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Using the Horizontal-to-Vertical Spectral Ratio Method 
to Estimate Thickness of the Barry Arm Landslide, Prince 
William Sound, Alaska

By Andrew L. Collins, Kate E. Allstadt, and Dennis M. Staley

Abstract
Conducting detailed investigations of large landslides 

is difficult, especially in the subsurface, largely due to 
environmental factors such as steep slopes, difficult access, 
and numerous objective hazards. These factors have made 
it challenging to accurately estimate the depth to the failure 
surface of the Barry Arm landslide, a large (roughly 108 cubic 
meters), deep-seated bedrock landslide in Prince William 
Sound, Alaska, recognized in 2019. The landslide has 
exhibited accelerated movement in recent years and poses a 
potential tsunamigenic hazard if rapid failure occurs. Failure 
surface depth, equivalent to landslide thickness, is a necessary 
metric for landslide-volume calculations and associated 
tsunami wave models. In this report, we used seismic noise 
recorded by a seismometer located on the Barry Arm landslide 
in Alaska to calculate the horizontal-to-vertical spectral ratio 
(HVSR) to investigate the site fundamental frequency (​​f​ 0​​​) 
and depth of the failure surface. To ensure that observed peak 
frequencies in the spectral ratio were related to the underlying 
stratigraphy (and not caused by other noise sources like nearby 
glaciers, topographic resonance, weather, or human activities), 
we also calculated HVSRs using earthquake signals, HVSRs 
at other seismic stations within a 2.5-kilometer radius, and 
a standard spectral ratio between the landslide station and 
other sites. We observed multiple peaks in the landslide 
HVSR curves at 1.5 hertz (Hz), 4–5 Hz, and 7–11 Hz. The 
frequencies of these peaks were consistent at the landslide 
site through time and across methods and were dissimilar to 
those identified at other seismic stations in the area, making it 
unlikely the peaks were caused by local noise. 

Directional HVSRs calculated at 15-degree intervals 
showed amplification of the higher frequency peaks in 
the direction parallel to slip, indicating two-dimensional 
site effects. We used the distinct frequency peaks in the 
seismic record to develop a 4-layer conceptual model of the 
landslide wherein the top of the deepest layer represents the 
primary failure surface, or the boundary between damaged 
(mobile) and undamaged material. We inverted Rayleigh 
wave ellipticity curves within this 4-layer configuration with 
constraints on S-wave velocity and layer thickness based 

on analogous material properties identified in the literature. 
This was necessary absent any site-specific subsurface 
S-wave velocity data. The best-fitting models indicate a mean 
slope-normal depth to the failure surface of 188 (±9) meters 
(m), with additional stratigraphic boundaries at 4 and 20 m 
below ground surface, potentially representing layered motion. 
These results agree with and improve upon ranges estimated 
by previous studies and can support future modeling and 
assessment efforts at Barry Arm.

Introduction
In the spring of 2019, a large, slow-moving, and 

potentially tsunamigenic landslide was recognized at Barry 
Arm fjord in western Prince William Sound approximately 
50 kilometers (km) northeast of Whittier, Alaska (Dai and 
others, 2020; fig. 1A). Since this initial documentation of 
deformation history, further analysis of satellite data and 
historical imagery has revealed episodes of movement dating 
back at least to the middle of the 20th century, with more 
rapid movement occurring in the last two decades (Dai and 
others, 2020; Schaefer and others, 2020, 2022, 2023). The 
acceleration is temporally coincident with the rapid retreat 
of the Barry Glacier from 2009 to 2017 (Dai and others, 
2020). The landslide has an aerial extent of approximately 
3.4 square kilometers (Schaefer and others, 2023) and an 
estimated volume between 290 × 106 and 689 × 106 cubic 
meters (m3) (Barnhart and others, 2021). If the slope were to 
fail catastrophically, it would generate a tsunami that could 
affect high-use waterways and onshore locations and disrupt 
the critical harbor infrastructure in Whittier, Alaska (Barnhart 
and others, 2021).

A thorough characterization of the hazard and risk 
associated with the Barry Arm landslide requires assessment 
of landslide volume and potential failure mechanisms, both 
of which are dependent upon accurate estimates of landslide 
depth and failure surface geometry. Preliminary hazard models 
and volume estimates at the site have relied on expressions 
of the headscarp(s) and simplifying assumptions about the 
subsurface slide geometry, resulting in a high degree of 
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uncertainty (Barnhart and others, 2021). Although direct 
methods for characterizing landslide depth are impractical 
for this landslide given the objective hazards and local 
environmental regulations, geophysical methods can yield 
valuable information related to the structure of the subsurface. 
Passive recordings of the ambient seismic wavefield have been 
used in previous studies to determine landslide thickness and 
probe the subsurface structure (for example, Pazzi and others, 
2017; Thomas and others, 2020; Calamita and others, 2023).

The horizontal-to-vertical spectral ratio (HVSR) of 
the Fourier spectra of horizontal and vertical components 
of seismic noise (Nakamura, 1989) is a common method to 
estimate thickness of unconsolidated sediments over bedrock 
in basins (for example, Gosar, 2017; Martorana and others, 
2018; Panzera and others, 2019). This method requires only 
a single seismometer and a limited recording time (on the 
order of minutes to hours). The HVSR—or derivative analyses 
like the Rayleigh wave ellipticity curve (for example, Fäh 
and others, 2009)—can be inverted to estimate the vertical 
S-wave velocity profile (Molnar and others, 2022). Previous 
authors have applied a similar technique to characterize 
landslide geometry, where the slip surface is interpreted as 
an impedance contrast between damaged and undamaged 
material (for example, Hartzell and others, 2017; Pazzi and 
others, 2017; Thomas and others, 2020; Maresca and others, 
2022; Calamita and others, 2023). Some authors have also 
explored statistical separation of the HVSR into azimuthal 
components to assess directional effects as a means to interpret 
subsurface geologic structure (for example, Del Gaudio and 
others, 2014; Matsushima and others, 2014; Hartzell and 
others, 2017; Perton and others, 2018; La Rocca and others, 
2020), although results are typically site specific.

In this study, we leveraged the ambient wavefield 
recorded by three seismometers that were installed around the 
landslide by the Alaska Earthquake Center (AEC), including 
one seismometer on the landslide mass itself (fig. 1B). We 
computed and compared HVSR results using both ambient 
noise (also called microtremor HVSR, abbreviated to 
mHVSR in this report) and earthquake event data (referred 
to as eHVSR; for example, Lermo and Chávez-García, 1993; 
Yamazaki and Ansary, 1997; Satoh and others, 2001) to 
assess the stability of the HVSR curves and estimate the site 
fundamental frequency (​​f​ 0​​​). We also used the standard spectral 
ratio (SSR) method (Borcherdt, 1970), using a reference site 
located 2.5 km east of the landslide to corroborate mHVSR 
and eHVSR results. We computed the Rayleigh wave 
ellipticity from noise data gathered from the seismometer on 
the landslide and inverted the ellipticity curve to determine the 
landslide thickness.

Absent subsurface geotechnical data for model 
calibration, we used material properties from previous studies 
of analogous settings to select reasonable property ranges 
for the inversions. Our results have the potential to improve 
observations and interpretation of variations in subsurface 
properties through time and related to landslide behavior. 

In addition, our findings can be used to inform hazard 
assessments that are dependent upon accurate characterization 
of landslide depth and volume.

Site Setting
The Barry Arm landslide occupies the southeast-facing 

slopes of the Barry Arm fjord near its head at the terminus of 
Barry Glacier, Prince William Sound, Alaska. Two additional 
glaciers—Coxe and Cascade—terminate in the fjord south of 
Barry Glacier from valleys to the east and west, respectively 
(fig. 1A). Barry Arm is typically free of sea ice throughout the 
year. This setting means that glacial dynamics and ocean-wave 
action contribute to the local ambient seismic wavefield (for 
example, Montagner and others, 2020). The relatively recent 
timing of deglaciation in Barry Arm and proximal fjords 
means that slopes near glacier termini (exposed within the 
last century) are steep and minimally vegetated (Fastie, 1995; 
Helm and Allen, 1995; fig. 2). These factors contribute to 
frequent rockfall and landslide activity, especially because 
much of the surface material in these areas comprises loose 
colluvium and glacial drift (Dai and others, 2020).

The geology at Barry Arm is composed primarily of 
turbidite sequences of the Late Cretaceous Valdez Group 
represented by variably interbedded sandstone, siltstone, 
and mudstone flysch (summarized in Wilson and Hults, 
2012). These rocks were deposited as part of the Chugach 
accretionary complex. The rocks are extensively fractured due 
to multiple subsequent episodes of tectonic deformation, as 
evidenced by extensive multiscale folding and faulting. Joint 
sets of varied orientation weaken the rock ubiquitously, with 
some throughgoing adverse joint sets likely contributing to 
local slope instability (Schaefer and others, 2023; Coe and 
others, 2024). Bedding generally strikes southwest and dips 
moderately to the northwest.

The nearest population center to Barry Arm is Whittier, 
Alaska, approximately 50 km to the southwest (fig. 1A). The 
land around Barry Arm lies within the Chugach National 
Forest, and development since the cessation of mining 
activities has been limited; however, the area is popular for 
recreation and commercial fishing. Large commercial cruises 
frequent Port Wells, Harriman Fiord, Barry Arm, and College 
Fiord. (Note: the U.S. Board of Geographic Names uses 
the spelling “Fiord” in proper names. We therefore use this 
spelling for proper names and the more common spelling, 
“fjord,” elsewhere). Motorized and nonmotorized small craft 
also use inlets and bays, and camping is popular on beaches 
and in low-lying areas along the coast. Therefore, the volume 
of the Barry Arm landslide, and the size of a potential resultant 
tsunami wave (Barnhart and others, 2021; Barnhart and others, 
2022), has major implications for the region.
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Methods
We used the mHVSR method (Nogoshi and Igarashi, 

1970, 1971; Nakamura, 1989) to calculate the ratio of 
smoothed Fourier amplitude spectra of the horizontal 
component of surface ambient seismic noise to those of the 
vertical component. This method enabled us to identify (1) ​​f​ 0​​​, 
or the lowest frequency at which a substrate naturally vibrates, 
which is controlled by the thickness and mean seismic velocity 
of lower density layers (like soil) overlying a higher density 
base (like bedrock) and (2) higher mode resonance frequencies 
resulting from impedance contrasts between shallower layers 
in the subsurface (for example, Fäh and others, 2001; Molnar 
and Cassidy, 2006; Mihaylov and others, 2016). We then used 
earthquake-derived eHVSR (Lermo and Chávez-García, 1993) 
and SSR (Borcherdt, 1970) methods to verify the stability and 
geologic sourcing of these peak frequencies.

We estimated ​​f​ 0​​​ using both HVSRs and Rayleigh wave 
ellipticity. Ellipticity is understood to show ​​f​ 0​​​ more accurately 
than HVSR because, as Rayleigh waves are the primary 
contributor to the shape of the HVSR curve (Lachet and Bard, 
1994; Fäh and others, 2001), the ellipticity method removes 
the complex effect of signals from other types of waves 
(Fäh and others, 2009). However, this comes at the expense 
of lower accuracy at peak frequencies above ​​f​ 0​​​, that is, at 
shallower interfaces. If shallower interfaces can be constrained 
by seismic velocity or other parameters, this tradeoff can be 
mitigated (Scherbaum and others, 2003; Fäh and others, 2003, 
2009; Wathelet and others, 2004). We calculated Rayleigh 
wave ellipticity and compared the peak frequencies against 
mHVSR, eHVSR, and SSR curves to evaluate the stability of 
peak frequencies and assess the efficacy of the ellipticity as a 
means to estimate f0 and conduct subsequent analyses.

In the simple case of a uniform, lower density soil layer 
overlying a strongly contrasting, higher density layer like 
bedrock, f0 can be used with the shear wave velocity (Vs) to 
estimate the thickness (h) of the overlying material, as shown 
in equation 1:

	​ h ​ = ​  
​V​ s​​ _ ​4f​ 0​​

​​� (1)

For the requirements of equation 1, we assumed 
the landslide could be modeled as a lower density layer 
representing damaged, mobile slide-block material overlying a 
strongly contrasting, higher density base, with ​​V​ s​​​ representing 
undamaged material below the failure surface (for example, 
Hartzell and others, 2017; Ma and others, 2019). Using 
this relation, we inverted the ellipticity curve to model the 
approximate depth of geologic interfaces.

Seismic Data Selection and Review

Seismic data for this study came primarily from 
seismometers at stations BAW and BAE of the Alaska 
Geophysical Network (AEC, University of Alaska Fairbanks, 
1987; fig. 1B). The AEC installed BAW on September 4, 2020, 
on a bedrock knob in the central portion of the Barry Arm 
landslide (fig. 1B). The station was destroyed by an avalanche 
on April 18, 2021, after experiencing intermittent reliability 
issues since mid-December 2020. Station BAE served as our 
reference station for standard spectral ratio calculations and 
is located 2.5 km to the southeast of BAW, across the fjord 
and on top of a bedrock ridge. Station BAE was also installed 
by AEC on September 4, 2020, and remains operational as of 
July 2024. Both stations consist(ed) of a triaxial broadband 
posthole seismometer (Nanometrics Trillium 120) with a 

Barry Glacier

Barry Arm

Figure 2.  Panoramic photograph of the Barry Arm landslide, with the Barry Glacier terminus (north) to the right. The black 
dashed line indicates the approximate subaerial extent of the landslide complex. Photograph by Andrew Collins, U.S. Geological 
Survey.
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50-hertz (Hz) sample rate. A third station, BAT, was installed 
on July 23, 2021, to replace BAW; however, due to concerns 
about hazards at the original site, BAT was installed on the 
ridge top above the landslide. Instrumentation and sample rate 
are the same for BAT as for BAW. Records from BAT and 
BAW do not overlap in time, and BAT is not directly on the 
landslide. However, we used data from BAT in this study to 
assess potential effects of local noise sources on the site.

Ambient Noise Data
For calculation of mHVSR, we collected continuous 

seismic data for the aforementioned sensors using the ObsPy 
Python utility (Beyreuther and others, 2010). To investigate 
geophysical changes at the site on a monthly scale, we first 
reviewed temporal trends by investigating one continuous 
24-hour sample of seismic data for each month that BAW 
and BAE were both transmitting at least part of the time. 
These are referred to in this report as “monthly data.” These 
data span September 2020 through April 2021 for BAW 
and September 2020 through early January 2021 for BAE. 
The 24-hour sample length mitigated the potential effects 
of diurnal factors like tides and temperature on the ambient 
wavefield. We used an interval of 30 days between samples, 
with ±1-day adjustments as needed in the case of data gaps. 
This enabled us to identify noteworthy changes in the data 
across multiple months without storing, managing, and 
analyzing a continuous record. We investigated monthly data 
from BAT for a similar but later operational period (September 
through December 2021) to use for comparative studies.

To provide insight into the rate and potential drivers 
of daily-scale geophysical changes, we also conducted 
continuous analysis of spectral characteristics, including 
computing daily spectrograms to evaluate changes in the 
mHVSR curve through time, both on and off the landslide. 
We reviewed all seismic records for completeness and 
quality. Periods during which seismic stations were out 
of communication on the scale of days to weeks or were 
experiencing other data issues (for example, excessive 
deviations from the prescribed sampling frequency; fig. 3) 
were excluded from high-resolution analyses. We excluded 
2021 data from BAW from the continuous analysis because 
of reliability issues (likely related to weather interference 
to the power supply or telemetry equipment) that started in 
December 2020.

Earthquake Data
To calculate eHVSR and SSR to use in comparison 

against mHVSR results, we selected earthquakes that were 
recorded on BAE and BAW during the study period from 
the Advanced National Seismic System Comprehensive 
Earthquake Database (ComCat) maintained by the U.S. 
Geological Survey (U.S. Geological Survey, 2017) using the 
Python library: libcomcat (Hearne and Schovanec, 2020). 

Using earthquake signals instead of ambient noise for these 
two methods, and ensuring the peak frequency results are 
comparable, helps confirm that the mHVSR results are not 
contaminated by problematic local noise sources because 
the input waveforms are dominated by signals from a known 
earthquake source. We selected only earthquakes that occurred 
in a zone 15–500 km from the central point between BAE 
and BAW (a distance of approximately 2.5 km; fig. 1B). 
A minimum distance of 15 km was chosen to minimize 
potential differences in path effects (Borcherdt, 1970). We 
used catalogued earthquakes of all magnitudes because fewer 
than 15 percent of the earthquakes catalogued during the short 
time that BAW was recording exceeded a magnitude (ML) of 
2.0; thus, we determined that no practical magnitude threshold 
could be established that would not greatly limit the temporal 
and spatial distribution of data.

For SSR calculations, we selected only earthquakes 
that were detected at both BAE and BAW and for which 
S-wave arrival times were recorded or picked. Because of its 
location near the landslide, BAE was used as the reference 
station. Filtering by these criteria resulted in 469 applicable 
earthquakes that spanned September 4, 2020, to January 6, 
2021 (after which BAE was offline for an extended period) 
and ranged in magnitude from 0.5 to 4.7 with a median of 1.4.

EXPLANATION
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Figure 3.  Data availability for BAE, BAT, and BAW seismic 
stations between September 4, 2020, and January 1, 2022. BAW 
seismic station was destroyed by an avalanche in April 2021. 
BAT was installed as a replacement for BAW seismic station 
in July 2021. Both BAE and BAT seismic stations continue to 
operate as of July 2024. 
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HVSR Computation and Parameters

Several software packages were used to complete HVSR 
analyses. We first used Geopsy (SESAME, 2005; Geopsy 
Project, 2020) with the monthly datasets to manually adjust 
parameters and determine the best processing workflow. 
We also used the final Geopsy results for the inversion. 
Bulk calculations from large volumes of data for mHVSR, 
eHVSR, and azimuthal HVSR were performed using the 
hvsrpy package developed by Vantassel (2021), which 
is methodologically consistent with Geopsy where their 
capabilities overlap. For each program, we drew parameters 
from the software documentation (SESAME, 2005; Vantassel, 
2021) or interpreted them based on previous studies (Cara 
and others, 2003; Martino and others, 2020; Wang and others, 
2021; Maresca and others, 2022; Molnar and others, 2022). 
These parameters are detailed in table 1.

Rayleigh wave ellipticity, which relates strongly to 
the HVSR but mitigates the complicating contributions of 
Love and body waves, is frequently used to invert for peak 
frequencies (for example, Fäh and others, 2001; Scherbaum 
and others, 2003; Wathelet and others, 2004). To derive the 
ellipticity curve, we used the HVSR time-frequency analysis 
(HVTFA) and Max2Curve utilities in Geopsy. Although 
the output of the classical HVSR and HVTFA methods 
is similar, the HVTFA method uses a continuous wavelet 
transform (CWT) method to compute the frequency domain 
signal rather than the Fourier transform. The CWT method 
requires a different set of parameters (table 2) but is better 
suited to isolate and analyze spectral maxima in the vertical 
component, which is assumed to be dominated by Rayleigh 
wave motion (Fäh and others, 2009). Due to a compatibility 
issue in the most recent version of Geopsy (3.4.2), 
Max2Curve steps were implemented in a previous version 
(2.5; Geopsy Project, 2011) as recommended by Marc 
Wathelet (Institut des Sciences de la Terre, Centre National 
de la Recherche Scientifique, and Institut de Recherche 
pour le Développement, written commun., 2022). All other 
Geopsy procedures were performed in version 3.4.2 (Geopsy 
Project, 2020). Parameters for HVTFA and Max2Curve are 
listed in table 2. For most parameters, the recommendations 
by Fäh and others (2009) were followed; minimum and 
maximum histogram values were adjusted to optimize the 
number of data points captured.

Peak Stability Analysis

To assess the potential effects of various external 
factors on the mHVSR curve prior to using it to estimate the 
seismic velocity model, we evaluated the stability of peaks 
in the curve through time and space. We compared monthly 
noise curves from BAW to determine if peak amplitude and 
frequency changed through time between when the station 
was installed (September 2020) and when it was destroyed 
(April 2021). We calculated mean curves from BAE and BAT 

Table 1.  Parameters used for microtremor horizontal-to-vertical 
spectral ratio calculations in Geopsy (SESAME, 2005; Geopsy 
Project, 2020) and hvsrpy (Vantassel, 2021).

[%, percent; °, degree]

Parameter Geopsy value hvsrpy value

Window length (seconds) 50.0–70.0 60.0

Overlap (%) 5.0 0.0

Anti-triggering filter Yes Yes

Window taper function Cosine Cosine

Taper width (%) 10 10

Smoothing

Window type Konno-Ohmachi Konno-Ohmachi

Width1 15.57% 50

Y-scale type Log Log

Horizontal components Geometric mean Geometric mean

Frequency sampling

Range (hertz) 0.3–25.0 0.3–25.0

Step type Log Log

Step count 2,048 2,048

Azimuthal calculations

Rotation interval (°) Not performed 15

1Geopsy uses a log width factor as the constant for Konno-Ohmachi 
smoothing, whereas hvsrpy uses the exponent “b” as published in Konno and 
Ohmachi (1998). These values are related by the following equation 2:

	​ width ​ = ​ 10​​ ​π _ b ​​ − 1​� (2)

Table 2.  Parameters used in horizontal-to-vertical spectral ratio 
time-frequency analysis (HVTFA) and Max2Curve (version 2.5; 
Geopsy Project, 2011) for ellipticity extraction.

[m, wavelet parameter; Fi, time and frequency resolution parameter]

Parameter Value

HVTFA

m 8

Fi 3

Frequency range (hertz) 0.30–25.0

Step type Log

Step count 200

Peaks per minute 2

Duration (minutes) 60

Max2Curve

Peaks per minute 2

Minimum histogram value 0.2

Maximum histogram value 20.0

Number of value classes 200
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and compared peak frequencies to those at BAW to try to 
detect consistent and pervasive noise sources like topographic 
resonance, glacier- or ocean-sourced noise, or atmospheric 
phenomena that may obscure or otherwise affect the ambient 
signal. Comparing eHVSR curves and mHVSR curves aided 
these analyses by demonstrating synchrony between their 
respective peak frequencies.

We used BAW as the source station and BAE as the 
reference station to calculate the SSR from earthquake 
data (Borcherdt, 1970) as another means of verifying peak 
frequencies. The SSR relies on a common wave train between 
the source and reference stations, which we derived by 
isolating the S-wave component at each station for each 
earthquake. Although the SSR and HVSR are not necessarily 
expected to match, several studies (for example, Horike and 
others, 2001; Satoh and others, 2001) have noted that they 
reliably agree around ​​f​ 0​​​—especially when ​​f​ 0​​​ occurs around 
or less than 1 Hz—and can agree at higher frequencies (for 
example, Lermo and Chávez-García, 1993).

Inversion

Analog Material Properties
Inversion of either the HVSR or ellipticity curve to 

derive the depth profile requires constraints on S-wave 
velocities of the layer materials. Constraints in the shallow 
subsurface are especially important for inverting the 
ellipticity curve (Fäh and others, 2009). As with many 
unstable slopes, no subsurface exploration or geophysical 
measurements (for example, refraction-based S-wave 
profiles) have been conducted at the Barry Arm landslide 
because of hazardous site conditions; however, surface-rock 
mass-quality data, including rock quality designation (RQD; 
Deere and others, 1967) and geologic strength index (GSI; 
Hoek, 1994; Marinos and Hoek, 2001), were collected at 
Barry Arm during the 2021 field season (Coe and others, 
2024). These data were used as a basis from which to 
compare material properties to previous studies at sites 
with similar characteristics where seismic wave velocities 
were measured. The GSI is somewhat subjective, and RQD 
can vary considerably in space even on local scales, so 
both metrics were used for comparison. Three sites near 
the landslide (fig. 1B) were chosen as representative of a 
potential range of landslide subsurface material properties 
(table 3).

Jug and others (2020) provided S-wave velocities for 
Paleogene flysch sites in Croatia with corresponding GSI and 
RQD values. Sites used for reference are summarized in table 4. 
These values are in broad agreement with other authors who 
have noted S-wave velocities of roughly (~) 350–1,600 meters 
per second (m/s) in near-surface (upper boundary at 0–60 meters 
[m]), weathered or highly heterogeneous flysch formations 
(Gosar and others, 2001; Gosar and Martinec, 2008; Harba and 
Pilecki, 2017; Totani and Aloisio, 2023). The variability in these 
ranges corresponds to the degree of weathering, pervasiveness 

of fracture networks, relative proportions of differently sized 
particles (for example, sand or clay), and other geologic 
factors, with more weathered, heterogeneous rock generally 
corresponding to slower velocities (Jug and others, 2020). 
Some studies have found higher velocities for deeper flysch (for 
example, Marcucci and others [2019] modeled a mean S-wave 
velocity [VS] of 1,750 m/s in a flysch layer 500–1,600 m in 
depth), but data are sparse for this parameter.

Inversion Modeling
We chose the September ellipticity curve (fig. 4) for 

inversion based on the well-defined curve, relative lack 
of transient seismic events, and because it was one of 
the best-quality monthly curves estimated, passing 3 of 
3 criteria for peak reliability and 5 of 6 criteria for peak 
clarity suggested by SESAME (2005), thereby meeting 
their classification of “very reliable.” Once we established 
the final parameter set, we also inverted the October curve 
to check for consistency. The Dinver utility in Geopsy was 
used to invert the ellipticity curve to find the seismic velocity 
model, and we were especially interested in constraining 
the depths of interfaces. Dinver uses a modified version of 
the neighborhood algorithm (Sambridge, 1999a, 1999b) to 
search for all possible solutions in an ​n​-dimensional parameter 
space with a user-defined parameter that determines the 
total number of iterations of model selection (Ns), number 
of initial models randomly sampled from the parameter 
space (Ns0), and models to consider when resampling (Nr) 
(Wathelet and others, 2005; Wathelet, 2008; Vantassel and 
Cox, 2021). These parameters are used to define how much 
free range the algorithm has to find different solutions at 
the outset and then to control how the algorithm selects the 
best fit. For these analyses, we assigned the Dinver default 
values ​Ns0  =  50​, ​Ns  =  10,000​, and ​Nr  =  50​ to exploratory 
runs. We used values suggested by Vantassel and Cox 
(2021): ​Ns0  =  100​, ​Ns  =  50,000​, and ​Nr  =  100​ to verify 
convergence for the best-fitting model results.

Using the September ellipticity curve, we constructed 3-, 
4-, and 10-layer models. The 3- and 10-layer models were based 
on the minimum and maximum interpretations, respectively, of 
the number of peaks present in the September 2020 ellipticity 
curve at BAW. The 4-layer configuration was based on our 
hypothesis that each major peak in the HVSR might represent a 
layer boundary, such that three major peaks would indicate four 
layers including a half-space.

We explored a range of possible parameter values tied to 
analogs and known rock properties to maximize the potential 
for a close curve fit in the absence of subsurface calibration 
data. Ranges used for each parameter across all layer and 
parameter-space configurations are shown in table 5. We 
assumed that the layers within the slide block (0 and 1 in 
the 3-layer model; 0, 1, and 2 in the 4-layer model) were 
analogous to values found in the literature (Gosar and others, 
2001; Gosar and Martinec, 2008; Harba and Pilecki, 2017; 
Jug and others, 2020; Totani and Aloisio, 2023). Because 
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relatively little is known about the geology within and beneath 
the Barry Arm landslide, the maximum values used in the 
model were higher than the maximum values referenced in 
the literature by a factor of ~2, assuming higher densities and 
fewer discontinuities at depth. Density was varied to allow 
for the range of fractured mudstone to coherent sandstone 
constituents. Because the Dinver results are most sensitive to 
S-wave velocity and density, we used Dinver’s generalized 
default values for P-wave velocity and the Poisson’s ratio. 
Dinver uses the Poisson’s ratio to govern the relation between 
P-wave velocity (VP) and VS such that unrealistic combinations 
are not allowed. Still, we verified that, for all model runs, 
the algorithm never explored unreasonable relations between 
VP and VS. For example, we verified that no models were 
run where VP = VS in the shallow subsurface. The minimum 
VP explored among all model iterations was approximately 
300 m/s (corresponding to VS = 200 m/s) within the slide 
block and approximately 1,000 m/s below the primary failure 
surface (corresponding to VS = 700 m/s).

We tested 24 unique starting model parameter space sets 
for the 3-layer model, 14 for the 4-layer model, and 6 for the 
10-layer model. We ran each parameterization at least three 
times to verify that differences in initial model selection by 
the neighborhood algorithm would not generate meaningfully 
different results. To quantify uncertainty in our VS profile 
results, we computed the standard deviation of output values 

for interface depth for all model iterations based on the 
best-fitting starting parameter space with a misfit less than the 
median. The misfit in Geopsy’s Dinver module is calculated as 
shown in equation 3:

	​ misfit ​ = ​ √ 

_____________

  ​∑ i=0​ ​n​ F​​ ​ ​
​​(​​ ​x​ di​​ − ​x​ ci​​​)​​​​ 

2
​
 _ ​σ​ i​ 2​ ​n​ F​​ ​​ ​​�

(3)

where
	​​ x​ di​​​	 is the velocity of the input data curve at 

frequency ​​f​ i​​​,

	​​ x​ ci​​​	 is the velocity of the calculated curve at 
frequency ​​f​ i​​​, 

	​​ σ​ i​​​	 is the uncertainty estimate of the frequency 
samples considered (Wathelet and 
others, 2004), and

	​​ n​ F​​​	 is the number of frequency samples 
considered.

Table 3.  Summary of rock properties for sites around Barry Arm landslide.

[%, percent]

Site 
name

Location
Rock quality 

designation (%)
Geologic strength 

index

JAC-03-2021-06-16 Ridge west of graben above landslide 10 25–30

JAC-04-2021-06-16 Bedrock exposure on landslide 15 25–35

JAC-02-2021-06-17 Bedrock exposure at fan below south end of landslide 80 35–45

Table 4.  Summary of rock properties and corresponding S-wave velocities collected by Jug and others (2020), with comparable sites 
from Coe and others (2024) listed.

[%, percent; m/s, meter per second]

Site 
name

Rock quality 
designation (%)

Geologic strength 
index

S-wave 
velocity (m/s)

Comparable sites from Coe and others (2024)

M1 15–30 20–35 250–350 JAC-03-2021-06-16, JAC-04-2021-06-16
M2 35–70 40–60 350–600 JAC-02-2021-06-17
S2 15–30 15–25 300–500 JAC-03-2021-06-16, JAC-04-2021-06-16
S3 50–70 40–45 600–900 JAC-02-2021-06-17
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Results and Discussion

HVSR

Peak frequencies in the mHVSR and eHVSR curves 
at the BAW seismometer site were consistently identified at 
approximately 1.5 Hz, 4–5 Hz, and in a double peak at 7–11 Hz 
in the frequency spectrum (fig. 5). Peak frequencies remain 
consistent through time; however, a marked and sustained 

change in amplitude of the 7–11-Hz peaks was noted between 
the October and November monthly curves. The possible causes 
are explored later in this section, but because of this change, we 
opted to evaluate peak stability within two separate timeframes: 
September and October 2020 (preshift), and November 2020 
to April 2021 (postshift). The preshift timeframe is considered 
here to be the reference condition. The monthly curves from 
this period represent initial conditions for the study and are 
more likely to pass reliability criteria established by SESAME 
(2005) due to the higher peak amplitudes and differentiable 
peak shapes. The September monthly curve demonstrates these 
characteristics and is shown in greater detail in figure 4.

The highest amplitudes in the preshift timeframe 
manifest as a double peak in the 7–11-Hz range, with the 
higher-frequency peak (amplitude ~5 in September) centered 
on approximately 10 Hz and the lower frequency subpeak 
(amplitude ~4 in September) centered between 7 and 8 Hz 
(figs. 4, 5). In November and December, the amplitudes of 
these higher frequency peaks reduce to the amplitude of the 
other peaks in the curve (amplitude ~2 in November), although 
the peak frequencies remain approximately consistent. In 
January through April 2021, the double-peak shape is replaced 
by a single peak fluctuating between 7 and 8.5 Hz with 
shoulder peaks at approximately 11 and 18 Hz. These shoulder 
peaks were present but less pronounced in preceding samples. 
A trough at 20 Hz is consistent through time.

The lowest frequency and lowest amplitude peaks were 
centered around 1.5 Hz consistently through time. In the case 
of multiple HVSR peaks, we assume the lowest frequency 
peak (1.5 Hz at BAW) represents ​​f​ 0​​​ and that it reflects the 
impedance contrast at the boundary between damaged 
(mobile) and undamaged material (for example, Guéguen 
and others, 2007; Mihaylov and others, 2016). The consistent 
locations of the primary peaks through time reinforce the 
veracity of these peak frequencies, especially in the 1.5-Hz 
peak, which shows the least temporal and amplitude variability.

All three peaks occur at similar frequencies and show 
similar behavior through time in earthquake and noise ratios 
(fig. 6). In both ratios, the 1.5-Hz peak appears stable through 
time, whereas the 7–11-Hz peaks (and, to a lesser degree, the 
4–5-Hz peak) reduce in amplitude in the postshift period. The 
7–11-Hz peaks also consolidate from double to single peaks in 
the 7–8-Hz range between timeframes in both earthquake and 
noise calculations.
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Figure 4.  Microtremor horizontal-to-vertical spectral ratio 
(mHVSR) curve (mean of all windows) at BAW seismic 
station for the 24-hour period beginning September 9, 
2020, 08:00:00 Coordinated Universal Time. Peaks are 
evident at 1.5 hertz (Hz), 4–5 Hz, and 7–11 Hz. (HVSR, 
horizontal-to-vertical spectral ratio; σ, standard deviation) 

Table 5.  Summary of input parameter ranges across all starting model parameter space sets.

[VP, P-wave velocity; m/s, meter per second; VS, S-wave velocity; kg/m3, kilogram per cubic meter; m, meter; N/A, not applicable]

Parameter ranges used

Layers1 VP (m/s)2 Poisson’s ratio2 VS (m/s) Density (kg/m3) Bottom depth (m)

Slide block 200–5,000 0.2–0.5 200–2,000 1,700–2,800 1–500

Below failure surface 200–5,000 0.2–0.5 700–3,500 2,500–2,800 N/A

1Slide block layers include layers 0 and 1 in the 3-layer model and 0–2 in the 4-layer model.
2Generalized default values used by the Dinver utility in Geopsy.
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The Rayleigh wave ellipticity 
results match closely with the 
classical mHVSR and eHVSR 
values. Peaks similarly occur at 
1.5 Hz, between 4 and 5 Hz, and 
between 7 and 11 Hz (fig. 6). The 
ellipticity curve is considered most 
reliable for inversion modeling 
between ​​f​ 0​​​ (1.5 Hz) and the 
minimum of the trough to the right 
of ​​f​ 0​​​ (Fäh and others, 2009), which 
is between 2 and 3 Hz in this study. 
In this case, the stability of peak 
frequencies across multiple methods 
of analysis (mHVSR, eHVSR, SSR, 
ellipticity) lends confidence to the 
usability of these parts of the curve.

We computed the mHVSR at 
BAE (even though it is not on the 
landslide) to evaluate its quality 
as a reference site for SSR and to 
examine if there were any shared 
peaks with BAW that might indicate 
local resonant noise sources. The 
result shows that BAE also has 
signs of site amplification but not 
at the same frequencies as BAW, 
so these effects are likely local to 
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Figure 5.  Monthly microtremor horizontal-to-vertical spectral ratio (mHVSR) curves for September 2020 through 
April 2021. The amplitude, especially of the 4–5-hertz (Hz) and 7–11-Hz peaks, changes through time, but the location of the 
peaks remains broadly consistent. (HVSR, horizontal-to-vertical spectral ratio; σ, standard deviation) 

Figure 6.  Median microtremor horizontal-to-vertical spectral ratio (mHVSR) from 
monthly curves compared with the median earthquake horizontal-to-vertical spectral 
ratio (eHVSR) curves from all earthquakes recorded at BAW and BAE seismic stations 
during the study period. Data are grouped relative to the change in the shape of the curve 
at BAW seismic station. The time-grouped curves are similar in shape and amplitude, 
and the peak frequencies are broadly consistent between all groups. The ellipticity 
curve from September noise data is comparable in shape and amplitude to the preshift 
horizontal-to-vertical spectral ratio (HVSR) curves. (H/V, horizontal over vertical)
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the BAE site. The computed result for BAE shows a primary 
peak occurring at approximately 2.5 Hz and additional 
low-amplitude peaks occurring around 5–7 Hz and at 
approximately 9–10 Hz (fig. 7A). We also investigated BAT 
(even though it was installed after BAW was destroyed and 
could not be used as a reference site) to determine if some 
peaks may be related to local noise sources, in which case 
they would show up on all sensors. Results from BAT indicate 
a low-amplitude double peak at 5–6 Hz (fig. 7B). The peak 
frequencies differ between the three seismic stations such 
that no common resonant noise sources are evident in the 
amplitude and frequency ranges evaluated.

The computed SSRs between BAW and BAE show a 
similar change between pre and postshift timeframes, wherein 
the higher frequency peaks in the SSRs reduce in amplitude 
and some consolidation occurs (fig. 8). For both the preshift 
and postshift datasets, a peak at 1.5 Hz is consistently 
represented in the SSRs. A 4–5-Hz peak shows very slightly in 
the SSRs computed from the east (E)–west (W) components, 
whereas a peak of similar amplitude shows at between 5 
and 6 Hz in the north–south SSRs. The higher frequencies 
(7–11 Hz and higher) in the SSRs contain more peaks and 
complexity than in the HVSRs, but the 7–11-Hz peaks are 
well represented in the preshift SSRs, especially in the E–W 
components. Postshift, a peak is present at 7 Hz, but additional 
peaks in the 12–20-Hz range have higher amplitudes.

With such complex topography, topographic resonance 
as a potential source of low-frequency peaks (Geli and others, 
1988; Hartzell and others, 2014; Weber and others, 2022) 
cannot be definitively ruled out. We investigated the likelihood 
of its effect using the relation shown in equation 4:

	 Lfa =
Vs_

� (4)

where
	​​ f​ a​​​	 is the maximum amplification frequency 

due to topographic resonance of a 
contributing source,

	​​ V​ S​​​	 is the mean bedrock S-wave velocity, and

	​ L​	 is the base width of the topographic feature 
(Hartzell and others, 2014).

The determination of base width and contributing source was 
challenging due to the complexity of the regional topography, 
with multiple smaller ridges below and between larger ones. 
We applied this relation (eq. 4) to a simplified model of the 
Barry Arm topography, in which the highest ridge between 
Barry and Serpentine Glaciers (apex approximately 1,650 m) 
was considered as the contributing source. The base width was 
defined as the distance from BAW to the nearest point of equal 
elevation on Serpentine Glacier (approximately 7.3 km; shown 
as line A–A' in fig. 1).

Figure 7.  Representative microtremor horizontal-to-vertical 
spectral ratio (mHVSR) curves for A, BAE seismic station and 
B, BAT seismic station. BAE seismic station shows a primary 
peak at 2.5 hertz (Hz) and additional low-amplitude peaks at 5–7 
Hz and 10 Hz, and BAT seismic station shows a consistent peak 
at 5–6 Hz. The differences in peak frequencies between these 
seismic stations and BAW seismic station likely indicates that 
the BAW seismic station peaks are stratigraphic in origin. (HVSR, 
horizontal-to-vertical spectral ratio; σ, standard deviation)
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Considering a possible S-wave velocity range for the 
feature between 900 m/s (equal to the highest velocity estimate 
for flysch provided by Jug and others [2020]) and 2,800 m/s 
(a conservative estimate based on the results of this study), 
the maximum frequency of topographic resonance at BAW is 
likely between 0.1 and 0.4 Hz. This value is much lower than 
the lowest HVSR peak at 1.5 Hz. The differing peak HVSR 
frequencies between the three seismic stations and the stability 
of the HVSR peak frequencies at BAW through time and 
across methods indicate that, despite the site complexity and 
numerous potential contributing noise sources, the peaks in the 
HVSR curves at BAW are stratigraphic in origin and not due 
to local noise sources. The agreement between HVSRs and 
SSRs—inclusive of changes to the curve shape—corroborates 
this conclusion.

We next investigated the cause of the change in curve 
shape between October and November 2020 at BAW to 
determine if it provides meaningful information about 
the landslide or simply reflects seasonal changes. Using a 
spectrogram-like visualization of the mHVSR computed with 
continuous data, a discrete shift is visible around October 30 
(fig. 9). Movement of the landslide was ongoing throughout 
the month of October according to interferometric synthetic 
aperture radar (InSAR) data (Schaefer and others, 2020) and 
light detection and ranging (lidar) differencing (Schaefer 
and others, 2023); however, the temporal resolution of these 
methods is not high enough to determine precisely when 
motion was occurring.

We also considered weather as a potential external driver 
of geophysical change. We reviewed daily wind, precipitation, 
and temperature data from the two nearest Snow Telemetry 
(SNOTEL) stations (U.S. Department of Agriculture National 
Water and Climate Center, 2017) to the landslide. These 
stations are each approximately 50 km from the landslide and 
were the only sources of continuous high-resolution weather 
data we found. We noted that temperatures started to drop 
below freezing consistently at night at both SNOTEL stations 
between October 28 and October 30, so one possibility is 
that the geophysical change around this time (fig. 9) could 
be due to the seasonal freezing of shallow surface layers, 
which would change the shallow seismic velocity profile (for 
example, James and others, 2019; Miao and others, 2019) 
and thus alter the HVSR profile at higher frequencies. Absent 
a longer available seismic record at this site, this potential 
correlation is difficult to establish. There is not a similar 
change at sites BAE or BAT, but these sites are on ridge tops 
and may have less near-surface water content, so it is not an 
ideal comparison between BAW and BAE or BAT. No other 
relation between weather at these SNOTEL stations and 
changes in the seismic wavefield was immediately evident; 
however, because the weather is often highly variable over 
localized spatial scales in and around Prince William Sound, 
the conditions at the stations may not be comparable to the 
conditions at the landslide.

Figure 8.  Three-component standard spectral ratios (SSRs) 
using BAW as the source seismic station and BAE seismic 
station as the reference site for the periods of A, September 
through October, and B, November through December 2020. 
Each horizontal component SSR (north [N]–south [S] and 
east [E]–west [W]) is shown with the geometric mean of 
the two. The sample size (n) for the period from September 
to October is 213 earthquakes; 256 earthquakes were used 
for the period from November to December. The agreement 
in the SSRs and microtremor horizontal-to-vertical 
spectral ratio (mHVSR), particularly at the 1.5-hertz (Hz) 
peak, indicates that the peak frequencies are stable and 
representative of subsurface structure. 
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During the study period, small rockfall events are 
abundant in the seismic record, and a large (~650,000 m3) rock 
avalanche on October 5 in the central part of the landslide 
narrowly missed BAW (Schaefer and others, 2023). Deep 
landslide-wide deformation also occurred around this time, 
and it is possible that the coupling between the sensor and the 
surrounding soil was reduced or altered during that period of 
motion, resulting in a fundamental change in the shape of the 
HVSR curve. We reviewed the state-of-health records for the 
sensor at BAW for motion anomalies occurring around the 
time of the change, and none were evident, but the accuracy of 
those measurements is low.

Transient shifts, such as the undulation in the mHVSR 
curve in the 4–5-Hz band around the beginning of October 
(fig. 9), may also reflect structural changes in the material 
underlying the receiving seismometer. Other authors (Gaffet 
and others, 2010; Mainsant and others, 2012; Uhlemann and 
others, 2023) have noted geophysical evidence of structural 
changes in unstable slopes in the hours and days leading up 
to slope failure. The noteworthy and sustained change in the 
mHVSR curve at BAW at the end of October 2020 may reflect 
a major event during an episode of ongoing deformation 

of Barry Arm. The lack of any similar changes observed 
in the records at BAE and BAT rules out regional-scale 
effects on noise sources like hydrologic or glacial changes 
and possibly supports a local structural cause; however, the 
temporal-coverage limitations of corroborating sources like 
InSAR at BAW make determination difficult.

Inversion

We found the 4-layer seismic velocity model to best 
reflect the general shape of the representative September 2020 
BAW ellipticity curve with the lowest level of complexity 
(fig. 10). From 14 different parameter sets initially modeled, 
we ran the one that produced a model with the lowest overall 
misfit (0.072) three more times with more initial flexibility 
and more iterations to verify convergence (Vantassel and Cox, 
2021). The mean minimum misfit of the verification runs was 
0.067. The input parameter ranges for the parameter set that 
produced best-fitting model are summarized in table 6. When 
we inverted the ellipticity curve for a 3-layer model, we were 
unable to find a solution that adequately reflected the number 
or shape of peaks in the mHVSR curve. The 10-layer model, 
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despite its increased complexity, did not improve the curve fit. 
The minimum misfit achieved for the 3-layer model was 0.19, 
and the minimum misfit for the 10-layer model was 0.12.

The mean result of the best-fitting model run and three 
verification runs converged on a bottom interface depth of 188 
m below the ground surface, with additional velocity contrasts 
at 4.4 and 20.5 m below the ground surface. These results 
are shown in figure 11 and detailed in table 7 along with 
additional model outputs.

The comparison of the modeled curve with the target 
ellipticity curve is shown in figure 10. The base of layer 2 at 
approximately 188 m below ground surface (fig. 11) is likely 
to reflect the 1.5-Hz peak and the impedance contrast between 
coherent bedrock and damaged or displaced overlying 
material (fig. 10). This depth represents the estimated 
thickness of the slide mass in slope-normal profile relative to 
the BAW site. The intermediate contrasts in the profile may 
represent additional layer boundaries within the damaged and 
potentially mobile material. Notably, the 4–5-Hz peak of the 
ellipticity curve is not well captured by the model; no 3-, 4-, or 
10-layer parameter configuration we tested was able to capture 
it. Because this peak was also reduced in or absent from the 
SSR curves, and peaks at similar frequencies are present in 
the BAE and BAT HVSR curves (fig. 7), the peak may be 
related to a noise source rather than a stratigraphic one. We 
avoided forcing narrow parameter constraints due to the lack 
of geologic constraints on the data.

The 4-layer inversion of the October ellipticity curve, 
which we modeled using the same parameters as the 
September curve, achieved similar results (table 8), albeit with 
a slightly higher misfit (0.10), which is possibly attributable to 
more transient events in the October noise record.

The indication of multiple layers is plausible for a 
bedrock landslide, where materials may be moving at different 
rates due to differential pressures, hydrologic conditions, 
material strengths, fracture densities, or other factors (for 
example, Yerro and others, 2016). The stability of the 1.5-Hz 
peak signifies the location of a primary failure surface at a 
depth that is consistent through time. Changes to the properties 
or seismometer coupling with a talus layer on the surface of 
the Barry Arm landslide may be reflected in changes in the 
higher frequency peak amplitudes, whereas amplitude changes 
in the 4–5-Hz range may reflect internal deformation of the 
slide mass.

Inversion Uncertainty
Inversion without calibration targets or reliable geologic 

constraints is highly nonunique. In an effort to minimize 
uncertainty under these circumstances, we used multiple 
methods to verify the stability of peak frequencies in the 
HVSR curve, constrained material properties (especially 
at shallow depth) using data from analogous settings, and 
inverted the ellipticity rather than the HVSR curve. To 
quantify the uncertainty of the result after applying these 
constraints, we used an approach similar to that recommended 
by Vantassel and Cox (2021). We assessed uncertainty 
qualitatively by plotting all VS profiles with a misfit less than 
the median (0.10) from each of the four September ellipticity 
inversion model runs that used the best-fitting starting 
parameter set (the initial model run and the three verification 
runs; fig. 12; table 6).

Figure 12 demonstrates, predictably, that uncertainty 
in velocity increases with depth, as does variability around 
interface depth. Notably, however, there is generally good 
agreement between iterations, and the uncertainty is not very 
high. Although there is no established method to quantify 
absolute uncertainty in these data, we note that the standard 
deviation of depth to the landslide failure surface based on 
the ~84,000 iterations shown in figure 12 is ±9 m around the 
best-fitting solution of 188 m.

These results, although not constrained by geologic data, 
are internally consistent given the relatively free range of the 
model parameter space, the number of parameter sets tested, 
and the analog property ranges. The results are also consistent 
with, and an improvement upon, previous modeling work 
performed at the site that derived log-spiral failure surfaces 
of the Barry Arm landslide from 45-degree and 60-degree 
headscarps (Barnhart and others, 2022). Transects from that 
study passing through the BAW site place the slope-normal 
depth of the failure surface at 110 and 235 m, respectively, 
below the ground surface at the BAW site.
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Azimuthal Variability

Based on the conclusions of previous studies (for 
example, Del Gaudio and others, 2014; Matsushima and 
others, 2014; Hartzell and others, 2017; Perton and others, 
2018; La Rocca and others, 2020), we assessed if azimuthal 
variability in HVSR curves could be used to interpret site 
structure, like slide mass shape and asymmetry, stratigraphic 
controls on direction of travel, and overall relation of the 
slide mass to underlying geologic structure. Deriving rotated 
components of the September–October mHVSR and eHVSR 
curves at 15-degree intervals shows decreases in the 4–5-Hz 
and 7–11-Hz peak amplitude between 30 degrees and 
60 degrees, whereas the amplitude of the 1.5-Hz peak stays 
consistent (fig. 13). The orientations where amplitudes for 
the 4–5-Hz and 7–11-Hz peaks are higher are approximately 
parallel to strike-slip faults governing the downslope 
movement of the Barry Army landslide (Coe and others, 
2021; fig. 14) and are approximately perpendicular to the 
orientation of the main headscarp of the landslide. 

The effects of geologic structure on lateral heterogeneity 
in HVSR curves are not well understood, although many 
authors have posited that a strong connection exists (for 
example, Del Gaudio and others, 2014; Matsushima and 
others, 2014; Hartzell and others, 2017; Perton and others, 
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Figure 11.  S-wave velocity (VS), P-wave velocity (VP), and 
density (ρ) profiles of the mean best-fitting inversion model 
from the September 2020 ellipticity curve. Velocity and density 
contrasts are present at 4.4, 20.5, and 188 meters below ground 
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Table 6.  Summary of input parameter ranges for best-performing parameter space for the 4-layer inversion of September 2020 BAW 
ellipticity curve.

[VP, P-wave velocity; m/s, meter per second; VS, S-wave velocity; kg/m3, kilogram per cubic meter; m, meter; >, greater than; N/A, not applicable]

Layer VP (m/s)1 Poisson’s 
ratio1,2 VS (m/s) Density (kg/m3) Conditions

Bottom 
depth (m)

0 200–5,000 0.2–0.5 250–800 1,700–2,200 Uniform 1–10

1 200–5,000 250–1,500 1,700–2,500 Uniform, Values > Layer 0 1–100

2 200–5,000 250–2,000 1,800–2,800 Uniform, Values > Layer 1 50–300

3 200–5,000 700–3,500 2,500–2,800 Uniform, Values > Layer 2 N/A

1Generalized default values used by the Dinver utility in Geopsy.
2The Poisson’s ratio value was held constant through all layers.

Table 7.  Best-fit result of 4-layer inversion of the September 2020 BAW ellipticity 
curve.

[m, meter; VP, P-wave velocity; m/s, meter per second; VS, S-wave velocity; kg/m3, kilogram per cubic 
meter; N/A, not applicable]

Layer Thickness (m) VP (m/s) VS (m/s) Density (kg/m3)

0 4.4 412 250 1,740

1 16.0 1,860 598 1,790

2 168 1,900 1,160 2,670

3 N/A 4,980 2,740 2,780
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2018; La Rocca and others, 2020). Del Gaudio and others 
(2014) suggested that material weakening due to strain on a 
landslide slip surface may result in enhanced amplification 
in the direction of movement, although they also note that 
topography and structural features likely play a role as well. 
Tension cracks, which often develop perpendicular to the 
maximum slope direction (and which occur at various scales 
at Barry Arm), likely contribute to anisotropy in the slope 
material and consequently in the seismic signature (Moore and 
others, 2011; Del Gaudio and others, 2014). Still, the lack of 
a similar directionality to azimuthal mHVSRs computed for 
BAT (fig. 15) may indicate that the landslide or hillslope-scale 
structural features (or both) play a more noteworthy role. 
These contributions are not well constrained in the existing 
body of literature.

We evaluated directional response related to earthquakes 
detected at BAW by visualizing peak amplitudes in 
representative bandwidths according to earthquake back 
azimuth (after Hartzell and others, 2014). Some attenuation 
of eHVSR peak amplitudes was evident in the 7–11-Hz 
band between 0 and 90 degrees, and asymmetry along the 
northwest–southeast axis is evident in the 11–15-Hz band where 
amplitudes along the axis are higher than those perpendicular 
to the axis (fig. 16). These amplitudes may correlate with 
the azimuthal variability of the noise data, but no systematic 
correlation with other parameters was observed.

Conclusion
In 2019, a large, slow-moving, and potentially 

tsunamigenic landslide was recognized at Barry Arm fjord in 
western Prince William Sound approximately 50 kilometers 
northeast of Whittier, Alaska. Subsequent analysis revealed 
recent acceleration of the landslide temporally coincident 
with the rapid retreat of Barry Glacier. With an estimated 
volume between 290 × 106 and 689 × 106 cubic meters, the 
landslide could generate a tsunami that could affect high-use 
waterways and critical harbor infrastructure in Whittier. Direct 
methods for characterizing landslide depth are impractical 
for this landslide given the objective hazards and local 
environmental regulations. Therefore, preliminary hazard 
models and volume estimates of the landslide have relied on 
expressions of the headscarp(s) and simplifying assumptions 
about the subsurface slide geometry, resulting in a high 
degree of uncertainty. We used a seismometer located on the 

Table 8.  Comparison of inversion results for September and October ellipticity curves.

[mHVSR, microtremor horizontal-to-vertical spectral ratio; bn, thickness of layer n; m, meter; m/s, meter per second; VSn, S-wave velocity of layer n]

mHVSR curve b0 (m) VS0 (m/s) b1 (m) VS1 (m/s) b2 (m) VS2 (m/s) VS3 (m)

September 4.4 250 16.0 598 168 1,158 2,740

October 4.0 250 17.2 616 173 1,279 3,020
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Figure 12.  Uncertainty visualized with S-wave velocity (VS) 
profiles of all model iterations (sample size=84,317) from each 
of the best-fitting initial parameter spaces with a misfit less 
than the median misfit, 0.10. Variability in results is notable 
around the depth of the failure surface; however, agreement 
generally is good in shape and output values across 
iterations. The standard deviation of the depth to the landslide 
failure surface based on this dataset is ±9 meters.
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landslide to constrain the depth of the failure surface with 
geophysical techniques, thereby improving the existing spread 
of estimates, which ranges from 110 to 235 meters (m) below 
ground surface at the location of the seismometer.

We inverted an ellipticity curve derived from seismic 
noise recorded at the seismometer located on the landslide to 
estimate the seismic velocity profile and, foremost, the depth 
of the failure surface. We computed horizontal-to-vertical 
spectral ratios (HVSR) of seismic microtremors (mHVSR) 

and earthquakes (eHVSR) as well as ellipticity curves using 
available seismic records from BAW seismic station located 
on the landslide. By corroborating the ellipticity curves used 
for subsurface structure inversion with HVSRs and standard 
spectral ratios (SSRs), and by eliminating other potential 
noise sources as contributors using nearby BAE and BAT 
seismic stations, we established the consistency of three 
amplitude peaks at 1.5 hertz (Hz), 4–5 Hz, and 7–11 Hz, with 
1.5 Hz likely representing the site fundamental frequency 
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Figure 15.  Microtremor horizontal-to-vertical spectral ratio (mHVSR) curves from continuous (September–October) 2021 BAT seismic 
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and the impedance contrast between undamaged bedrock 
and overlying slide mass material. The occurrence of similar 
changes in the HVSRs and SSR at BAW around October 30, 
2020, further supports a stratigraphic origin of curve 
characteristics.

Absent subsurface velocity data for calibration, we 
constrained seismic velocities based on studies in analogous 
rock materials using geologic strength index and rock quality 
designation as points of comparison. We input S-wave velocity 
(VS) and nonrestrictive depth ranges into Geopsy’s Dinver 
module to invert the ellipticity curve for interface depth. Based 
on inversion of the representative September 2020 ellipticity 
curve, we estimated a slope-normal thickness of the whole 
slide mass of approximately 188 m, likely divisible into three 
separate layers of mobile material consisting of a shallow layer 
4.4 m thick (possibly talus), a middle layer 16.0 m thick, and a 
deeper layer 168 m thick. Even with some constraints applied, 
the chosen inversion model solution is nonunique and there is a 
high degree of uncertainty; however, good agreement between 
inversion model iterations, low misfit values, and consistent 
model results for VS and interface depth between different 
parameterizations and different time periods give us confidence 
the main interface depth is within ±9 m of 188 m and indicate 
this estimate is still likely to be a considerable improvement 
over current (July 2024) unconstrained estimates.

We also computed azimuthal mHVSRs and eHVSRs at 
15-degree intervals at BAW and BAT to investigate underlying 
structural variability in the landslide. Similar to previous 
studies, we observed a bias of higher peak amplitudes at 
BAW approximately parallel to the orientation of slip, which 
is between 30 and 60 degrees at this site. Analysis of peak 
eHVSR amplitudes relative to earthquake back azimuth 
showed similar results, although these results showed less 
contrast in amplification than the statistical mHVSR azimuthal 
calculations. A lack of similar directionality at BAT indicates 
that the landslide, hillslope-scale structural features around the 
landslide, or both may play more of a role in the shape of the 
HVSR curve than regional topography. These effects could be 
further examined in future studies to gain additional insight.

The modeling of the subsurface structure corresponding 
to these HVSR results is nonunique; however, the internal 
consistency of our results and their external consistency with 
limited modeling of landslide sliding-plane depth previously 
performed in this area give us confidence in the outcome. 
These results can help constrain information about the Barry 
Arm landslide geometry and aid in future modeling and 
site-characterization efforts. Despite topographic and structural 
complexity, the HVSR method provides usable and repeatable 
results and can be used as a means of investigation, especially 
where site conditions preclude more invasive techniques.

n=310

0.3–1 Hz 7–11 Hz

1–4 Hz 11–15 Hz

4–7 Hz 15–20 Hz

Figure 16.  Earthquake horizontal-to-vertical spectral ratio 
(eHVSR) peak amplitudes as a function of source back azimuth 
at BAW seismic station. The radius of the middle circle of each 
bandwidth is proportional to the geometric mean of the eHVSR 
averaged across 310 (n) earthquakes that were measured by BAW 
seismic station in September and October 2020. The radii of the 
outer and inner circles are equal to the geometric mean multiplied 
and divided by, respectively, the geometric deviation. Spoke 
length and direction are proportional to the eHVSR amplitude 
and back azimuth, respectively, for each individual event. The 
distribution of eHVSR peak amplitudes appears random except for 
the 7–11-hertz (Hz) frequency band, where amplitudes decrease 
throughout the northeast quadrant, and the 11–15-Hz band, where 
amplitudes are higher along a northwest–southeast axis relative 
to other axes.
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