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Abstract The most recent eruptive cycle of Tungurahua
volcano began in May 2004, and reached its highest level
of activity in July 2004. This activity cycle is the last one
of a series of four cycles that followed the reawakening
and major eruption of Tungurahua in 1999. Between June
30 and August 12, 2004, three temporary seismic and in-
frasonic stations were installed on the flanks of the volcano
and recorded over 2,000 degassing events. The events are
classified by waveform character and include: explosion
events (the vast majority, spanning three orders of pressure
amplitudes at 3.5 km from the vent, 0.1–180 Pa), jetting
events, and sequences of repetitive infrasonic pulses, called
chugging events. Travel-time analysis of seismic first
arrivals and infrasonic waves indicates that explosions start
with a seismic event at a shallow depth (<200 m), followed
∼1 s later by an out-flux of gas, ash and solid material
through the vent. Cluster analysis of infrasonic signals
from explosion events was used to isolate four groups of
similar waveforms without apparent correlation to event
size, location, or time. The clustering is thus associated
with source mechanism and probably spatial distribution.
Explosion clusters do not exhibit temporal dependence.
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Introduction

Tungurahua volcano (1.45◦S, 78.43◦W) is one of the most
active volcanoes of the Ecuadorean Andes. Its current vol-
canic cone has steep flanks (30–35◦) and an open crater in
the upper part of its northwestern flank. This cone is built
over two ancient edifices that were destroyed by large debris
avalanches (Hall et al. 1999). Since colonial times (1534),
Tungurahua has produced five eruptive periods: 1640–
1641, 1773–1777, 1886–1888, 1916–1918, and 1999–
present (Egred 2004), totaling seven major emissions of
lava, pyroclastic flows and fallout tephra with silica content
ranging from 56.8 to 65.5% (Hall et al. 1999). The current
crater has been the emission point for all these eruptions.

Appearance of volcanic tremor in 1993 preceded the last
eruptive period (Ruiz et al. 1999), whose first explosion
occurred on October 5 1999, and was followed by a signifi-
cant activity in November–December 1999 (Molina 2001).
On October 17th, the alert level at Tungurahua volcano
was raised to Orange, leading to an evacuation of over
26,000 people from Baños, a town 8 km from the summit,
as well as other villages surrounding the volcano area
(Tobin and Whiteford 2002). Activity in November and
December 1999 was dominated by ash-and-tephra falls on
the west flank and mushroom-shaped columns sometimes
extending higher than 7 km (Instituto Geofisico 2001).
During this time period, however, no pyroclastic flows
occurred. After November, volcanic activity decreased and
the majority of evacuees returned to Baños on January 5,
2000 (Instituto Geofisico 2001).

Since the sizable eruptive activity in late 1999 ended,
Tungurahua exhibited four eruptive cycles (Fig. 1). The
most recent eruptive cycle started in late May 2004, reached
its climax in July, and waned in the early part of 2005.
Diverse measurements carried out by the Geophysical In-
stitute of the National Polytechnic School of Ecuador (IG-
EPN) confirmed that Tungurahua reached a moderate ac-
tivity level during the most recent period (May–December
2004) with frequent ash columns of altitudes no higher than
3 km above the crater. COSPEC measurements carried out
by IG-EPN (Instituto Geofisico-OVT, 2004) indicated SO2
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Fig. 1 Monthly number of explosions recorded by the seismic net-
work of Instituto Geofisico in log scale is given by the dark line.
Peaks of activity are labeled with a month-year code. 2004 sum-
mer deployment is marked by arrows. Data compiled from Instituto
Geofisico data base

concentrations of 65 t/h (07/08/04) and 81 t/h (07/28/04),
showing that Tungurahua had slightly higher degassing lev-
els than the 2003–2004 background (43.1±27.9 t/h). De-
spite this activity level, approximately 25,000 people reside
in high-risk areas such as Baños and small villages and
farms on the volcanic flanks.

In October 1999, a temporary infrasonic microphone was
deployed on a ridge just in front of the northwestern flank.
During a 4-day operation, this instrument recorded series
of explosion pulses and an almost continuous jetting signal
(Johnson et al. 2003). In addition, a low-frequency mi-
crophone installed at the headquarters of the Tungurahua
Volcano Observatory (∼13 km from the vent) recorded
14 infrasonic explosion signals from August 11 through
August 31, 2000. All the infrasonic signals began with a
single compression-rarefaction pulse in a low frequency
band (0.5–2.1 Hz). Explosion signals have been further
observed with ground-coupled waves at seismic stations,
especially at station PATA (4.6 km from the vent). The
time difference between P waves and infrasonic ground-
coupled waves ranges from 11 to 16 s at PATA with a mean
of 13.3 s (Ruiz et al. 2001). In this paper, we describe a
temporary deployment of three seismic and infrasonic sta-
tions installed in the summer of 2004 to monitor explosion

Fig. 2 Location of broad-band seismic-infrasonic stations (BB-IS)
deployed on June–August 2004 on SW (MAS), NW (JUI) and NE
(RUN) flanks of Tungurahua volcano. Vertical and horizontal axes
are in kilometers

activity and further constrain source locations of eruptions
at Tungurahua.

Experiment description

In late June 2004, two stations (RUN and MAS) with col-
located seismic and infrasonic sensors were deployed on
the NE and SW flanks. Another station (JUI) was deployed
on the NW flank on July 19, 2004. These instruments were
located at horizontal distances between 3.20 and 5.51 km
from the active vent (Fig. 2; Table 1). Power failures due
to ash falls, wind, and heavy rains occasionally affected
the instrument operation. However, more than 2,300 seis-
mic events were recorded between June 29 and August 12,
2004, and most of these (2,142) were related to the volcanic
activity. Others correspond to tectonic activity, especially
the earthquakes of the Pisayambo seismogenic zone, and
the main shock and aftershock sequence of a local 4.2 tec-
tonic earthquake (July 30, 2004).

Table 1 Description and
location of instrumentation

Station Sensors Gains Response Latitude S Longitude W Altitude Total
distance

MAS CMG40T
LD 2570

802 v/m/s
48.4 mv/Pa

30 s–50 Hz
>0.2 Hz

−1.4836◦ −78.4684◦ 3,310 m 3,516 m

JUI CMG40T
LD 2570

800 v/m/s
48.4 mv/Pa

30 s–50 Hz
>0.2 Hz

−1.4353◦ −78.4607◦ 2,965 m 4,168 m

RUN CMG3T
LD 2570

1496 v/m/s
48.4 mv/Pa

114 s–50 Hz
>0.2 Hz

−1.4221◦ −78.4223◦ 2,700 m 5,889 m
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Table 2 Distinctive characteristics of degassing signals at Tungurahua volcano

Signal type EX RO CH

Seismic signal First arrival on vertical component is
emergent with compressive polarity
in all azimuths. Waveform envelope
has spindle shape. Ground-coupled
acoustic signal is noticeable

Emergent: waveform envelope has
spindle shape. No ground coupled
acoustic signals are apparent. Small
amplitudes

Emergent: no explosion event as a
trigger. Waveforms have tremor-like
envelopes. No ground coupled
acoustic signal is apparent. Small
amplitudes

Infrasonic signal Clear compressive pulse followed by
rarefaction and small amplitude
coda. Frequency 1–3 Hz. Some
events are followed by a
high-frequency rumbling (up to
62 Hz). Large range of amplitudes
(up to 180 Pa)

Emergent first arrival waves are
followed by a chaotic wave train
with larger amplitudes. This starts
with a very small blast in a few
cases. Frequencies 1–10 Hz

Sequence of compressive pulses with
time intervals between 0.5–1.0 s. No
clear gliding is seen

Description of degassing signals

Degassing events, characterized by the presence of concur-
rent seismic and acoustic signals, comprise 95% of vol-
canic seismic signals recorded at Tungurahua during the
2004 deployment. Degassing signals are classified as: ex-
plosions (EX), jetting signals (roars, RO), and chugging
events (CH), based on waveform characteristics summa-
rized in Table 2. Local seismic signals without an acoustic
(infrasonic) component have been classified as: Long Pe-
riod (LP), Hybrid (HB), Volcano-tectonic (VT), and Tremor
(TR) (Power et al. 1994). Figure 3 shows the distribution
of these categories.

Fig. 3 Distribution of main types of seismic signals recorded on
Tungurahua. Explosions (EX), jetting (or roars RO), and chugging
(CH) events have acoustic signals. These events are related to de-
gassing processes, and account for more than 95% of total volcanic
signals. Tremor (TR), Long-Period (LP), Hybrid (HY), and Volcanic-
Tectonic (VT) events do not have an acoustic component

Explosions

At all stations, infrasonic records of EX events (Fig. 4A)
have impulsive compression onsets, followed by rarefac-
tion pulses, and a short duration coda with an exponential
decaying envelope. These signals contain more energy in
the 1–3 Hz band without a very long period component,
and are similar to explosion signals recorded on Sakura-
jima (Garcés et al. 1999), Sangay (Johnson and Lees 2000),
Karymsky (Johnson and Lees 2000), Arenal (Hagerty et al.
2000), and Fuego (Johnson et al. 2004). Amplitudes of
EX signals span three orders of magnitude from 0.1 to
180 Pa (July 21, 03h32 GMT, the largest signal recorded
on MAS station). Often initial EX infrasound is followed
by a tremor-like signal (Fig. 4B) with irregular envelope
and wide frequency content (up to the signal’s Nyquist fre-
quency of 62.5 Hz). Time lapses between the impulsive
explosion blast and the tremor-like signal range from 5 to
100 s. Several of these high frequency signals have larger
pressure amplitudes than the initial blast.

Seismic signals of explosion events (Fig. 4C and D) are
characterized by an emergent compressive onset on verti-
cal components (Tp1), followed by a secondary compres-
sive phase (Tp2). Some seismic waveforms have very clear
ground-coupled airwaves with high frequency content.

Jetting signals

Waveforms of jetting signals (roars) are characterized by
emergent initial arrivals with long duration codas both in
seismic and infrasonic records (Fig. 5A and C). No clear
blasts are associated with the initiation of these signals.
Acoustic records of some eruptions from Stromboli (Woulff
and McGetchin 1976) have an appearance similar to the
one observed in RO events including (1) emergent onset,
(2) coda punctuated by distinct peaks, and, (3) a gradual
decay to background. Dominant amplitudes span the 1–
4 Hz band with no significant energy above 10 Hz. In a
few cases, however, jetting events seem to be generated by
overlapping series of smaller explosions; but in general, no
single blast signals are recognized.
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Fig. 4 Infrasound (A–B) and
seismic (C–D) traces and
spectrograms of explosions
recorded at MAS station. Time
scales are in seconds. Pressure
amplitudes are in pascals and
seismic amplitudes in µm/s. A
bar over spectrograms shows
the FFT window length (2 s).
Left panels: Infrasound record
of an EX event (07/21/2004
03h32) with a peak-to-peak
pressure disturbance of 182 Pa.
Onset is marked by a very clear
arrival of a compression wave
(A). Pressure decays
exponentially with most of the
pressure disturbance lasting
about 4 s. Corresponding
seismic record with a maximum
ground motion peak-to-peak
velocity is 923 µm/s.
Ground-coupled infrasonic
waves are recognized by their
higher frequency content (C).
Right panels: Infrasound record
of an EX event with a large
rumbling wave-train (08/4/2004
09h37 with a maximum
pressure disturbance of 3 Pa)
occurring after an impulsive
onset (B). Corresponding
seismic record with a maximum
ground motion peak-to-peak
velocity of 30 µm/s (D)

Chugging signals

In the course of this deployment, harmonic tremor
‘chugging’ (CH) events were recognized for the first time
at Tungurahua. However, this does not mean that chugging
signals were not produced in the past as acoustic moni-
toring at Tungurahua has been intermittent. Although rela-
tively rare compared to other degassing signals, 16 events
showed sequences of pulses at time intervals between 0.5
to 1.0 s (Fig. 5B and D), with a saw-tooth shape on infra-
sonic records, similar to chugging events observed on other
active volcanoes (Hagerty et al. 2000; Johnson et al. 1998;
Johnson and Lees 2000). Each pulse consists of an initial
compression followed by a small rarefaction, resembling a
periodic sequence of minor blast events. Seismic records of
CHs have emergent onsets and tremor-like codas without
clear distinctive pulses. Spectrograms of Tungurahua’s CH
events show that most of the energy is in the 1–3 Hz band
and gliding (Garcés et al. 1998) is not apparent.

Clustering of explosive events

Quantitative cluster analysis was applied to the highest
quality data in order to find populations of EX events with

common characteristics. To extract a consistent data set,
we used 361 events with reliable seismic and acoustic
arrival-times at MAS (Fig. 2). Events with picking er-
rors greater than 0.1 s were rejected. The high-quality
events were partitioned using fuzzy logic R-software (Ihaka
and Gentleman 1996; Kaufman and Rousseeuw 1990). A
cross correlation matrix of all pairs of data is created and
the dissimilarity matrix (D) is formed from the comple-
ment of the cross correlation. The matrix D is rotated by
principal component analysis, such that the first component
is the direction of maximum variance between dissimilar-
ity coefficients, and the second component has maximum
variance among all components perpendicular to the first
(Pison et al. 1999). Clusters are graphically displayed on a
principal component plot with ellipses containing all events
of each cluster. Distance between ellipses measures the de-
gree of dissimilarity between clusters. For a full description
of the algorithm, see Pison et al. (1999).

Clusters of infrasonic signals

Prior to cluster analysis, signals were filtered using a
band-pass 0.5–10.0 Hz Butterworth filter. Four second data
windows with a 1-s pre-event window were considered
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Fig. 5 Left panels: infrasound
(A) and seismic (C) records of a
jetting (RO) event (07/3/2004
04h50) at MAS station. Pressure
amplitudes are in pascals and
seismic amplitudes in µm/s.
Infrasonic records show a
chaotic wave-train with the
largest amplitude of 2 Pa and
most of the energy in the
1–10 Hz band. Seismic signals
have a very emergent onset with
the largest amplitudes of
19 µm/s. Right panels: CH
event recorded at MAS station.
B Infrasound record of an event
on 07/3/2004 09h38, shows a
sequence of pulses at regular
time intervals starting at time
8 s, and becoming clear at time
22 s. Pressure disturbance of
these events are generally small
(0.17 Pa). D Corresponding
seismic signals with a
tremor-like appearance. Gliding
is not clearly seen in
Tungurahua’s CH events. Note
duration of CH and RO events.
Time scales are in seconds.
Infrasound amplitudes in
pascals and seismic amplitudes
in µm/s

for analysis. Cross-correlation scores for the full data set
are generally low, so only high correlation pairs were
selected for analysis. Cluster analysis was applied to a set
of 28 events with correlation factors (σ ) larger than 0.96.
From this analysis, four distinct clusters were observed
(Fig. 6). Using a hierarchical technique, a dendogram tree
was produced for these events (Fig. 7). In this type of
graph, adjacent events, represented as leaves, are the most
similar. Clusters are grouped in branches with a length
proportional to the level of dissimilarity (1−σ ). Using
such a method, the same four clusters of EX events were
obtained. An inspection of stacked signals of these clusters
shows the following characteristics:

– Group A1 (1, 9, 10, 17, 19, 23, 27) events (Fig. 8A)
have a short duration compression phase (tc=0.25 s),
followed by long-duration rarefaction phase (tr=0.43 s)
with a large ratio between amplitudes of compression and
rarefaction peaks, hereafter represented by ξ (ξ=0.962
for A1 cluster).

– Group A2 (2, 5, 8, 12, 13, 16, 20, 22, 24) events (Fig. 8B)
have a very short compression time tc=0.23 s, followed
by a short duration rarefaction tr=0.27 s. However, the
compression /rarefaction ratio ξ=0.733 is small.

– Group A3 (3, 7, 14, 15, 21) events (Fig. 8C) have a short
duration compression phase tc=0.26 s, followed by a
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very long-duration rarefaction phase tr=0.51 s. Pressure
ratio is high ξ=0.932, as in Group 1.

– Group A4 (4, 6, 11, 18, 25, 26, 28) events (Fig. 8D) have
a low-frequency compression, and also low-frequency
rarefaction (tp=0.31 and tr=0.49 s). Pressure ratio is
small (ξ=0.667).

Other than the differences in waveform signature noted
above, the infrasonic signal clusters show no other distinc-
tive amplitude or temporal variations.

Clusters of seismic signals

Before performing a cluster analysis, we applied a band-
pass filter (0.5–10.0 Hz) and integrated the corresponding
seismic signals to seismic displacement. Initial arrivals of
the seismic signals were selected with 4-s windows. The
seismic signals are more complicated than the infrasonic
signals due to path effects, and perhaps, source complexi-
ties. Clustering of the seismic signals was weaker than the
acoustic signals. Only two poorly related groups (S1 and
S2) were found using the same fuzzy logic process (Fig. 9).
Stacked signals corresponding to seismic records of each

Table 3 Statistics of delay times between infrasonic and seismic
arrivals of EX events

Station N readings Median (�T) (s) �T5% (s) �T95% (s)

MAS 361 10.062 9.359 12.602
JUI 24 11.904 10.998 16.175
RUN 164 16.854 16.293 18.943

cluster are presented in Fig. 10. Most of the events of acous-
tic group A1 (6 out of 7 events), and A2 (5 out of 7) belong
to S1, and most of the events of A3 (8 out of 9 events)
belong to S2. Events from cluster A4 are split between
three events in S1 and two in S2. This apparent correlation
between infrasonic and seismic clusters suggests that clus-
ters are related to a source effect, due to the fact that these
signals, traveling on completely different paths, show some
degree of coherent clustering.

Analysis of source locations

Delay times between impulsive pressure pulses and emer-
gent seismic onsets (�T=Tac−Tp1), measured from 361
events with clear arrival times, were analyzed in or-
der to constrain the explosion (EX) source locations.
The distribution of these delays has a positive skew,
with an apparent Poisson-type distribution (Fig. 11).
Table 3 shows the median values and the 5th and 95th
percentiles of �T. We found that the scatter in �T
is not caused primarily by a atmospheric effect, be-
cause normal daily variations in ambient temperature
were too small to produce the observed time anoma-
lies. Average delay times between seismic and acous-
tic phases were analyzed for both night-time explo-
sions and day-time explosions and show a difference of
about 0.1 s for presumed cold and warm atmospheric
conditions. This is significantly less than the observed
scatter. Ambient winds could also affect acoustic arrival
times. However consistent anomalies at all stations (az-
imuthal distribution of ∼180 ◦), suggest that these delays
are not caused by wind. Winds (0–5 m/s at 18,000 feet
according to Instituto Geofisico, in unpublished weekly
reports) were also too small to produce these anomalies.
Thus, the large scatter of observed �T can be explained by
these options: (1) a seismo-acoustic point source located
at variable depth within the conduit, (2) a spatially-fixed
point source with variable ascent velocity of erupted ma-
terial, and (3) a spatially-extended source that has a vary-
ing source time function. In this paper, we address the
first option in detail below and we discuss implications
for the second option. Option (3) is beyond the scope of
this paper because it requires detailed analysis of source
time functions and mechanisms of the explosive volcanic
events.

We assume that EX events originate as a point source
at time To inside the conduit at a depth z below the crater
floor with fixed elevation hv∼4,750 m. At this point, we
consider that seismic waves are generated due to a gas
expansion inside the conduit accompanied by a possible
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brittle fracture. The initiation of the EX event thus corre-
sponds to the onset of gas and ash rising through a narrow
conduit (or system of cracks) towards the vent. For the
sake of a simplistic model, we fix the rise velocity (U)
of this two-phase fluid between the original source depth
and the vent. Gas reaches the flaring portion of the con-
duit (i.e., the vent) near the crater floor at time (T0+z/U),
where it freely expands into the atmosphere and produces
infrasound. Sudden volumetric expansion at the vent may
also generate a secondary seismic pulse. These acoustic
and secondary seismic waves propagate from the vent and
arrive at the stations at times Tac and Tp2, respectively
(Fig. 12). The initial seismic pulse, corresponding to the
event onset, arrives at time (Tp1=T0+tpi) at the station i
(elevation hi). For a temperature of 10◦C, we calculate a
corresponding air sound speed of vair=337.6 m/s using Eq.
(1.2) of Ford (1970). The following equations are used

to estimate the travel times of first seismic and infrasonic
waves:

tpi = 1

α

(√
d2

hi + (hv − hi − z)2
)

(1)

taci =
√

d2
hi + (hv − hi)2

vair
(2)

And the time difference between arrivals is the following:

�Ti = z

U
+ taci − tpi (3)

Where tpi is the travel time of the first seismic pulse from
the source to the station i, and, taci is the travel time of
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applying a fuzzy logic process. Two poorly constrained clusters: S1
(circle) and S2 (triangle) of explosion events are circled

acoustic wave from the crater to the station i (MAS, JUI
or RUN). The horizontal distance from the conduit to the
station i is dhi, and α is the seismic velocity of the volcano
edifice.

Using a seismic velocity of 2.9 km/s found by Molina
(2001) for a half space velocity model for p waves at
Tungurahua, variations in U and z, were investigated by
minimizing the residuals between observed and predicted
delay times (�T) at three stations (Eq. (3), Fig. 13). Mini-
mum residuals show a clear trade-off between U and source

depth (z): (z = 0.925, U − 4.419) in the ranges of U (10–
300 m/s) and z (15–275 m).

The ascent rate of a two-phase fluid through a conduit or
system of cracks is a very complex problem, which depends
upon flow properties (density, viscosity) and path geometry
(width, length, and wall roughness) (Papale 1998; Garcés
2000). At the vent, the gas-and-ash mixture is able to ac-
celerate as it leaves the confines of the conduit (Nishimura
and Chouet 2003; Johnson 2003). Owing to conservation
of material flux, the conduit velocity (U) is assumed to
be less than the initial ejection velocity at the vent (vej).
Therefore, we calculated vej using the total acoustic power
(�) radiated by these events, based on the assumption
that blast-type eruptions can be represented as an ideal
monopole acoustic source (Woulff and McGetchin 1976).
Total acoustic power, emitted during a time interval (Tb) in
a half sphere of radius equal to the distance between the
vent and the microphone, is easily calculated by integrating
the square of pressure disturbance (�p), using the follow-
ing expression given by Vergniolle and Caplan-Aubech
(2004):

� = πr2

ρairvairTb

T b∫

0

�p2dt (4)

Gas exit velocities at volcanic explosions can be obtained
using the expression given below (Woulff and McGetchin
1976 ):

vej =
(

vair�

4πKmρair R2
b

)1/4

(5)

Constant Km=1/16 for monopole sources is given by
Vergniolle and Caplan-Aubech (2004). Radius of the orifice
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Rb=10 m is estimated from oblique FLIR pictures taken by
P. Ramón and F. Bocker in March 2003 (Samaniego et al.,
2003), and air density (ρair) equal to 0.9 kg/m3 (Batchelor,
1967). With Eq. (5), we found the gas ejection velocity
for 361 explosion events of Tungurahua, with a median of
vej=20 m/s and a maximum of 130 m/s. The median of vej
represents a first order approximation for U. Gas ejection
velocities vej reported on Strombolian explosions are in the
range of (20–112) m/s (Chouet et al. 1974; Weill et al.
1992; Ripepe et al. 2001, 2002). For vulcanian explosions
at Soufriere Hills, jet velocities varying from 40 to 140 m/s
were measured (Formenti et al. 2003).

Once U and α are fixed, we used Eq. (3) to find the
best fit source depth (z) in the conduit for EX events based
on time differences between acoustic and seismic arrivals.
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Fig. 12 Schematic propagation model for EX type events in Tun-
gurahua volcano. Source is located at depth z below crater. From
z, gas-and-solid material ascends at velocity U through the conduit,
reaching the crater floor (altitude hv) at time To+U/z. Secondary seis-
mic and infrasound signals travel in almost parallel paths from the
vent to the station at altitude hi and horizontal distance to vent dhi

Assuming a constant U, large variation of �T also im-
plies a variation in source locations. Statistical estimates
of z are given in Table 4 and Fig. 14. Considering the
5th and 95th percentiles of z, we found that the source of
explosion events at Tungurahua extends from the crater
floor down to ∼100 m below. Although amplitudes of in-
frasonic clusters are not significantly different, clusters A1
and A2 have different depths at 10% significance. The shal-
low source depths of EX events are comparable to depth
estimations of explosions on other volcanoes such as Are-
nal (Alvarado and Barquero 1987; Hagerty et al. 2000),
Stromboli (Chouet et al. 1997, 2003; Ripepe et al. 2001),
and Etna (Gresta et al. 2004), where depths of explosion
sources are shallower than 260 m.

Using a higher ascending velocity (U=100 m/s), as might
be expected for large explosions, we estimate an explosion
depth range of ∼50–200 m below crater. For U<20 m/s, z
values are smaller than those reported on Table 4.

Stacked records of seismic explosion signals (Fig. 10)
show the secondary compression phase (Tp2) arriving 1.0 s
after the onset of the first seismic wave (Tp1). We assume
that infrasonic wave and the secondary seismic pulse are
both generated at the vent; and that both waves have nearly
coincident ray-paths. Using the difference between these
two arrival times, we can estimate α with a known propa-
gation distance (d) and estimated sound speed as follows:

Tac − Tp2 =
(

1

vair
− 1

α

)
d (6)

Table 4 Statistical estimates of explosion source depth z

Station/
depth (z)

z5th perc.
(m)

z25th perc.

(m)
z50th perc.

(m)
z75th perc.

(m)
z95th perc.

(m)

MAS 3 11 17 30 68
JUI 2 17 20 35 105
RUN 17 24 29 39 70
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Fig. 14 A Observed �T delay times at MAS, JUI, and RUN. B
EX source depths estimated using a model with a vertical conduit.
The median value is indicated by a line inside the box. The ends of
the box correspond to statistics called “hinges”, which are similar
to quartiles. Whiskers extend to values 1.5 times the inter-quartile
range. Box widths are proportional to the square root of the number
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We note that observed delay times between the infrasonic
and the secondary seismic phase match with a value of
α=2.9 km/s, used in previous calculations.

Conclusions

During our seismo-acoustic deployment in 2004, Tungu-
rahua volcano exhibited a diversity of degassing styles,

characterized by single explosion blasts, long-duration jet-
ting signals, and chugging signals. As compared to seismic
records, infrasonic signals are considerably simpler, and
thus provide a means for signal classification of explosion
events. Four distinct cluster groups were recognized among
the highly correlated explosion events. The groupings are
based entirely on waveform similarity, and do not show any
particular temporal pattern. Although at 10% significance,
two infrasonic clusters have different source depths.

Large differences in arrival times of acoustic and seismic
waves observed at Tungurahua, support a model where ex-
plosions occur at different depths inside the shallow part of
the conduit (depth <200 m below the crater floor). Explo-
sions start with a first pulse of seismic waves that exhibit
a compressive polarity at all azimuths. After the event
initiation, a two-phase mixture rises up through the con-
duit and arrives at the crater floor about 1 s later. Rapid
gas expansion at the vent generates infrasonic compression
waves and a secondary seismic pulse.
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