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ABSTRACT 25 

Waveforms recorded at various borehole depths were used to quantify site properties 26 

including predominant frequencies, shear-wave velocity profile, shear modulus, soil damping 27 

and site amplification at Delaney Park in downtown Anchorage, Alaska. The waveforms 28 

recorded by surface and six boreholes (up to 61 m depth) three-component accelerometers were 29 

compiled from ten earthquakes that occurred from 2006 to 2013 with moment magnitudes 30 

between 4.5 and 5.4 over a range of azimuths at epicentral distances of 11 to 162 km. The 31 

deconvolution of the waveforms at various borehole depths on horizontal sensors with respect to 32 

the corresponding waveform at the surface provides upward (incident) and downward (reflected) 33 

traveling waves within the soil layers. The simplicity and similarity of the deconvolved 34 

waveforms from different earthquakes suggest that a one-dimensional shear-beam model is 35 

accurate enough to quantify the soil properties. The shear-wave velocities determined from 36 

different earthquakes are consistent, and agree well with the logging data; the deconvolution 37 

interferometry predicts the shear-wave velocities within 15% of the in-situ measurements. The 38 

site amplifications based on surface-to-downhole traditional spectral ratio (SSR), response 39 

spectral ratio (RSR), cross-spectral ratio (cSSR), and horizontal-to-vertical spectral ratio (HVSR) 40 

of the surface recordings were also evaluated. Based on cSSR, the site amplification was 41 

computed as 3.5 at 1.5 Hz (0.67 s), close to the predominant period of the soil column. This 42 

amplification agrees well with the average amplification reported in and around Anchorage by 43 

previous studies.  44 

Keywords: Site amplification, downhole array, wave propagation, interferometry, 45 

deconvolution, shear-wave velocity, spectral analysis, Bootlegger Cove formation.  46 



“Bulletin of Seismological Society of America”                                                                                    v. 3.7 

Kalkan et al. (2016)                                            IP-062635 2 

INTRODUCTION 47 

Anchorage, Alaska, lies within one of the most active tectonic environments, and thus has 48 

been subjected to frequent seismic activity. The city is built on the edge of a deep sedimentary 49 

basin at the foot of Chugach Mountain Range. The basin is over 1 km in thickness in the western 50 

part of Anchorage, and reaches 7 km depth at a point about 150 km southwest of the city 51 

(Hartman et al., 1974). Shear-wave velocities, measured at 36 sites (Nath et al., 1997) in the 52 

basin, indicate that most of the city is on sediments that fall in National Earthquake Hazard 53 

Reduction Program (NEHRP) site categories C (360 < VS30 < 760 m/s; VS30 = average shear-54 

wave velocity of upper 30 m of crust) and D (180 < VS30 < 360 m/s) (Boore, 2004). The existence 55 

of low-velocity sediments overlying metamorphic bedrock can produce strong seismic waves 56 

(Borcherdt, 1970). The Great Alaskan earthquake (a.k.a. Prince William Sound earthquake) with 57 

moment magnitude (M) 9.2 in March 27, 1964, damaged the city, creating extensive 58 

liquefaction, landslides and subsidence as large as 3 m in the downtown area (Updike and 59 

Carpenter, 1986; Lade et al., 1988), and moved much of coastal Alaska seaward at least 80 m due 60 

to ground failures (Brocher et al., 2014).  61 

 In 2003, the U.S. Geological Survey’s (USGS) Advanced National Seismic System 62 

established a seven-level downhole array of three-component accelerometers at Delaney Park in 63 

downtown Anchorage in order to measure sediments response to earthquake shaking, and to 64 

provide input wave-field data for soil-structure interaction studies of a nearby twenty-story steel 65 

moment frame building (Atwood Building), also instrumented. Figure 1 shows the photo and 66 

map view of this downhole array (henceforth denoted as DPK) and Atwood Building in the 67 

background. The deepest downhole sensors are located at 61 m depth within the soil layer 68 

corresponding to the engineering bedrock.  69 
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Since 2003, more than a dozen earthquakes with M4.5 and above have been recorded at the 70 

DPK. These recordings provide an excellent opportunity to extract the site properties, and 71 

compare them with those from the earlier studies. The waveforms used in this study are rich 72 

enough in low-frequency content that the site amplifications can be computed at low frequencies. 73 

First, we applied deconvolution interferometry to the waveforms from ten earthquakes in order to 74 

compute shear-wave velocity profile, shear modulus and soil damping. The deconvolution 75 

interferometry provides a simple model of wave propagation by considering correlation of 76 

motions at different observation points (e.g., Aki, 1957; Claerbout, 1968; Trampert et al. 1993; 77 

Lobkis and Weaver, 2001; Roux and Fink, 2003; Schuster et al., 2004; Bakulin and Calvert, 78 

2006; Snieder et al., 2006). It also yields more repeatable and higher resolution wave-fields than 79 

does cross-correlation interferometry (Nakata and Snieder, 2012; Wen and Kalkan, 2016). Our 80 

approach is similar but we identified incident and reflected deconvolved waves and used time 81 

reversal to determine the site properties. Although deconvolution and cross-correlation 82 

interferometry are interrelated, we preferred the deconvolution interferometry for this study 83 

because the effects of the external source have been removed in the latter approach (Snieder and 84 

Safak, 2006; Rahmani and Todorovska, 2013). Second, we estimated predominant frequencies of 85 

the DPK array by utilizing a frequency response function (FRF), and also by using the average 86 

shear-wave velocity of the soil column. Third, the site amplification based on the surface-to-87 

downhole traditional spectral ratio (SSR), response spectral ratio (RSR), cross-spectral ratio 88 

(cSSR), and horizontal-to-vertical spectral-ratio (HVRS) with surface recordings was evaluated 89 

and compared.  90 

The complete list of abbreviations and symbols used throughout this article is given in Table 91 

1.  92 



“Bulletin of Seismological Society of America”                                                                                    v. 3.7 

Kalkan et al. (2016)                                            IP-062635 4 

TECTONIC SETTING 93 

The Anchorage area is located in the upper Cook Inlet region. Cook Inlet is situated in a 94 

tectonic forearc basin that is bounded to the west by the Bruin Bay-Castle Mountain fault system 95 

and to the east by the Border Ranges fault system including the Knik fault along the west front of 96 

the Chugach Mountains as depicted in Figure 2 (Lade et al., 1988). Most of the regional 97 

seismicity can be attributed to under-thrusting along the Benioff zone (within ~150 km of 98 

Anchorage) of the plate boundary megathrust (Li et al., 2013). Large historical earthquakes have 99 

ruptured much of the length of this megathrust (Wong et al., 2010). The Benioff zone (its contour 100 

is shown by thick dashed line) dips to the northwest beneath the Cook Inlet region (Fogelman et 101 

al., 1978).  102 

Smart et al. (1996) suggests that the Paleogene strike slip along the Border Ranges fault was 103 

transferred to dextral slip on the Castle Mountain fault through a complex fault array in the 104 

Matanuska Valley and strike-slip duplex systems in the northern Chugach Mountains. There is 105 

some evidence suggesting that both the Castle Mountain (Bruhn, 1979; Lahr et al., 1986) and 106 

Border Ranges fault systems (Updike and Ulery, 1986) may be active, and capable of 107 

propagating moderate size earthquakes. The Castle Mountain fault approaches to within about 40 108 

km of the city. Each year earthquakes with moment magnitudes above 4.5 are felt in Anchorage 109 

as a result of this tectonic setting. 110 

THE SITE, INSTRUMENTATION AND EARTHQUAKE DATA 111 

DPK array is located at north-west downtown Anchorage as shown in map view in Figure 1. 112 

The geological section at the site consists of glacial outwash, overlying Bootlegger Cove 113 
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formation (BCF) and glacial till deposited in a late Pleistocene glaciomarine-glaciodeltaic 114 

environment (14,000–18,000 years ago) (Ulery et al., 1983). The glacial outwash contains 115 

gravel, sand and silt, commonly stratified, deposited by glacial melt water. This surficial mud 116 

layer of soft estuarine silts overlays an approximately 35 m thick glacio-estuarine deposit of stiff 117 

to hard clays with interbedded lenses of silt and sand. This glacio-estuarine material is known 118 

locally as the BCF. Underlying the BCF is a glaciofluvial deposit from the early Naptowne 119 

glaciation (Updike and Carpenter, 1986) consisting mainly of dense to very dense sands and 120 

gravels with interbedded layers of hard clay (Finno and Zapata-Medina, 2014). The BCF (from 121 

20-50 m depth) has major facies with highly variable physical properties (Updike and Ulery, 122 

1986). Cone penetration test blow counts are down in the single digits at depths of over 30 m in 123 

BCF, and shear-wave velocity diminishes with depth through this formation (Steidl, 2006). The 124 

glacial till is composed of unsorted, nonstratified glacial drift consisting of clay, silt, sand and 125 

boulders transported and deposited by glacial ice. The relatively thin (<12.5 m) glacial outwash 126 

at the surface is locally underlain by sensitive facies of the BCF that could cause catastrophic 127 

failures during earthquakes, as occurred during the 1964 great Alaska earthquake. The DPK array 128 

has been deployed to sample the ground motions within this formation, as well as above and 129 

below it (Figure 3). The deepest borehole sensor is located in a glacial till formation with VS > 130 

900 m/s, corresponding to engineering bedrock. Due to lack of in-situ measurements at the DPK 131 

site, the shear-wave velocity (VS) of soil column have been estimated by Nath et al. (1997) and 132 

Yang et al. (2008) in Figure 4 from inversion of data at a nearby site, about 200 m away (U. 133 

Dutta, oral commun., 2014). The VS increases initially within the glacial outwash at shallower 134 

depths, and then decreases within the deeper BCF.  135 

The DPK array consists of one surface and six borehole tri-axial accelerometers located at 136 
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4.6, 10.7, 18.3, 30.5, 45.4 and 61 m depth, and oriented to cardinal directions as marked in 137 

Figure 3. These borehole depths do not correspond to the depth of the boundary of soil layers. 138 

The accelerometers in boreholes (Episensors) are connected to four six-channels 24-bit data 139 

loggers (Quanterra-330). More than a dozen earthquakes with M4.5 and above have been 140 

recorded since the deployment of the DPK array. Ten earthquakes with M between 4.5 and 5.4 141 

were identified for this study based on their proximity to the site and recordings’ intensity. The 142 

distant earthquakes were discarded due to low signal-to-noise ratio of the waveforms. The events 143 

selected are listed in Table 2 along with distance and epicenter. The event epicenters are depicted 144 

on a regional map in Figure 5; also shown in this figure are known faults around the city. Most of 145 

the events selected are 35–83 km deep, and 80% of records are considered as far-field since they 146 

were recorded at epicentral distances larger than 20 km. All earthquake data have a sampling rate 147 

of 200 samples-per-second with a minimum duration of 222 s, covering potential surface waves. 148 

The 2012 M4.6 earthquake is the closest event with a peak ground acceleration (PGA) of 1.8% 149 

g, recorded at epicentral distance of 10.8 km. The largest PGA of 3.1% g (see Figure 6) was 150 

recorded during the 2010 M4.9 event at epicentral distance of 20.7 km. Figure 6 shows the 151 

motions from glacial till amplify as they propagate within the BCF, and de-amplify within the 152 

transition region to glacial outwash due to impedance contrast. 153 

DECONVOLUTION INTERFEROMETRY 154 

A one-dimensional shear-beam model provides useful information about soil response to 155 

ground shaking (Iwan, 1997). For soil column with uniform mass and stiffness, the shear-wave 156 

propagation can be expressed in the time domain as: 157 
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𝑢 𝑡, 𝑧 = 𝐴 𝑡, 𝑧 ∙ 𝑠 𝑡 −
𝑧
𝑐 + 𝐴 𝑡, 2𝐻 − 𝑧 ∙ 𝑠 𝑡 −

2𝐻 − 𝑧
𝑐 + 158 

𝑟 ∙ 𝐴 𝑡, 2𝐻 + 𝑧 ∙ 𝑠 𝑡 − /012
3

+ 𝑟 ∙ 𝐴 𝑡, 4𝐻 − 𝑧 ∙ 𝑠 𝑡 − 5062
3

+ ⋯      (1) 159 

where 𝑢(𝑡, 𝑧) is the soil response at height 𝑧	(𝑧 = 0 at the bottom of the borehole) at time 𝑡, 160 

𝑠 𝑡 	is the excitation source at the fixed-base, 𝐻 is the total height, 𝑐 is the traveling shear-wave 161 

speed, and 𝑟 is the reflection coefficient at 𝑧 = 0. 𝑟 was assumed to be zero for the borehole case. 162 

The attenuation occurs during wave propagation in soil column when a wave travel over a 163 

distance L, which is described by attenuation operator 𝐴(𝐿, 𝑡). For a constant 𝑄-model, this 164 

attenuation operator in frequency domain is given by Aki and Richards (2002):   165 

𝐴 𝑤, 𝐿 = exp	(−𝜉 ∙ 𝑤 ∙ 𝐿/𝑐)                           (2) 166 

where 𝑤 is the cyclic frequency defined as 2𝜋/𝑡 , 𝜉 is the viscous damping ratio [𝜉 =1/(2𝑄)].  167 

Equation (1) shows that the soil response is the summation of an infinite number of the 168 

upward and downward traveling waves. The first term is the upward traveling wave, and the 169 

second term represents the reflection of the first wave at the free end, and travels downward. 170 

This wave reflects off the fixed-base and travels upward, which is the third term. The last term is 171 

the reflection of the third wave at the free end, which travels downward. For the attenuation 172 

model in Equation (2), the soil response in the frequency domain is expressed as: 173 

𝑈 𝑤, 𝑧 = 𝑆 𝑤H
IJK 𝑅I exp(𝑖 ∙ 𝑘 ∙ (2𝑛 ∙ 𝐻 + 𝑧)) ∙ exp(−𝜉 ∙ 𝑘 ∙ (2𝑛 ∙ 𝐻 + 𝑧)) +174 

exp 𝑖 ∙ 𝑘 ∙ 2 𝑛 + 1 𝐻 − 𝑧 ∙ exp −𝜉 ∙ 𝑘 ∙ 2 𝑛 + 1 𝐻 − 𝑧                              (3) 175 

where 𝑘 = 𝑤/𝑐 is the wave number, 𝑖 is the imaginary unit. The deconvolution of the response at 176 

height 𝑧 by the response at the free end (surface for soil) is defined in frequency domain by 177 



“Bulletin of Seismological Society of America”                                                                                    v. 3.7 

Kalkan et al. (2016)                                            IP-062635 8 

𝐷 𝑤, 𝑧 = 𝑈 𝑤, 𝑧 /𝑈 𝑤,𝐻         (4)  178 

By plugging equation (3) into equation (4), and making appropriate cancellations, 𝐷 𝑤, 𝑧  can be 179 

obtained as 180 

𝐷 𝑤, 𝑧 = 	 R
/
exp(𝑖 ∙ 𝑘 ∙ (−𝐻 + 𝑧))𝑒𝑥𝑝(−𝜉 ∙ 𝑘 ∙ (−𝐻 + 𝑧)) + exp 𝑖 ∙ 𝑘 ∙ 𝐻 − 𝑧 exp −𝜉 ∙181 

𝑘 ∙ 𝐻 − 𝑧                    (5) 182 

Equation (5) shows that the soil response at height 𝑧 deconvolved by the response at the surface 183 

is the summation of the two attenuated waves traveling upward and downward. Waveform 184 

deconvolution decouples the soil response from the excitation because this deconvolution is 185 

independent of the excitation source and the reflection coefficient (Snieder and Safak, 2006; 186 

Nakata et al., 2013). Hence, the soil properties can be estimated from the deconvolved 187 

waveforms. 188 

RESULTS 189 

We applied deconvolution interferometry to the data from ten earthquakes listed in Table 2. 190 

The soil responses 𝑈 𝑤, 𝑧 	from six boreholes were deconvolved by the soil response measured 191 

at the surface U(w,H). The deconvolution was based on the single component (east-west) of the 192 

horizontal motions because both horizontal components of records produced similar results. 193 

Figure 7 shows the waveforms in Figure 6 after deconvolution with the waves at the surface. Full 194 

lengths of the waveforms, low-cut filtered by a 4th order acausal Butterworth filter with corner 195 

frequency of 0.1 Hz, are used.  196 

The deconvolved wave at the surface is a bandpass-filtered Dirac delta function (virtual 197 

source), because any waveform deconvolved with itself, with white noise added, yields a Dirac 198 
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delta function (pulse) at t = 0 (see Equation (4) with z = H). The deconvolved waveforms at 199 

borehole-2 through borehole-6 demonstrate a wave state of the borehole array. This wave state is 200 

the response of different soil layers to the delta function at the surface. For early times, the pulse 201 

travels downward in the soil column with a velocity equal to shear-wave velocity of soil layers, 202 

and response is superposition of upward and downward traveling waves. At t = 0, the wave field 203 

is non-zero only at the surface. For later times, however, the waveforms are governed by site 204 

resonance that decays exponentially with time due to attenuation (intrinsic damping).  205 

The deconvolved waves shown in Figure 7 contain energy in the acausal part (no phase 206 

shift). For negative time, upward going and downward going waves are present that reflect at the 207 

surface at t = 0. If the waveforms are deconvolved with the waveform at borehole-6, they will 208 

not display acausal arrivals; because there is no physical source at the surface, while the 209 

borehole-6 is being shaken by the earthquake. The shaking at the borehole-6 would act as an 210 

external source. The causality properties of the deconvolved waveforms are therefore related to 211 

the existence (or non-existence) of a physical source of the recorded waves (Snieder et al., 2006).  212 

The deconvolved waves in Figure 7 do not show notable intrinsic damping, but some pulse 213 

broadening is apparent. This is consistent with the soil-damping ratio computed (will be 214 

described later in “Soil-damping Ratio”). 215 

Shear-wave Velocity 216 

The shear-wave velocity of the upward and downward traveling waves (𝑉W,I) for the nth layer 217 

between two boreholes is derived based on the time lag 𝜏	between deconvolved waveforms and 218 

the distance following the ray theory, which ignores wave scattering, 𝑉W,I = ℎ/𝜏, where h is the 219 

distance. The wave travel time (𝜏) associated with the first borehole at 4.6 m is discarded 220 
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because of the overlapping upward and downward waves at this level. In Figure 8a and Figure 221 

8b, the arrival time and travel distance of the upward and downward traveling waves are 222 

identified to compute the shear-wave velocity profiles based on the 2010 M4.9 earthquake 223 

waveforms shown in Figure 6. The negative values are due to the upward traveling waves, and 224 

the positive values are associated with the downward traveling waves. A straight line is fitted to 225 

all data points in Figure 8b by least squares with the Levenberg-Marquardt method (Levenberg, 226 

1944; Marquardt, 1963) to determine a single average shear-wave velocity for the upper 61 m of 227 

the soil. Figure 8c depicts the shear-wave velocity of layers	for the upward and downward 228 

traveling waves, and compares them with the logged data shown by horizontal bars; the 229 

deconvolution results in shear-wave velocities within 15% of the logged data. Note that the term 230 

“layer” used here does not necessarily refer to soil layers with distinct physical parameters but 231 

the soil medium between tips of two boreholes where the accelerometers are located, which are 232 

shown by dash lines in Figure 8c. 233 

The same process is repeated for the remaining recordings from nine earthquakes, and Table 234 

3 summarizes the shear-wave velocity of the soil layers for each event; also given at the last row 235 

of this table are the average shear-wave velocities considering all events. The difference of 236 

velocity for upward and downward traveling waves is due to reflection between soil layers, 237 

which creates epistemic noise. The shear-wave velocities of the five layers estimated from 238 

different earthquakes are very close to each other. Among all layers, the maximum discrepancy 239 

between different events is 17%. The last column of Table 3 lists the average shear-wave velocity 240 

for the upper 61 m of the soil column for each event computed according to the least square fit 241 

shown in Figure 8b. The average shear-wave velocities from the ten earthquakes are practically 242 

the same with a maximum discrepancy of 1.7%, indicating that site response remained linear-243 
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elastic between different events. 244 

Soil Predominant Frequencies  245 

For a homogenous isotropic soil medium with one-dimensional wave propagation model, the 246 

predominant frequency (𝑓) of the soil column can be derived from the shear-wave velocity, 𝑓 =247 

𝑉[/4𝐻 where 𝐻 is the total height of the soil column. The predominant frequency derived by this 248 

simple equation for each earthquake is presented in Table 4. The average value of 𝑓 is 1.2 Hz 249 

when all events are considered. For comparison, the predominant frequency of the soil is also 250 

computed from the FRF, defined as the surface response compared to the input of the deepest 251 

borehole following the initial work done by Borcherdt (1970) and then Joyner el al. (1976) for 252 

the San Francisco Bay. The FRF is computed as 253 

𝐻(𝑓) = 𝑃]] 𝑓 𝑃]^(𝑓)                         (6) 254 

where 𝑃]] is the power spectral density of the soil response measured at the surface, and 𝑃]^ is 255 

the cross power spectral density of the soil response measured at the surface and at the borehole-256 

6. Note that Equation (6) is inverted compared to most uses of this method. Figure 10 plots the 257 

computed FRFs from ten events. The peaks around 5 to 6 Hz appear only for two events; we 258 

attributed these spurious peaks to limitation of the FRF method, and rejected them. The first 259 

three frequencies in the FRFs are listed in Table 4. The relative difference between the largest 260 

and lowest predominant frequencies is 12%. The relative differences between the largest and 261 

lowest second and the third frequencies are 5.6% and 3.2%, respectively. Average value of site 262 

fundamental frequency (first mode) from ten earthquakes is 1.44 Hz. For all earthquakes, the 263 

predominant frequency derived from the average shear-wave velocity of the soil column is 17% 264 

smaller than that computed from the FRF. This difference is expected because the frequency 265 
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derived from the average shear-wave velocity is based on the assumption that the soil column 266 

has a uniform mass and stiffness. This assumption often yields smaller frequencies. The average 267 

ratios of the second and third frequencies to the predominant frequency are 2.8 and 4.8, 268 

respectively while the corresponding analytical ratios are 3 and 5 for uniform soil column.  269 

Site Amplification  270 

Site amplification refers to the increase in amplitude of seismic waves as they propagate 271 

through soft soil layers; this increase is the result of impedance contrast (impedance = density of 272 

soil x VS) between different layers (Safak, 2001). A number of empirical site amplification 273 

studies have been published for the Anchorage area (e.g., Nath et al., 2002; Martirosyan et al., 274 

2002; Dutta et al., 2003). The last two studies computed site response at the basin stations 275 

relative to a reference site in the nearby Chugach Mountains. All of the studies focused on site 276 

response within the 0.5 to 11 Hz range, and all of the studies found significant frequency-277 

dependent site amplifications on the sediments beneath the city. The largest site amplifications on 278 

average were reported on the lower-velocity NEHRP class D sites, with average amplifications 279 

around 3 at low frequencies (0.5–2.5 Hz) and around 1.5 at higher frequencies (3.0–7.0 Hz). 280 

Safak (2001) provides a review of various methods to estimate site amplifications. In this 281 

study, the site amplification is calculated with the following four different methods: (i) surface-282 

to-borehole standard spectral ratio (SSR); (ii) surface-to-borehole cross-spectral ratio (cSSR); 283 

(iii) horizontal-to-vertical spectral ratio (HVSR); and (iv) surface-to-borehole response spectral 284 

ratio (RSR). 285 

The SSR is the ratio of the Fourier spectra of the site recording to those of the reference-site 286 

recording. The deepest borehole in this study is selected as a reference because it is embedded to 287 
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the engineering bedrock (glacial till). The borehole recording is influenced by the downward 288 

waves reflected by the soil layers above, and the destructive interference among these waves 289 

may cause unexpected peaks in the spectral ratios (Shearer and Orcutt, 1987; Steidl et al., 1996). 290 

When shallow borehole data are used as reference for estimating amplification at the surface, the 291 

potential maximum in the borehole spectrum would produce peaks in the spectral ratios that 292 

could be miscalculated as site-response peaks. Steidl et al. (1996) suggests that coherence 293 

estimate 𝐶]^ 𝑓 	between the surface and borehole-recorded signals can be used to identify the 294 

destructive interference effects that manifest as artificial peaks in the surface-to-borehole transfer 295 

function. These artificial peaks correspond to the sinks in the coherence estimate.  296 

In order to eliminate the effects of the destructive interference on site amplification, we 297 

computed the cSSR, which is the product of the spectral ratio and the coherence function (Safak, 298 

1997), to estimate the site amplification (Assimaki et al., 2008). The coherence 𝐶]^ 𝑓  of the 299 

surface recording and borehole recording is computed as: 300 

𝐶]^ 𝑓 = àb(c)
d

àa(c) b̀b(c)
			.	 	 	 	 			 					(7)	301 

𝐶]^ 𝑓  ranges between zero and one, and it is used to assess the effects of noise in the 302 

waveform. Frequency ranges in the transfer function that are dominated by noise (typically high 303 

frequencies) demonstrate low coherence. At frequencies where sinks are observed in the 304 

coherence estimate, the resulting cross-spectral estimate of the transfer function is expected to 305 

deviate from the traditional spectral ratio, indicating the occurrence of destructive interference 306 

phenomena. Such phenomena (incoherence) can be due to noise or to natural physical processes 307 

such as wave passage, scattering and extended source effects (Zerva, 2009). 308 

The HVSR is defined as the Fourier spectral ratio between the horizontal and vertical 309 
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recordings (Nakamura, 1989). It is widely used to estimate the fundamental resonance mode at a 310 

site. The Fourier spectra of the horizontal recording are estimated by the root mean square of the 311 

Fourier spectra of two horizontal components (Martirosyan et al., 2002). HVSR of earthquake 312 

motions have also been used to identify the velocity profiles (Arai and Tokimatsu, 2004). A 313 

thorough review of the HVSR implementation can be found in Kudo et al. (2004). Studies 314 

showed that estimates of the frequency of the predominant peak from HVSR are similar to that 315 

obtained with traditional spectral ratios; however, the absolute level of site amplification does 316 

not correlate with the amplification obtained from more conventional methods (Lachet and Bard, 317 

1994; Field and Jacob, 1995; Field, 1996; Lachet et al., 1996). Thus, HVSR is generally used to 318 

analyze the fundamental resonance peaks but not to determine precisely the amplification levels 319 

(Bonilla et al., 1997; Riepl et al., 1998; Parolai and Richwalski, 2004).  320 

Finally, the RSR, defined as the ratio of 5% damped pseudo-spectral acceleration response 321 

spectrum on surface to those on the deepest borehole, was used (Kitagawa et al., 1992). Pseudo-322 

spectral acceleration response spectra and their ratios are much smoother functions of frequency 323 

than the standard spectral ratios because the damped single-degree-of-freedom system acts as a 324 

narrow-band filter.  325 

The ratio of the Fourier amplitude spectrum (FAS) of two noisy records is very sensitive to 326 

noise, and would have unrealistically high amplitudes if no smoothing were performed on the 327 

FAS prior to taking the ratio. Thus, we applied a moving average filter with a length of 2 s (0.5 328 

Hz) for smoothing in computing the RSR, cSSR and HVSR. 329 

For each of these four methods, site amplifications at different frequencies were computed 330 

and averaged across the ensemble of recordings considering all events. Figure 11 plots the mean 331 

estimates. Note that the DPK array site has a shallow soft layer in the near surface with relatively 332 
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constant shear-wave velocity (295 m/s; NEHRP site category D) due to presence of BCF 333 

overlying a relatively homogeneous stiff formation with strong impedance contrast at 50 m depth 334 

(NEHRP site category B). In Figure 11, the values on the horizontal axis are the reciprocals of 335 

the periods for the RSR. For each method, three obvious peaks can be seen at three frequency 336 

ranges (1.1-1.5 Hz), (4.0-4.4 Hz) and (6.8-7.2 Hz), respectively. These peaks correspond to the 337 

predominant frequencies for the first three modes as shown in Figure 10. The SSR method 338 

produced the greater site amplification estimates than the cSSR and RSR methods with the 339 

exception of HVSR method at low frequencies. Although the frequencies of the predominant 340 

peaks from HVSR are similar, the absolute level of site amplification does not correlate well 341 

with the amplification estimated from other methods. The SSR method predicts the maximum 342 

site amplification as 5.3. This method is the least reliable because it is very sensitive to the noise 343 

level in the waveforms, thus it is not appropriate for downhole recordings. 344 

The maximum site amplification of 4.2 is predicted by the RSR method; this method is 345 

applicable at low frequencies (e.g., less than 4 Hz), but not for high frequencies. The cSSR 346 

method resulted in maximum site amplification as large as 3.5 at low frequencies close to the 347 

first-mode frequency shown in Figure 10.  348 

The average coherence estimates of the surface and the deepest borehole recordings are also 349 

presented in Figure 11. Based on the equivalent homogeneous medium approach (Steidl et al., 350 

1996), the first mode frequency at which destructive interference is expected to occur is 351 

estimated as 1.2 Hz, which is also indicated in Figure 11 with the solid line arrow. Clearly, the 352 

destructive interference phenomena is not strictly materialized, which may due to the variation of 353 

the shear-wave velocity among different soil layers as can be seen in Figure 8c. However, the 354 

dashed line with arrows in Figure 11 indicate that peak site amplification predicted by SSR 355 
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method generally corresponds to the sinks of coherence estimates. This phenomenon means that 356 

the cSSR method can predict site amplification at low frequencies more reliably by removing the 357 

potential destructive interference.  358 

Soil-damping Ratio 359 

During wave propagation, the energy loss induced by soil damping can be represented by the 360 

following attenuation equation (Aki and Richards, 2002): 361 

𝐴[ 𝑓 = 𝑒6e∙c∙f/g      (8) 362 

where 𝐴[ 𝑓  is the reduction in the amplitude of a sinusoidal wave of frequency 𝑓 when it 363 

travels a distance of travel time 𝜏. The damping ratio 𝜉 is defined by the quality factor 𝑄 (𝜉 =364 

1/2𝑄).   365 

In order to evaluate the dynamic damping in structures, previous studies (Snieder and Safak, 366 

2006; Prieto et al., 2010; Newton and Snieder, 2012; Nakata et al., 2013) used the equation (8) in 367 

conjunction with deconvolved waves. We adapted the same approach for evaluating the soil 368 

dynamic damping. First, the recordings at different soil layers were deconvolved with the 369 

recordings at the deepest borehole, and then, the deconvolved waves were bandpass filtered by a 370 

4th order Butterworth filter with cutoff frequencies of 0.5 and 2 Hz. These corner frequencies 371 

were selected to extract the fundamental mode, and filtered out high and low frequencies. The 372 

natural logarithm of the envelope of the bandpass-filtered waveforms corresponding to the M4.9 373 

event is shown in Figure 11 by dashed lines. In order to separate the curves at different borehole 374 

depths, the natural logarithm of the envelope is added with the number of 50 minus the depth of 375 

the borehole (the depth is 0 at the surface). According to the equation (8), the slope of the curves 376 

in Figure 11 depends on the attenuation of the waves, thus the offset has no influence on the 377 
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results. The slopes of the curves, which are similar at different layers, were computed by least-378 

square fit between 0.5 s and 5.0 s (shown by solid lines). The slope of the solid line is equal to 379 

−π𝑓/𝑄. The mean slope at different layers (which is quite consistent at different depths), and the 380 

first mode frequencies in Table 4 were used to compute the 𝑄 and 𝜉. Table 5 summarizes the 381 

resultant 𝑄 and 𝜉 for all events. The results are stable between different events with a coefficient 382 

of variance of 0.16 for 𝑄. The average soil dynamic damping for the DPK array was found to be 383 

4.5%.   384 

Shear Modulus  385 

In homogeneous and isotropic media, the velocity of a shear wave is controlled by the shear 386 

modulus 𝐺I, which defines the magnitude of the shear stress that soil can sustain—an important 387 

parameter for geotechnical engineering. The shear modulus 𝐺I for the nth soil layer is  388 

𝐺I = 𝜌I ∙ 𝑉W,I/                                   (9) 389 

where 𝜌Iis the density of the nth layer. A wet density of 1.96 g/cm3 was assigned to the BCF 390 

(from 20-50 m depth) based on measurements of ten soil samples (Lade et al., 1988). The site at 391 

which the undisturbed samples of the BCF were collected was found to be geologically typical of 392 

the 60 city blocks that form the metropolitan "core area" of Anchorage including the DPK array. 393 

Using equation (9) and shear-wave velocity values in Table 3, the shear modulus of the BCF at 394 

the DPK array was found to be between 125 and 170.9 MPa.  395 

CONCLUSIONS 396 

In this study, we investigated the linear-elastic properties of the sediment layers in particular 397 

the Bootlegger Cove formation (BCF) at Delaney Park (DPK) downhole array in downtown 398 
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Anchorage Alaska. BCF is a soft formation thought to be responsible for much of the 399 

liquefaction damage during the 1964 M9.2 great Alaska earthquake. The waveforms recorded 400 

from ten earthquakes were analyzed using deconvolution interferometry. The waveforms at 401 

various depths were deconvolved by the waveforms recorded at the surface in order to identify 402 

predominant frequencies, shear-wave velocity profile, shear modulus and soil dynamic damping. 403 

To quantify the site amplification, surface-to-downhole traditional spectral ratio (SSR), response 404 

spectral ratio (RSR), cross-spectral ratio (cSSR), and horizontal-to-vertical spectral ratio (HVSR) 405 

were calculated. The site characteristic information obtained here can be used for soil-structure 406 

interaction analysis of a nearby twenty-story steel-moment frame building (Atwood Building), 407 

also instrumented.    408 

The key findings of this study are as follows: 409 

• The simplicity and similarity of the deconvolved waveforms from ten earthquakes 410 

manifest that a one-dimensional shear-beam model is accurate enough to represent the 411 

linear-elastic soil response at the DPK array under low intensity shaking. 412 

• The deconvolution results in shear-wave velocities within 15% of the logged data. The 413 

maximum discrepancy in shear-wave velocities on average of borehole levels between 414 

different events is 17%. This suggests that the deconvolution interferometry is an 415 

effective way to quantify the shear-wave velocity profile for geotechnical arrays lacking 416 

in-situ measurements.  417 

• The predominant soil frequency derived from the average shear-wave velocity is a crude 418 

estimation that is less accurate than the estimation from frequency-response function 419 

(FRF). For all earthquakes, the predominant frequency derived from the shear-wave 420 

velocity of the soil column is on average 1.2 Hz, which is 17% smaller than 1.44 Hz 421 
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estimated from the FRFs.  422 

• Despite high aleatoric variability in earthquake waveforms, which come from events 423 

varying in size, distance and azimuth, the average shear-wave velocity of soil layers, and 424 

the predominant frequency of the soil column are consistent; this indicates that the soil 425 

properties remained linear-elastic during different earthquakes.  426 

• Destructive interference phenomena were demonstrated to yield overestimation of site 427 

response by means of the surface-to-borehole transfer function with the exception of 428 

HVSR estimates in the low frequency range. The SSR method was found to be the least 429 

reliable one as compared to cSSR, HVSR and RSR techniques because it is very sensitive 430 

to the noise level, thus it is not a convenient method for computing site amplification 431 

using downhole recordings.  432 

• The RSR method was found to be applicable only for computing site amplification at low 433 

frequencies (less than 4 Hz); its accuracy quickly diminishes at high frequencies.  434 

• The HVSR method was generally found to represent the fundamental resonance peak but 435 

not to determine precisely amplification levels, a conclusion also drawn by others.  436 

• The cSSR method can predict site amplification more reliably by removing the potential 437 

destructive interference, thus it is theoretically more accurate than the other methods. 438 

cSSR resulted in average site amplification as large as 3.5 at low frequencies (1.1-1.5 Hz) 439 

close to the first-mode frequency of the soil column. Other studies find on average that 440 

the largest site amplifications are on the lower-velocity NEHRP class D (180 < VS30 < 360 441 

m/s) sites in Anchorage, with average amplifications around 3.0 at low frequencies (0.5–442 

2.5 Hz). We found site amplification 17% higher than the average amplification reported 443 

by others.  444 
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DATA AND RESOURCES 445 

Instruments of the National Strong Motion Network of USGS collected recordings used in 446 

this study. The records are available from the first author upon request. Figure 3 is modified from 447 

http://nees.ucsb.edu/facilities/atwood-building-anchorage (last accessed July, 2016). 448 
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TABLES 618 

Table 1. List of Abbreviations and Symbols Present in This Article  619 

BCF Bootlegger Cove formation  620 

𝑐  Wave speed  621 

𝐶]^  Coherence 622 

cSSR Surface-to-borehole cross-spectral ratio  623 

DPK Delaney Park  624 

FAS Fourier amplitude spectrum  625 

FRF Frequency response function 626 

𝐺I Shear modulus of nth layer 627 

𝐻  Total height of soil column  628 

HVSR Horizontal-to-vertical spectral ratio 629 

𝐿  Wave travel distance  630 

M Moment magnitude 631 

RSR Surface-to-borehole response spectral ratio 632 

𝑄 Quality factor 633 

𝑟  Reflection coefficient 634 

𝑃]]  Power spectral density of waveform x 635 

𝑃]^  Cross power spectral density of waveforms x and y 636 

PGA  Peak ground acceleration 637 

𝑠 𝑡   Excitation source at fixed-base  638 

SSR Surface-to-borehole standard spectral ratio 639 

t Time instant  640 

𝑢  Soil response  641 

VS Shear-wave velocity 642 

VS30 Average shear-wave velocity of upper 30 m of crust 643 

𝑤          Cyclic frequency 644 

𝑧  Height 645 

𝜌I Wet density of nth layer 646 

𝜉  Damping ratio 647 
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𝜏 Wave travel time 648 

 649 

Table 2. Origin Times, Magnitudes, Epicenters of Local and Regional Earthquakes Recorded by 650 
The Delaney Park Borehole Array in Anchorage Alaska between 2006 and 2013 (See 651 
“Data and Resources”)  652 

Event 
No.  

Origin time 
(UTC)         
(y-m-d) 

Moment  
Magnitude 

Epicenter Coordinates                          
Latitude(°)  Longitude(°) 

Depth     
(km)    

Epicentral 
Distance  

(km) 

Peak 
Acceleration     

(cm/s2)   

1 2013-03-13 5.4 62.559 -151.071 83.6 162.0 1.07 

2 2012-05-16 4.6 61.118 -149.926 61.7 10.8 17.66 

3 2011-06-16 5.1 60.765 -151.076 58.9 81.1 7.78 

4 2010-09-20 4.9 61.115 -150.219 45.4 20.7 30.53 

5 2010-07-08 4.8 61.805 -150.505 14.9 73.5 6.57 

6 2010-04-07 4.6 61.580 -149.652 35.3 42.7 3.62 

7 2009-08-19 5.1 61.228 -150.858 66.4 51.7 5.44 

8 2009-06-22 5.4 61.939 -150.704 64.6 91.5 11.64 

9 2006-09-06 4.5 61.621 -149.930 40.7 45.4 2.94 

10 2006-07-27 4.7 61.155 -149.678 36.0 13.3 13.86 

The earthquakes are numbered sequentially according to their origin times. Peak acceleration is the observed 653 
absolute maximum amplitude of the waveforms from the accelerometers at the surface level  654 
 655 
 656 
 657 
 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 
 666 
 667 
 668 
 669 
 670 
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Table 3. Average Shear-wave Velocity of Soil Layers and Soil Column Identified based on 671 
Upward and Downward Traveling Waves; Unit = m/s 672 

Event 
No. 

Layer 1 

(0 - 10.7 m) 

Layer 2 

(10.7 - 18.3 m) 

Layer 3 

(18.3 - 30.5 m) 

Layer 4 

(30.5 - 45.4 m) 

Layer 5 

(45.4 - 61 m) 

Average 
shear-
wave 

velocity 
of soil 
column 

 (up) (down) (up) (down) (up) (down) (up) (down) (up) (down) 

1 305.7 305.7 253.3 253.3 244.0 244.0 270.9 298.0 780.0 624.0 295 

2 267.5 267.5 304.0 253.3 221.8 271.1 298.0   298.0 780.0 624.0 293 

3 267.5 267.5 253.3 304.0 271.1 244.0 270.9 298.0 780.0 624.0 293 

4 305.7 305.7 217.1 253.3 271.1 244.0 270.9 298.0 780.0 624.0 294 

5 267.5 305.7 304.0 253.3 244.0 244.0 270.9 298.0 780.0 624.0 294 

6 305.7 267.5 253.3 304.0 244.0 244.0 270.9 298.0 780.0 624.0 292 

7 305.7 305.7 253.3 253.3 244.0 271.1 298.0 270.9 624.0 624.0 297 

8 267.5 305.7 253.3 253.3 271.1 244.0 270.9 298.0 780.0 624.0 294 

9 305.7 267.5 253.3 304.0 244.0 244.0 270.9 298.0 780.0 624.0 296 

10 267.5 267.5 253.3 253.3 271.1 244.0 331.1 298.0 624.0 624.0 295 

Average 286.6 286.6 259.8 268.5 252.6 249.4 282.3 295.3 748.8 624.0  

Std. dev. 20.1 20.1 25.9 24.5 17.3 11.4 20.5 8.6 65.8 0  

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 
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Table 4. Site Fundamental Frequencies Derived from Shear-wave Velocity and Spectral Ratios; 682 
Unit = Hz 683 

Event No. Derived 
frequency, f 

(Hz) 

First-mode 
frequency 

(Hz) 

Second-mode 
frequency  

Third-mode 
frequency  

1 1.209 1.563 4.126 6.934 

2 1.201 1.392 3.931 6.909 

3 1.201 1.440 4.028 6.958 

4 1.205 1.392 4.004 6.812 

5 1.205 1.489 4.004 6.934 

6 1.197 1.416 4.077 6.982 

7 1.217 1.416 4.077 6.958 

8 1.205 1.465 4.053 6.982 

9 1.213 1.465 4.150 7.031 

10 1.209 1.416 4.126 6.836 

Average 1.206 1.445 4.060 6.934 

Std. dev. 0.006 0.053 0.068 0.067 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 



“Bulletin of Seismological Society of America”                                                                                    v. 3.7 

Kalkan et al. (2016)                                            IP-062635 32 

Table 5. Mean Slope of Natural Logarithm Envelope at Different Boreholes Shown in Figure 12, 698 
Quality Factor 𝑄, and Damping Ratio 𝜉 Computed from Ten Earthquakes 699 

Event No. Mean slope of 
different layers 

Quality factor 
(𝑄) 

Damping ratio 
(𝜉) 

1 -0.415 11.824 0.042 

2 -0.399 10.960 0.046 

3 -0.426 10.627 0.047 

4 -0.405 10.800 0.046 

5 -0.412 11.365 0.044 

6 -0.394 11.296 0.044 

7 -0.397 11.197 0.045 

8 -0.401 11.469 0.044 

9 -0.404 11.392 0.044 

10 -0.419 10.617 0.047 

Average -0.407 11.155 0.045 

Std. dev. -0.104 0.395 0.002 

 700 



“Bulletin of Seismological Society of America”                                                                                    v. 3.7 

Kalkan et al. (2016)                                            IP-062635 33 

FIGURES 701 

 702 

 Photo showing Delaney Park (DPK) borehole array in downtown Anchorage Alaska. 703 

Atwood building (twenty-story steel moment frame) in the background (165 m away 704 

from DPK array) is also instrumented. Google map insert shows the location of 705 

Delaney Park (photo = E. Kalkan). The color version of this figure is available only 706 

in the electronic edition.  707 
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 708 

 Active faults in the vicinity of Anchorage Alaska, shown by dash lines; major 709 

highways are denoted, dots indicate cities. Map is modified from Lade et al. (1988), 710 

Benioff zone contour is from Plafker et al. (1994). The color version of this figure is 711 

available only in the electronic edition. 712 

 713 
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 714 

 Instrumentation layout of Delaney Park borehole array and soil layers; arrows 715 

indicate sensor orientation. Also shown is the instrumentation layout of Atwood 716 

building (see “Data and Resources”). The color version of this figure is available 717 

only in the electronic edition. 718 
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 719 

 Shear-wave velocity with depth based on geophysical measurements at a site about 720 

200 m away from the DPK [adapted from Nath et al. (1997) and Yang et al. (2008)]. 721 

Shear-wave velocity is lower between -20 and -48 m at Bootlegger Cove formation 722 

than the shallower glacial outwash (between 0 and -12.2 m) (see also Figure 3 for 723 

geological profile).   724 
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 725 

 Map showing location of Delaney Park borehole array by triangle (N61.21349° and 726 

W149.98328°) and epicenters of selected ten earthquakes with circles (summarized 727 

in Table 1). Quaternary faults and major highways are indicated in and around 728 

Anchorage, Alaska. The color version of this figure is available only in the 729 

electronic edition. 730 
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 731 

 Horizontal acceleration waveforms from the 2010 M4.9 earthquake at epicentral 732 

distance of 20.7 km; recorded peak ground acceleration at the surface is 30.53 cm/s2; 733 

soil layers and their VS values are depicted. Only first 15 s of the waveforms are 734 

shown; minimum duration of records is 222 s. The color version of this figure is 735 

available only in the electronic edition.    736 
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 737 

 Waveforms in Figure 6 at different depths after deconvolution with the waveform 738 

recorded at the surface. The deconvolved waveforms by the surface response are 739 

acausal, and show the upward and downward traveling waves. At the second depth 740 

(close to the surface) these waves are not distinguishable due to overlapping. The 741 

color version of this figure is available only in the electronic edition. 742 
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 743 

 Plots show (a) arrival times of upward and downward traveling waves at five 744 

borehole levels estimated from the peaks of the deconvolved waves; (b) an average 745 

shear-wave velocity for the upper 61 m soil deposit is derived from the estimated 746 

travel times (𝜏) and the distances (h) following a least square fit; (c) comparisons of 747 

estimated shear-wave velocity profile with logged data; dashed horizontal lines 748 

indicate depths of borehole sensors. Upward and downward traveling waves are 749 

identified by arrows. Results are based on the 2010 M4.9 earthquake waveforms 750 

shown in Figure 6. The color version of this figure is available only in the electronic 751 

edition. 752 
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 753 

 Plots show comparisons of estimated mean (thick vertical lines) and mean ± one 754 

standard deviation (thin vertical lines) shear-wave velocity profiles using ten 755 

earthquakes with logged data. The dashed horizontal lines indicate depths of 756 

borehole sensors. The color version of this figure is available only in the electronic 757 

edition. 758 

 759 
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 760 

 First three fundamental frequencies of the soil column identified on horizontal 761 

spectral ratios between the surface and -61 m (deepest borehole). Plots are based on 762 

waveforms from ten earthquakes. Note that peak at 9 Hz denotes the fourth mode. -763 

The color version of this figure is available only in the electronic edition. 764 
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 765 

 Average site amplification estimates of recordings from ten earthquakes calculated 766 

with four different methods [surface-to-downhole traditional spectral ratio (SSR), 767 

response spectral ratio (RSR), cross-spectral ratio (cSSR), and horizontal-to-vertical 768 

spectral ratio (HVSR)]. Also shown are the corresponding average magnitude-769 

squared coherence estimates of the surface and the deepest borehole recordings. The 770 

solid vertical line with arrow indicates the first-mode frequency with high coherence, 771 

the dashed vertical lines with arrows denote the frequencies where the sinks of 772 

coherence estimate are observed due to destructive interference. The color version of 773 

this figure is available only in the electronic edition. 774 
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 776 

 Natural logarithm envelope of the bandpass-filtered waveforms (dashed lines), and 777 

their least-square fit between 0.5 s and 5 s (solid lines). Data correspond to the M4.9 778 

earthquake as shown in Figure 6. Deconvolved waves were bandpass filtered by a 4th 779 

order acausal Butterworth filter with cutoff frequencies of 0.5 and 2 Hz. The color 780 

version of this figure is available only in the electronic edition. 781 
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