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Key Points:

* Near-field seismic recordings of explosions from Fuego volcano include signal well

below corner frequencies
* Inversion allows for inclusion of tilt affected signal

* Nonlinear inversion for source type provides quantitative description of moment tensor

uncertainty
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Abstract

Magmatic processes produce a rich variety of volcano seismic signals, ranging over
several orders of magnitude in frequency, and over a wide range of mechanism types. We
examined signals from 400-10 s period associated with explosive eruptions at Fuego volcano
Guatemala that were recorded over 19 days in 2009 on broadband stations with 30 s and 60 s
corner periods. The raw data from the closest stations include tilt effects on the horizontal
components but also have significant signal at periods below the instrument corners on the
vertical components, where tilt effects should be negligible. We address the problems of tilt-
affected horizontal waveforms through a joint waveform inversion of translation and rotation,
which allows for an investigation of the varying influence of tilt with period. Using a phase-
weighted stack of six similar events, we invert for source moment tensor using multiple bands.
We use a grid search for source type and constrained inversions, which provides a quantitative
measure of source mechanism reliability. The 30-10 s bandpass results are consistent with
previous work that modeled data with a combined two crack or crack and pipe model. At the
longest-period band examined, 400-60 s, the source mechanism is like a pipe that could represent
the shallowest portion of the conduit. On the other hand, source mechanisms in some bands are
unconstrained, presumably due to the combined tilt-dominated and translation-dominated

signals, which are not coincident in space and have different time spans.

1 Introduction

Volcanic eruptions produce ground deformation over a broad range of frequencies that
are routinely modeled to provide insight into conduit structure, eruption mechanisms, and
magma properties. Seismic source inversions use data from a relatively small frequency range
but are enlightening especially when interpreted in conjunction with complementary data. Both
seismic source inversion and the interpretation of models are individually challenging. In this
study, we address aspects of both of these challenges by using a nonlinear inversion approach for

combined ground translation and rotation data recorded at Fuego volcano, Guatemala.

Seismic waves are sensitive to ever smaller-scale heterogeneities with increasing
frequency, meaning models of Earth elastic properties must be sufficiently detailed for modeling
propagation effects. At most volcanoes the velocity structure is poorly known so that path and

source affects cannot be separated for the most energetic frequencies (0.5 — 5 Hz or so). One
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solution to this is to evaluate long wavelength, very-long-period (VLP) data that are relatively
insensitive to unmodeled heterogeneity. The VLP band, commonly defined to be between 2 and
100 s period, is associated with wavelengths from 10s to 100s of km. At epicentral distances of a
few km, the only important path effect is related to surface topography. The relative ease of
modeling the path has allowed for investigation of VLP source mechanisms at volcanoes

throughout the world [Chouet and Matoza, 2013; Waite, 2015].

However, an additional complication arises when recordings are made in the near field,
especially for shallow sources. While ground rotation (tilt) has little effect on the vertical
component of the seismometer, horizontal components are sensitive to rotation through
gravitational acceleration [Rogers, 1968]. The apparent displacement can dominate at periods
below the instrument corner (typically between 30 and 120 seconds for a broadband
seismometer), so that tilt signals with periods in the VLP band can have significant apparent
displacement. This is particularly problematic when displacement at periods below the

instrument corner is evident.

Fortunately, just as the instrument response to translation can be accurately modeled, so
too can the response to ground tilt [Aoyama and Oshima, 2008; Lyons et al., 2012]. Maeda et al.
[2011] proposed a method for jointly inverting for ground translation and rotation. In this
approach, separate Green’s functions for ground rotation and translation are computed and
convolved with the appropriate rotation or translation instrument responses prior to inversion.

The raw, bandpass filtered seismograms are effectively deconvolved during the inversion.

Moment tensors are equivalent force systems and as such do not strictly represent the
model for a seismic event. Tensors are commonly decomposed into two or more geologically
reasonable tensors that model the physical source process. While this approach is appropriate, it
involves somewhat arbitrary choices about contributing mechanisms. We address the challenge
of determining a physical model for the moment tensor source time functions through a nonlinear
inversion for source types. This approach allows for quantification of the importance of Double-
Couple (DC), or Compensated Linear Vector Dipole (CLVD) versus volumetric components.

We use a constrained inversion and search over all possible source types and orientations to

compare model fits for all possible source types.
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Fuego is a 3800 m stratovolcano that regularly produces Strombolian and weak
Vulcanian explosions. The dynamics of these explosive events have been examined in the VLP
band [Lyons and Waite, 2011] and modeled together with infrasound and gas emission data. At
least three different styles of VLP event have been observed and attributed to eruptions from
either the summit vent or a flank vent [ Waite et al., 2013]. The strongest recorded explosions
generated impulsive infrasound and seismic signals, ejected incandescent bombs and tephra, and
were associated with repetitive VLP seismicity. The previous studies of Fuego VLP events
focused on periods from 30-10 seconds, where the influence of ground tilt is negligible given the
distances to the source and relatively short VLP wavelengths. Although the station geometry was
somewhat limited by the logistical and safety considerations, Lyons and Waite [2011] found that
the data best fit a source with a centroid 300 m below and 300 m to the west of the summit with a
moment tensor representative of primarily a dipping crack. The 30-10 second VLP captures the

inflation-deflation-reinflation cycle of this portion of the conduit as a small eruption occurs.

Lyons et al. [2012] examined the tilt signal associated with these same small explosions
at periods below the instrument corners. They found a significant tilt signal beginning up to 30
minutes prior to explosive eruptions. Forward modeling of the tilt from stations that were close
enough to record it suggested a shallow source midway between the VLP source centroid and the

summit. A full waveform inversion was not attempted.

In this study, we perform full waveform inversions of stacks of events associated with
summit vent explosions in periods from 400 - 10 seconds using a combined rotation-translation
approach similar to that of Maeda et al. [2011]. Inversions were performed in different bands to
explore the increasing influence of tilt with increasing period. While events with periods of 100s
of seconds are sometimes called Ultra-Long-Period events [e.g., Johnson et al., 2009], we simply
use the term VLP to cover the range of periods we investigate here. To improve the signal to
noise ratio, and ensure a representative dataset, inversions were performed on a set of phase-
weighted, stacked seismograms from six explosions. The cleaner signals that resulted from
stacking also allowed for a larger number of seismic channels to be used than in previous studies.
In order to constrain the uncertainty on the source type, we performed a nonlinear inversion for
moment tensor source type. This involves a grid search over all possible moment tensor types

and orientations at the best-fit centroid location, providing quantitative constraint on the source

type.
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2 Inversion methodology

2.1 Joint rotation and translation inversion

In order to avoid problems associated with ground rotation contaminating the low
frequency seismic signal and, in fact, to take advantage of the tilt signal to investigate
frequencies below the typical VLP band, we invert jointly for translation and rotation. The
approach was first laid out by Maeda et al. [2011] and has been successfully applied at Kilauea
[Chouet and Dawson, 2013] and Asama volcanoes[Maeda and Takeo, 2011] . An important
aspect of this method is that the instrument responses are not deconvolved from the
seismograms. Instead, the responses to tilt and displacement are convolved with corresponding
Green’s functions. Deconvolution effectively occurs during the inversion. For component »n of
displacement at time ¢ and receiver position 7, we can write the relationship between source and

receiver through rotation and translation Green’s functions in the frequency domain:

i (0) =17 @G, (o) 1 (0)65 (o) M, (o), ®

np.q np.q

seis
n

where u (? ,a)) is the Fourier transform of the » component of the seismogram without

instrument correction, p and g are direction indices x, y, and z, M,,(w) is the Fourier transform
of the time history of the pg-component of the moment tensor, I'” and I™" represent tilt and
translation instrument response functions, the matrices G and G"*" are Green’s functions that
relate the n-component of tilt or translation at the receiver position, 7, with the moment at the
source position, and w is angular frequency. The notation p,q indicates spatial differentiation
with respect to the g-coordinate. The translation response is derived from the poles and zeros in a
standard way, while the tilt response is defined as I = g I"™ (iw)* [Maeda et al., 2011], where
g is gravitational acceleration. We assume no tilt response on the vertical components. Although
it is not specified in equation (1), the G matrices naturally depend on the source position as well.
In practice, we do not invert directly for the source position, instead searching over a volume of
possible source locations and determining the source position from the inversion results.
Equation 1 can be recast in matrix form as

u(w)=G(w)s(w), ()

where u is the R X 1 vector of Fourier-transformed ground displacement components, s is the 6 X

1 vector of Fourier transformed moment-tensor components to be determined, and R is the
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number of observed seismic traces. The matrix G is R X 6, composed from Fourier transform of
the terms inside the square brackets in equation 1. The equation is solved in a least-squares
inversion one frequency at a time, as described in Waite et al. [2008]. Initially, the inversion is
unconstrained, and the model moment tensor source time function is constructed from the
inverse Fourier transform of the inversion results. Although some studies have found that single
forces can be important in VLP source processes, especially when related to a reaction to vertical
mass ejection, previous work at Fuego [Lyons and Waite, 2011] showed they were not
significant. Single forces are unlikely to contribute to even lower frequency source models,

which are dominated by pre-explosion signal, so they were not considered in our study.

2.2 Green’s functions

The translation and rotation Green’s functions were calculated using a finite-difference
method [Ohminato and Chouet, 1997] with a homogeneous model that includes the three-
dimensional topography of Fuego volcano. Given the long wavelengths of the VLP signals, the
homogeneous structure is appropriate [see, e.g., Waite et al., 2008]. We used a compressional-
wave velocity of 3.5 km/s, shear-wave velocity of 2 km/s, and density of 2650 kg/m’. In practice,
the error in the velocity model introduces little effect on the VLP inversion [Waite et al., 2008].
The model is centered on the summit of Fuego and extends 11.72 km east-west, 8.96 km north-
south, and 6 km vertically with a 40 m grid spacing. Green’s functions for synthetic sources over
a volume 680 m east-west, 480 m north-south, and 920 m vertically from the summit down. This
volume is centered west of the summit, because the VLP source found by Lyons and Waite
[2011] was ~300 m west of the summit vent. In order to speed the calculations, we skip
alternating grid nodes, so the synthetic source volume has a spacing of 80 m. All other details
about the finite-difference modeling are as described in Lyons and Waite [2011]. The rotation
Green’s functions are computed from the curl of the displacement field (two times the tilt) during
the finite-difference simulations.

2.3 Nonlinear inversion procedure

The unconstrained inversion at hundreds of points inside a volume within the summit of
Fuego volcano provides a spatial estimate of the location and uncertainty on the location (see
section below). Interpretation of the moment tensor source time function can be done by point-

by-point eigenvector decomposition, which provides the orientation and mechanism type in cases
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where the moment components are in phase throughout the source time function. We expand on
this approach to explore the uncertainty in the moment tensor type, following the nonlinear
inversion approach described below.

Our approach involves a grid search over a total of five parameters for all possible
moment tensor types and orientations. For each model, we constrain the moment tensor using the
method of Lagrange multipliers and compute the data fit. First, we search over possible moment
tensor types using the fundamental lune source-type definition of Tape and Tape [2012], which
involves two parameters that describe the ratios of the moment tensor eigenvalues (Figure 1).
The latitude parameter, 6, ranges from —90° to 90° and the longitude parameter, y, ranges from —
30° to 30°. Some example source types, the associated y and 6, along with relative eigenvalues
(A) are given in Table 1 and in Figure 1. We refer readers to Tape and Tape [2012] for a
thorough description of the lune parameterization.

Table 1. Relationship between moment tensor eigenvalues, lune latitude and lune longitude

y 0 Al A As
Isotropic (+AV)* 90° 1 1 1
DC 0° 0° 1 0 -1
CLVD" -30° 0 2 -1 -1
Crack (v=1/4, +AV)? -30° 60.50° 3 1 1
Crack (v=1/3, +AV)? -30° 70.53° 2 1 1
Pipe (v=1/4, +AV)* 30° 74.21° 2 2 1
Pipe (v=1/3, +AV)* 30° 79.98° 1.5 1.5 1

“only positive & (volume increase) examples are shown
®only the left CLVD is shown

Examples for two different Poisson ratios are shown for the crack and pipe models.

The search over the parameters y and 6 uses the surface spline method described by Tape
and Tape [2012] to evenly sample the moment tensor source type space. This method results in a
substantial computational savings over an evenly sampled grid [Wang and Dahlen, 1995]. We
evaluate y from -30° to 30°, but because the lower half of the lune is simply the opposite sign of

the upper half (e.g., volume decrease versus volume increase), we evaluate 6 from 0 to 90°.
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To explore the full moment tensor space requires modeling the range of possible
orientations. We rotate the moment tensor at 10° intervals using a sequence of three rotations
about the initial coordinate system of the moment tensor. Full sampling of the symmetric tensor
involves a 360° range about the z axis, 180° of dip, and 90° of rotation about the new, rotated z’
axis [Goldstein et al., 2001]. Tests with finer intervals showed little difference in the pattern of
misfits on the lune and minor variation in the misfit values. This involves 5832 combinations of
rotation angles combined with 223 y - § pairs.

For each of the 1,300,536 trial moment tensor solutions, the six independent moment
tensor components of the trial tensor are used to constrain the inversion through a system of
equations, that fix the ratio of the moment tensor components [Menke, 1989]. For a given trial

tensor, H is a matrix that contains the ratios of matrix components to arbitrarily selected

component M}

B -M" /M 0 0 0 0
1 0 -M? /M 0 0 0
H=| I 0 0 -M" /M 0 0
1 0 0 0 -M /MY 0
1 0 0 0 0 -MP /M

where the notation M\? indicates the nth trial moment tensor. The constraint equations are

solved simultaneously in the inversion using least squares:

|-

where Z is a 5 X 5 matrix of zeros, h is a 5 X 1 vector of zeros, and s and u are the model and

G'u
h

G'G H'
H Z

data vectors as in equation 2. The vector I consists of the Lagrange multipliers.
Given the large number of possible solutions, we perform the full grid search for only the
best-fit locations of each frequency band. Given that the source time function does not vary

rapidly spatially [Lyons and Waite, 2011], this is a reasonable approach.

2.4 Error analysis

The nonlinear approaches to finding the best centroid location and moment tensor lend

themselves to quantitative error analysis. Misfit information is used to define uncertainty on the
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source centroid, and in this work we extend this to examine uncertainty in the moment tensor
type. A similar approach was used by Ford et al. [2010] to examine non-double-couple
components of explosion and earthquake sources. In many applications of moment tensor
inversion at volcanoes, a weighted squared error is used, which is either normalized by station or
channel [Chouet et al., 2003; Ohminato et al., 1998]. As our approach follows this methodology,

we adopt the squared error measure described as £ :

E=—Y| 1 3)

where ufj( pAt) is the pth sample of the nth data trace, u, ( pAt) is the pth sample of the nth

synthetic trace, N, is the number of samples in each trace, and N, is the number of three-
component receivers. Here the squared error is normalized by station, so that stations with

varying amplitude contribute equally to the error.
3 Seismic data

3.1 Temporary seismic network

Our seismic data were recorded on a network of 10 three-component broadband
seismometers from 8-26 January 2009, 8 of which are shown in Figure 2. The network
configuration was limited by the steep topography, deep ravines, thick jungle, and safety
considerations due to the eruptive activity. Six of the sites were equipped with Giiralp CMG 40T
sensors (0.02— 30 s) and four sites featured Giiralp 3 ESPC sensors (0.02— 60 s). Data were
recorded on 10 Reftek 130 digitizers operating in continuous mode at 100 samples per second.
The threat of vandalism or theft prohibited deployment of solar panels at some sites, so
continuous operation of all 10 stations was restricted to 19 - 21 January. Two of the stations are
very close to F9A, F9B, and FOC, and were not used in the study. Station FOSE, at 6 km from the
summit, did not record the VLP signals. In total, seven stations (21 channels) were used in the

inversions. More complete details of the experiment are given in Lyons and Waite [2011].
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3.2 VLP events

During this deployment, all of the strong explosions issued from the summit vent and
produced clear VLP signals at the nearest stations. The closest station, which also happened to be
the most reliable, F900, recorded hundreds of similar explosions during the 19-day deployment.
Lyons and Waite [2011] selected one of these events (19 January 2009 at 16:09:30) that was well
recorded on the network for their inversion. In order to improve the signal-to-noise ratio of the
data on some of the more distant channels, especially at periods below 30 seconds, we computed
phase-weighted stacks of similar events in multiple frequency bands for inversion.

The 19 January event was used as a master event and compared against all the data at
station F900. With this procedure, we identified 209 events for which the combined three-
channel cross-correlation coefficient was 2.0 or greater (roughly one event every 2 hours). Of
these, only 21 events were simultaneously recorded on all the stations from 19-21 January. The
waveform similarity generally degraded with increased distance from the source. While the
waveforms were generally consistent from event to event on a given channel in the 30-10 second
band, and produced a clean stack, the weaker signals and possibly greater noise at lower
frequencies led to poor correlations on many channels below 30 seconds. As an objective of this
study was to investigate frequencies below the instrument corner, we sought to use only events
that were similar. We visually inspected all the data channel-by-channel, and removed all data
from events where one or more channels was extremely noisy or had inverted polarity in the 400
to 60 or 60 to 10 seconds band. This left just six events to stack for the inversion.

We followed the phase-weighted stacking approach of Schimmel and Paulssen [1997]
and found that it produced a vastly improved signal to noise ratio (Figure 3). This is particularly
important for the lower frequencies, which contain substantially more noise on a single trace.
Even with just six events in the stack, the phase-weighted stacking procedure resulted in clean
waveforms at nearly every channel and every station. For comparison, we show the linear stack
along with the individual waveforms from all the events for the vertical component at three
stations in two non-overlapping frequency bands. In general, the phase-weighted stack is slightly
lower in amplitude but has much less pre- or post-event noise. In particular, single-event noise
that contributes substantially to the linear stack is absent in the phase-weighted stack.

The gray bars in Figure 3 mark the range of arrival times for the peak infrasound

associated with each of the six explosions. The infrasound sensor was collocated with station

10
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F900 at distance of approximately 800 m from the vent, so the travel time is negligible at the
scale of the figure. Interestingly, the range of infrasound arrival times is nearly 4 seconds relative
to the waveform correlation of VLP signals at F900.

Figure 3 also highlights the difference between the vertical components in the low-
frequency band. We expect no tilt on the vertical components, yet the events are evident in the
400-60 s band, especially on the 60 s stations (FONW, F9B, FOSW, FONE). This suggests that
the events produce translational motion at frequencies below the instrument corner. Figure 4,
which shows the spectra for each of the bands analyzed at three stations, further highlights the
vertical component signal well below the instrument corner. The spectra also demonstrate the
large amplitude of the horizontal components at the lowest frequencies. Given the known
influence of tilt on the horizontal components at those low frequencies, a joint inversion
approach is required to investigate frequencies below the corner of the sensors. Only station
FI9SE, which was ~6 km from the vent, did not record signal in the VLP band, so it was omitted

from further analysis.

4 Inversion results

The presence of significant vertical-component signal on records filtered below the
corner frequencies of the sensors implies that these explosion events produced measureable
translation component at those low frequencies. Because the influence of tilt increases with
lower frequency, just as the sensitivity to translation decreases, we evaluated the VLP data
source mechanisms in several overlapping bands between 10 and 400 seconds period. For each
bandpass, we first found the best-fitting solution by searching over the range of locations
described above. At each position, we inverted for the moment-tensor solution that best fit the
data without constraining the solution in any way. Because no constraints are used in the
inversion, there is the possibility for model source time functions to be inconsistent over time,
resulting in an uninterpretable, geologically unreasonable model. Therefore we used a second
step that measures the stability of the moment tensor throughout the source time function to
identify the best solution for each bandpass.

In this second step, we evaluated consistency of the source time function over its duration
using a statistical measure. This statistic, which was called gamma by Matoza et al. [2015], we

call g to avoid confusion with the previously defined moment-tensor lune longitude. For each

11
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point in the source time function, we compute the eigenvalues. If the maximum eigenvalue is
within 60% of the peak value, we then compute the ratios of the intermediate to maximum, IM,
and minimum to maximum, mM, eigenvalues. Restricting the analysis to only the large
amplitudes ensures that the statistic reflects the main features of the source time function. We
then compute the standard deviations of the sets of ratios of the eigenvalues. These standard
deviations provide a measure of the consistency of the source time function. They may be more
useful if we use them to compare the source time function with a predetermined model. To do
this, we multiply each of the ratios by the maximum to intermediate or maximum to minimum
ratio for a known source prior to computing the standard deviations. For example, comparing the
source time function to a crack with ratios of 2:1 and 2:1 would mean multiplying each of the
ratios by 2, then computing the standard deviations. The standard deviations are then combined
into one value using the square root of the sum of the squared standard deviations. Since Lyons
and Waite [2011] found the 30-10 second period VLP source to be dominated by a dipping
crack, we used moment tensor eigenvalue ratios of 2:1:1. We also examined g for ratios of 3:1:1
and 1:1:1 and, although the values for g varied, we found no difference in which of the solutions
had the lowest g. Because it implies the most consistency throughout the source time function,
the solution within 5% of the minimum £ error that had the lowest g was chosen as the best

solution.

4.1. Free inversion results

The best-fit centroid locations do not vary significantly with bandpass. The minimum £
solutions (E>,,) are identical for bands from 60-10 s through 400-10 s, all very near the surface
and just west of the summit (see Figure 5 and Table 2). When the minimum g is also considered,
the best solutions are deeper, and the 60-10 s and 90-10 s solutions are 320 m east of the summit.
The 120-10 s and 400-10 s solutions are about 80 m south of the £, solutions. The lowest
frequency (400-60 s) g, solution is at a shallower depth and location nearer the summit than the
Emin solution. The best 30-10 s solutions are west of the summit when both E>,,;, and g, are
considered; it only migrates south to north. The E,,,;, solution is within 200 m of the best fit
found by Lyons and Waite [2011] when inverting in the same 30-10 s band, although we use a

stack of 6 events that allows us to invert data from an additional station. We do not attempt to

12
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interpret the fine details of the centroid locations, given the limitations in the station coverage,
but consider the locations to be geologically reasonable.

Given the similarities in models for some of the intermediate bandpasses, we focus on
four representative bands: 30-10 s; 90-10 s; 120-10 s; and 400-60 s. The E>, and g, centroid
locations are shown in Figure 5. In Table 2, the E,,,;, and g, solutions for each bandpass are
shown, with the E,,;, in the first row and g, in the second row.

Figure 6 shows data (black) and synthetic waveforms for each of the four bandpasses.
The free inversion synthetics, shown in red, generally fit the data quite well. The error measure
we use weights stations, not channels, equally. The advantage to this is that stations that are
farther away or have lower amplitude because of the radiation pattern have equal importance. To
give a sense of the fits on individual channels, we computed cross-correlation coefficients and
lag times between the data and free inversion synthetics. At FO00, for example, the fits at all
channels in the 30-10 s bandpass are above 0.97 at lags of between -0.04 and 0.28 s. In contrast,
the north channel at FOA, which clearly fits less well, has a correlation coefficient of 0.83 at 0.02
s lag. The worst-fitting channel, the east channel of FONW, has a correlation of 0.53 at 6.5 s lag.
More than half of the correlation coefficients are above 0.9 in the 90-10 s band, and none of the
lags are more than 1 s. In each of the remaining two bands, at least 5 channels correlate above
0.9. The range of lag times increases slightly in the longer period bands but, even in the 400-60 s
band, well over half of the lags are below 5 sec.

The synthetics from the fixed tensor solutions, described below, have slightly greater
misfits, as expected for models with fewer free parameters. The synthetics for the 90-10 s band
are notably much poorer for the fixed inversion. The correlation coefficients and lag times
between the data and both the free inversions and the fixed tensor inversions for each of the
channels are given in supplementary tables S1 and S2, respectively.

The source time functions for these same four representative bandpasses are shown in
Figure 7. They share some common features, with the dipole components in phase, and apart
from the 90-10 s band, dominating the source time function. There are differences in the
eigenvectors and eigenvalues, although the major difference is between the 90-10 s band and the
others. The median ratios of minimum and intermediate eigenvalues to the largest are shown in

Table 2. The source types are described in the next section.

13



357

358
359
360
361
362

363

364
365
366
367
368
369
370
371
372
373

Manuscript submitted to Journal of Geophysical Research

Table 2. Best solution information as a function of bandpass

E-W N-S
Bandpass position position Depth below
(seconds  relative to relative to  the summit Eigenvalue
period) summit [m] summit [m] [m] E, g ratios
30-10° 280 W 0 280 0.177
30-10 360 W 80 S 120 0.288 0.088

280 W 160 N 120 0.316 0.068 1,0.28,0.12
90-10 200 W 0 40 0.418 0.221

120 E 0 120 0.441 0.156 1,0.09, -0.28
120-10 200 W 0 40 0.425 0.222

200 W 80 S 200 0.465 0.193 1,0.73,0.30
400-60 360 W 160 N 360 0.396 0.337

200 W 80 S 200 0.427 0.105 1,0.78,0.21

" solution of Lyons and Waite [2011] is shown for comparison. In that study, error was computed
for 17 channels, compared with 19 channels used in this study, which led to much larger misfits.
For the remaining rows, the first row associated with each band represents details of the £

solution and the second row shows details of the g, solution.

4.2. Constrained inversion results

For each of the representative bandpasses, the centroid location with the lowest g that
was also within 5% of E,, was used to investigate the constraint on the source type. The
nonlinear analysis demonstrates that the range of models with similar misfits is fairly broad.
Figure 8 shows the misfits at each moment tensor type for the lowest misfit tensor orientation.
The point-by-point source time function eigenvalue analysis for the best free inversion is shown
using red dots. These correspond to the y and d at each point in the source time function when
the amplitude was within 50% of the maximum. Points with negative d were projected to the
upper portion of the plot. The misfits for the constrained inversion results are much larger than
those of the free inversions, because the moment tensor is fixed for the whole source time

function. This means there is essentially one model parameter in the constrained inversions,
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compared to six independent model parameters for the free inversions. Each point in this lune
plot represents the lowest misfit value for all moment-tensor orientations with the y - d pair.

Considering, first, the solution in the 30-10 s band, the minimum misfit in the constrained
inversions is 0.43, compared to 0.32 for the g,,;, solution. The point-by-point y—0 pairs are tightly
constrained, and the median ratio of eigenvalues is (1.0, 0.28, 0.12). But the nonlinear inversion
for source type suggests a wider range of possible mechanism types fit the data. In Figure 8a, the
0.46 misfit contour encompasses the points in the free inversion and is about 5% above the
minimum, and so might be considered a reasonable level to explore the range of possible models.
This includes sources from a tension crack to a DC.

One interpretation of this is that the source represents a composite of two or more sources
that have different orientations. In fact, Lyons and Waite [2011] found that a combination of a
single dipping crack and nearly vertical pipe or crack provided the best-fitting model for the 30-
10 s VLP. The two sources were out of phase and interpreted to represent the opposite sense of
volume change. That is, when the vertical dike or pipe was deflating, the dipping sill was
inflating. We computed the y - 6 pair for the combined crack-pipe tensor of Lyons and Waite
[2011], which is dominated by the crack, and plotted it in Figure 8a. This combined mechanism
is actually closer to a single crack than the free inversion solution, with y=-22 and 6=58. The
two-crack model of Lyons and Waite [2011] is in a similar location (y =-20 and 6=63). The
relatively small range of E>, values, compared to Figure 8c and d, throughout the lune space
indicates multiple source types can fit the data well.

As is clear from Figure 8b, the 90-10 s bandpass data do not constrain the source type.
Clearly, even the g,,;, solution is much less stable than the 30-10 s solution, and this is born out
in the nonlinear inversion for source type. Very little can be interpreted from this solution, but
note that the median eigenvalue ratios include a negative minimum and the point-by-point y -

O pairs are all below the region in which all the components have the same sign. The poorly
constrained solution is probably mainly due to the complexity of the source. On some stations,
especially in the horizontal components, the spectra show two peaks between 90 and 10 s period,
which we might infer are tilt dominated, and translation dominated. These may reflect two
sources, distinct in space and with peak moment release occurring at distinct times.

At the wider 120-10 s bandpass, the lower frequencies tend to dominate and the nonlinear

inversion for source type is somewhat better constrained. The free inversion is better constrained
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than the 90-10 s band, but the point-by-point y - 6 pairs still range widely. In this case, however,
the points are all in the region of a volumetric source. The median ratio of eigenvalues is (1.0,
0.73, 0.30) the nonlinear inversion (Figure 8c) points to a source somewhat like a pipe.

The final example we present is the 400-60 s band, below the corners of any of the
sensors. This inversion is much better constrained in both the free inversion and constrained
nonlinear inversion. The y - d pairs from the free g, inversion cluster near the point defined for
apipe (1.5, 1.5, 1) and the median eigenvalues are (1.0, 0.78, 0.21). The range of misfit values is
much larger than in the previous inversions, and the region surrounding 5% above the minimum
occupies a relatively small area. In this case, the source type is well constrained to a volumetric
source, and eigenvalues suggest a mechanism like a pipe. Based on the eigenvectors a pipe

would be dipping about 30° to the NNE, which is reasonable given the centroid location.

5 Discussion

These results do not necessarily simplify the interpretation of these events, but the
nonlinear inversion for source type provides a better means of assessing the reliability of the
models. In some cases, like the 400-60 s band result, the model is tightly constrained and can be
interpreted in terms of a portion of the conduit just below the vent that inflates and deflates
during each explosion. In other cases, such as the 30-10 s band, the nonlinear inversion results
suggest that a range of solutions from double-couple to a tension crack can explain the data
equally well. This can also be seen as evidence for a complex source that involves two or more
sources acting more-or-less coincidentally, but with opposite phase. Finally, the 90-10 s band is
an example that cannot be constrained to a model. In this case, we suggest that it is because it
includes both the crack-like source of the 30-10 s band west of the summit and the pipe-like
source of the 400-60 s band closer to the summit.

Our interpretation is consistent with earlier work at Fuego, and we refer to Lyons and
Waite [2011] for detailed discussion of the source dynamics of the VLP events. Apart from the
quantitative description of the source-type uncertainty, the key new results involve the formal
moment-tensor solutions for periods below 30 s. The results of inversion for tilt-affected and tilt-
dominated signals are consistent with forward modeling by Lyons et al. [2012] of tilt derived
from four broadband stations to the north of the summit. In their study, they found that tilt

signals could be described by a spherical source just below the summit. While our inversions
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suggest a source somewhat more like a dipping pipe than a pure sphere, the location and sense of
volume change are consistent.

The tilt-dominated signal begins with inflation several minutes prior to the explosion
(Figure 7d). Although we limited the band to 400 seconds, a much longer lead-up time can be
seen in the raw data when integrated [Lyons et al., 2012]. This is interpreted as pressurization
following sealing of the conduit in the summit area. The model for the 30-10 s VLP proposed by
Lyons and Waite [2011] has pre-explosion inflation, mainly in a dipping sill, followed by
deflation of that portion of the conduit during the eruption. Our single model moment tensor

inversions are consistent with this and we favor this interpretation.

6 Conclusions

Volcanic seismic events offer great complexity given the wide range of frequencies,
influence of near-field effects including ground rotation, and wide range of source types. We
adapt a moment-tensor inversion methodology for including tilt-affected seismograms so that we
can examine explosion signals over a range from 400-10 s period, well below the corner periods
of the instruments used. These data clearly include translation below the instrument corner, as
seen in the vertical components, but likely also include some tilt signal near the instrument
corner frequency. We show how a nonlinear inversion for source type can aid in interpretation of
the mechanism. In some of the intermediate ranges, the contributions from the longer period,
presumably tilt-affected signals and those of the translation dominated signals, mean that a single
moment-tensor source cannot fit the data. In other pass bands where either the translation or tilt-
affected data dominate, the moment-tensor source types are better constrained.

The broadening of the inversion to periods greater than 6 minutes allows for a more
complete description of the source. In this case, we find a result that is largely consistent with the
forward modeling done in prior work, but offers more detail about the mechanism type. Our
interpretation is that the shorter period signals reflect deformation in a shallow crack-like
component of the conduit below and west of the summit. The longer periods are due to a
shallower component of the conduit just below the summit. Broadband recordings of small-scale
explosions are common, and the method we propose could lead to a much better understanding
of the shallow dynamics in volcanic conduits in general. Finally, while the explosion events we

studied are not particularly hazardous beyond a few hundred meters from the source, they are
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very common at volcanoes worldwide. An understanding of precursory tilt signals could lead to

local warnings of explosions, giving scientists or tourists time to evacuate.
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Figure 1. Example angles and corresponding moment-tensor eigenvalues are shown for common

source types (see Table 1) on the fundamental lune of Tape and Tape [2012]. All eigenvalues are

greater than 0 above the arc between (1,0,0) and (1,1,0). The lower hemisphere represents

sources with negative volume change and is not shown.
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Figure 2. Locations of stations used in this study (circles) plotted on a shaded relief map of
Fuego volcano (a). Contour interval is 200 m. The red dots represent stations with 30 s sensors;
the blue dots represent 60 s sensors. The orange star marks the approximate location of the
summit vent. Part (b) shows the location of Fuego (arrow) in the chain of active Guatemalan
volcanoes. Station FOSE was not used in the inversions because the VLP signal was not observed

at that distance from the source.
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Figure 3. Bandpass-filtered (30-10 s left; 400-60 s right) seismograms from the vertical
component of four stations as labeled. The fine gray lines are from the six individual events used
in the stacks. Both linear time-domain (dashed lines) and phase-weighted stacks (bold lines) are
shown. Note that traces were scaled to the maximum vertical amplitude on station F900 before
stacking, but unscaled individual event traces are plotted. Stations FONW, F9B, and FOSW were
equipped with 60 s sensors, while FO00 had a 30 s sensor.
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Figure 4. Spectra from phase-weighted stacks of bandpass-filtered seismograms from three
stations as labeled. These spectra highlight the significance of the low-frequency (below the
instrument corner) signal, particularly on the horizontal channels. Stations FONW and FOSW
were equipped with 60 s sensors, while FO00 had a 30 s sensor. Differences between the lowest
frequencies in the 400-60 s and 400-10 s stacks result from the fall off of the 2-pole Butterworth
filters.
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solutions are plotted by bandpass. Uncertainties on centroid locations, not shown for simplicity,

are 200-350 m for solutions within 5% of the minimum. Contour interval is 200 m; the

topography model plotted in map view and in the cross sections is the same as that used to

compute the Green’s functions. Seismic stations are shown with dots, with red dots representing

stations with 30 s sensors; blue dots represent 60 s sensors as in Figure 2. The hexagon shows the

best-fit location from Lyons and Waite [2011].

24



628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656

a)

Manuscript submitted to Journal of Geophysical Research

Fosw o
FONW
Ao —— —_\ —
FoC
~
FoB
FOA o —— ——
FONE o~~~
5000 counts
I: 70s
FOSW
FONW ﬁ\/\
—_——— A ————— __.__*gp‘\______
F900 \/\' A
7
FoC
N N —
FoB
_—-—A o St _‘.___—‘\/\/-..
FOA
~ # S ~—

FONE

—’W‘\. _-_.—-Av-—~

I: 5000 counts

190 s

vertical north east

b)

d)

FOSwW N
FONW \/\
——/\ e ———‘o@\_._
F900
FoC
FoB
—_—A——— __‘W
F9A
N ~
FONE
_____—%c’ __—.e\o&.
I: 5000 counts 0
s
FOSW A A\
FONW A /\
F900 ~ ‘/\
FoC
FoB AL
F9A
FONE
2000 counts U §
600 s

vertical

east

Figure 6. Data (black), free-inversion synthetics (red), and best-fitting constrained inversion

synthetics (blue) for each of the four bandpasses: a) 30-10 s; b) 90-10 s; ¢) 120-10 s; and d) 400-

60 s. The free-inversion results are generally better than the constrained inversion, as expected,

but this is especially true for the 90-10 s band.
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Figure 7. Source time functions from free inversions in the a) 30-10, b) 90-10, c¢) 120-10, and d)

400-60 s pass bands are largely consistent, although the 90-10 s band has notable differences.

Note the difference in amplitude and time scales for each of the four plots.
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Figure 8. Error (E>) by fixed moment-tensor solution plotted using the indicated color scale for
each of the bandpasses in Figure 7: a) 30-10, b) 90-10, ¢) 120-10, and d) 400-60 s. The y-6 pairs
computed from the point-by-point eigenvalue analysis for the best free inversion for each of four
bandpasses are plotted in red. The lack of consistency in the free inversion for the 90-10 s band
is reflected in the lack of a resolved moment-tensor type. The letters C and P indicate crack and
pipe, respectively. The combined crack-pipe tensor of Lyons and Waite [2011] is plotted as a

hexagon.
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band | channel corr. coef. | lag[s] | channel corr. coef. | lag[s] | channel corr. coef. | lag[s]
FOSW HHZ 0.81 0.38 FOSW HHN 0.62 -1.42 FOSW HHE 0.74 -1.64

FONW HHZ 0.92 0.84 | FONW HHN 0.96 -0.08 | FONW HHE 0.53 -6.50

F900 HHZ 0.98 -0.04 F900 HHN 0.99 -0.02 F900 HHE 0.97 0.28

3 FOC HHZ 0.76 -0.08 FOC HHN 0.77 -0.24 FOC HHE 0.14 -1.48
iy F9B HHZ 096 | -0.16 FOB HHN 0.91 0.00 F9B HHE -- --
2 FOA HHZ 0.60 -0.16 FOA HHN 0.83 0.02 FOA HHE 0.71 -1.20
@ FONE HHZ - -- FONE HHN 0.95 0.70 FONE HHE 0.56 -0.54
FOSW HHZ 0.92 0.36 | FOSW HHN 0.45 -0.68 | F9SW HHE 0.81 0.86

FONW HHZ 0.93 0.34 | FONW HHN 0.95 0.22 | FONW HHE 0.91 -0.18

F900 HHZ 0.96 -0.20 F900 HHN 0.99 0.04 F900 HHE 0.97 -0.24

3 FOC HHZ 0.68 -0.64 FOC HHN 0.50 -0.16 FOC HHE 0.22 -9.98
iy F9B HHZ 0.82 | -0.28 FOB HHN 0.90 | -0.04 F9B HHE -- --
2 FOA HHZ 0.51 -0.22 FOA HHN 0.76 0.12 FOA HHE 0.75 0.82
@ FONE HHZ - - FONE HHN 0.92 0.48 FONE HHE 0.90 -0.68
FOSW HHZ 0.09 9.98 | FO9SW HHN 0.64 -4.00 | FOSW HHE 0.84 -0.70

FONW HHZ 0.92 0.00 | FONW HHN 0.94 0.64 | FONW HHE 0.92 0.50

" F900 HHZ 0.67 -0.42 F900 HHN 0.99 -0.12 F900 HHE 0.94 0.00

e FOC HHZ 0.68 0.72 FOC HHN 0.65 -0.22 FOC HHE 0.25 0.34
2' F9B HHZ 0.92 0.88 FOB HHN 0.86 | -0.08 F9B HHE -- --
a FOA HHZ 0.46 -0.74 FOA HHN 0.71 0.60 FOA HHE 0.81 -0.22
@ FONE HHZ - - FONE HHN 0.88 -0.12 FONE HHE 0.86 -0.94
FOSW HHZ -0.15 9.98 | F9SW HHN 0.87 2.22 | F9SW HHE 0.97 0.40

FONW HHZ 0.69 -0.42 | FONW HHN 0.78 0.16 | FONW HHE 0.99 1.64

" F900 HHZ -0.08 -9.98 F900 HHN 0.78 -2.28 F900 HHE 0.98 0.62

3 FOC HHZ 0.53 4.42 FOC HHN 0.77 4.54 FOC HHE -0.26 9.98
SI F9B HHZ 0.71 5.26 F9B HHN 0.89 -1.08 F9B HHE -- --
: FOA HHZ -0.18 9.98 FOA HHN 0.47 0.36 FOA HHE 0.86 2.88
@ FONE HHZ - -- FONE HHN 0.99 -0.04 FONE HHE 0.98 -1.98

Table S1. The correlations between each data channel and synthetic waveform from the free-
inversion models, and corresponding lag times, for each channel used. The maximum
allowable lag time of +/- 9.98 seconds was reached in some cases. These statistics were not
computed for two channels that were not used in the inversions.



band | channel corr. coef. | lag[s] | channel corr. coef. | lag[s] | channel corr. coef. | lag[s]
FOSW HHZ 0.91 -0.78 | F9SW HHN 0.73 -1.78 | F9SW HHE 0.76 -0.28

FONW HHZ 0.92 1.58 | FONW HHN 0.94 -0.12 | FONW HHE 0.48 7.86

F900 HHZ 0.98 -0.08 F900 HHN 0.99 -0.02 F900 HHE 0.96 0.02

3 FOC HHZ 0.76 0.10 FOC HHN 0.77 0.10 FOC HHE 0.12 -0.88
Z F9B HHZ 0.97 0.28 F9B HHN 0.90 0.12 F9B HHE -- -
2 FOA HHZ 0.57 -0.20 FOA HHN 0.82 0.16 FOA HHE 0.71 -0.90
@ FONE HHZ - -- FONE HHN 0.95 0.86 FONE HHE 0.48 -1.16
FOSW HHZ 0.92 -1.64 FOSW HHN 0.24 -9.98 FOSW HHE 0.73 -1.74

FONW HHZ 0.94 0.32 | FONW HHN 0.93 0.02 | FONW HHE 0.54 5.58

F900 HHZ 0.97 -0.16 F900 HHN 0.96 -0.08 F900 HHE 0.53 7.54

3 FOC HHZ 0.68 -0.46 FOC HHN 0.51 -0.70 FOC HHE 0.19 -7.52
Z F9B HHZ 0.97 -0.42 F9B HHN 0.79 -0.08 F9B HHE -- --
2 FOA HHZ 0.47 -0.60 FOA HHN 0.69 0.06 FOA HHE 0.46 8.18
@ FONE HHZ - - FONE HHN 0.21 1.02 FONE HHE -0.11 -9.98
FOSW HHZ 0.55 3.62 | FOSW HHN 0.54 -0.40 | F9SW HHE 0.73 -3.94

FONW HHZ 0.91 1.00 | FONW HHN 0.82 0.80 | FONW HHE 0.86 -1.46

" F900 HHZ 0.80 3.56 F900 HHN 0.99 -0.10 F900 HHE 0.96 -0.52

e FOC HHZ 0.65 -0.32 FOC HHN 0.66 -0.06 FOC HHE -0.01 9.98
2' F9B HHZ 0.96 0.68 FOB HHN 0.83 0.26 F9B HHE -- --
o FOA HHZ 0.47 0.58 FOA HHN 0.69 0.38 FOA HHE 0.77 -1.12
@ FONE HHZ - - FONE HHN 0.88 0.22 FONE HHE 0.77 -5.20
FOSW HHZ -0.57 -9.98 | F9SW HHN 0.85 -2.34 | F9SW HHE 0.89 -4.28

FONW HHZ 0.66 1.26 | FONW HHN 0.75 3.08 | FONW HHE 0.98 2.56

" F900 HHZ -0.42 -9.98 F900 HHN 0.60 -3.32 F900 HHE 0.98 2.30

3 FOC HHZ 0.55 1.42 FOC HHN 0.78 1.52 FOC HHE 0.30 9.98
SI F9B HHZ 0.98 -0.20 F9B HHN 0.82 -4.70 F9B HHE - -
: FOA HHZ -0.23 9.98 FOA HHN 0.52 5.76 FOA HHE 0.82 3.66
@ FONE HHZ - -- FONE HHN 0.99 -0.28 FONE HHE 0.96 -2.10

Table S2. The correlations between each data channel and synthetic waveform from the
fixed-inversion models, and corresponding lag times, for each channel used. The maximum
allowable lag time of +/- 9.98 seconds was reached in some cases. These statistics were not
computed for two channels that were not used in the inversions.





