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Helens in July 2005 using template matching, phase-weighted
stacking, and full-waveform inversion
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Abstract Long-period (LP, 0.5-5 Hz) seismicity, observed at volcanoes worldwide, is a recognized
signature of unrest and eruption. Cyclic LP “drumbeating” was the characteristic seismicity accompanying
the sustained dome-building phase of the 2004–2008 eruption of Mount St. Helens (MSH), WA. However,
together with the LP drumbeating was a near-continuous, randomly occurring series of tiny LP seismic
events (LP “subevents”), which may hold important additional information on the mechanism of
seismogenesis at restless volcanoes. We employ template matching, phase-weighted stacking, and
full-waveform inversion to image the source mechanism of one multiplet of these LP subevents at MSH
in July 2005. The signal-to-noise ratios of the individual events are too low to produce reliable waveform
inversion results, but the events are repetitive and can be stacked. We apply network-based template
matching to 8 days of continuous velocity waveform data from 29 June to 7 July 2005 using a master
event to detect 822 network triggers. We stack waveforms for 359 high-quality triggers at each station and
component, using a combination of linear and phase-weighted stacking to produce clean stacks for use in
waveform inversion. The derived source mechanism points to the volumetric oscillation (∼10 m3) of a
subhorizontal crack located at shallow depth (∼30 m) in an area to the south of Crater Glacier in the
southern portion of the breached MSH crater. A possible excitation mechanism is the sudden condensation
of metastable steam from a shallow pressurized hydrothermal system as it encounters cool meteoric water
in the outer parts of the edifice, perhaps supplied from snow melt.

1. Introduction

Long-period (LP, 0.5–5 Hz) seismicity, observed at volcanoes worldwide, plays a central role in our ability to
assess and forecast unrest and eruption [e.g., Chouet, 1996a; McNutt, 1996; Kawakatsu and Yamamoto, 2007;
Kumagai, 2009; Neuberg, 2011; Nishimura and Iguchi, 2011; Zobin, 2012; Chouet and Matoza, 2013]. The term
LP seismicity includes individual transient LP events and more continuous volcanic tremor signals. Over the
past several decades, numerous competing hypotheses and models have emerged to explain LP seismicity
[e.g., Chouet and Matoza, 2013, and references therein]. Among these hypotheses, LP events at shallow depth
(<2 km) in a volcanic edifice are commonly explained by the impulsive excitation and resonance of fluid-filled
cracks resulting from magmatic-hydrothermal interactions [e.g., Chouet et al., 1994; Chouet, 1996a; Kumagai
et al., 2002b; Nakano et al., 2003; Nakano and Kumagai, 2005a; Waite et al., 2008; Matoza and Chouet, 2010;
Arciniega-Ceballos et al., 2012; Maeda et al., 2013].

The dome-building phase of the 2004–2008 eruption of Mount St. Helens (MSH) produced millions of
repetitive seismic events with long-period codas and slowly evolving waveforms [Moran et al., 2008; Thelen
et al., 2008]. Many of these events occurred with such precise regularity that they were termed “drumbeats”
[Moran et al., 2008], a phenomenon that has been observed at several other volcanoes [e.g., Neuberg, 2000;
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Figure 1. Construction of a master template from 10 h of data from 0800 to 1800 on 2 July 2005. (a) We show the
waveform at station S04, vertical component (HHZ) and filtered 0.5–10 Hz, but the template procedure uses all stations
and components (see text for details). An initial seed event (blue waveform and vertical pick in Figures 1a and 1c) is used
in network-based template matching to detect other similar events (red waveforms and picks in Figures 1a and 1c). The
large signal at ∼5.5 h is the “large” LP studied by [Waite et al., 2008]. (b) Network-mean correlation coefficient of the seed
template with the 10 h data. Horizontal dashed line indicates the detection threshold of 0.75, red crosses are the
template matches, and the blue cross is the original seed. Some peaks above the detection threshold are discarded as
events due to other criteria (e.g., larger event follows too closely in coda). (c) and (d) show the waveform and
spectrogram for a zoomed time window containing the initial seed event (box in Figure 1a).

Lees et al., 2008; Power and Lalla, 2010; Buurman et al., 2013; Firstov and Shakirova, 2014]. Drumbeat
seismicity at MSH has been interpreted in different ways, attributed to shear faulting and brittle failure asso-
ciated with solid lava spine extrusion and near-surface plug stick-slip [Iverson et al., 2006; Harrington and
Brodsky, 2007; Iverson, 2008; Kendrick et al., 2014] or to the cyclic collapse, resonance, and repressurization of
a subhorizontal steam-filled crack within a perched shallow hydrothermal system [Waite et al., 2008; Matoza
et al., 2009; Matoza and Chouet, 2010]. According to the latter studies, the drumbeat seismic events are
volumetric LP events [Chouet and Matoza, 2013].

Accompanying the dominant drumbeat LP seismicity throughout the 2004–2008 MSH eruption was a
near-continuous, random occurrence of tiny seismic events (Figure 1), recorded most clearly on stations
within the breached MSH crater [Moran et al., 2008; Matoza and Chouet, 2010]. Matoza and Chouet [2010]
referred to these events as LP subevents, and summarized the temporally evolving properties of their
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waveforms, amplitudes, and inter-event recurrence times over several months using largely single-station
analysis techniques. Although the subevents often occur within the onset or coda of the larger LP events,
they appear to result from a separate random process, only loosely related to cyclic LP drumbeating. Both LPs
and subevents were rapidly triggered in response to a phreatic explosion event on 8 March 2005 [Matoza and
Chouet, 2010]. Here we improve observational constraints on the LP subevents at MSH through full-waveform
inversion of precisely aligned network-based stacks of the small, repetitive events.

2. Data

We concentrate on 8 days of continuous velocity waveform data (0000 on 29 June to 0000 on 7 July 2005; all
times in UT) from the temporary 19-station three-component Broadband Array at Mount St. Helens (BAMSH)
experiment [Waite et al., 2008]. Most stations used Güralp CMG-40T sensors (0.02–30 s); one station (S19)
used a Streckeisen STS-2 (0.02–120 s). All stations used Reftek 130 digitizers with a 100 Hz sample rate. This
time period was chosen because it contains a large number of small events [Matoza and Chouet, 2010] and
because it overlaps a particularly large LP event at 1329:50 on 2 July 2005, which was studied in detail by
Waite et al. [2008]. During our study period, the station availability and network geometry are identical with
the study by Waite et al. [2008], facilitating comparison with their waveform inversion results for the large LP.
In order to optimize this comparison, we follow Waite et al. [2008] and use a subset of eight stations (S01, S02,
S03, S04, S07, S10, S17, and S19) throughout this paper (for all stages of data processing and inversion), even
though other stations contain potentially useful data. We also consider a data duration of 8 days to be a good
compromise between stacking a large number of events, and making sure that the waveforms of the individ-
ual contributing events are stable and stationary in the time period considered. Previous studies analyzing
the temporal evolution of event correlation coefficients at MSH have revealed gradually evolving waveform
properties over ∼1–2 week time periods [Thelen et al., 2008; Waite et al., 2008; Matoza et al., 2009; Matoza
and Chouet, 2010; Hotovec-Ellis et al., 2015]. Such waveform changes may result from changes in the seismic
velocity structure of the edifice [e.g., as a result of deformation, volumetric strain, and the opening/closing
of cracks; Hotovec-Ellis et al., 2015], changes in the topography structure as lava spines were extruded
[Vallance et al., 2008], and/or changes in the source. In the fluid-driven crack model [Waite et al., 2008; Matoza
et al., 2009; Matoza and Chouet, 2010], source waveform changes could arise from changes in the overbur-
den pressure in a hydrothermal system as lava spine mass evolves above, as well as from variations in other
magmatic-hydrothermal conditions [Matoza and Chouet, 2010].

3. Stacking Small, Repetitive Events

The signal-to-noise ratios (SNR) of the subevents are too low to produce reliable inversion results, but the
subevents are repetitive and can be stacked to increase SNR. In this paper, we focus on a single cluster
(multiplet) of small subevents, though our methodology could be generalized to consider multiple
multiplets. We detect similar small events using a network-based template matching (matched filter)
approach [e.g., Gibbons and Ringal, 2006; Shelly et al., 2007; Shelly and Hill, 2011; Brown et al., 2008], stack the
waveforms at each station and component for similar events using phase-weighted stacking [Schimmel et al.,
2011; Thurber et al., 2014], then perform full-waveform inversion [e.g., Ohminato et al., 1998; Kumagai et al.,
2002a; Chouet et al., 2003; Lokmer et al., 2007; Dawson et al., 2011; Davi et al., 2012; Maeda et al., 2013] using
the same model parameterization as Waite et al. [2008] (identical topography model, velocity model, station
configuration, elementary source time functions, etc.). An advantage of the full-waveform inversion approach
is that the waveform data do not need to be picked nor aligned with specification of an assumed origin time.
It is sufficient that the data from all the stations begin at a common absolute time because a search over
hypocenter and implicitly origin time is included in the inversion (section 4). In our template matching
approach, we implicitly assume a common source location for similar events, such that the relative arrival
times across the network are consistent for each event. This is the first study of which we are aware to perform
full-waveform inversion using phase-weighted stack traces.

To construct a master template, we start with a subset of 10 h of data from 0800 to 1800 on 2 July 2005, a time
period which includes the 1329:50 large LP event analyzed by Waite et al. [2008] (Figure 1). We then manu-
ally select a small subevent as a “seed” starting template, defining a 20 s time window starting at 1255:13 on
2 July 2005 containing the event (Figures 1a, 1c, and 1d). We use this same chosen time window on all sta-
tions and components to define a network template. For the template matching, we match the envelopes of
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Figure 2. Linear and phase-weighted stacking of waveforms at S04 to produce a final waveform for use in inversion.
Each waveform in Figure 2a is a linear stack of all events within a 2 h time period (see text for details) at S04 HHZ
(vertical). These 2-hourly linear stacks are then stacked together using phase-weighted stacking to produce the black
waveforms in Figure 2b. Figure 2b shows all three components at S04 (V = vertical, E = east, and N = north) for both the
final phase-weighted stacks (black) and the initial seed event (blue) (see Figure 1). Note the considerable improvement
in SNR from blue to black waveforms. This procedure is performed for all stations and components.

waveform data downsampled to 50 Hz and band pass filtered from 1 to 5 Hz (working with the waveforms
rather than the envelopes produces nearly identical results). For each component on every station, we slide
the relevant template envelope through the entire 10 h envelope at increments of one sample, computing the
absolute value of the correlation coefficient between the template and windows of equal length (20 s) in the
10 h envelope. This results in a time series of correlation coefficients for each station and component. We then
linearly stack (average) the correlation coefficient functions across the network to define a network-coincident
correlation coefficient function (Figure 1b). We define event triggers as when these averages exceed 0.75 and
the events must be more than 20 s apart in time.

We extract the waveforms from 10 s before to 56 s after each trigger (filtered 1–5 Hz), and linearly (mean) stack
them for each individual station and channel. To avoid the situation where a larger event occurs in the coda of
the triggered subevent, we reject from the stack any events where the maximum amplitude is not within 20 s
after the trigger on every station and channel. The stacks are performed with normalized waveforms; however,
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to preserve physical amplitudes across the network, we rescale the stacks by the original amplitude of the
seed event. In total, our master template is constructed from stacking 23 events from the 10 h waveforms
(Figure 1a).

We then repeat the procedure (using the same parameters), scanning the master template through the full
8 day waveforms to produce 822 network triggers (using the original seed template instead produces 680
network triggers; thus, the number of events detected is improved using the stacked master template). The
triggers are grouped into 2 h time intervals, linear (mean) stacking together all events within each 2 h, now
using waveforms reextracted at the trigger times and filtered from 0.5 to 5 Hz (Figure 2a). The waveforms are
again windowed from 10 s before to 56 s after the trigger, and we reject from the stack any events where the
maximum amplitude is not within 20 s after the trigger. The stacks are performed with normalized waveforms.
On average, this procedure stacks about five similar events every 2 h (507 events total).

To produce our final stacks for waveform inversion, we stack the 2-hourly linear stacks (0.5–5 Hz) together
using phase-weighted stacking with an exponent of 2 [Schimmel et al., 2011; Thurber et al., 2014]. We choose
to perform phase-weighted stacking on 2-hourly linear stacks rather than phase-weighted stacking all indi-
vidual events (Figure 2). Phase-weighted stacking offers superior SNR gains and cleaner stacks compared to
conventional linear stacking; however, it is (1) more computationally intensive and (2) unstable when the
individual contributing events are too noisy. Unfortunately, there are occasional drop outs in station/channel
availability during the 8 day time period. As a result, we only use 75 2-hourly linear stacks (made up in total
of 359 individual events) with the same station and channel availability from an initial 96 2 h periods. We
rescale the phase-weighted stacks into physical amplitudes using the initial seed event. Finally, we perform
necessary instrumental corrections (e.g., rotating components for misaligned stations) and convert the stacks
to the frequency domain for use in waveform inversion. We note that we use waveforms filtered 0.5–2 Hz
in the inversion (section 5). However, stacking was performed in the band 0.5–5 Hz, as including the higher
frequencies (2–5 Hz) helps produce cleaner stacks (noise stacks more incoherently).

We estimate more complete information about the events during this time period using network-based
short-term average/long-term average (STA/LTA) detection. We apply STA/LTA to the eight stations (vertical
component) in the band 0.5–10 Hz, with STA length 0.5 s, LTA length 5 s, and an STA/LTA ratio for detection
of 1.8. We further require that the STA/LTA triggers are associated across at least four stations within ±1.5 s
of a predicted time to each station based on a 1-D velocity model [Thelen et al., 2008] and a reference loca-
tion defined as the 2 July 2005 large LP event centroid [Waite et al., 2008]. This method detects 7164 total
events in the 8 day time period, with 5426 of these events (75%) being classified as subevents based on a
simple amplitude cutoff criterion [Matoza and Chouet, 2010] (here we use a cutoff amplitude ≤ 8 μm/s at sta-
tion S04, vertical component, to define a subevent). Therefore, the subevent multiplet analyzed in this paper
(822 network template triggers from a single initial seed event) corresponds to about 15% of possible
subevents during this time period. Thus, this multiplet represents a small subset of all subevents in the time
period, and may not be the most dominant or commonly occurring multiplet. Further work, beyond the
scope of the present paper, is required to extend our results to other subevent multiplets using separate
seed templates.

To check that ordinary LP events are not being included in the stacks based on template matching, we
compared the amplitudes of our template-triggered events at station S04 (vertical component) to those
of all triggers identified by the network-based STA/LTA detection. We found that occasional larger events
(typical amplitude of LPs in this time period) were included in our stacks based on template matching. This
is consistent with the results of Matoza and Chouet [2010], who found that multiplets of small subevents
occasionally include larger amplitude events. To investigate this further, we repeated our entire procedure
(including waveform inversion, section 4) using stricter correlation coefficient criteria (network-mean thresh-
old of 0.85) for template detection. We also ran a second test where we rejected any events with amplitudes
greater than the initial small seed event. In both cases, we identify fewer similar events, but our waveform
stacks and inversion results are barely distinguishable from the results presented here. Thus, we present the
results from the more complete event stacks.

4. Waveform Inversion

The methodology for waveform inversion has been described extensively in previous studies [e.g., Ohminato
et al., 1998; Chouet et al., 2003, 2005; Waite et al., 2008; Dawson et al., 2011; Arciniega-Ceballos et al., 2012],
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Table 1. Inversion Resultsa

Description Nm Xn Yn Zn X (m) Y (m) Z (m) E1 (%) E2 (%) AIC(E1) AIC(E2) 𝛾

Subevent solution 1 9 203 185 269 4060 3700 2120 45.33 107.32 -43733 5829 0.010

Subevent solution 1 6 203 185 269 4060 3700 2120 63.29 136.85 -25128 19214 0.139

Subevent solution 1 3 203 185 269 4060 3700 2120 72.23 139.32 -18117 19657 -

Subevent solution 2 9 200 182 247 4000 3640 1680 45.21 107.78 -43879 6074 0.529

Large LP 9 219 186 263 4380 3720 2000 54.92 88.02 -135762 -27288 0.078
aNumber of mechanisms Nm = [9; 6; 3] implies [six moments + three forces; six moments; and three forces], respec-

tively. Source centroids Xn , Yn , Zn are 20 m grid nodes from an origin at (558271E, 5112042N) UTM Zone 10 and with
respect to reference elevation 3260 m below sea level; X , Y are the corresponding meters from the origin, and Z is meters
above sea level. 𝛾 (equation (6)) is computed for a subset of solutions. E1, E2, and AIC are computed from a 10 s portion
of the waveform for the subevent and from a 40 s portion of the waveform for the large LP.

so we only briefly summarize it here. We seek a point source solution consisting of a moment tensor and a
single-force vector. The representation theorem for this source is written [Chouet, 1996b]:

un(x, t) = Mpq(t) ∗ Gnp,q(x, t) + Fp(t) ∗ Gnp(x, t), (1)

where the summation convention is assumed (p, q = 1, 2, 3), un is the nth component of displacement at
receiver location x and time t, Fp(t) is the time history of a single-force applied in the p direction at the source,
Mpq(t) is the time history of the pqth component of the moment tensor, and Gnp(x, t) is the tensor of elastody-
namic Green’s functions relating the nth component of displacement at the receiver at x to the pth component

Figure 3. Geometry of the model domain used, shown in kilometers (Figure 3a) and meters (Figure 3b) from an origin at
(558271E, 5112042N) UTM Zone 10. The topography model for Mount St. Helens combines a 1980 NAD27 digital
elevation model outside the crater, with a model within the crater for topography on 19 April 2005 from
aerophotogrammetry [Schilling et al., 2008; Waite et al., 2008]. Contour interval is (Figure 3a) 50 m and (Figure 3b) 20 m.
(a) the BAMSH temporary broadband seismic network in this domain is shown by inverted triangles; filled symbols are
the eight stations used for waveform inversion. The colored dots represent the surface projections of trial source nodes
used in the waveform inversion (orange and green: initial larger, sparser grids; blue: dense grid around best fit solutions
for the subevent stack; and red: dense grid for the large 2 July 2005 LP). The box indicates the area of Figure 3b. (b) view
from the ∼SW showing isosurface of 5% E1 residual errors above minimum for the subevent stack (light blue surface)
with respect to surface topography (contours). Dots indicate source centroids for (blue) the preferred nine-mechanism
subevent solution 1; (magenta) minimum E1 solution; (green) minimum E2 subevent solution; (yellow) alternative
subevent solution 2; and (red) the large LP (see Table 1 and the supporting information). Projections of the isosurfaces
and centroids are shown as shadows on the opposite faces of the Cartesian projection. The surface topography is also
shown on the lower face for reference. The asterisk marks the surface location of the 4 October 2004 vent; note that the
symbol size is smaller than the estimated vent diameter [Vallance et al., 2008]. See also the supporting information
Figure S1.
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of force applied at the source (the notation ‘, q’ denotes spatial differentiation with respect to q). The frequency
domain matrix form of equation (1) is:

U(𝜔) = G(𝜔)S(𝜔), (2)

where U is the N𝜏 × 1 vector of Fourier-transformed ground displacement components, G is the N𝜏 × 9 matrix
of Fourier transforms of synthetic Green’s functions, S is the 9 × 1 vector of Fourier-transformed force and
moment tensor components, and N𝜏 is the number of observed seismic traces. Equation (2) is of form d = Gm,
which we invert separately for each frequency, recombining the results with inverse Fourier transforms to
obtain the desired time domain solutions [Auger et al., 2006]. Note that we perform a “free” inversion, where
the mechanism is not constrained to that of a crack or other source geometry [see, e.g., Nakano and Kumagai,
2005b]. We invert velocity data then integrate the resulting source time functions to obtain moment and
force functions.

We compute the synthetic Green’s functions using the three-dimensional (3-D) finite-difference method of
Ohminato and Chouet [1997], taking into account topography (Figure 3) and a 3-D P velocity (Vp) model
[Waite and Moran, 2009] and using a 20 m grid spacing, as described by Waite et al. [2008]. The 3-D velocity
model has a simple structure in the shallow subsurface with heterogeneities on the order of ∼1 km. The S
wave speed is fixed at Vp∕

√
3, and the density is defined with the empirical relation of Onizawa et al. [2002].

We use an identical model setup to that of Waite et al. [2008] (identical topography model, velocity model,
station configuration, elementary source time functions, etc.) to facilitate comparison of our results to those
of Waite et al. [2008]. Since the point source location is not known a priori, we repeat the inversion at multiple
trial source nodes and evaluate the best fit source centroid. To compute Green’s functions for multiple trial
source nodes, we exploit reciprocity between source and receiver [Chouet et al., 2005]. Figure 3a shows the
trial source nodes and the eight three-component stations used for inversion. We gradually refine our calcu-
lations, starting with a large and sparse spatial grid of trial source nodes and ending with a denser grid of trial
source nodes around the best fit source centroids (Figure 3a).

We evaluate the solutions using the squared error, the relevance of the free parameters, and the temporal
stability of the derived source mechanisms. We use two measures of squared error [Ohminato et al., 1998;
Chouet et al., 2003]:

E1 =

N𝜏∑
n=1

Ns∑
p=1

(
uo

n(pΔt) − us
n(pΔt)

)2

N𝜏∑
n=1

Ns∑
p=1

(uo
n(pΔt))2

, (3)

and

E2 = 1
Nr

Nr∑
n=1

⎡⎢⎢⎢⎢⎣

3∑
j=1

Ns∑
p=1

(
uo

n,j(pΔt) − us
n,j(pΔt)

)2

3∑
j=1

Ns∑
p=1

(
uo

n,j(pΔt)
)2

⎤⎥⎥⎥⎥⎦
, (4)

where uo
n(pΔt) is the pth sample of the nth data trace, us

n(pΔt) is the pth sample of the nth synthetic trace, Ns

is the number of samples in each trace, Nr is the number of three-component receivers, and j represents the
three receiver components in equation (4). E2 weights each station equally because the error is normalized
by station, while E1 is not normalized by station and thus emphasizes the fit on nearby stations that record
higher amplitudes. We repeat the inversions for a varying number of assumed mechanisms, Nm = [9; 6; 3],
implying [six independent moments + three forces; six moments; and three forces], respectively; where Nm is
the number of source mechanism components. We evaluate the significance of the number of free parameters
using Akaike’s information criteria (AIC) [Akaike, 1974]:

AIC = N𝜏Ns ln E + 2NmNf , (5)

where Nf is the number of frequencies used in the inversion and E is the residual error, either E1 or E2.
After identifying a dominantly volumetric source, in a subsequent stage we evaluate the source mechanism
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Figure 4. Quiver plots of point-by-point maximum (red), intermediate (blue), and minimum (green) moment tensor
eigenvectors scaled by the eigenvalues for (a) the preferred subevent solution 1, (b) the alternative subevent solution 2,
and (c) the large LP. Only portions of the source-time functions corresponding to Mxx(t) ≥ 0.4 max{Mxx(t)} are used to
construct these plots.

stability by performing a point-by-point eigenvector decomposition of the moment tensor source time
functions (Figure 4) and evaluating

𝛾 =
[
𝜎2

(
3
𝛼1

𝛼3

)
+ 𝜎2

(
3
𝛼2

𝛼3

)] 1
2

, (6)

where 𝜎 is the standard deviation (over the history of the source time function) and 𝛼1, 𝛼2, and 𝛼3 are the min-
imum, intermediate, and maximum moment tensor eigenvalues, respectively. Normalization with 3 assumes
a Poisson solid with Lamé parameters 𝜆 = 𝜇. Low values of 𝛾 correspond to a temporally stable volumetric
moment tensor. We introduce 𝛾 as a metric to quantify the stability of a derived volumetric moment tensor.

5. Results

We invert the subevent waveform stack in the band 0.5–2 Hz. For comparison, we also present our replica-
tion of the results of Waite et al. [2008] for the large LP (inversion performed for 0.25–2 Hz). The 2 Hz upper
frequency limit is chosen to be consistent with the work by Waite et al. [2008], but we use 0.5 Hz as the
low-frequency cutoff because the SNR is low below 0.5 Hz for the subevent stack. All of our solutions are
dominated by volumetric components of the moment tensor (Figure 4). The nine-mechanism solutions with
moment tensor and single-force components have the lowest AIC values (Table 1) and point to a dominantly
volumetric source with a mainly vertical single force.

Given the two definitions of error, we determine that E1 is better for evaluating the solution for the subevent
than E2 because E1 gives more weight to nearby stations. We obtain high values of E2 > 100% for the subevent
(Table 1), where an E2 of 100% is equivalent to the null solution when us

n,j = 0 in equation (4). The E2 values
greater than 100% indicate that the waveforms at some stations are not well fit by our inversion procedure in
the 10 s portion of the waveform selected for calculating errors (see the supporting information Figure S2).
We performed additional tests (not shown here), in which we obtained reduced E2 values (<100%) either by
fitting a longer portion of the waveform or by removing some of the more distant stations (S01, S10, and S17)
without a change in the derived source mechanism. The high E2 values likely come from unmodeled velocity
structure at distant stations, rather than from low SNR at distant stations; the final waveform stacks have similar
SNRs for all stations (see the supporting information for more information on the E2 error volumes for both
the subevent and the large LP).

As shown in Figure 3b and supplementary Figure S1, both the E1 and E2 error volumes extend over a depth
range within the MSH edifice. However, we find that solutions at greater depth are more unstable. To quantify
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Figure 5. Source time functions for the six independent moment tensor components and three single forces for our
preferred subevent source solution at centroid [4060, 3700, 2120] meters. The y scales are the same for all moment
tensor components and for the single forces. The minimum and maximum amplitudes of each trace are as follows:
Mxx (−7.1 × 1010, 4.8 × 1010 N m), Myy (−8.4 × 1010, 5.3 × 1010 N m), Mzz (−2.0 × 1011, 1.3 × 1011 N m), Mxy
(−1.5× 109, 1.3× 109 N m), Myz (−3.6× 1010, 2.4× 1010 N m), Mxz (−8.8× 109, 5.7× 109 N m), Fx (−6.8× 106, 6.8× 106 N),
Fy (−1.4 × 107, 1.1 × 107 N); and Fz (−3.5 × 107, 4.3 × 107 N).

this and choose the most stable solution consistent with the data, we estimate 𝛾 (equation (6)) for solutions at
all trial source nodes with E1 within 5% of the minimum and E2 within 10% of the minimum. We then favor the
solution with the smallest 𝛾 within these error volumes, resulting in our “preferred” subevent mechanism 1
(Table 1 and Figures 3 and 4). The values of 5% and 10% are chosen so that E1 has a tighter constraint on
the solution than E2. Our preferred subevent mechanism 1 is within ∼120 m of the minimum E1 solution and
within∼45 m of the minimum E2 solution; it is only 3.6% above minimum E1 and 2.5% above the minimum E2.

For illustration, we also present results for an “alternative” subevent mechanism 2 (Table 1 and Figures 3 and 4),
corresponding to a local minimum in E2 at depth ( supporting information Figure S1), though this is not near
the global E2 or E1 minimum. The deeper alternative subevent solution 2 can be modeled as a plexus of cracks,
while the shallower preferred mechanism 1 is that of a single subhorizontal crack. Although the derived abso-
lute source location is dependent upon knowledge of the 3-D velocity structure [Waite and Moran, 2009],
we have analyzed the subevent and large LP event using the same station coverage and model parameter-
ization to permit relative comparison; thus, the subevent is inferred as spatially distinct from the large LP
(see the supporting information Figure S1).

The source time functions for the preferred subevent mechanism are shown in Figure 5 (waveform fits are
shown in the supporting information Figure S2). The volumetric moment tensor components remain remark-
ably in-phase through multiple oscillation cycles. The preferred subevent source centroid is ∼340 m from
(320 m west, 20 m south, and 120 m shallower than) the 2 July large LP event. The preferred subevent source
centroid is only 30 m below the topography at this location. A 30 m depth below topography is the shal-
lowest possible source centroid in the staggered-grid scheme of Ohminato and Chouet [1997] with our 20 m
grid spacing (all moment arms below the free surface). We inspected the Green’s functions at this location
to ensure that there are no artifacts as a result of proximity to the free surface; the Green’s functions vary
smoothly with depth from this location. Assuming a Poisson solid with 𝜇 = 12 GPa [Waite et al., 2008; Scheu
et al., 2006], the volume change [Chouet, 1996b] for one peak cycle of the subevent peak to trough is ∼10 m3,
roughly 80 times smaller than the 2 July LP. The single-force component is dominantly vertical and peaks
at ∼0.04 GN, about 200 times smaller than that accompanying the 2 July LP. This force contributes approxi-
mately 20% of the observed displacements.
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To our knowledge, full-waveform inversion has not previously been applied to phase-weighted stacks.
To check that phase-weighted stacking does not introduce artifacts into the derived source mechanism,
we perform an additional inversion at the preferred source centroid using data stacks derived from linear
stacking only (see the supporting information). In this case, we follow the same workflow but replace the
phase-weighted stacking with linear stacking (2-hourly linear stacks are stacked together using linear stack-
ing). The results are similar to those derived here, with a volumetric moment tensor and similar, but slightly
noisier, source time functions (supporting information Figure S3).

6. Discussion

There has been debate about the origin of LP or “drumbeat” seismicity associated with the 2004–2008 erup-
tion of MSH [Chouet and Matoza, 2013, and references therein]. The link between near–steady state spine
extrusion and regular seismicity led to the hypothesis that drumbeats result from shear failure and/or plug
stick-slip motion [Iverson et al., 2006, 2008]. Iverson et al. [2006] formalized this hypothesis with a mechanical
model relating drumbeats to extrusion dynamics of the solid plug forced upward by a constant flux of more
molten and compliant magma at depth in the conduit, obtaining a force of ∼ 7 × 107 N for a slip of 5 mm.
In the framework of plug stick-slip, direct estimates of the seismic moment (M0 = 𝜇dA, where 𝜇 is the shear
modulus, d is the fault slip, and A is the rupture area) can also be attempted using field observations of the
fault surfaces on MSH lava spines [Pallister et al., 2012]. The fracturing on the lava spines is evident at multiple
scales, ranging from meter-scale Riedel shears to micron-scale fractures within the fault gouge [Pallister et al.,
2012]. Individual megascopic Riedel shear patches seen in outcrops have areas of ≤100 m2. Combining this
with an inferred slip of ∼4 mm, which is based on average plug extrusion rate and seismicity rate and further
assumes no aseismic creep [Pallister et al., 2012], the individual Riedel patches are too small to produce the
magnitudes of single forces and moments for the 2 July 2005 LP event [Waite et al., 2008] and are also too small
to produce the magnitudes of our derived moments and single forces for the stacked subevent. More com-
plex models, such as the simultaneous failure of multiple Riedel structures, are required to explain observed
seismic moments [Pallister et al., 2012]. However, the source mechanism derived for the 2 July 2005 LP event
by Waite et al. [2008] is at odds with a shear faulting and plug stick-slip mechanism.

Our source mechanism and centroid for the subevent are also inconsistent with plug stick-slip. Our preferred
subevent mechanism is dominated by volumetric (dipole) moment tensor components with dipole ratios of
∼1.00:1.09:3.00, closely approximating 1:1:3 (Figures 4a and 5). This is consistent with volumetric oscillations
(opening and closing) of a subhorizontal crack in a Poisson solid (𝜆 = 𝜇), which is compatible with a rela-
tively cold hydrothermal environment but inconsistent with hot rock near melting temperatures expected for
a magmatic source [Chouet, 1996b]. First motions for the subevent stack are emergent and do not provide
additional information (supporting information Figure S2). Our preferred subevent centroid has an epicenter
∼500 m from the extruding spine (Figure 3b) [see also Vallance et al., 2008] and is located near the base of the
south crater wall at the shallowest possible depth in our model (30 m below topography at this location).

The topography data we use for the crater are constructed from aerial photogrammetry on 19 April 2005
[Schilling et al., 2008] and include Crater Glacier [Walder et al., 2008]. Our subevent epicenter is not directly
overlain by the glacier, being slightly up the back crater wall; however, the 5% E1 error volume (Figure 3b) does
extend beneath the glacier. Given this location and the small event size, an interesting question is whether
the subevents analyzed here might be glacial quakes [e.g., Weaver and Malone, 1976; Walter et al., 2009; West
et al., 2010; Thelen et al., 2013; Allstadt and Malone, 2014]. LP-like events beneath larger-scale glaciers on
the flanks of Mount Rainier exhibit mixed first motions, indicating a mechanism of stick-slip basal sliding
[Thelen et al., 2013; Allstadt and Malone, 2014]. Our volumetric moment tensor is not consistent with stick-slip
basal sliding. Our mechanism of a subhorizontal fracture is also inconsistent with basal crevassing, for which
we would expect vertically oriented fractures [Walter et al., 2009]. Crevassing is also usually considered an inef-
ficient seismic source poorly coupled to the glacier bed; it is typically only detected at receivers directly on
the ice or on rock very close by [Allstadt and Malone, 2014]. Walder et al. [2008] concluded that Crater Glacier
showed no evidence of slip along its bed, indicating that meltwater from Crater Glacier likely did not pond
at the glacier bed but instead drained down through the crater bedrock and into the volcano’s groundwater
system. In general, the glacier was minimally melted by this eruption and did not rapidly produce meltwater
[Walder et al., 2008], though Schilling et al. [2008] estimate an ice volume loss of∼1.5 ×106 m3 in 1 month from
15 June to 14 July 2005, likely due to glacier melting. If heat were involved in the opening of a bed-parallel frac-
ture at the base of the glacier, we would expect the basal ice to melt rapidly, leading to a short-lived seismic
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source inconsistent with our observations. Furthermore, most of the volume loss occurred on the eastern part
of Crater Glacier and the western part of the glacier was minimally disturbed through July 2005 [Walder et al.,
2008]. East Crater Glacier is topographically lower than the subevent location. Thus, glacier melting was dom-
inantly occurring downhill and well east of the subevent source location and we infer that glacial meltwater
did not contribute significantly to the source process for this multiplet.

An alternative explanation is that this subevent multiplet represents an interaction point between a shallow
hydrothermal system and cool water in the outer parts of the edifice, possibly supplied by meteoric input
such as snow melt. Matoza and Chouet [2010] discuss possible scenarios in a pressurized hydrothermal sys-
tem that could give rise to MSH subevents, based on violent spinodal phase changes or cavitation events
[Thiéry and Mercury, 2009]. The subevents exhibit waveform stability within multiple distinct multiplets, have
Poissonian inter-event times, do not follow a Gutenberg-Richter power law in event size, and were triggered
during a phreatic explosion event on 8 March 2005. Based on these event characteristics, Matoza and Chouet
[2010] hypothesized that MSH subevents represent the randomly occurring but repetitive collapse of voids
or cracks at preferential locations within a distributed dendritic hydrothermal crack system [e.g., Heiken et al.,
1988]. Our source mechanism and derived volume change of ∼10 m3 for this single-event multiplet is con-
sistent with this picture; by considering only one multiplet, we consider one preferential location within this
system. Our source location suggests a possible interaction between a hydrothermal system below and cool
water in the volcanic flanks. This scenario is similar to that envisioned by Maeda et al. [2013] at Taal Volcano,
Philippines, in which the sudden condensation of vapor occurs at a crack tip in a cold aquifer as metastable
subcooled gas crosses the gas spinodal [Thiéry and Mercury, 2009]. We note, however, that self-potential and
time domain electromagnetic imaging of groundwater hydrology has to date been confined to the northern
part of MSH crater [Bedrosian et al., 2007, 2008] and neither fumaroles nor anomalous steaming (qualitative
indicators of a hot hydrothermal system) have ever been observed near the south crater wall, including during
the 2004–2008 eruption. Thus, at this stage, we can only speculate that a shallow pressurized hydrothermal
system may be present in the vicinity of the subevent location. The hypocenter is located beneath the south
crater wall of MSH, at a location that would have been at a depth of∼500 m prior to the 1980 eruption. Geology
in the crater wall at this depth is related to the older MSH volcanic center or andesite and subordinate basalt
lava flows, breccia, and scoria of the modern cone [Voight et al., 1981]. We consider that horizontal structure
is feasible at this location.

Small LP events similar to MSH subevents have been observed at other volcanoes. For example, within a
December 1989 precursory LP swarm at Redoubt, AK, Stephens and Chouet [2001] identified low-magnitude
“secondary events”, and shallow low-amplitude LP multiplets have been imaged at Popocatépetl, Mexico in
the band 0.5–2.5 Hz with volume changes of ∼1–10 m3 [Arciniega-Ceballos et al., 2012]. In other instances,
the subevents appear as a coupled precursor with a more consistent time delay in relation to the LP event
[e.g., Gil Cruz and Chouet, 1997; Caplan-Auerbach and Petersen, 2005]. We hypothesize that subevents are an
integral part of LP seismicity but may often go undetected. The unusual crater geometry of MSH following the
1980 lateral blast [Voight et al., 1981], together with the proximity (∼200 m depth) of the inferred hydrother-
mal system [Bedrosian et al., 2007, 2008] and LP source [Waite et al., 2008] below the 1980s crater floor, perhaps
affords a unique recording geometry. Such tiny seismic events accompanying the main LP source process
may not be as easily recorded above noise for LP sources occurring within the depths of a typical uncollapsed
stratovolcanic edifice [e.g., Neuberg et al., 2006; Power and Lalla, 2010].

7. Conclusions

We applied template matching, phase-weighted stacking, and full-waveform inversion to image the source
mechanism of a single multiplet of tiny seismic LP events (subevents) at Mount St. Helens in July 2005. Our
source mechanism points to the volumetric oscillation of a subhorizontal crack located at shallow depth
(∼30 m) in an area to the south of Crater Glacier at the foot of the south crater wall. We interpret the subevent
multiplet as representing an interaction point between a shallow pressurized hydrothermal system and cool
meteoric water in the outer parts of the edifice. A possible excitation mechanism involves the violent con-
densation of steam as metastable subcooled gas crosses the gas spinodal when encountering cool meteoric
water. Further work is required to extend our results to other subevent multiplets.
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