 Jones 1996Snelson 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 a[2006), Ghasemi et aRQ®), andKockarandAkgun (2012)

Frankel (1999) analyzed seismograms from 21 earthquake®.(M.9) recorded
by digital seismographs situated on wide variety of geologic units and developed a new
inversion procedure to estingasite response. He observed high amplifications on
artificial fill, more moderate amplification for sites on stiff Pleistocene soils, and low
response for rock siteShe results of his study also showed a strofitg2esonance at

sites with surficial lagrs of fill and younger alluvium.

In another study, Frankel et al. (2002) used the recordings of the M 6.8 Nisqually
earthquake and its MB.4 aftershock to study site response and basin effects for 35
locations in Seattle, WashingtoFhis studyusedSSRs, or Fourier spectral ratias
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 largekt 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 38&hodand theHVSR methodand observed a
consideral® variation in acceleration spectra across the city due to local site conditions.
The HVSR method uses thgerage of théorizontalcomponents of the shear wave
divided it by the vertical componerior their reference recordindis the SSR
calculationsthey used stations at thin soil sites (< 3 m) hawafigt-amplitude spectra at
frequencies less than 10 Hz. They found that sites with thicker sdil3 5 showed

peak amplitudes at-2 Hz.

Prattet al (2006) used SSR and HVSR methods at 47 sitdgeiRuget
Lowlandand observed significamimplificationof 1.5 to 2.0Hz shear waves
within sedimentary basins. The SSR curves at thick lsteisshowed peak
amplification at frequencies of 3 to 6 Hz and lower amplification at frequencies
above 6 Hz. Tiey proposed that the attenuation within the basin strata is the main

cause of the spectral decay at frequencies att@asmplification peak.

Frankel (2009¥ktudiedthe effect of basins on site response in the Puget
Lowlandusing 3D finitedifference simlationsfor five earthquakes, including
the M 6.8 Nisqually earthquakklis modeihg suggest a dependence of
amplification on the directivity of the earthquake rupture. Earthquake directivity
is the focusing of wave energy along a fault in the directfompture. He found
that S waves are focused toward the southern margin of the Seattlntzasin
arealthat experienced increased chimney damage from the Nisqually earthquake

Chimney damage is used as a proxy for the intensity of ground sH&king).



B Adtificial fill

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

Holocene alluvium O 1
" Modified land O 2  predicted (black circles) amplification at 1 Hz for four
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. Tertiary sedimentary 4

rock size is proportional to 1 Hz amplification. Arrows show

direction of seismic wave ppagation 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 similao those in this study are presented and seremasgueso

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 fraritaffhe Himalaya
Mountains which contain soft sediments that have strong effects on recorded ground
motions (Mahajart al, 2012).Mahajan et al. (2012) usetlearwave velocities from
the top 30m | of Pleistocene and Holocesediments overlying Loar Miocene bedrogk
along with seismic data frothe 20 October, 1991 (Mb 6.&hamilo earthquake to
calculatethe site response spectruahthe sites Buildings of different heights have
different resonant frequencies, making amplification in certaim@eanges an
important engineering concerfihe response spectrushthe sitesndicatesafive to
seven times increase in peak ground acceleration for single esttwobuildings. Fig. 4
shows amplification ratios, periods, and shear wave velociti@iéferent sites in the Ns
and NWSE directions (Mahajan et al., 201Zhe study show eight to twelve times
increase in amplification at 2 to 3 Hz frequency in the central part and 1.75to 2 Hz in

peripheral parts of the city.
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The stations located in the central part of the (@ty., Sites 14 aré) show HVSR

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



part of the towr(e.g., Site¥, 25) (Fig. 5). Broad HVSR peaks imply a low impedance
contrast between basement and overlying sedinagat®nly provide a range of
amplification valuesOverall, it can be concluded that HVSR can only be successful in

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

Ankara, Turkey



KockarandAkgtin (2012)collected 352 microtremor measurements in the
western part of the Ankara basintian the PlioPleistocene fluvial anBleistocene and
Holocenealluvial and terrace sedimeniThey used HVSRs of these measurements to
calculate the fundamental periods and amplification af gies. These measurements
were correlated with thie situ measurements of dynamic properidgeologic
information. The results from this study indicéhatthree main factors were involved in
the site response: (1) age of the geologic formation, (2) depth of the sediments to the
bedrock, and (3) neaniform subsurface configuration. Due to the presence of low
velocity deposits near the surface, stations locatete&tocene and Holocesediments
show high amplification at longer periods than the oRle-Pleistocendluvial
sediments. The HVSR results tiser showed that the variation of the fundamental period
agreed well with maximum amount of amplification at a given Bikeistocene and
Holocenesediments, which are the thiclkemdunconsolidatedpossesow sheawave

velocity andshow higheramplificationresults at fundamental periods.

Using the HVSR resulighe results of Vs30 measuremefatgerage shear wave
velocity in the upper 3fn), and geologic informatiorKockarandAkgin (2012)created
a site class zonation map for the Ankara haBhemapprovidesa tool toassess and

mitigate the potential risk from future seismic events in the study ared)(Fig.
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SEISMIC ZONATION MAP
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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 awerage Vs30 measurements and the maps of HVSR regarding resonance

periods and maximummplifications(Kogkar andAkgiin, 2012).

Vega Baja, Spain

GarciaFernandeandJimenez2012) conducted ambient noise surveys at 90
sites over the central part of thewer 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 represalifferent 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 differens piitie basin from 30 m
to 50 m. The average ofdlsheawave velocity over the soil unit is approximately 200

m/s andthe averageelocityin the top 30 m is around 300 m/s.



In Fig. 8, three examples of experimental and 1D synthetic H/V cureestheir
paperare shown together with three generalipgadels 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 bord#redflurchillo, Benejuzar and
GuardamaMountains. Model 2 sites are in the OefaiCallosa Ranges. Model 3 sites
are locatedn thenorth, south, and easéctions othe Lower Segura basifihe results of
the study show a strong relationshipimfidamental periods with lithological variation

with sediment thickned&GarciaFernandeandJimenez2012).

aio 10 10
8 P84 8 P41 8 P47
26 6
I 4 4
2 2
0 0
f(Hz) f(Hz)
Model 1
b Model 2
C-units Model 3
(10-40 m)
C-units
S-1 (10-50 m)
(30-260 m) SC3
S-1
S-2/S-3 (S-21/8S-3)

Fig. 8. (a) Examples of observed (light gray line =mean value) and 1D mod&lettark gray line)

values; (b) generalized 1D soil models in V&gga (GarciaFernandez andimenez 2012.



Durban, South Africa

A refined versiorof 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 acqued at 18 sites. Although the data samples were different in time and
frequency content, the HVSR curves look very similar in most of the ({Fags9). Not
only were the frequency peaks almost identical, but also the ranges of amplifications
were very siniar. The method used in this studybiased on using a hardck site( it h e
K1 o aa$ argference and comparing all the soft sites relative to thedwrdite(Fig.

9). This comparison with a hardock site helps to gain a better understanding of the
physical meaning of the site resporResults 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 th

horizontal motion.

Fig. 9 shows theHVSRsattwo different times at two of the sites that are
underlainwith unconsolidated sediments. Fig. 9 also includes the site response at each
site relative to the hard rock site, which is thaughbe in direct riationto the

amplification factor.
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Methodology

This section provides information about data acquisition and analysis. Data
acquisition includes station selection and sources for broadsi@odg motion, and other
supporting data. Data analysis includes the methods used to process all the acquired
seismic datalThreecomponent broadband datcord velocity and covex wide
frequency band (0.01 to 25 H&trong motion dataneasureaccelerabn and are useful

for recordinglargeamplitude, high frequend 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 bagkig. 10). Most of the sites anenderain by
thick sedimentary sequences that fill the bgdmowever, in a few cases the bedrock is
exposed or located very close to the surfateeecomponent data from Iroadband
stationsof the University of WashingtorW) andTransportable ArrayT(A) networks
wereselected and the data were downloafilech the Incorporated Research Institutions
for Seismology (IRIS) data centfhttp://service.iris.edul/irisws/timeseries/docs/1/buiider
for theNovember 8, 2012 Vancouer Island earthquakéll data have @0-Hz

sampling frequencwith the length of 40 minute$en stations having acceptable signal



to noise ratio (more than 2) were selecedcover areas with different liquefaction
susceptibility (Fig. 0). The statiomame, network, latitude, longitude, and elevatébn

each statiomre shown in Table 1.

123°00"W
®  Broadband stations
*  Cities
Liquefaction

B /A (bedrock)
B VA (water)

N/A (ice)
B hion
- moderate
- low

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

map (Palmeet al., 2004



Table 1 Broadband stionsrecorded the 2012 Vancouver Island earthquake.

Network Station Latitude Longitude Elevation(m) Geologic Unit
TA BO5D 48.2641 -122.096 153 Pleistocene continental glacial drift
TA DO3D 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 |
uw LRIV ~ 48.0575 -123.504 293 Pleistocene contingal glacial drift
uw RATT 47.42546 -121.803 440 Paleogene and Neogene fragmental volcanic 1
uw SP2  47.55629 -122.249 30 Pleistocene continental glacial drift
uw TOLT 47.69 -121.69 541 Paleogene and Neogene volcarick
uw WISH 47.11698 -123.771 45 Pleistocene and Holocene alluvium

Strong motion dta

Forty-seven hreecomponent eceleratiorrecordswere acquired from strong

motion stationgor the Mw 7.8 Queen Charlotte Islardrthquakend Mw 6.6

Vancouver Island earthquake that occurred at 3:04:08 am on Octdh&028, and

3:10:12 am on Apti24™, 2014, respectivelyTheIRIS URL Builder was used to

download40 minutes of data with 1661z sampling frequency (Fid1). Tables2 and 3

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

study.
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Table 2 Strong motion station®f the 2012 Queen Charlotte earthquake

Network Station Latitude Longitude  Elevation Geologic Unit
m
uw ALCT 47.65 -122.04 (55) Pleistocene continental glacial dri
uw ALKI 47.58 -122.42 1 Pleistocene and Holocene alluviu
uw BABE 47.61 -122.54 83 Pleistocene continental glacial dri
uw DOSE 47.72 -122.97 53 Pleistocene continental glacial dri
uw EARN 47.74 -122.04 159 Pleistocene continental glacial dril
uw ERW 48.45 -122.63 389 Pleistocene continental glacial dri
uw EVCC 48.01 -122.2 0 Pleistocene continental glacial dri
uw EVGW 47.85 -122.15 10 Pleistocene continental glacial dri
uw FINN 47.72 -122.23 121 Pleistocene continental glacial dri
uw HICC 47.39 -122.3 115 Pleistocene continental glacial dri
uw LON 46.75 -121.81 853 Paleogene and Neogene fragmer
volcanic rock
uw LRIV 48.06 -123.5 293.8 Pleistocene continental glacial dri
uw LYNC 47.83 -122.29 19 Pleistocene continental glacial dri
uw MARY 47.66 -122.12 11 Pleistocene and Holocene alluviu
uw MEAN 47.62 -122.31 37 Pleistocene continental glacial dri
uw MNWA 47.57 -122.53 8 Paleocene to Miocene marine
sedimentary rock
uw NIHS 47.74 -122.22 137 Pleistocene continental glacial dri
uw NOWS 47.69 -122.25 21 Pleistocene and Holocene alluviu
uw PAYL 47.19 -122.31 10 Pleistocene and Holocene alluviu
uw PNLK 47.58 -122.03 128 Pleistocene continental glacial dri
uw RATT 47.43 -121.8 440 Paleogene and Neogene fragmer
volcanic rock
uw SP2 47.56 -122.25 30 Pleistocene continental glacial dri
uw SQM 48.07 -123.05 45 Pleistocene continental glacial dri
uw SVOH 48.29 -122.63 22 Pleistocene continental glacial dri
uw SWID 48.01 -122.41 62 Pleistocene continental glacial dri
uw TOLT 47.69 -121.69 541 Paleogene and Neogene volcani
rock
uw WISH 47.12 -123.77 45 Pleistocene and Holocene alluviu




Table 3. Strong motion station®f the 2014 Vancouver Island eagtiake

Network Station Latitude Longitude Elevation Geologic Unit
m
uw ALCT 47.65 -122.04 (55) Pleistocene continental glacial drif
uw ALKI 47.58 -122.42 1 Pleistocene and Holocene alluviur
uw BABE 47.61 -122.54 83 Pleistocene continental glacialiftlr
uw DOSE 47.72 -122.97 53 Pleistocene continental glacial drif
uw EARN 47.74 -122.04 159 Pleistocene continental glacial drif
uw ERW 48.45 -122.63 389 Pleistocene continental glacial drif
uw EVCC 48.01 -122.2 0 Pleistocene continental glacial flri
uw EVGW 47.85 -122.15 10 Pleistocene continental glacial drif
uw FINN 47.72 -122.23 121 Pleistocene continental glacial drif
uw HICC 47.39 -122.3 115 Pleistocene continental glacial drif
uw LON 46.75 -121.81 853 Paleogene and Neogene fragmen
volcanic rock
uw LRIV 48.06 -123.5 293.8 Pleistocene continental glacial drif
uw LYNC 47.83 -122.29 19 Pleistocene continental glacial drif
uw MARY 47.66 -122.12 11 Pleistocene and Holocene alluviur
uw MEAN 47.62 -122.31 37 Pleistocene continental gial drift
uw MNWA 47.57 -122.53 8 Paleocene to Miocene marine
sedimentary rock

uw NIHS 47.74 -122.22 137 Pleistocene continental glacial drif
uw NOWS 47.69 -122.25 21 Pleistocene and Holocene alluviur

Data Analysis
There are three main factordeafting therecordedvaveformof a seismic signal
the source, the path, and the sSite.isolate the site response from the other two factors,
we use seismic recordings from the same earthquadtatmtnsthat are approximately on
the same azimutf his eliminates the effect of the source guattially reduces the
influence of pathThe distances between the stations are relatively close in comparison to

the sourceeceiver distangehowever, seismic wavexperience attenuation as a



function of distanceand thiseffectis accounted for in the data procesdiygisingan

attenuation correction (discussed below).

Threecomponent Broadband data

After downloading the broadband dasebhandpass filter (0-25H2) (Langston,
[http://www.ceri.memphis.edudople/clangstn/accessed on 28/7/2(Q)4vas appliedo
each componenA segment of data with a length of 75 seconds (3001 samples) starting
before the Svave wasextracted from each waveform feach station. Then the data
were demeaned, detrended, amgetred, before calculating the power spectra for each
component (horizontal east {i{horizontal north (), and vertical (V) (Fig. 12)
MATLAB™6s power spectral density function (P
spectral amplitudes were corrected attenuation and spherical spreading using the
following equation:

Ac(f)=Ao(f) r®®e Tt/ Qs(T) (1)

whereA, (f) is observed amplitudéy (f) is corrected amplitudéjs frequencyt is
travel time, r is soureeeceiver distance, ar@gs (f) is afrequencydependent-svave
attenuation factofPratt and Brocher, 2006y he bedrock relation @s (f) = 380 f°-3°
(Atkinson, 1995) was utilized in the equation to correct for attenuation and spherical
spreading. The sourgeceiver distance was @sfted using the geographic coordinates
of the epicenter and stations. Due to the shallow dggdth km)of the focal poinin all
the events used in this stydiie sourceeceiverdistance approximately equals the arc

distance used in the correctigkccording to Atkinson (1995Yhevalue ofr%°is



preferred ta for sourcereceiver distanceof morethan 230 km. To calculate the travel

time, the pwave arrival was subtracted from the exact time of the earthquake.

To calculate the HVSR, the spectrarfr the horizontal components{kind H)
were averaged and divided by the vertical componest TWie results were smoothed
using a MATLAB™ function that uses a 28oint moving average. The data processing

procedure is shown schematically in Fig.

Calculate
spectra (PSD
Load data ) IOfunctio(n)
! }
Appwrﬁandpass atteAr?L?;)tlion
ner
correction

Extract segment
starting before
the S-wave

Demean and
Detrend

Calculate HVSR
and SSR

Smooth

Taper

Fig. 12. Flowchart showing data processing stEpsdata used in this study.




Strong motion data

The processing of strong motion data was similar to that used for the broadband data.
However, the bandpass filter used {aamd highend frequencies of 0.2vd 25 Hz,
respectively, and the segments were 70 s (7001 samples) long3)Fi§y.smoothing

function was applied to the strong motion data usingpaibt span window.

T %z Compaonent

_2 | | | | | | | | |
1] 1 2 3 4 ] B 7 a g 10
%10
w10 He Component
2 T T T T T T T T T
o
o
O 2 ! ! ! ! ! ! ! ! !
> 0 1 2 3 4 5 B 7 g 9 10
% 10
w107 Hn Companent
2 1 1 1 1 1 1 1 1 1
|:| - -
_2 1 1 1 1 1 1 1 1 1

£l
% 10
Sample number

Fig. 13. Example of a omponent broadband seismogram used in this study. Tiaetex data segment

(red rectangle) begins shortly before 8wave and continugfor 70 seconds.

Liguefaction array

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

recorded acceleration data from several deptins (6urfae), 4.5m, 44.9m, and 5&4



m). The site has a high level of noise introduced by trains traveling nearby. To eliminate
the train noise, a bandpass filter with te off frequencies of 0and25 Hz wasused

on each component before extractinggsbgmenand calculating th&SRs(Fig. 14).

10 He Component surface (SLA)
25 I 1 I 1 I 1 I I 1
aL .
1:51 e
c
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o % 10°
o He Component filtered surface(SLA)
< 4000 ; ; ; ; ; ; ; ;
2000 - .
D .
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0 05 1 1.5 2 25 3 35 4 4.5 5

Samples x 10

Fig. 14. Example of effect of bandpass filter bla component of acceleration from the liquefaction array
before (upper plot) and after (lower plag application High-amplitude noise (seen between 3.8 x3.0

and 4.0 x 16 on upper plot) is reduced significantly after filtering (lower plot).



Results

This chapter includes the HVSR and SSR results from the 2012 Queen Charlotte
strong motion data, the 2014 Vancouver Island strong motion data, andLéhe 20
Vancouver Island broadband daltaalso contains theesultsfrom the Seattle

liquefaction arrayDetails for each earthquake are included in Table 4.

Table 4. Earthquakes used in the analysis

Event number 1 2 3
Location Queen Charlotte Vancouver $land 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 earthgtrake
motion dataorganized byhe localgeologic environment of the station locati@ut of

the 16 stations located on Pleistocene continental glacial drift, 11 show a péaizt



frequency. In contrast, fundamental peak frequencies at 3 Hz are observed at DOSE and
SP2 stations. Mat of the stations indicate low amplification at frequencies higher than 6

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

(@) Pleistocene continental glacial drift
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(d) Paleogene and Neogene fragmental volcanic anclPaleocene to
Miocene marine sedimentary rock
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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
Resourceghttp://www.dnr.wa.gov/BusinessPermits/PagedMaps.aspg¥ast accessed on 8/8/2014

(a) Pleistocene continental glacial drift, aleogene and Neogene volcarick, (c)Pleistocene and
Holocene alluvium(d) Paleogene and Neogene fragmental volcanic aodPaleocene to Miocene
marine sedimentg rock Refer to Fig. 12 and Table 2 for station locatidrise insets show thiall

extent of the some larger peaks

TOLT, which is the only station located &aleogene and Neogene volcamick,
shows peaks at 2 and 3 Hahree out of fivestationslocated orPleistocene and
Holocene alluviunhave peaks at 1 and 3 Hgith the exception of ALKI@.4 H2 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, locateBaleogene and Neogene
fragmental volcanic rockndPaleocene to Miocene marine sedimentary rock

respectivelyalsoshow a flat response at all frequencies

2. The 2014 Vancouver Island earthquake



Fig. 16 shows the SSR ploter strong motion datkom the 204 Vancouver Island

earthquake organized lblye localgeologic environment of the station location.

(a) Pleistocene continental glacial drift
ALCT BEVT
100 . 100 .
9| - oof
8ol - ol
o}
I 6o
) =}
n
ol
3o}
o} -
10 m
30’ 1IIJD 10' 10" 10 10’
COMR
100 . 100
sl | o[ 300—
sof - sof
7o} : 7o
x 6ol E 6o
9] 50+ E sof 0.1
n ol E ol
o} - ol
0 - 0
10 M 10
Dm’ 10° 10! D10“ 10 10’
o ELW EVGW
o0}
8o}
o}
x o}
8 s0f - 0200,
ol ] ol -
30} - 0}
af ’/MF/\; af -
ot of |
. ; I 10
10" 10’ 10’ 10" 1’ 10!

Frequency Frequency



SSR

SSR

100

90

Pleistocene continental glacial dritontinued)

FINN KINR

100

90

. 0 .
10° 10’ 10" an® 10’

Frequency Frequency

PNLK

500

450

400

380+

300+

280

SSR

200

150 +

100 +

50+

L
e a0 PPN

Frequency



SSR

SSR

(b) Paleogenand Neogene volcanitock

TOLT
100 T

90

80

70r

60

501

SSR

40

30F

201

107" 1’ 10'

Frequery
(©) Pleistocene and Holocene alluvium

ALKI MARY
100 . 100
300,

o0} - %0

8o} - 80

o} - 70

o} - 60

01 LA 10

s0f - s0f

ol 4 ol

30} - 30}

o} - af

10 10

qu‘ 10’ 10' qu‘ 10’ 10'
NOWS PAYL

100 . 100 .

o0} - o0}

8o} - 8o}

o} - o}

o}

s0f

ol

30}

a0k

o}

qu" 1|0° 10' qu" 1|0° 10'

Frequency Frequency

Fig. 16. The SSR results from the 20Yancouver Islan@éarthquake strong motion data. Results are
displayed with respect to underlying geology, as determined from Washbgpartment of Natural
Resourceghttp://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps).segbaccessed on 8/8/2014
(a) Pleistocene continental glacial drift, gleogene and Neogene volcarick, (c) Pleistocene and
Holocene alluviumRefer to Fig. 2 and Tables for station locationsThe insets show thigll extent

of larger peaksThe station PNLK is plotted on a different scale.



For the 2014 Vancouver Island earthqualegks from 0.6 to 8 Hareobserved
on stations located on Pleistocene caamtal glacial drift. Five stations out of 11 share a
peak at 1 to 1.5 Hz. Howevehere is littleconsistency in the peak frequencieserms
of the site geologyDOSE shows large peaks at 3 and 5 Hz. CDMR, KINR, and ELW

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

The responséom TOLT (peaks at 1.5, 3, 5.5, and 7 }which islocated on
Paleogene and Neogene volcamick, is quite similar to its response from the 2012
Queen Charlotte earthquake. Likewise, the respgdrse all stations locateth
Pleistocene and Holocene alluviaresimilar tothosefrom 2012 Queen Charlotte
earthquakdocated in the same type of geolo@espite differences on SSR relative
amplification values, peak frequencesll stationsire thesame ashose observefiom

the 2012 Queen Charlotte Island earthquake

3. The 2012 Vancouver Island earthquake

Fig. 17 shows the SSR plots frobmoadband data fromme 202 Vancouver

Islandearthquake organized Ijte geolog atthe station location.
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(c) Pleistocene and Holocene alluvium
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Fig. 17. SSR results from the 2@¥ancouver Island edrtjuakebroadbandiata. Results are displayed

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

(http://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps.tsgbaccessed on 8/8/2014) Pleistocene
continentalglacial drift, (b)Paleogene and Neogene volcamick, (c) Pleistocene and Holocene alluvium
(d) Paleogene and Neogene fragmental volcanic. ieeker to Fig. 1 and Tablel for station locations.
Insets show the extent of the larger peaks

The SSR redts from 2012 Vancouver Island earthquake broadband data show

consistent resultfor stations located on the Pleistocene continental glacial drift. All of
these stations show peaks at 3 Hz and a flat respolseer frequencies. TOTL show

peaks at 3, f|and 7 Hz, which is quite similar to the response from this station in the



previous earthquakes. The only station located o kistocene and Holocene alluvium
WISH, shows a peak at 8 Hz. Stations locate®aleogene and Neogene fragmental
volcanic ro&, LON and RATT show arelatively flat response, except for the

frequencies higher than 7 Hzt statiorRATT.

HVSR Results

1. The 2012 Queen Charlotte earthquake

Fig. 18 shows theHV SR plots fromstrong motion data fahe 2012Queen

Charlotteorganized bysite geology atthe station location.
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(e) Paleogene and Neogene intrusive rock
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Fig. 18. HVSRresults from the 2@ Queen Charlottearthquaketrong motiordata. Results are
displayed with respect to underlying geology, as determined from Washington Department of Natural
Resourceghttp://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps). ésgbacessed on 8/8/2014

(a) Pleistocene continental glacial drift, aleogene and Neogene volcarmick, (c)Pleistocene and
Holocene alluvium(d) Paleogene and Neogene fragmental volcanic, i@laleocene to Miocene
marine sedimentary rockf) Paleogae and Neogene intrusive rodRefer to Figl2and Table for

station locations.

Fourout offive stations located oRleistocene and Holocene alluviiginow
differentHVSR peaks in comparison to the SSR resfdtshe same earthquakexcept
for PAYL, whichshows 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 obseted\dSH HVSR
plot, which is different with its flat response on SSR plot. LON and MNWA, which are
located m Paleogene and Neogene fragmental volcanicsankPaleocene to Miocene
marine sedimentary rockespectively, show the same peak frequergseseen on the

SSR plots

2. The 2014 Vancouver Island earthquake



Fig. 19 shows theHV SR plots fronmstrong motiordata fromthe 204 Vancouver

Islandearthquake organized iBjte geolog/ atthe statioriocation.
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Fig. 19. HVSRresults from the 204Vancouver Islangarthquaketrong motiordata. Results are
displayed with respect to underlying ¢pgy, as determined from Washington Department of Natural
Resourceghttp://www.dnr.wa.gov/BusinessPermits/Pages/PubMaps).éegbaccessed on 8/8/2014
(a) Pleistocene continental glacial drift, gleogene and Neogene volcamick, (c) Pleistocene ah
Holocene alluvium(d) Paleogene and Neogene intrusive rde&fer to Figl2 and Table3 for

station locationsThe insets show the extent of larger.

Peaks at 7 Hareobservedt stations ALCT, BEVT, ELW, FINN, LYNC, and
KINR. Other stations have peaat 1, 2, 4, 5, and 9 Hz. TOLT shoemnsistenpeaks
relative tothe previous ever(012 Queen Charlotte earthquakeath peaks at 1, 5, and 7

Hz.

Stations located oRleistocene and Holocene alluvigiow rather different
results compared to the SSRéiree of the stations share peaks at 2 ttz; two of them

repeat the peak at 6 Hz.



3. The 2012 Vancouver Island earthquake

Fig. 20 shows the HVSR plots froroadband data fromme 202 Vancouver

Islandearthquakdroadbandlata organized bsite geolgy atthe station location.
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Fig. 20. HVSRresults from the 2@ Vancouver Island earthquakeoadbandlata. Results are

displayed with respect to underlying geology, as determined from Washington Department of Natural
Resourcesghttp://www.dnr.wa.gov/BusinessPerniRages/PubMaps.asplast accessed on 8/8/2014

(a) Pleistocene continental glacial drift, aleogene and Neogene volcarick, (c)Pleistocene and
Holocene alluvium(d) Paleogene and Neogene intrusive rdelPaleogene and Neogene

fragmental volcait rock Refer to Fig. 1 and Tablel for station locationsThe insets show the
extent of larger



The HVSR plots from 2012 Vancouver Island are almost identical to their SSR
plots at the stations located on Pleistocene continental glacial drift. &ike pee very
consistent at-8 Hz. There are also peaks obseratkigher frequencieé’, 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 locate®lerstoceneand Holocene
alluvium, shows a large peak at 8 HZNW, indicates a flat response with a small peak at
5 Hz. The two stationd ON and RATT, that ardocated orPaleogene and Neogene
fragmental volcanic rockhow very similar results to their SSRs. Pealesobserved at 4

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

To gain a better understandingtbé site characteristics for each statithe
frequencie®bservedvere categorized in §roups, each representing a range of
frequenciesl Hz (0-2 Hz), 3 Hz -4 H2), 5 Hz @-6 H2), 7 Hz 6-8 H2), and9 Hz §-10
Hz),as shown in Figure®l to 35and Table$ to 7 Thetables list thenaximum
amplitudeobserved fron8SR and HVSRnalysisfor each group at each station for each
of the three earthquake#t eachpeakfrequency, low, moderate, and high relative
amplification is showrin Figs. 2124, with dot size proportional to the degree of
amplificationfor a given earthquaké-ig. 21shows the relative amplification from the
2012 Queen Charlotte earthquake &tzZifrom HVSR and SSR data. The HVSR results
suggest low to moderate amplificatiabmost sites while the SSRs show moderate to
high amplification at 1 H#or the same geologic usitStations ALCT, MARY, and
MEAN, which show relatively high amplificatiorre 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 statifar different frequencies.

Station 1Hz 3Hz b5Hz 7Hz 9Hz 1Hz 3 Hz 5Hz 7 Hz 9 Hz
Name SSR SSR SSR SSR SSR HVSR HVSR HVSR HVSR HVSR

ALKI 25 5 1 3 5 2.5 1 11 11 15

DOSE 20 180 30 20 5 3 20 5 2.2 15

ERW 33 18 2 3 4 2.7 3 2.2 15 2.3

EVGW 48 20 5 5 9 3.7 1.3 11 11 11

LON 3 3 5 5 5 0.8 1.2 4 1.3 2

LYNC 16 15 3 3 7 11 1.2 11 1 11

MEAN 95 65 18 30 90 4 2.9 1.3 1.3 0.9

NIHS 44 49 22 20 23 15 2.6 2.2 2.1 2

PAYL 90 90 30 8 10 3.5 6.5 2 0.2 0.1

SVOH 145 105




TOLT 52 53 20 10 6 10 4.5 2.2 3.3 3.3
GNW - - - - - 0.9 1 14 15 1.7
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Fig. 21. Relative amplification in the 2012 Queen Charlotte earthq(stkeng motion dategt 1 Hz from
(A) HVSR and (B) SSR analyses overlain on geology (fraon WashingtorDepartment oNatural
Resources websifevww.dnr.wa.goy accessed 7/28/201L/Red dots are proportional to degree of

amplification at the sitéV.R and S.R represent volcanic and sedimentary, resbectively).
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Fig. 22. Relative amplification in the 2012 Queen Charletethquakéstrong motion dategt3 Hz from

(A) HVSR and (B) SSR analyses overlain on geology rRefer to Fig 21 for legend.
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Fig. 23. Relative amplification in the 2012 Queen Charlotte earthq(stkeng motion datagt5 Hz from

(A) HVSR and (B) SR analyses overlain on geology mBgfer to Fig 21 for legend.
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Fig.24. Relative amplification in the 2012 Queen Charlotte earthq(gtk@ng motion datagt 7 Hz from

(A) HVSR and (B) SSR analyses overlain on geology rRefer to Fig 21 for legend.



According to the SSR results from the 2012 Queen Charlotte earth(ftigke
21-25), most of the stations located on Pleistocene continental glacial drift and the
Pleistocene and Holocene alluvidrave high amplificatiomt low frequencies (08 Hz)
ard show a drop in amplification with increasing the frequency (> 5 Hz). Stations located
on thePaleocene to Miocene marine sedimentary aukthePaleogene and Neogene

fragmental volcanic rockave low amplificatiorat all frequencies.

The results fronthe 2012 Queen Charlotte earthquake HVSR data suggests high
to moderate amplificatioat 1-5 Hz and low amplification at higher frequencies (> 6 Hz)
at stations located oRleistocene continental glacial drift. The analysis suggests similar
results for thestations located on thHéleistocene and Holocene alluviuwith moderate
amplification at 16 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 haale low amplification at-# Hz
and moderate to high amplification in higher frequencies (> 5 Hz). Relatively flat
responses were observed at stations located dPalbecene to Miocene marine

sedimentary rdcand thePaleogene and Neogene intrusive rock

Despite the fact that there aéew stations with similar SSR and HVSBsults

there are many inconsistenclestween the two methods for the sastations.
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Fig.25. Relative amplification in the 201Queen Charlotte earthquafstrong motion datagt 9 Hz from

(A) HVSR and (B) SSR analyses overlain on geology rRefer to Fig 21 for legend.



Table 6. The maximum values of SSR and HVSR from the 2012 Vancouver Island earthquake at each

station in diffeent frequencies.

Station 1 Hz 3 Hz 5 Hz 7 Hz 9 Hz 1Hz 3 Hz 5Hz 7 Hz 9 Hz
SSR SSR SSR SSR SSR HVSR HVSR HVSR HVSR HVSR

BO5D 30 67 35 12 8 7.5 10 4 2 6.8
D0O3D 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 15 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 204&hcouver Island earthquake,
stations located on the Pleistocene continental glacial drift have high amplificatigh at 2
Hz. Moderate to low amplification is observed on the high and low frequency ends at
most of the stations. The station on Bieisto@ne and Holocene alluviughows high
amplification at high frequencies (> 6 Hz) and moderate to low amplificatiorbatA.
High amplification is observed at0 Hz on thd?aleogene and Neogene volcamick.
Stations located on thHealeogene and Neogefmagmental volcanic rockave moderate

amplification at 810 Hz and low amplification in lower frequencies (< 7 Hz).

The HVSR results show high amplification att 24z and moderate amplification

at 710 Hz on the Pleistocene continental glacial dRfgs. 2630). The station located



on thePaleogene and Neogene volcamick has high amplification at-3 Hz and 910
Hz. High amplification is also observed ail8 Hz on theéPleistocene and Holocene
alluvium. Stations located on tliRaleogene and Neogem¢rusive rockandPaleogene
and Neogene fragmental volcanic rdave relatively low amplification in all
frequencies. Generallg, comparison athe results from the HVSR and the S&falyses

show that theyre very consistent for the 2B Vancouver Islad earthquake.
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Fig. 26. Relative amplification in the 2012ancouver Islan@arthquaket 1Hz from (A) HVSR and (B)

SSR analyses overlain on geology f\aR and S.R represent volcanic and sedimentary, rock

respectively).
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Fig. 27. Relative amlification in the 2012/ancouver Islanéarthquakébroadband datagt 3 Hz from

(A) HVSR and (B) SSR analyses overlain on geology rRafer to Fig. 5 for legend.
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Fig. 28. Relative amplification in the 2012ancouver Islan@arthquakébroadband daj) at5 Hz from (A)

HVSR and (B) SSR analyses overlain on geology rRafer to Fig. 26 for legend.
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Fig. 29. Relative amplification in the 2012ancouver Islan@arthquakébroadband datat 7 Hz from (A)

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



