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Abstract

Theoretical models that relate debris flow properties to their seismic signature suggest
seismic methods may be used to remotely characterize properties of these events.
However, the complexity of debris flow sources and poorly constrained material proper-
ties in near-surface environments limit our ability to determine important attributes of
debris flows, such as volume and particle size distribution, from seismic records alone. In
this study, we explore the sensitivity of debris flow seismic signals to subsurface seismic
characteristics using an established debris flow seismicity model and subsurface proper-
ties derived from active-source measurements in the Tahoma Creek stream channel at
Mount Rainier, United States. Using refraction and multichannel analysis of surface
waves, we estimate 1D primary and secondary wave velocity profiles to a depth of
11 m and calculate the frequency-varying phase velocity (v.) and Rayleigh-wave quality
factor (Qg) for frequencies between 9 and 50 Hz. We find that the Tahoma Creek stream
channel has low v, varying with frequency between 226 and 434 m/s, and is highly
attenuating, with Qi estimated below 13.3 at all analyzed frequencies. We model
the seismic signal of a hypothetical debris flow in Tahoma Creek using our measured
values and compare the results against the same model but varying v, and Qg over a
range of frequency-independent, single values commonly used in the literature when
measurements are not available (v, =250-750 m/s, Qg = 3-33). We find that the power
spectral densities of the modeled debris flows vary by orders of magnitude within the
subset of our test values, highlighting the benefits of measuring material properties
when using modeled debris flow seismic signals for quantitative monitoring.
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Supplemental Material

Introduction adjacent particles and the channel bed (Allstadt et al,

Debris flows are common natural hazards consisting of chan-
nelized flows of water-saturated materials that occur in areas
with steep relief and a sufficient influx of water (Iverson, 1997;
Hungr et al., 2001). Depending on the location and character-
istics of the flow, materials such as sand, gravel, cobbles, bould-
ers, and organic material may be carried tens of kilometers
at velocities that may reach or occasionally exceed 10 m/s
(Iverson, 1997; Hungr et al., 2001). Debris flows have histor-
ically caused extensive destruction around the world, particu-
larly in volcanic settings, in which they are commonly called
lahars (Jakob and Hungr, 2005; Witham, 2005). The events
often start in remote locations, making ground-motion sen-
sors, like seismometers, ideal for monitoring debris flows
because the instruments can provide near real-time informa-
tion even at distances up to tens of kilometers.

Debris flows generate seismic waves by producing normal
and shear forces through agitated particles interacting with
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2020). The particles bounce, roll, or slide, dissipating energy
with each collision to generate the high-frequency (> 1 Hz)
energy that dominates the debris flow seismic signature
(Iverson, 1997; Allstadt et al., 2018, 2020). Efforts have been
made in recent years to interpret debris flow characteristics
from recorded seismic waves to better understand how
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debris flows develop and evolve, as well as establish early warn-
ing systems for regions prone to the events (e.g., Arattano
and Marchi, 2008; Hirlimann et al, 2019; Kramer et al.,
2024; Marchi et al., 2024). Focus has gone into relating debris
flow parameters like volume, particle diameter, and velocity
to seismic signals because these attributes correlate strongly
with the hazard potential of the flow (e.g., Allstadt et al,
2018; Lai et al, 2018; Zhang et al, 2021; Schimmel et al.,
2022). Models that link reported or estimated flow properties
to the high-frequency energy of flow-type events typically con-
sider the energy source to be individual, random impacts from
particles with a statistical size distribution determined by bulk
flow properties (e.g., Tsai et al., 2012; Farin et al., 2019). The
models show promise in some cases for estimating reasonable
values for debris flow properties such as erosion rates (Kean
et al.,, 2015) and particle diameter (Zhang et al., 2021). In
particular, Farin et al. (2019) developed an analytic model
allowing individual sections of a debris flow to have different
particle size distributions, providing additional opportunities
to investigate how debris flow structure influences the seismic
signature.

Despite advancements in debris flow modeling, uncertain-
ties remain surrounding how seismic waves are generated by
flow sources, and the complexity of the recorded seismic sig-
nals has confounded efforts to fully develop the necessary
theory (Allstadt et al., 2020). Both modeling and analysis of
observed debris flow seismic signals depend on path effects
that are often poorly constrained in near-source environments,
especially in complex volcanic environments in which large
and damaging debris flows are more common (Vallance,
2005; Allstadt et al., 2018). River channels and volcanoes are
highly attenuating environments (e.g., Petrosino et al., 2002;
Jolly et al., 2012), causing recorded debris flow seismic waves
to have lower amplitude and lower power in high frequencies
than may be predicted by models.

In this study, we examine the path-effect problem by per-
forming an active source experiment in the Tahoma Creek
stream channel (Fig. 1) on Mount Rainier, an active strato-
volcano in the Cascade Range of North America. We quantify
near-surface 1D primary wave (P-wave) and secondary wave
(S-wave) velocity structures as well as Rayleigh-wave phase
velocities, v, and quality factors, Qg, for frequencies between
9 and 50 Hz. The Tahoma Creek drainage, located on the
southwest flank of Mount Rainier, has experienced over 30
small, seasonal debris flows since 1967 (Walder and Driedger,
1995; Beason et al., 2021). In recent years, several broadband
seismometers have been installed along the stream channel
(within 1 km) as part of an operational lahar early warning
system (Kramer et al., 2024). Seismic stations installed along
and near the channel are a common configuration for debris
flow monitoring (e.g., Arattano and Marchi, 2008; Hiirlimann
et al., 2019; Marchi et al, 2024). The station density and
recurrence of events make the Tahoma Creek drainage a site
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of interest for modeling natural debris flows. We demonstrate
how seismic properties of channel material in the drainage
may affect the interpretation of high-frequency seismic
energy generated by debris flows as recorded at the local sta-
tions. We compare our measured properties to a range of val-
ues typically used in similar studies in which measurements
are not available (v, between 250 and 750 m/s and Qy between
3 and 33) by inputting the values into the theoretical debris
flow seismic source model described by Farin et al. (2019).
Overall, we find that material properties have a complex
relationship with our modeled debris flow power spectral
densities (PSD) and can alter the amplitude by orders of mag-
nitude. Minor changes within the range of reasonable values
may shift the frequency distribution dramatically, indicating
that accurate estimates of near-surface structure are required
to apply process-based models to seismic recordings of
debris flows.

Methods

Hammer shot array 2022
To perform our active source experiment, we deployed ten
Fairfield nodal seismometers, or nodes, perpendicular to the
active channel of Tahoma Creek in an ~90 m linear array with
~10 m spacing for approximately four hours on 9 August 2022
(Fig. 1). The nodes are self-contained, three-component, short-
period (5 Hz) seismometers that have a battery life of approx-
imately 30 days (e.g., Farrell et al., 2018, Ringler et al., 2018).
Although the nodes have a corner frequency of 5 Hz, they are
capable of recording frequencies to below 1 Hz (Ringler et al,
2018). We programmed the nodes to have a sampling rate of
500 Hz and a gain of 12 dB. Although unburied nodes are
prone to high-frequency resonance (Farrell et al., 2018), we
were unable to bury the nodes due to permit restrictions,
and instead, we identified and corrected for the resonance.
We generated hammer blows adjacent to each node using a
54 kg sledge force hammer (PCB Piezotronics Model
086D50) with a force-plate built into the hammer head that
was connected to a seismic digitizer (DATA-CUBE3) sampling
at 800 Hz. Prior to and following the experiment, the force
hammer was calibrated using ball drops with a known weight
from a known height. In the field, we used a metal plate to
provide a stable surface for the hammer blows and struck the
plate 2100 times adjacent to each node. We normalized the
hammer blows to a 1 N-s impulse through the process of
Allstadt et al. (2020), in which the hammer blows are divided
by the impulse recorded from the hammer as an integral of the
force-time history, then stacked to create normalized empirical
Green’s functions (EGFs) between each hammer location
and station. Because our EGFs exhibit high power between
frequencies of 9 and 50 Hz (Fig. S2, available in the supplemen-
tal material to this article), we focus on the 9-50 Hz frequency
range when calculating frequency-dependent values in this
study.
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Subsurface imaging and seismic velocity

calculations
Refraction. We generate a 1D P-wave velocity (V) model

using our vertical-component EGFs and Refrapy, a seismic
refraction Python package (Guedes et al., 2022). For refraction
analysis, we exclude station 3, which was not fully located in the
channel, and EGFs produced from hammer location HO1, which
was located in a muddy depression and experienced high attenu-
ation. For each hammer location, we assign its corresponding
station as the source of the impulse (Fig. 1) and all other stations
as receivers. We assume a constant spacing of 10 m between
stations and assume all stations have negligible elevation change.
P-wave arrivals were picked independently by two people
(Figures S3 and S4). Travel times for these picks are inverted
separately using a time-terms method (Scheidegger and
Willmore, 1957; Willmore and Bancroft, 1960; Smith et al,
1966) to produce two three-layer velocity models, both using
a regularization weight of 10. The resulting model (Fig. 2a) is
an average of the two independent time-terms models. The
two velocities and average depths calculated for each layer from
the time-terms models are used as error bounds. Our final
depths exclude contributions from the muddy section of the
channel by only including layer depths <80 m from the active
Volume XX » -2026 .
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Figure 1. Map of the 9 August 2022 nodal seismometer array in
Tahoma Creek, Mount Rainier, with a record section of the
empirical Green’s functions made from hammer blows at the
location closest to the streambed, H09/310. A model schematic of
a debris flow path, modified from Farin et al. (2019), overlays the
stream. x = 0 corresponds to the channel location at the closest
distance ry to the seismic station depicted in the model, here
represented by station 310. Background imagery from Google
(n.d.). The color version of this figure is available only in the
electronic edition.

channel (Figs. S3c and S4c) in the average depth calculations.
We attempted but were unable to obtain a satisfactory S-wave
velocity (V5) model from refraction because the hammer source
did not generate enough shear-wave energy.

Vp is not directly an input to the Farin et al. (2019) model;
however, we use the V) model derived from the refraction analy-
sis to estimate the bulk density of the layers and corresponding
error bounds using Gardner’s relation (Gardner et al, 1974),

p=031V%%, (1)
in which p is the bulk density in g/cm?® and Vp is the P-wave

velocity in m/s.
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Multichannel analysis of surface waves and

inversion. We use our vertical EGFs with the multichannel
analysis of surface waves (MASW) technique to estimate the
1D Vg model and directly estimate the frequency-dependent
v.. MASW is a noninvasive active-source method that uses lin-
ear seismic arrays to find surface-wave phase velocities along a
transect (Park et al, 1999). We invert the fundamental-mode
dispersion curve to find a 1D V§ model. We use Python pack-
ages swprocess (Vantassel and Cox, 2022; Vantassel, 2024) and
swprepost (Vantassel and Cox, 2020; Vantassel, 2022) to gener-
ate, prepare, and pick the dispersion curve data for the inversion.
We then use the Rayleigh-wave fundamental-mode dispersion
data and standard deviation as the input target for Dinver
(Wathelet, 2008), an inversion framework included with the
open-source software Geopsy (Wathelet et al, 2020). Dinver
implements the Neighborhood Algorithm to perform the inver-
sion, which is a direct search method that uses results from pre-
vious samples to guide the following random samples
(Sambridge, 1999).

We use EGFs recorded at stations 309-305 from hammer
locations H09, HO1, H02, and HO3 for the MASW (Fig. 1) to
balance the effects of the high attenuation near location HO1
and incorporate as much data as possible. We estimate v, and
the associated standard deviations for the 9-50 Hz frequency
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Figure 2. (3) 1D primary-wave (P-wave) and secondary-wave (S-
wave) velocity profile. The P-wave velocity profile is identified by
black text with layer thicknesses shown to the left, and the S-wave
velocity profile has blue text and the thicknesses are shown to the
right. We mark our estimate of the water table depth with an
inverted triangle above two horizontal lines. (b) Phase velocity and
Rayleigh-wave quality factor (Qg) with error bars as a function of
frequency in the Tahoma Creek channel. The blue-dashed line
between 25 and 41 Hz marks reasonable values for Qg in which
the calculated values are assumed to be amplified. (c) Dispersion
image created with empirical Green’s functions between hammer
location HO9 and stations 309 to 305 (locations shown in Fig. 1).
The color scale shows the wavefield power normalized to the
maximum power at each frequency. The white circles mark picks
for the fundamental mode chosen from the velocities with the
greatest wavefield power on all dispersion curves used in the
multichannel analysis of surface waves calculations. The black bars
mark the points with standard deviation used in the dispersion
curve inversion. The red line is the best-fitting dispersion curve. The
color version of this figure is available only in the electronic edition.

band from the fundamental-mode dispersion curve but only
use v, between 9 and 20 Hz for the inversion due to the presence
of higher mode surface waves and limitations from the array
geometry (Fig. 2¢). Our refraction-derived Vp model acts as a
fixed input for Dinver, but we do not force the Vg model layer
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thicknesses to match the V, model because the inversion method
is not sensitive to Vp or density (Wathelet et al., 2005; Vantassel
and Cox, 2020). In addition, we set the modeled V¢ to increase
monotonically to mitigate non-uniqueness in the inversion. For
our final dispersion curve inversion, we chose to fit a four-layer
velocity model and take the best-fitting curve from 50 inversions,
each over 10,000 iterations. We estimate error bounds for the
layer depths and velocities by calculating standard deviations
from the best 100 iterations in the best-fitting inversion.

Qg estimations
To calculate Qp, we use a general relationship between seismic
amplitude decay and distance:

e B(ri—ro)

Afr) = Ay, @

Ii
To

in which A; is the amplitude recorded at the ith station, B = Q’;fv >
r; is the distance between the seismic source and ith station, r is
a reference length set to 1 m, A, is a reference amplitude, f is
frequency, Qy, is the quality factor of attenuation, and v, is phase
velocity (Battaglia and Aki, 2003; Aki and Richards, 2009).
Equation (2) can be linearized by taking the natural logarithm
(e.g., Cannata et al., 2010):

In(A;) + 0.5 1n(ﬁ) = In(4g) - B(r; - r). 3)

o

We can measure A; directly from our EGFs and r; is known,
leaving unknowns on the right side of equation (3) and allowing
us to treat the equation as the slope-intercept form of a line with
a slope of —B. We can then solve for Qp from B.

We use the vertical EGFs between location H09 and stations
309-305 for the Qg estimations. To isolate each frequency
between 9 and 50 Hz, we filter the waveforms with a zero-phase
Butterworth filter in 7 Hz bands centered on the frequency of
interest. We measure A; by taking the maximum absolute value
of the filtered EGFs at the ith station. Finally, we calculate Qg
using every combination of at least three stations between 309
and 305 to find the slope, —B, for each combination, and then
take the median values at each frequency to be the Qp estima-
tions. We use the interquartile range of the values at each fre-
quency to determine uncertainty and define the error bound
as half the interquartile range.

Debris flow seismic model

Farin et al. (2019) developed a physical model for the gener-
ation of the high-frequency (>1 Hz) seismic signals of a debris
flow of constant velocity with a four-region structure flowing
over a bedrock channel of constant slope. We use this model
in our study because, although alternate models are available
(e.g., Kean et al.,, 2015; Lai et al., 2018; Zhang et al., 2021), the
Farin et al. (2019) model is the most complete in its ability to
Volume XX« Number XX
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approximate complex structures developed through the rough
grain-size sorting and surging behavior that are characteristic
of debris flows (Iverson, 1997; Hungr et al., 2001). In addition,
Arran et al. (2021) found this model to most accurately repro-
duce lab experiments of granular flows compared with other
published models. In the original study, Farin et al. (2019) per-
formed sensitivity tests of the modeled seismic signal to the
properties of the flow using a simplified hypothetical debris
flow. In this study, we expand on that investigation by using
the thin-flow Farin et al. (2019) model with the same simplified
debris flow example to investigate the sensitivity of the mod-
eled seismic signal to the seismic properties of the channel sub-
surface. Although the thin-flow model matches experimental
results, the flow parameters of natural debris flows change over
time as the flow evolves, and we therefore expect the simplified
model to less accurately predict the seismic signals produced
by a natural flow. However, the model provides a framework to
generally test how the path effects may alter the generated sig-
nals. We input our observed frequency-dependent attenuation
and seismic velocities into the model to simulate the seismic
signature of the hypothetical debris flow in Tahoma Creek.
We then rerun the model with a range of v. and Qp values
that could be reasonable for the setting, which is required when
measurements are not available. Finally, we perform sensitivity
tests on the influence of uncertainties in the ground properties,
the average flow velocity, and the characteristic particle
diameter of the modeled debris flow. We compare the results
of the tests to assess the importance of accurate estimates of
seismic path effects on the analysis of observed debris flows
recordings.

The Farin et al. (2019) model estimates the power spectral
density (PSD) of seismic ground velocities caused by stochastic
particle impacts generating basal forces on the riverbed from
the entirety of the debris flow. It models four different regions
of a simplified debris flow structure that have differing particle
sizes and impact rates that influence seismogenesis: (1) a sal-
tating front of individual particles, followed by (2) the lip at the
front of the main flow surge in which particles roll down and
impact the channel in front of (3) the coarse-grained snout,
which is the main flow front, followed by (4) the finer grained
tailing body of the flow. We exclude the lip and saltating front
regions in the model, as Farin et al. (2019) demonstrated they
were trivial contributors to the seismic signal. Instead, we focus
on modeling the body and the snout (Fig. 1). In addition, we
assume each debris flow region has a characteristic particle
diameter and the characteristic basal impulses, I j, in the radial
and transverse directions are equivalent based on the final sim-
plified PSD calculation from Farin et al. (2019):

min (1)

= [*max(®)
PSDioi(foroot) = Y WRI . [27f Y T, [ G(f.1)jzdx|?,
n j X
(4)
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in which fis frequency, ry is the minimum distance between the
channel and station, r is the distance between location x and the
station, t is time, n identifies the debris flow region (body or
snout), W is the width of the channel, j indicates the radial
(R) or vertical (Z) direction, x,,(t) is the downslope boundary
of the debris flow, and x,,;,(¢) is the upslope boundary of the
debris flow at time ¢. The rate of particle impact per unit surface

area per unit particle diameter, R}! is defined as

impact?®

g

u
impact Db D2
n

p(D), (5)

in which i, is the average velocity of the flow, ¢ is the solid
particle fraction, D, is the characteristic particle diameter of
the debris flow region, D, is the diameter of the particles causing
bed roughness, and p(D) is the particle diameter probability dis-
tribution in units of m™!. Because of our assumption that all
particles in each region of the simplified example debris flow
have the same characteristic diameter, Doy OF Dpogy, p(D) is
a delta function p(D) = §(D - D,)). The characteristic basal
impulses, I, are defined by

I; = (1 + ep)mis,my, (6)

in which e, is the coefficient of restitution of the channel bed,
m is the mass of a particle defined as m = £&2D}, and p; is
the density of the material constituting the particles. 7; is a
nondimensional function numerically calculated by Farin
(2019) as =~ 0.090+/(u/it)?/0.38 + 1, and
1, =~ 0.23+/(8u/1,)?/0.18 + 1, in which 8u is the characteristic
fluctuating speed of a particle near the bed. We assume that

du = i1, which sets 5z = 0.15 and #, = 0.59. The Fourier
transforms of the Green’s functions in the radial and vertical

et al

directions, G(f ;1)jz» are defined by

- _ f velf)
Gl =N gz \ fr o 7

in which N are dimensionless numbers that control the relative

amplitudes of the Fourier transforms of the Green’s functions in
the radial (R) and vertical (Z) directions j, p, is the density of the
ground, v (f) is the phase velocity, v, (f) is the group velocity,
and Qg(f) is the Rayleigh-wave quality factor. Equation (7)
allows us to use our frequency-dependent ground properties
to estimate the PSD caused by a hypothetical debris flow in
Tahoma Creek. When we remove the frequency dependence
of the ground properties while performing sensitivity tests,
the velocity structure is assumed to be homogeneous. The full
derivation of the simplified debris flow model can be found in
Farin et al. (2019).

We use the same flow properties used in Farin et al. (2019),
listed in Table 1, to model the PSD of the seismic signal of a
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TABLE 1

Flow Parameters and Inputs Used to Model the
Simplified Example Debris Flow from Farin et al.
(2019)

Model

Parameters Inputs Description

ro 50 m Distance between the closest part of the
channel and the receiver

Iy 1000 m Length of body

ls 100 m Length of snout

w 10 m Width of the flow

Diody 0.25m Particle diameter in the body

Dynout 0.5m Particle diameter in the snout

Dyeq 0.25 m/ Diameter of particles forming bed

0.5m roughness (assumed to be the same as

particle diameter)

H Tm Thickness of the flow

Uy 10 m/s Average velocity of the flow

€] 10° Slope of channel

¢ 0.6 Solid particle fraction

ep 0.5 Coefficient of restitution

Ps 2500 kg/m3  Density of material constituting the
particles

Nz 0.6 Coefficient in Green’s function linked to
z direction*

Ngz 0.8 Coefficient in Green’s function linked to
radial direction*

11 0.59 Basal impact coefficient linked to z
direction®

R 0.15 Basal impact coefficient linked to radial
direction’

2o 1700 kg/m3  Density of ground*

*Typical values reported in Gimbert et al. (2014).

"Numerically calculated in Farin et al. (2019).

*Average rock bulk density of ash-dominated material at Mount Rainier in Totman
et al. (2014).

hypothetical debris flow when it travels past a station. The seis-
mic properties for Tahoma Creek are presented in the results
section and Table S1. We estimate v, using the close relation
between v, and v, as described in the supplemental material.
We look to the literature to provide reasonable values for Qg
and v, in a volcanic or fluvial environment to act as inputs for
our comparison models. In particular, Jolly et al. (2012) found
bulk quality factors less than 10 on the crater walls of
Whakaari/White Island, New Zealand, and lower quality fac-
tors of <5 on the unconsolidated crater floor. Petrosino et al.
(2002) found v, around 300 m/s above 5 Hz at Stromboli
Volcano, Italy, and Piantini et al. (2022) found v, equivalent
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to 200 m/s fit data between 5 and 20 Hz recorded from a
braided river in the French Alps. Lai et al. (2018), which ana-
lyzes seismic properties of a debris flow in Montecito,
California, uses values of 953 + 200 m/s for v, and 45 * 15
for the quality factor. These studies guide the low and high
bounds for v, 250-750 m/s, and Qg, 3-33, used as inputs
to the Farin et al. (2019) debris flow model for comparison
against our measured subsurface properties. v, is estimated
to be equivalent to v./1.48. To perform sensitivity tests of
the flow properties, we vary the average flow velocity, i,
between typical debris flow velocities of 5-40 m/s (Allstadt
et al., 2018) and vary the characteristic particle diameter, D,
between 0.001 and 1.2 m, following the sensitivity tests per-
formed by Farin et al. (2019) and typical debris flow particle
diameters (Hungr et al., 2001).

Results

1D velocity structure

Our P- and S-wave velocity models indicate there are two dis-
tinct V changes and one Vg change in the upper 11 m of the
Tahoma Creek channel transect (Fig. 2a). We find that the
upper 4.2 + 0.1 m defines a layer with a Vp of 839 + 24 m/s.
We estimate the density of the layer to be approximately 1668 +
12 kg/m? through the use of Gardner’s relation (equation 1;
Gardner et al., 1974). Our density estimation is consistent with
an average rock bulk density of 1700 kg/m? calculated for ash-
dominated near-surface material at Mount Rainier (Totman
et al, 2014) and estimates of 1500-1800 kg/m? for the bulk
density of river sediment from the volcano (Czuba et al,
2012). Vp increases to 2020 + 73 m/s at the layer boundary,
but Vg does not change. We interpret the Vp change to be
the presence of the water table because the water table may cause
a jump in Vp to above the speed of sound in water (~1500 m/s)
and would not have a similar effect on the Vg model. The 2020 +
73 m/s Vp layer has a thickness of 5.4 + 0.2 m and an estimated
density of 2078 & 19 kg/m>. Below the second layer, Vp
increases to 2993 + 227 m/s, producing a density estimate of
2292 + 44 kg/m®. We are uncertain about the thickness of
the third layer because we lose resolution with the refraction
analysis at depths >10 m. The V profile consists of two layers
within our resolution limits, an upper 8.4 + 0.6-m-thick layer
with a velocity of 241 + 5 m/s and a lower layer with a velocity
of 393 + 14 m/s. We lose resolution with the dispersion curve
inversion around a depth of 17 m before the second V¢ change.

Phase velocity and Qp
In the Tahoma Creek channel, we find that v, is approximately
434 m/s at 9 Hz, sharply decreases to ~230 m/s by 23 Hz, and
remains fairly steady at ~230 m/s up to 50 Hz (Fig. 2b). Qy is
relatively steady between 7 and 14 except for frequency bands 9
to 13 Hz, in which the values increase from the minimum Qg
of 2.9 to 7.3, and 25 to 41 Hz, in which the values peak at 29.6
(Fig. 2b). We find the largest spread in Qg produced from
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resampling between 30 and 37 Hz, with the greatest inter-
quartile range reaching 27.5 at 31 Hz, indicating significant
uncertainty (Fig. S7). We interpret the high Qp values between
25 and 41 Hz to be from resonance of the nodes, rather than a
quality of the channel properties. The instruments may oscil-
late at high frequencies due to the location of the geophone in
the top of the node, which is known to result in resonance
and amplify the signals. Similar instrumental amplification
was documented by Farrell et al. (2018). Because we were
unable to bury the nodes at this site, we therefore correct for
the oscillation-caused amplification between 25 and 41 Hz by
interpolating Qp from a second-degree polynomial fit to the
surrounding frequencies (Fig. S8). The interpolated Qy values
are between 11.9 and 13.3 (Fig. 2b). Calculated values and error
bounds for v, and Qg are reported in Table SI.

Analytic debris flow model

We input our measured v, and Qp into the simplified debris
flow model adapted from Farin et al. (2019) and compare the
results with PSDs modeled using our range of test seismic
properties, 3-33 for Qp and 250-750 m/s for v.. The fre-
quency-dependent observed seismic properties generally pro-
duce a bimodal PSD with a relatively narrower, low-frequency
peak between ~9 and 19 Hz and a wider, high-frequency peak
between ~19 and 50 Hz (Fig. 3a). The low-frequency peak is
more prominent than the high-frequency peak when the hypo-
thetical debris flow is far from the station (in which x < =500 m
in Fig. 3c). While the modeled debris flow approaches and
passes the station, the high-frequency energy grows relative
to the low-frequency energy, but the bimodal PSD distribution
persists. Setting Qg, v, and v, to constant values produces a
single peak in the PSD distribution (Fig. 4).

By investigating values between 3 and 33 for Qi and 250
and 750 m/s for v., we explore the effects of varying seismic
properties on the modeled PSDs (Fig. 4). When v, is constant,
larger values of Qg result in more high-frequency energy reach-
ing the station, which causes an increase in frequency in which
the PSD peak occurs (Fig. 4b). For example, increasing Qg
from 27 to 33 increases the frequency of the peak by a factor
of ~1.2 for all velocities, and changing Qp from 3 to 9 increases
the frequency by a factor of ~3 (Table 2). Reducing attenuation
by increasing Qp results in substantial increases in PSD, though
the changes in power from adjustments to Qg are more promi-
nent when attenuation is high. For example, increasing Qp
from 27 to 33 results in an approximately 1.8 factor increase
in the maximum PSD, and increasing Qp from 3 to 9 increases
the maximum PSD by a factor of ~27.0 (Table 3). Increasing v,
results in lower PSD values and shifts the peaks to higher
frequencies (Fig. 4a). When Qy is constant, the maximum
PSD decreases by a factor of ~1.96 when increasing v, from
250 to 350 m/s and decreases by a factor of ~1.33 when
increasing the velocity from 650 to 750 m/s (Table 3).
Although the frequency at which the PSD peak occurs always
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increases with increasing v,, the extent of the change in fre-
quency is dependent on Qg. For example, when Qy is 33, the
frequency of the PSD peak changes by ~27 Hz with a velocity
increase of 100 m/s (Table 2). Alternatively, when Qj is 3, the
frequency of the peak only increases by ~2.4 Hz for the same
velocity change (Table 2). Overall, the width of the PSD curve
extends over a broader frequency range with increasing v, or
increasing Q.

When we integrate the PSDs over the length of the debris
flow and frequency (equations S2 and S3), we find that Qp rang-
ing from 3 to 33 produces values between 1.85 x 107° m?/s?
and 2.38x 107 m?/s® for a frequency range of 0-300 Hz
when i1, is 22 m/s and the particle diameter is 0.6 m. When
we hold Qp constant at 18 and vary v, from 250 to 750 m/s,
the integrated PSDs are between 1.52 x 107> m?/s? and 4.80 x
107> m?/s? with the same frequency band and flow properties
(Fig. 5a). Because of the frequency dependence of the channel
properties, a narrower frequency band of 9-50 Hz produces
integrated PSDs between 1.50x107°m?/s? and 8.71x10™*m?/s?
for the same Qg range and between 9.01 x 10 m?/s?> and
2.65 x 107> m?/s? for the same v, range (Fig. 5b). When we
compare the influence of channel properties with the integrated
PSDs made by varying average flow velocity between 5 and
40 m/s and varying particle diameter between 0.001-1.2 m,
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Figure 3. Plots comparing the power spectral density (PSD) mod-
eled with observed values for the Rayleigh-wave quality factor, Qg,
and phase velocity, v, to modeled PSDs using hypothetical values
for Qg and v.. (a) Modeled PSDs varying v, in 100 m/s intervals
between 250 and 450 m/s and varying Qx between 9 and 15. The
PSD modeled from observed seismic properties (red line) is plotted
against the other PSDs. The PSDs are modeled at position x =0 m,
in which x corresponds to the distance between the downslope
boundary of the snout and the closest part of the channel to the
receiver. (b) PSDs of each modeled flow in panel (a) integrated over
all frequencies f = 9-50 Hz as a function of x. (c) Spectrogram of
the PSD of the modeled debris flow with observed, frequency-
dependent values for Qz and v, in the Tahoma Creek channel.
(d) Spectrogram of the PSD of the modeled debris flow with

Ve = 450 m/s and Qg = 15. The color bar provides the values for
both (c) and (d). The color version of this figure is available only in
the electronic edition.

we find that the average debris flow velocity has a similar
influence as Qg, with the integrated PSD ranging over roughly
two orders of magnitude from 2.81x107° m?/s? to
1.44 x 102 m?/s? within the 0-300 Hz frequency band and
4.40 x 107° m?/s? to 2.25x 107> m?/s?> within the 9-50 Hz
band (Fig. 5). Our test particle diameters cover a wide range
of possible clast sizes, strongly influencing the modeled power
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generated by the flow, with the integrated PSD ranging from
1.11 x 107! m?/s? to 1.91 x 1072 m?/s? within the 0-300 Hz
frequency band and 1.74 x 1072 m?/s? to 3.00 x 10 m?/s?
within the 9-50 Hz band (Fig. 5).

In general, the PSDs are greatest when the modeled debris
flow is at x = 50 m, corresponding to the point at which the
upstream and downstream boundaries of the snout are equidis-
tant to the receiver. The PSDs integrated over all frequencies at
positions x = =500 to 1500 m have similar shapes for both the
observed and test seismic properties, with the exception that the
total PSD from the observed seismic properties increases more
rapidly approaching x = ~0 m and decreases more rapidly at
distances of x > ~1100 m than the PSDs produced with the test
seismic properties (Fig. 3b). As the debris flow approaches
x = 50 m, the frequency at which the peak PSD value occurs
generally increases and a wider frequency band is excited.
For example, Qz = 33 and v, = 250 m/s produce a maximum
PSD peak at 71 Hz when x = 50 m (Fig. 4c). Because the snout
moves downstream from the receiver, the lower-energy body
starts to dominate the signal and the PSD decreases as a result.
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Figure 4. Plots comparing the power spectral density (PSD)
modeled with different values for the Rayleigh-wave quality
factor, Qg, and phase velocity, v.. (a) Modeled PSDs varying v, in
100 m/s intervals between 250 and 750 m/s with Qg = 33. The
PSDs are modeled at x = 0 m, in which x corresponds to the
distance between the downslope boundary of the snout and the
closest part of the channel to the receiver. (b) Modeled PSDs
varying Qg in intervals of 6 between 3 and 33 with

Ve = 250 m/s. The PSDs are modeled at x =0 m. The solid purple
line corresponding to the PSD modeled with Qz = 33 and v, =
250 m/sis plotted in both (a) and (b). (c) Spectrogram of the total
PSD amplitude of the modeled debris flow with v, = 750 m/s
and Qg = 33. (d) Spectrogram of the total PSD amplitude of the
modeled debris flow with v, = 250 m/s and Qz = 3. The color
bar provides the values for both (c) and (d). The color version of
this figure is available only in the electronic edition.

When the body fully dominates the signal, the PSD peak occurs
at 67 Hz, a slightly lower frequency than the snout. For a full
discussion on how the PSD is affected by each modeled debris
flow section, refer to Farin et al. (2019).
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Fig. 3a). However, the PSD

from observed properties inte-
grated over all frequencies as a
function of x matches both the
integrated PSD made with the
average observed properties
and the integrated PSD from
a v, of 450 m/s and Qy of 15
when x is between 0 and
1100 m (Fig. 3b), despite differ-
ing in frequency content. For
example, at position x = 0 m,
the peak value of the PSD gen-
erated with the observed prop-
erties occurs at a frequency of
33 Hz, but the PSD generated
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Figure 5. Modeled power spectral density (PSD) curves of a hypothetical debris flow integrated over our
frequency bands of (a) 0-300 Hz and (b) 9-50 Hz. Each line depicts the integrated PSD made by
varying the parameter provided in the legend. When held constant for the hypothetical flow, the
Rayleigh-wave quality factor (Qg) is 18, the phase velocity is 500 m/s, the average velocity of the
flow is 22 m/s, and the characteristic particle diameter is 0.6 m. The color version of this figure is

available only in the electronic edition.
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with a v, of 450 m/s and Qg
of 15 occurs at a frequency
above the 50 Hz maximum of
properties.
Because many seismic sensors
have sampling rates at or below
100 Hz (e.g, Havskov and
Alguacil, 2016; Davis, 2024),
our results indicate that the

observed

dependence because the PSDs produced with the constant test
values are unimodal (Figs. 3a and 4). The low-frequency peak
we observe in the bimodal distribution is greatly influenced by
the attenuation component of the Green’s function. The phase
velocity is relatively high (~434-230 m/s) between ~9 and
19 Hz (Fig. 2b), causing relatively low attenuation despite
low Qp in this frequency range.

At frequencies above 19 Hz, the observed v, and Qy stabilize
at around 230 m/s and between 10 and 13, respectively (Fig. 2b),
creating the higher frequency peak in the PSD that visually
behaves similarly to the frequency-independent PSD curves.
In particular, the high-frequency energy modeled to reach
the station rapidly increases when the debris flow approaches
the instrument, reaching the greatest values when x = 50 m
and the high-frequency peak in the bimodal PSD becomes more
prominent than the low-frequency peak (Figs. 3 and 4).

The high-frequency peak modeled from the observed, fre-
quency-dependent seismic properties does not exactly match
the modeled PSDs made with constant seismic properties even
when the PSDs are created with constant properties that
approximately match the stable values above ~19 Hz
(Fig. 3a). Specifically, neither the peak PSD values nor the
frequencies at which the peaks occur match between the
PSD with observed seismic properties and the PSD made with
an average of the observed properties (v, =230 m/s,
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non-uniqueness in the fre-

quency-limited integrated
PSDs could be important for real-world analysis. At x values
less than 0 m or greater than 1100 m (ie., as the flow
approaches and retreats), the integrated PSD made with the
observed properties is substantially lower than the integrated
PSD from a v, of 450 m/s and Qy of 15, or from the average
observed properties. As a result, automated seismic detectors
may require a debris flow to be closer to a station to recognize
an increase in seismic energy corresponding to the event if the
frequency dependence of the material properties is not consid-
ered. In addition, methods that rely on seismic amplitude or
power to estimate source-station distance may require site-spe-
cific calibrations. Despite relatively stable values for v, and Qg
above ~19 Hz, the frequency dependence still greatly influences
the PSD results.

Our modeling results using v, between 250 and 750 m/s and
Qg between 3 and 33 demonstrate the importance of having
accurate near-surface seismic properties when interpreting the
signals generated by debris flows. The seismic material proper-
ties influence the power of the waveforms and the frequencies
that are recorded in complex ways. As expected, high attenu-
ation greatly diminishes the modeled PSDs and restricts the
high-power waves to low frequencies (Fig. 4b). However,
increasing v, reduces the power of the generated waves
(Fig. 4a), which could counteract the increase in power from
low attenuation or amplify the effect of high attenuation. The
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difficulty in separating the seismic signal from uncertain path
effects when interpreting debris flow seismic waves is further
exacerbated by the nature of a debris flow as an elongated mov-
ing source. We often do not know the exact location of a debris
flow as it occurs, which creates an additional variable when
attempting to link physical properties of the flow to the power
or frequency content of the recorded waves. Our model results
indicate that the power estimate for a flow could be off by an
order of magnitude if v, is assumed to be 750 m/s and the true
value is 250 m/s. Even assuming Qp, is 21 when the true value is
3 results in power estimates that are off by two orders of mag-
nitude (Fig. 4).

Our findings for seismic ground properties are unique to the
Tahoma Creek channel, but can inform expected values in other
channels at Mount Rainier and similar settings. For many stud-
ies on the seismic signals generated by debris flows, path effects
may represent large sources of uncertainty or error (e.g., Allstadt
et al., 2019, 2020; Marchi et al., 2024), and important smaller
features like stream channels are often below the resolution
of studies focused on regional seismic ground properties. Our
results provide evidence that studies focused on debris flow seis-
mic signals may need to consider higher attenuation and lower
velocity values than would generally be identified for the sur-
rounding region. Ideally, detailed Green’s functions would be
generated for any study location focused on surface processes,
though many areas are too remote or dangerous to perform
active source experiments similar to the one performed for this
study. The seismic properties we found for the Tahoma Creek
channel are consistent with the relatively limited dataset of other
studies that quantify values for similar features in near-surface
environments (e.g., Petrosino et al, 2002; Jolly et al., 2012;
Piantini et al., 2022), and may be used in other locations to influ-
ence decisions for initial estimates of seismic ground properties.
Site-specific calibrations may be required, however, because our
results indicate errors in seismic ground properties may cause
great uncertainty when interpreting debris flow seismic signals,
particularly for errors in Qg when attenuation is high (ie.,
Qr < 10; Fig. 5).

Although our analysis primarily focuses on a hypothetical
debris flow modeled with the parameters listed in Table 1, the
classification of a debris flow encompasses a wide range of flow
parameters. Debris flows may contain clasts ranging from clay
to boulders (Hungr et al., 2001), and the seismic energy gen-
erated by the flow is greatly dependent on the clast size (Tsai
et al., 2012). Our results indicate that particle diameters rang-
ing from 0.001 to 1.2 m produce PSDs that differ by approx-
imately nine orders of magnitude (Fig. 5), further emphasizing
the influence that particle size has on seismic power. The
power modeled for the flow most appreciably changes when
particle diameters range between 0.001 and 0.1 m, with this
subset of values accounting for ~6 orders of magnitude change
in our modeled PSDs (Fig. 5). In addition, most debris flows
can reach flow velocities up to 10 m/s, but may travel slower or
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faster depending on channel conditions and overall flow prop-
erties (Hungr et al., 2001). We find that a range of flow veloc-
ities from 5 to 40 m/s can influence the PSD of the seismic
signal by up to two orders of magnitude (Fig. 5).

Despite the clear dependence of the generated seismic sig-
nals on the flow properties, the ground properties also strongly
influence the signals recorded from the events. Particularly,
high attenuation in the channels through which the flows
travel, modeled with Qy values ranging from 3 to 33, produce
PSDs that differ by approximately four orders of magnitude
when considering a frequency band up to 300 Hz (Fig. 5a).
Although a large error in the particle diameter has the potential
to alter the modeled seismic power from a debris flow by ~9
orders of magnitude, the largest change in power is associated
with errors when particle diameters are <0.1 m (Fig. 5). The
smallest particle diameters also generate the least amount of
power out of all model parameters tested in this study
(Fig. 5), which implies small debris flows with primarily fine
grains may not often be observable above noise level on seis-
mometers offset from the channel. Effective particle diameters
>0.1 m therefore represent more practical values for debris
flows that may be detected by seismometers used for debris
flow monitoring, and our tests indicate that input particle
diameters ranging between 0.1 and 1.2 m have approximately
the same influence on generated seismic power as the attenu-
ation and average flow velocity in our model (Fig. 5). Our
results indicate that errors in both ground and flow properties
may greatly affect modeled debris flow seismic power. While
the theory behind the generation of seismic signals from debris
flows is being developed, eliminating any error source can help
progress our understanding and allow models to more accu-
rately reproduce debris flow seismic signals.

The frequency dependence of Qg is important to note.
Because attenuation has a greater influence on higher frequen-
cies (Shearer, 2009), the influence of Qy decreases when the
frequency band is limited to <50 Hz (Fig. 5b). As previously
mentioned, many seismic monitoring stations have sampling
rates less than 100 Hz. The influence of Qg could therefore be
less substantial in many real-world applications than in the
results presented here. However, most debris flows are rela-
tively small and primarily generate high-frequency energy
>1 Hz, and along-channel seismometers may record signals up
to hundreds of samples per second (e.g., Allstadt et al., 2018).
Progress on understanding how the high-frequency energy
generated by debris flows relates to flow properties is reliant
on how well we can interpret recorded seismic signals.
Accurately correcting for the path effects can enable more
accurate interpretations.

Conclusion
The seismic waves recorded from debris flows are often com-
plicated to interpret. In recent years, several authors have pro-
posed analytic and numerical modeling strategies for debris
Volume XX« Number XX
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flows in an effort to relate recorded seismic signals to proper-
ties of the flows. However, the seismic properties of the stream
channels through which the debris flows travel are often
unknown or poorly constrained and can greatly influence the
results of the models, including the frequency content and
amplitude of the waves. We performed an active source experi-
ment to estimate 1D P- and S-wave velocity profiles, v, and Qg
for frequencies between 9 and 50 Hz in the Tahoma Creek
drainage at Mount Rainier, Washington, then performed tests
on the effects of ground properties on the seismic energy mod-
eled from a debris flow. Our results indicate that the channel
materials are highly attenuative and frequency dependent,
which greatly reduces the power recorded from an event at
increasing distances and may result in delayed detection when
events occur. The ground properties have a complex relation-
ship with the modeled seismic signals, but generally, higher
attenuation decreases the total power recorded from an event
and shifts the highest power to lower frequencies. Greater
phase velocities will also reduce the total power, but simulta-
neously shift the highest power to lower frequencies. We find
that the effective particle diameter as used in the model devel-
oped by Farin et al. (2019) has a very strong influence on the
modeled debris flow seismic power, with the modeled PSDs
differing by approximately nine orders of magnitude when
the input particles range in size from clay to boulders. Our val-
ues for the ground properties do not influence the model as
greatly as particle diameter, but are shown to vary the modeled
PSD by up to four orders of magnitude, which is comparable
with the range in power generated by the average flow velocity
and the particle diameters most likely to generate enough
power to be observable on seismic instruments. High-quality
estimates for seismic channel properties can be beneficial to
progress efforts to model debris flow seismic signals to better
monitor and understand future events.

Data and Resources

The nodal seismometer and force hammer data are available on
Zenodo (Conner et al., 2025). The supplemental material contains
refraction results, dispersion curve inversion results, the frequency-
dependent Rayleigh-wave group velocity calculation from the phase
velocities, quality factor amplification corrections, analysis of error
on the frequency-dependent ground properties, and a list of the fre-
quency-dependent channel properties calculated for the Tahoma
Creek stream channel between 9 and 50 Hz.
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