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[1] Ground tilt is measured from broadband seismic records
prior to frequent explosions at Fuego volcano, Guatemala.
We are able to resolve tilt beginning 20–30 minutes prior
to explosions, followed by a rapid reversal in deformation
coincident with explosion onsets. The tilt amplitude and
polarity recorded on the horizontal channels vary from sta-
tion to station such that the steep and unusual topography
of the upper cone of Fuego appears to affect the ultra-long-
period signals. We account for the effect of topography
and attempt to constrain the tilt source depth and geometry
through finite-difference modeling. The results indicate a
shallow spherical pressure source, and that topography must
be considered when attempting to model tilt sources at vol-
canoes with steep topography. The tilt signals are interpreted
as pressurization of the shallow conduit beneath a crys-
tallized plug followed by elastic deflation concurrent with
explosive pressure release. Citation: Lyons, J. J., G. P. Waite,
M. Ichihara, and J. M. Lees (2012), Tilt prior to explosions and
the effect of topography on ultra-long-period seismic records at
Fuego volcano, Guatemala, Geophys. Res. Lett., 39, L08305,
doi:10.1029/2012GL051184.

1. Introduction

[2] The dynamics of small (VEI < 2), transient volcanic
explosions are increasingly becoming better understood
through the use of broadband seismometers, which allow for
investigation of signals over a wide range of timescales.
Very-long-period (VLP) signals have been used to image
conduit geometry and unravel the source mechanisms of
strombolian and vulcanian explosions, and these studies
typically make use of signals as low as the natural period of
the instrument [e.g.,Chouet et al., 2003;Dawson et al., 2011;
Lyons and Waite, 2011; Waite et al., 2008]. Several studies
have extended the timescale of observation beyond the low
corner of portable seismic sensors to investigate small ground
rotation signals accompanying short-lived explosions that
can be extracted from the horizontal components of broad-
band sensors [Aoyama and Oshima, 2008; Genco and Ripepe,
2010; Wielandt and Forbriger, 1999]. The ability to recover
information about ground displacement and tilt with a single
instrument greatly improves the understanding of volcanic
eruptions, particularly in places where more permanent instal-
lations of dedicated tilt sensors are impossible.

[3] Inflation – deflation sequences related to slow accu-
mulation of pressure and explosive degassing have been
well-documented using tiltmeters and broadband seis-
mometers for large eruptions at Soufriere Hills [Voight et al.,
1999], Merapi [Voight et al., 2000], and Anatahan [Wiens
et al., 2005]. However, similar sequences over shorter time-
scales have also been extracted from broadband seismic
records of strombolian explosions [Genco and Ripepe, 2010;
Wielandt and Forbriger, 1999]. In other cases, tilt from
broadband sensors recorded deflations associated with phre-
atic explosions at Meakan-dake [Aoyama and Oshima, 2008]
and small pyroclastic explosions at Santiaguito [Johnson
et al., 2009; Sanderson et al., 2010]. In each case, the time-
scale and pattern of deformation accompanying explosions
facilitated the interpretation of eruption dynamics, especially
when recorded in conjunction with other remote sensing data.
[4] In this paper, we report observations of tilt recorded on

broadband seismometers associated with explosions from
Fuego volcano, Guatemala, recorded over 20 days in January
2009. Fuego is a 3800 m stratovolcano that regularly pro-
duces strombolian and weak vulcanian explosions, observed
on a temporary network of broadband seismic (Güralp
CMG-3ESPC and CMG-40T sensors, 60 and 30 s corners,
respectively) and infrasound sensors (All Sensors differential
pressure transducers, 0.001–50 s) deployed 800 m to 2 km
from the summit crater (Figure 1a). The strongest recorded
explosions generated impulsive infrasound and seismic
signals, ejected incandescent bombs and tephra, and were
associated with repetitive VLP seismicity. A waveform
inversion of a VLP event locates the source centroid 300 m
west and 300 m below the level of the summit crater, and the
source mechanism is interpreted to be an inflation-deflation-
reinflation cycle in a shallowly dipping sill [Lyons andWaite,
2011].
[5] The stations that most reliably recorded tilt were

located on the steep upper flanks and prominent ridge
extending to the north (Figure 1a). The correlation between
varying tilt polarity and amplitude on the horizontal chan-
nels, and the sensor location suggests the topography influ-
ences the tilt signal. Effects of topography on tilt signals have
been modeled numerically [e.g., Cayol and Cornet, 1998;
McTigue and Segall, 1988; Rodgers, 1968], but we are
unaware of other datasets that display this effect at active
volcanoes. Modeling of the topographic influence and con-
straints on the depth and geometry of the tilt source were
acquired with the three-dimensional (3D) finite-difference
method of Ohminato and Chouet [1997], including the
3D topography of Fuego that includes a prominent ridge
extending north from the otherwise conical edifice. The tilt
signals are interpreted as inflation of the shallow conduit
due to pressurization beneath a crystallized plug followed by
rapid deflation concurrent with the onset of explosions, and
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model results show that topography must be considered in
attempts to constrain source depth and geometry on steep
volcanoes.

2. Tilt Data

[6] The horizontal components of broadband seismo-
meters are sensitive to tilt through gravitational acceleration.
Rodgers [1968] characterized the effect of tilting on iner-
tial seismometers and described the relationship between

displacement and tilt as a function of angular frequency. A
recent experiment by Aoyama and Oshima [2008] confirms
that the horizontal components of modern force-feedback
broadband seismometers are also susceptible to tilt. The
broadband signal is more susceptible to tilt with increas-
ing period so that tilt dominates translation at periods below
the sensor corner if the seismometer experiences substantial
rotation [Wielandt and Forbriger, 1999]. The tilt transfer
function of a broadband sensor is calculated from the veloc-
ity transfer function specified by the manufacturer for a
given instrument [Aoyama and Oshima, 2008]. Tilts asso-
ciated with relatively weak strombolian and vulcanian explo-
sions can be quite small, but some tilt signal can still be
recovered from the broadband record using the tilt transfer
function [Aoyama and Oshima, 2008; Genco and Ripepe,
2010]. The tilt transfer function of the CMG-40T and
CMG-3ESPC sensors below the natural frequency is approx-
imately proportional to the frequency. This allows the tilt
time series t(t) to be calculated from a time integral of the
output voltage of the seismometer p(t) by (equation (23) in
Text S1 in the auxiliary material [Aoyama, 2008]):1

t tð Þ ¼ � Sw2
0

g

Z
p tð Þdt ð1Þ

where S is the seismometer sensitivity, g is the gravitational
acceleration, and w0 is the natural angular frequency. Strictly,
(1) includes the effect of the translational acceleration of the
ground (Text S1), but its contribution is regarded as negli-
gible in the very low frequency of interest.
[7] We extract the tilt signal in four steps by 1) removing

the mean, 2) integrating the instrument output, 3) low-pass
filtering below the natural frequency of the instrument, and

4) multiplying by� Sw2
0

g
. Positive east and north components

of tilt are defined as tilt down to the east and north, respectively.
[8] The tilt signals were weak (nanoradians) and this

method of extracting tilt can be controversial because a long-
period signal before a high-amplitude impulse can be an

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL051184.

Figure 1. (a) Digital elevation model of Fuego volcano
indicating the locations of the broadband seismic stations that
recorded a tilt signal associated with explosions in January
2009. The stations were installed on the steep topography
(>30�) and prominent ridge extending north from the summit
of Fuego. Contour interval is 200 m. (b) Unfiltered integrated
seismometer output for 24 explosions recorded at station
F900. The sensor response was not deconvolved in order
to simplify the interpretation. Instrument drift and other
high-frequency noise produce significant variation in the
traces but a clear, consistent trend occurs at �31 minutes
(vertical dashed line) that indicates the onset of a coherent
tilt signal. The impulsive explosions occur at 55 minutes
(arrow), more than 20 minutes after the initial tilt signal.
(c) Unfiltered integrated seismometer output stacks of the
24 explosions from Figure 1b. The tilt signal clearly starts
at �31 minutes in the north and east channel, while the ver-
tical channel only records instrument drift until the explo-
sions occurs at 55 minutes.
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artifact of low-pass, acausal filtering. To investigate this, we
apply the above steps 1) and 2) to full sample-rate, unfiltered
seismic record in windows centered on the times of known
explosions that produced an infrasound pulse of >100 Pa
at station F900. The station nearest the vent, F900, has the
highest signal-to-noise ratios, and a consistent trend emerges
in the unfiltered time integrated traces when the events are
plotted together (Figure 1b). This is unequivocal evidence
that a repetitive signal is recorded �20–30 minutes prior to
the explosions that is certainly not a filter or signal processing
artifact. Stacking all the traces in Figure 1b shows a clear,
consistent signal prior to the explosions (Figure 1c). Because
the signal exists in the horizontal components, but not in the
vertical component, and the time scale is much longer than
the natural period of the seismometer, it is regarded as tilt
signal and not displacement or instrument drift.
[9] The filtering for step 3) is performed in two phases in

order to avoid aliasing and achieve an acceptable filter order.
The full-sample rate integrated signal is first low-pass filtered
below 0.1 Hz and decimated to 10 sps, then it is low-
pass filtered below the natural frequency of the instrument
(40T = F900, F9A; 3ESPC = F9NE, F9NW). A single pass,
causal filter was used in order to avoid any spurious features
sometimes caused by acausal filters (MATLAB filter routine
included in Text S2). However, an acausal filter was also
used to investigate filter artifacts and we found that when
following this signal processing routine, minimal changes to
the tilt signals were introduced. The tilt onset times vary from
�20–30 minutes prior to the explosion onset, with earlier
onsets recorded at the stations with 60 s instruments, possibly
indicating greater sensitivity to longer period tilt. The strength
of the tilt signal decreases rapidly with distance, but through
stacking coherent signal is detected at the four closest sta-
tions (Figure 2). Using a simple signal-to-noise evaluation
to discard especially noisy traces, the stacked waveforms
in Figure 2 consist of 24, 12, 14, and 29 events for stations
F900, F9NE, F9NW, and F9A, respectively.

[10] Any estimate of tilt source depth and geometry at
Fuego must include the topography of the upper edifice
because slopes are typically >30� in the study area and
irregular, with a sharp north-south trending ridge that extends
north from the summit and terminates in a steep north-facing
slope (Figure 1a). The variation in amplitude and tilt polarity
on the horizontal channels at different station locations on
this topography is striking (Figure 2). East down tilt dom-
inates at F900 and F9NW, while F9A displays only south
down motion and F9NE shows mostly south down tilt, with
a minor east component. While it is possible that indi-
vidual site effects, inhomogeneous substrate strength, or a
complicated pressurizing geometry could cause this rela-
tionship, the systematic variation in polarity with station
location on the steep and irregular topography of Fuego is a
more likely candidate.

3. Modeling the Tilt Source

[11] Volcanic deformation is often modeled using analyti-
cal solutions to either an isotropic volumetric point source
[Mogi, 1958] or an Okada dislocation surface (dike or sill)
[Okada, 1985] due to the simplicity of these models and the
ease of implementation. However, these models do not
incorporate topography which has been shown to have a
strong effect on the deformation field, particularly for slopes
above 20� [Cayol and Cornet, 1998; Meo et al., 2008], and
neither of these models are able to replicate the tilt signals we
recorded. Based on these results, we choose to include the 3D
topography in forward models of the tilt signal through the
finite-difference method of Ohminato and Chouet [1997].
Our model space is centered at the summit of Fuego and
extends 12 km east–west, 9 km north–south and 6 km in the
vertical, with 40 m grid spacing. A homogeneous velocity
model is used because the velocity profile of Fuego is
unknown. The compressional wave velocity is 3.5 km/s,
shear wave velocity is 2 km/s, and density is 2650 kg/m3.
Synthetic Green functions of the curl of the displacement
field (equal to twice the tilt) are generated with the finite-
difference code. Green functions are convolved with a 20 s
cosine stabilizing function that has energy in periods longer
than 10 s. While much longer-duration source-time functions
were tested, this 20 s signal produced synthetic rotations with
the same simple shape and amplitude, thus decreasing com-
puting time and increasing the number of source locations
considered.
[12] All potential sources were modeled as inflating (i.e.,

pressurizing) based on our observations of the explosions and
seismic, gas, and infrasound data. SO2 emissions show a
slow decline for tens of minutes prior to explosions, followed
by increased flux following explosions, which is interpreted
as sealing of the conduit followed by explosive release of
overpressure [Nadeau et al., 2011]. Modeling of the VLP
seismic signals associated with explosive events at Fuego
also suggests shallow conduit inflation just prior to explo-
sions, and the explosion infrasound indicates large over-
pressures had developed in the shallow conduit [Lyons and
Waite, 2011]. A pressurized, inflating source is also sup-
ported by observations of explosions that produced abundant
incandescent bombs and strong audible reports.
[13] Three potential source geometries are considered:

single pipes, single cracks, and spherical sources. The pipe

Figure 2. Stacks of tilt signals preceding explosions at
stations F900 (24 events), F9NE (12 events), F9NW (14
events), and F9A (29 events). The gray box indicates the span
of tilt onsets at the different stations. Instrument drift is clear
in all the stations except F900 due to the low amplitude of the
tilt signal at the stations further from the summit. Tilt begins
�20–30 minutes before the explosion onset (at minute 55).
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and crack moment tensors are generated using equations (15)
and (16) of Chouet [1996], assuming a Poisson ratio of 1/3.
Although some information about the geometry of the con-
duit is available from the VLP waveform inversion of Lyons
and Waite [2011], we initially vary azimuth in 15� intervals
and plunge in 30� over all possible crack and pipe orienta-
tions for source locations extending 500 m west, 100 m east,
300 m north–south and 1000 m below the summit crater.

3.1. Model Results

[14] Rather than performing a full-waveform inversion,
we choose to simply compare the tilt directions of the real
data and synthetics. As discussed in the previous section,
there are subtle differences in the tilt waveforms between the
60 s and 30 s sensors, which hint at possible errors in the
tilt estimates. Quantifying the uncertainty in absolute tilt
values for different types of broadband seismometers is
beyond the scope of this study. However, reasonably con-
sistent values are expected from both horizontal channels of
the same sensor, meaning the ratio of the two channels should
be reliable. Therefore pre-explosion tilt “particle motions”
rather than the whole waveform were chosen for modeling.
The results are compared by determining the direction of
maximum tilt from the real and synthetic data and calculating
the RMS error for each station:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

XN
sin fn � sin qnð Þ2 þ 1

N

XN
cos fn � cos qnð Þ2

 !vuut ð2Þ

where N is the number of stations, fn is the direction of
the maximum tilt at station n, and qn is the direction of max-
imum tilt from the synthetic source at station n.

[15] In every case, the inflating pipe and crack sources
produced polarities opposite the real data at most stations, as
did most of the inflating spherical sources. In order for these
sources to fit the data, they require deflation prior to the
explosion. The inflating spherical source with the lowest
RMS error that matched the tilt polarity of the real data at
every station is located�120 m west of the summit at a depth
of �40 m below the surface. This source location is situated
between the summit crater and the previously identified VLP
source centroid (300 m west and 300 m below the summit
crater) [Lyons and Waite, 2011] (Figure 3). The location
lends some support to the best-fit model despite the high
RMS error (0.33), which produces a relatively poor fit to the
real data (Figure 3). This discrepancy likely results in part
from a tilt signal generated by an extended source and mod-
eling performed assuming a point source. The poor model fit
and small number of sources which were able to correctly
reproduce the polarity of the real tilt data also indicates that
either the model is incapable of reproducing the complex
effect of the topography, or that factors other than the
topography (e.g., local site effects) also influenced the data.
Further use of co-located tilt meters and more sophisticated
modeling [e.g., Maeda et al., 2011] will aid in clarifying the
contribution of topography to tilt signals.

4. Interpreting Fuego Tilt Cycles

[16] The tilt signals at Fuego show predominately east and
south downward tilt beginning �25 minutes prior to explo-
sions with a reversal in tilt motion several minutes before
explosions (Figure 2). This pattern of deformation would
seem to indicate deflation followed by a short period of
inflation prior to the explosions. However, this conflicts with
seismic, SO2, infrasound, and observations of the explosions
[Lyons and Waite, 2011; Nadeau et al., 2011], and is seem-
ingly opposite observations of impulsive explosions in other
silicic and mafic systems [Genco and Ripepe, 2010; Iguchi
et al., 2008; Voight et al., 1999, 2000; Wiens et al., 2005].
We attribute this effect to shallow (above the level of the
sensors) inflation of the conduit followed by a short period of
deflation prior to explosions. The shallow focus of pressuri-
zation combines with the steep and irregular topography to
produce tilt data reflecting the exact opposite of what would
be expected from the process. Modeling of spherical sources
beneath symmetric cones with slopes greater than 20� has
shown that, at observation distances of less than 3 times the
source radius, source inflation will appear as deflation [Cayol
and Cornet, 1998]. We assume that all our stations are further
than three times the source radius from the vent, but it is
unknown how irregular topography or a non-spherical or
extended source would change this effect.
[17] Inflation – deflation deformation cycles associated

with volcanic explosions have been attributed to pressuriza-
tion of the conduit beneath a degassed and crystallized plug
of magma in silicic systems [Iguchi et al., 2008; Voight et al.,
1999, 2000], and in mafic systems to gas bubble growth and
magma ascent in a relatively open conduit [Genco and
Ripepe, 2010; Nishimura, 2009]. Fuego magmas are basal-
tic andesites and could conceivably produce the observed tilt
signals due to either of these processes, depending on magma
supply rate and conduit conditions, which are poorly con-
strained. However, the duration of the tilt signal, explosion
observations, and high infrasound overpressures (>100 Pa at

Figure 3. Pre-explosion tilt particle motions plotted at
the station locations on a DEM of Fuego’s upper cone. Blue
traces are the stacked data and yellow traces are the best
synthetic spherical source. Amplitudes are normalized by sta-
tion. The red star represents the location of the VLP seismic-
ity from Lyons and Waite [2011] and the black cross is the
best-fit tilt source. Contour intervals are 200 m.

LYONS ET AL.: TILT AND THE EFFECT OF TOPOGRAPHY L08305L08305

4 of 6



1 km) suggest that these explosions were not strombolian
bubble bursts. Lyons andWaite [2011] showed that extensive
plagioclase crystallization is expected for Fuego magmas at
depths around the best-fit tilt source model due to degassing
crystallization, and invoke the destruction of a pressurized
plug as the source of the Fuego explosions that produced
VLP signals.
[18] The tilt signals at the three stations closest to the

summit show that a change in the tilt signal begins several
minutes prior to explosions (Figure 2). In the case of strom-
bolian eruptions, the observed change in tilt prior to an
explosion can be associated with the ascent of a gas slug
above the elevation of the station locations (T. Nishimura,
personal communication, 2011). However, based on obser-
vations at other volcanoes [e.g., Iguchi et al., 2008] and the
characteristics of the explosions and the interpretations of
Lyons and Waite [2011] and Nadeau et al. [2011], we think
that the change in tilt polarity just before the explosions is
more likely due to gas leaking into preexisting fractures
opened in the pressurized conduit wall, or gas escape due to
the opening of fractures in the crystallized plug at the top
of the conduit. Visual observations of large explosions at
Fuego sometimes show a small puff of gas prior to explo-
sions, which may be indicative of this process.

5. Summary

[19] Pre-explosion tilt is derived from the horizontal
components of broadband seismometers deployed at Fuego.
The tilt sequence shows: 1) slow deformation beginning
�25 minutes prior to explosions, 2) reversal in tilt direction
several minutes prior to explosions, and 3) rapid tilting
coincident with broadband seismic and infrasound explosion
onsets. The steep topography of the upper cone of the vol-
cano appears to significantly affect how the tilt signals are
recorded on the horizontal channels. The source location and
geometry were constrained using a finite-difference model
that includes the 3D topography of Fuego. Best-fit model
results place an inflating spherical pressure source centroid
�120 m west and �40 m below the summit crater. Spherical
sources with a flat topography are unable to reproduce the
tilt motion and suggest that topography must be considered
in order to realistically model deformation source locations
and geometry on volcanoes with steep topography. The tilt
signals are interpreted as shallow pressure accumulation
beneath a plug of degassed magma followed by elastic
recovery of deformation coincident with explosive pres-
sure release. The ability to record deformation with port-
able broadband seismometers aids in unraveling eruption
mechanics, especially when combined with other geophys-
ical data.
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