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Telica Volcano, Nicaragua, is a persistently restless volcano with daily seismicity rates that can vary by orders of
magnitudewithout apparent connection to eruptive activity. Low-frequency (LF) events are dominant and peaks
in seismicity rate show little correlation with eruptive episodes, presenting a challenge for seismic monitoring
and eruption forecasting. A short period seismic station (TELN) has been operated on Telica's summit since
1993, and in 2010 the installation of a six-station broadband seismic and eleven-station continuous GPS network
(the TESAND network) was completed to document in detail the seismic characteristics of a persistently restless
volcano. Between our study period of November 2009 and May 2013, over 400,000 events were detected at the
TESAND summit station (TBTN), with daily event rates ranging from 5 to 1400.We present spectral analyses and
classifications of ~200,000 events recorded by the TESAND network between April 2010 and March 2013, and
earthquake locations for a sub-set of events between July 2010 and February 2012. In 2011 Telica erupted in a
series of phreatic vulcanian explosions. Six months before the 2011 eruption, we observe a sudden decrease in
LF events concurrent with a swarm of high-frequency (HF) events, followed by a decline in overall event rates,
which reached a minimum at the eruption onset. We observe repeated periods of high and low seismicity
rates and suggest these changes in seismicity represent repeated transitions between open-system and closed-
system degassing. We suggest that these short- and long-term transitions between open to closed-system
degassing form part of a long-term pattern of stable vs. unstable phases at Telica. Stable phases are characterised
by steady high-rate seismicity and represent stable open-system degassing, whereas unstable phases are
characterised by highly variable seismicity rates and represent repeated transitions from open to closed-
system degassing, where the system is unable to sustain steady open-system degassing. These observations
have implications for seismic monitoring at persistently restless volcanoes as the recognition of unstable seismic
phases may indicate the open-system degassing process cannot be sustained and explosions are likely.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY 3.0 license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Persistently restless volcanoes (PRVs) (Stix, 2007) are characterised by
highly variable rates of seismicity, persistent degassing and frequent ex-
plosions. PRVs do not experience clear ‘background’ or ‘unrest’ states,
and instead experience phases of eruptive and non-eruptive behaviour
that show little obvious correlation with geophysical measurements. For
example, the 1999 sub-Plinian eruption of the persistently restless Shi-
shaldin Volcano, Alaska was preceded by a short-lived seismic swarm,
l.: +44 1865 272000; fax: +44

rs).
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but much larger swarms occurred in other years with no subsequent
eruptive activity (Petersen et al., 2006). Recognition of precursory seismic
swarms is an important aspect of volcanomonitoring, but the highly var-
iable rates of seismicity observed at PRVsmake forecasting eruptive activ-
ity based on changes in seismicity rates alone challenging, highlighting the
need for an improved understanding of the processes and patterns of seis-
micity occurring at PRVs. In this studywe aim to characterise seismicity at
the persistently restless Telica Volcano, Nicaragua, during periods of erup-
tive and non-eruptive activity, and to investigate the volcanic processes
that drive the transition between these two types of activity.

Telica Volcano exhibits unusual seismic activity before, during and
after eruptions. Seismicity preceding the 1999 eruption of Telica de-
clined in the months before the eruptive episode and also before large
the CC BY 3.0 license (http://creativecommons.org/licenses/by/3.0/).
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explosions during the eruption (Rodgers et al., 2013). In 2009-2010 re-
searchers from the University of South Florida and The Pennsylvania
State University installed a network of seismic and continuous GPS
(cGPS) stations on Telica (Fig. 1) to study its seismic andmagmatic pro-
cesses. In this studywe analyse the seismicity at Telica over a three-year
period from 2010 until 2013, including a period of phreatic eruptive ac-
tivity in 2011. We document and interpret changes in event rates and
event properties, including spectral content, over the three years of
the network deployment, including changes in seismicity surrounding
Fig. 1. Location of Telica Volcano and TESAND network stations: seismic stations (black inverte
Central America (right) and major volcanic centres of NW Nicaragua (left).
the 2011 eruption. In this studywe find that rates of seismicity at Telica
are highly variable, but that the pattern of seismicity surrounding the
2011 eruption shares certain similarities with the 1999 eruption, in
that we observe a decline in seismicity in the months before the erup-
tion. We propose a model for the long-term patterns of seismicity
where the system transitions from stable to unstable phases, where
stable phases represent periods of well-established open-system
degassing and unstable phases represent periods of repeated transition
from open to closed-system degassing.
d triangles), CGPS stations (white triangles) and pressure sensor (black circle). Inset map:
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2. Background

2.1. Telica Volcano, Nicaragua

Telica is a basaltic-andesitic volcano in the Maribios range of the
Central American volcanic arc (Fig. 1) where the Cocos plate subducts
beneath the Caribbean plate. The Telica volcanic complex is an east-
west trending series of volcanic craters, with the oldest (La Joya) pit cra-
ter at the eastern end and the currently active crater at the western end
(Roche et al., 2001). Eruptive activity at Telica Volcano is characterised
by small low-explosivity phreatic to phreatomagmatic vulcanian erup-
tions (VEI 1-2) every few years, however large eruptions have occurred
at Telica (Siebert and Simkin, 2002). The largest historical eruption oc-
curred in 1529 (VEI 4) and produced the only historically-recorded
lava flow. Telica’s geology, showing multiple lava flows, thick scoria
layers and pyroclastic deposits suggests earlier periods of intense erup-
tive activity. In 1993 the first permanent seismometer (TELN) was
installed 0.4 km from the active vent of Telica, and since then highly var-
iable rates of seismicity have been observed. On average ~4000 events
per month were recorded between 1997 and 2009 by this summit sta-
tion (Fig. 2). The rate varies from less than ten events for the entire
month of June 1998, to almost 20,000 events for the month of May
2004 (Tenorio, 1993), but peaks in seismicity are generally not associat-
ed with episodes of eruptive activity.

2.2. Eruptive activity

Eruptive activity during the study period was dominated by a three-
month-long series of phreatic vulcanian explosions in 2011. Aminor pe-
riod of ash emission occurred on the 13th and 14th January 2013 when
small, diffuse ash plumes were observed, but these plumes barely rose
above the crater rim. The 2011 eruption episode started on the 7th
March 2011 when the first ash emissions were observed, and small ex-
plosions were reported in March and April 2011 (Geirsson et al., 2014).
Three distinct explosions on the 8th May 2011 are considered to reflect
the start of a more energetic explosive period. Some of the most ener-
getic explosions of the 2011 eruptive episode were observed on the
18th May and on the 21st May 2011, and produced eruption plumes
up to 2 km elevation and sustained ash emissions for up to 30 minutes.
Eruptive activity then waned after the 24th May 2011 and the eruption
ended bymid-June 2011. An average SO2 flow rate of 115 (±100) tons/
daywasmeasured between January andMarch 2010; an average of 140
(±110) tons/daywasmeasured during the eruptive episode (May-June
2011) and a single DOAS (Differential Optical Absorption Spectroscopy)
measurement of 66 tons/day was recorded on the 16th March 2011
Fig. 2.Monthly event rates from 1997 to 2009, reproduced from INETERmonthly bulletins. For
published data are indicated by asterisks under the time-axis. Months during which explosion
(Geirsson et al., 2014). Crater floor temperature measurements indicat-
ed a stable temperature of 200-300 °C in early 2010, which dropped to
~130 °C in February-March 2011 and then increased to 590 °C in June
2011 (Geirsson et al., 2014). Ash analysis (Major element concentra-
tions; X-ray diffraction) suggests that the erupted material was altered
prior to eruption and the existence of accretionary lapilli in the deposits
suggests a phreatic eruption (Geirsson et al., 2014). The TESAND cGPS
recorded only tectonic deformation between early-2010 and mid-
2012 and the lack of any deformation signal attributed to volcanic pro-
cesses at Telica suggests that any intrusion of magma that may have oc-
curred was either too small or too deep to be observed geodetically, or
that any build-up of pressure as a result of sealing was also too small
to be observed (Geirsson et al., 2014).
3. Seismic data analysis

3.1. The TESAND experiment

In 2009-2010 the TElica Seismic ANd Deformation (TESAND) net-
work was installed at Telica Volcano, Nicaragua. This network consists
of six intermediate-band (30 second) seismometers (Guralp 6TD/6 T),
one pressure sensor (Chaparral 25 V) and ten cGPS (Net RS) stations
(Fig. 1). The first seismometer was installed in November 2009 at sta-
tion TBTN (Figs. 1 and 3), the remaining five seismic stations and the
majority of the cGPS stations were installed in March 2010, and the
pressure sensor (TBCF) was installed in June 2010 (Fig. 3).

The seismic network design was determined by the location of pre-
existing concrete instrumentation bunkers, which provide critical secu-
rity for the instruments and peripherals. Two of the TESAND stations
(TBTN and TBCA) were co-located with existing INETER short-period
seismic stations (TELN and TEL3). The closest station, TBCF, is 0.2 km
from the active vent and houses a seismic and pressure sensor. The loca-
tion of the seismic stations gives good coverage for local events, with a
maximum azimuthal gap of 130° around the vent and distances from
the vent of between 0.2 km and 3.5 km (discounting station TBPV,
which was only operated for the first four months of this study).

The continuous seismic data analysed in this study were recorded
with a sampling rate of 100 Hz at station TBCF (the co-located seismic
and infrasound station), and 50 Hz at all other seismic stations. Seismic
data were stored locally on the instruments and downloaded every
three months during maintenance visits. TBTN was chosen as the pri-
mary station for single-station analyses due to its relative proximity to
the vent, minimal data gaps (Fig. 3) and long-term continuity with the
short-period INETER station TELN.
details on event detection parameters see Tenorio, (1993). Months for which there are no
s/ash emissions were reported are indicated by arrows.



Fig. 3. Station operation time periods for all the TESANDnetwork seismic stations are indicated by black horizontal bars. Data gaps of less than one hour are not displayed. Note that power
problems occurred at station TBCF from 2011 to March 2013.
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3.2. Event detection

We used Antelope Environmental Data Collection Software (http://
www.brtt.com) to create a catalogue of event detections and associated
waveforms from continuous seismic data from our entire network. The
Antelope event detection method uses a multiple station, short-term
average/long-term average (STA/LTA) (Table 1) approach to detect can-
didate seismic events. STA/LTA detections were run twice over the data
at two different filter bands: A low-frequency filter, and a high-
frequency filter (See Table 1). When detections occur on more than a
given number of stations at the same time (we used a three stationmin-
imum and a 1.5 second time window for associated detections on mul-
tiple stations) a grid search is performed to attempt to define an origin
point for the earthquake, and the event is added to the catalogue only if
an origin point can be foundwithin the specified grid. Thismulti-station
STA/LTA approach minimises the chance of noise on a single station
being catalogued as an event, and the grid search approach minimises
regional earthquake inclusion in the catalogue, and also minimises the
chance of simultaneous noise from multiple stations being catalogued
as an event. Due to the necessary prerequisite that the event must be
detected at multiple stations, this detection method will miss small
events that would only be detected at the closest stations (e.g., station
TBTN). As with any detection method, event rates will be affected by
station outages.

As small events that are only visible at the closest stations may be
missing from the Antelope catalogue, we also compiled a single-
station detection catalogue from station TBTN, which is 0.4 km from
the active vent (Fig. 1), and which has a slightly longer continuous re-
cord of data than the other TESAND stations. The vertical component
of the continuous seismic data was high-pass filtered at 0.5 Hz to re-
move microseismic noise, and an STA/LTA event detection algorithm
(AECAP, Powell, 2004) was used to detect events (Table 1).
Table 1
STA/LTA event detection parameters. STAWindow: Timewindow for the short-term aver-
age time. LTA Window: Time window for the long-term average. Threshold on: Ratio of
STA/LTA at which an event is triggered. Threshold off: Ratio of STA/LTA at which event is
de-triggered. Filter: Frequency range at which data is filtered before event detection.
AECAP column shows parameters used for the single station detection only. ANTELOPE
(HF) and (LF) columns show parameters used for the Antelope multi-station detection
method where detections were made for the same data using two different filter bands.

Parameter AECAP ANTELOPE (HF) ANTELOPE (LF)

STA window (seconds) 1 1.4 2.3
LTA window (seconds) 60 7 11.5
Threshold on 8 3.4 2.4
Threshold off 3 1.7 1.7
Filter (Hz) 0.5–20 3–18 0.5–10
3.3. Spectral analysis and amplitude

3.3.1. Dominant frequency and amplitude
The dominant frequency of every event in the Antelope catalogue

was calculated based on the Fast Fourier Transform (FFT) of a 12 second
window around the largest-amplitude peak in thewaveform (4 seconds
before, 8 seconds after). The largest peak in the power spectral density
between 1 and 15 Hz was chosen as the dominant frequency for the
event (Fig. 4). The amplitude of each event was calculated by taking
half the maximum peak-to-peak amplitude of each waveform (Fig. 4a).

3.3.2. Ratios of high-to-low spectral energy
Average spectral amplitudes for high and low frequency bands were

used to determine the ratio of high-to-low spectral energy 'band-ratios'
for every event in the Antelope catalogue (Fig. 4b) (Buurman andWest,
2010; Thelen et al., 2010). The dominant frequencies at five of the six
stations demonstrate similarity between stations with many events
having dominant frequencies below 6 Hz. The 6th station shows an
anomalous absence of any low-frequency energy and hence is not con-
sidered for this analysis (See Section 3.4). Based on this similarity across
stations, frequencybands of 1–6Hz (low) and 6–11Hz (high)were cho-
sen to determine band-ratios. As many events had dominant spectral
energy around4 to 5Hz, choosing themore conventional 5Hz threshold
(Lahr et al., 1994) would have caused events with energy at ~5 Hz to be
too close to the threshold, potentially allowing small variations in the
frequency of the events to have a significant effect on the ratio. For
every event the base-2 log of the ratio of the high-frequency spectral
amplitude band to the low-frequency spectral amplitude band was cal-
culated (Buurman and West, 2010; Thelen et al., 2010). This method
was chosen to give events with dominantly low-frequency energy a
negative value, events with dominantly high-frequency energy a posi-
tive value, and events with equal amounts of low and high energy a
value of zero. By choosing log base 2, the negative and positive ratios
then give an equal indication of the relative amounts of high to low en-
ergy, with a value of 1 indicating there is twice asmuch high-frequency
energy as low-frequency energy, and a value of -1 indicating there is
twice as much low-frequency energy as high-frequency energy.

3.4. Classification

Consistent event classification is an important part of identifying
changes in seismicity, and of relating seismicity characteristics to source
processes (Minakami, 1974; Lahr et al., 1994;McNutt, 1996). In volcano
observatories, event types are often determined manually by a seismic
analyst. While there are advantages to this approach in that every
event is assessed by an analyst such that noise is unlikely to be

http://www.brtt.com
http://www.brtt.com


Fig. 4. a)Waveform (top), spectrogram (bottom), and b) periodogram (inset) of example low-frequency event from the 1st April 2010 from station TBTN. The spectrogramwas produced
using a window size of 2 s, overlap of 1 s and FFT size of 256 samples.

Fig. 5.Normalised periodograms of two selected events from station TBTN. Frequency am-
plitudes are indicated by colours: Blue indicates energy below 6 Hz; red indicates energy
above 6 Hz. a) Low-frequency event from 1st April 2010 at 01:31. Peak frequency =
4.4 Hz, HF:FL ratio = 0.18, b) High-frequency event from 4th September 2012 at 20:36.
Peak frequency = 9.8 Hz, HF:LF ratio = 3.39.
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catalogued as an event, there can be inconsistencies in event classifica-
tion between different analysts. Also, at volcanoes such as Telica that
have hundreds of events per day, it is impractical to analyse this amount
of datamanually. Automated classification of events provides consisten-
cy across long periods of data and provides a systematic and automated
approach for efficiently analysing many thousands of events.

In this study classificationswere assigned to detected seismic events
based on their band-ratios: If an event had more low-frequency energy
than high-frequency energy it was classified as a low-frequency event
(i.e. HF:LF ratio b1) (Fig. 5a). If an event hadmore high-frequency ener-
gy than low-frequency energy it was classified as a high-frequency
event (i.e. HF:LF ratio N1). The small number of events (~30 events
out of a total of N200,000 events) where the HF:LF ratio was equal to
1 were included in the LF classification.

Classification across the network occurred through a two-stage pro-
cess. Rather than determining the average band-ratio across the net-
work, which could potentially be skewed if there was noise on one or
more stations, we employed a system in which events were classified
at each station and then those classifications were compared across
three stations. Stations TBTN, TBMR and TBHYwere chosen for the clas-
sification process as these have the most complete continuous wave-
form data (Fig. 3). Station TBHS was considered as a potential station
for this process, but was discarded due to an anomalous absence of
low-frequencies in the dominant-frequency plot, perhaps indicating a
site effect at this station or a path effect in the azimuth to this station
(McNutt, 2005, and references therein). Stations TBCF and TBCA were
not used due to large data gaps. To minimise noise or path effects
influencing the classification, for an event to be given a final class it
had to have the same classification at two or more stations. We chose
to use two stations for this classification, rather than all three stations,
so that any events that were noisy at one stationwere not unnecessarily
removed from the catalogue.

3.5. Earthquake locations

To make an initial assessment as to whether or not the location of
seismic events varied surrounding the 2011 eruption we located a
sub-set of earthquakes from the Antelope catalogue for the period 1st
July 2010 to the 29th February 2012. Of the 200,000 earthquakes in
the catalogue we selected the 100 largest-amplitude earthquakes per
month (based on amplitude at TBTN) in this 20-month period (See
Section 4.4 for discussion of this selection method). Because events in
the catalogue are typically small and emergent, selection of the 100
largest amplitude events per month gave us the best chance of
obtaining well-constrained locations.

For events in our sub-sampled catalogue we manually picked P-
wave arrivals, and where possible S-wave arrivals, using two iterations
of picks – i.e. all events in the catalogue were initially picked, the
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cataloguewas then reviewed andwhere necessary re-picked after com-
pletion of the first iteration. Events were located using the program
HYPOCENTER (Lienert andHavskov, 1995).Weused the same 1Dveloc-
ity model as used by the Alaska Volcano Observatory for Shishaldin,
Alaska (McNutt and Jacob, 1986; Dixon et al., 2006) as Shishaldin shares
many similarities to Telica in terms of composition (they are both
basaltic-andesite volcanoes) and eruptive style (they both have fre-
quent small eruptions).

4. Results

4.1. Single-station total event counts

To demonstrate the large variation in seismicity rates over the study
period we plot total daily seismic event rates vs. time for station TBTN
(Fig. 6). In total over 416,000 events were detected by our single-
station STA/LTA method at this station. Over the entire study period
from the 26th November 2009 to the 15thMay 2013 there is an average
seismicity rate of 329 events per day. Swarms were identified by calcu-
lating a 10-day moving average (Fig. 6) and any peaks over a threshold
of twice the average seismicity rate (i.e. 658 events per day) were de-
fined as a swarm. The daily event rate shows considerable variation,
ranging from a minimum of 5 events on the 17th March 2011, to 1419
events on the 21st March 2013.

At the beginning of the study period the event rate is fairly constant,
with an average of 533 events per day betweenNovember 2009 and the
end of August 2010. There is a short-lived peak in event rates in August
2010, with a high of 994 events on the 25th August 2010. From October
2010 event rates start to decline, reaching aminimumof 5 events on the
17th March 2011, ten days after the start of the 2011 eruptive episode.
Visual inspection of waveforms and a lack of any elevated RSAM (Endo
andMurray, 1991) during this drop in seismicity indicate that this event
rate drop is real and cannot be attributed to tremor or other non-
detected signals saturating the STA/LTA detection algorithm. All opera-
tional stations were functioning correctly and as such we can also rule
out any network bias as a cause of the event rate drop.

Approximately two weeks after the onset of the eruption in March
2011, the event rate starts to increase again. An increase occurs during
the onset of the more energetic phase of the eruption on the 8th May
2011. The event rate reaches a high in June 2011, shortly before the
endof the eruptive episode, and then decreases throughout July andAu-
gust 2011. After reaching a post-eruption minimum at the beginning of
September 2011 we observe two prominent swarms lasting approxi-
mately one to two months each. These swarms occur in October/
November 2011 and February 2012 and reach maxima of 1200 and
Fig. 6. Total daily single-station seismic event counts fromNovember 2009untilMay 2013 from
rate (black line). The 2011 eruption period ismarkedby grey shadedboxes, themore energetic p
grey vertical line.
1400 events per day. After the second swarm, event rates start to de-
cline for the next eight months, from ~250 events per day in April
2012 to ~10 events per day in December 2012. On the 13th and 14th
January 2013 a minor period of ash emission was observed, after
which event rates start to increase again, and after a brief drop in
event rates in February 2013, a swarm of events occurs from March -
May 2013. The maximum event rate of the entire study period is ob-
served during this swarm, reaching 1419 events on the 21st March
2013. The event rate decreases after the peak in March 2013 and con-
tinues to decrease until the end of the study period on the 15th May
2013. We searched for but did not find any annual or seasonal compo-
nent to the seismicity rates nor found any correlation with the limited
rainfall data available.

4.2. Spectral analysis and amplitude

To demonstrate the variation in spectral content and event ampli-
tude over time we plot dominant frequency, band-ratio and amplitude
for every event in our event detected catalogue from stations TBTN
and TBMR (Figs. 7 and 8). Data for these analyses are from the Antelope
catalogue, which runs from the 1st April 2010 until the 18th March
2013, and contains almost 218,000 events. Station TBMR is on the oppo-
site side of the vent from TBTN, such that any path effects predominant-
ly affecting only one side of the volcano would hopefully be evident in
our analysis, however we note that we cannot account for path effects
over the entire edifice (Fig. 1).

Stations TBTN and TBMR show similar temporal variations in spec-
tral content and amplitudes during the study period. Between April
and August 2010, low frequency energy dominates the catalogue. The
dominant frequency plots (Figs. 7a and 8a) indicate that most events
have frequencies below 6 Hz (91% for TBTN) and the band-ratio plots
(Figs. 7b and 8b) show that events have ratios mainly below -1
(i.e., events with more than twice the amount of low-frequency energy
to high-frequency energy) (84% for TBTN).

At the beginning of September 2010 there is a marked change in
spectral content. There is an increase in the number of events with fre-
quencies of 6–15 Hz (Figs. 7a and 8a) and the band-ratios during this
period show a range of ratios from−4 to 2 (Figs. 7b and 8b), suggesting
events are occurring across a broad range of frequencies. Co-incident
with this pulse of events with a broad range of frequencies, the ampli-
tudes of the events decrease (Figs. 7c and 8c). This broadband pulse is
followed by a cessation of events with frequencies in the 1–3 Hz range
at TBTN and in the 1–2 Hz range at TBMR and can be seen in the band-
ratios as a jump in the lower limits from ~−3 to ~−2. In the six-month
period before the onset of the eruption, from October 2010 to March
station TBTN (dark grey vertical bars)with a corresponding 10-daymoving average event-
hase of the eruption in darker grey, and the January 2013 ash emission ismarked by a light



Fig. 7.Multi-parameter information for each event at station TBTN fromApril 2010 untilMarch 2013. a)Dominant frequency, b) frequency band-ratio, c) amplitude. The eruption period is
marked by grey shaded boxes, the more energetic phase of the eruption in dark grey.
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2011, there is a narrowing in the range of band-ratios and events with
dominant frequencies of 6−15Hz disappear. The amplitude of events be-
tween October 2010 and March 2011 show a considerable amount of
scatter, but there is an overall increase in the amplitude of the events
until the endof January 2011, before a reduction in amplitude in February.

At the onset of the energetic phase of the eruption, the band-ratios
indicate an increase in the low-frequency content of the events and
the amplitudes increase (Figs. 7 and 8). Towards the end of the eruptive
episode, high-frequency content is observed as a peak in the band-
ratios; this is also observed as a reappearance of events with dominant
frequency in the 6–15 Hz range.

The two swarms in November 2011 and February 2012 that are seen
as large increases in event rates (Fig. 6) can also be seen in the ampli-
tude and the band-ratio plots (Figs. 7b, c and 8b, c). Amplitudes increase
during these swarms and band-ratios show broadband pulses of events
with ratios between −4 and 1.5. These swarms are not seen clearly in
the dominant frequency data (Figs. 7a and 8a); they appear only as per-
turbations to the dominant bands of frequencies. After the swarms,
from April 2012 onwards, there is a narrowing of the band-ratios into
the HF range, and a decrease in amplitudes (Figs. 7 and 8).

4.3. Event rates of classified events

Daily event rates classified by frequency content reveal interesting
changes in the pattern of seismicity at Telica (Fig. 9) that are not readily
evident from analysis of total seismicity (Fig. 6). LF events dominate the
catalogue, with an average of 144 events per day, compared to 54 HF
events per day (Fig. 9). In April 2010, at the start of the catalogue, LF
event rates are ~200 events per day and there are almost no HF events.
The drop in LF event rates between mid-April and June 2010 corre-
sponds to a period when station TBHS was not operational (Fig. 3)
and TBCF had not yet been installed, leaving only three proximal sta-
tions in the network (TBTN, TBMR and TBHY). Because the Antelope de-
tection parameters require an event to be detected on at least three
stations, we believe this drop in April 2010 and subsequent increase in
June 2010 of the LF event rate to be a consequence of the network
configuration.

This supposition is further supported by the consistency of event
rate from the single-station detections at TBTN during this time (Fig. 6).

In late August 2010 there is a spike in LF events (Fig. 9), with 750
events on the 25th August 2010, followed seven days later by a smaller
peak in HF events. Between October 2010 and March 2011 there is an
overall decline in event rates for both LF andHF events. The eruptive ep-
isode starts on the 7th March 2011 and the event rate minimum occurs
ninedays later,with three LF and zeroHFevents. The LF event rates start
to increase after this minimum and reach a peak on the 11th June 2011,
whereas theHF rates peak almost amonth earlier, at the onset of the en-
ergetic phase of the eruption.

The swarms in October/November 2011 and February 2012 are
clearly seen in the LF event rate. The maximum LF rate of the study



Fig. 8.Multi-parameter information for each event at station TBMR fromApril 2010 untilMarch 2013. a)Dominant frequency, b) frequencyband-ratio, c) amplitude. The eruption period is
marked by grey shaded boxes, the more energetic phase of the eruption in dark grey.

Fig. 9. Daily event rates for the LF and HF classifications used in this study. a) LF events, b) HF events. The eruption period ismarked by grey shaded boxes, themore energetic phase of the
eruption in dark grey.
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period occurs during the February 2012 swarm. The HF event rates re-
main high during these swarms and over the one-year period from
June 2011 to June 2012 the daily average HF rate is 111 events per
day. After May 2012 both LF and HF event rates start to decline, with
an average of only 32 LF events per day and an average of 25 HF events
per daybetween June2012 andDecember 2012. Afinal swarmof events
began towards the end of the study period (as seen from the single-
station detections (Fig. 6)), but data from the full network were not
available after the 18th March 2013.
4.4. Earthquake locations

Due to the emergent onsets of the earthquakes (e.g. Fig. 4), low am-
plitudes, shallow origins, and velocity model uncertainties, very few
high-quality locations were obtained. Of the 2,000 events that were
picked and located only 207 met our selection criteria of azimuthal
gap b180°, RMS b0.2 s, horizontal and vertical uncertainties (as output
by HYPOCENTER) b5 km, and number of stations N3 (S-wave picks
were not required). Of these 207 events the average RMS was 0.06 s,
the average horizontal error was 1.1 km, the average vertical error
was 2.2 km, and there was no difference in error between HF and LF
events.
Fig. 10. Locations and depth cross-sections of the 207well located events from the 1st July 2010
elevation of Telica (~ 1 km a.s.l.). TESAND seismic stations are shown by inverted black triangles
shown by a grey cross. Inset (top right) shows depth-time plot of all events.
Naturally, based on the azimuthal gap criteria, all located events are
within the network and the event locations cluster beneath the vent,
with the majority of the events located within a 500 m radius of the
vent (Fig. 10). All events are shallow and no events occur below 2 km
depth below datum, where the datum is taken as 1 km above sea level
and is approximately the summit elevation of Telica. Classifications
from Section 3.4 were used for these events, and events that had been
discarded from that classification system were given the classification
from station TBTN. There appears to be little horizontal difference in
the locations of LF and HF events, but HF events appear to be slightly
shallower than the LF events, although this could be attributed to atten-
uation of deeper HF events.

Selection of the 100 largest-amplitude events per month at station
TBTN may have introduced a bias into the locations. We are choosing
to only locate the largest events and thereby ignoring the locations of
smaller events; however, given the small and emergent nature of the
events it is unlikely wewould have been able to locate any but the larg-
est amplitude events. Another concern with the selection of the 100
largest events per month at station TBTN is that we are introducing a
depth bias (i.e., the largest amplitude events might be just the
shallowest events and deeper events of the same size are being ig-
nored). There is also likely to be a location bias given the network con-
figuration.We cannot reliably locate anything outside of our network, in
until the 29th February 2012. Depths shown are below a datum that is taken as the summit
, LF events shown by black stars, HF events by white diamonds. The active vent of Telica is
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particular as we have no distal station to the northeast, we are limiting
the boundaries of our locatable area to ~0.5 km northeast of the vent
(this can be seen in the locations as the artificial straight line cut off of
events between TBTN and TBHS (Fig. 10)).

5. Discussion

Our results support the general hypothesis of Geirsson et al. (2014),
who suggest that temporary sealing of the hydrothermal system at
Telica and subsequent failure of the seal drove the 2011 episode of phre-
atic vulcanian activity. In this study we re-analysed and re-classified
seismic events using band-ratios and spectral information from multi-
ple stations. Our results are consistent with observations presented by
Geirsson et al. (2014), which were based on preliminary classifications
of a subset of the TESAND seismic event catalogue, that a sharp decrease
in the rate of LF seismicity, accompanied by the sudden onset of HF
events, preceded the 2011 eruption by approximately six months
(Fig. 9). LF seismicity may be attributed to resonance of a magmatic
and/or hydrothermal fluid cavity (Chouet and Matoza, 2013). At open-
vent volcanoes such as Telica, which exhibit high levels of degassing,
unsteady or pulsatory transportation of either magmatic of hydrother-
mal fluids through a system of shallow conduits and/or cracks is a plau-
sible source for LF seismicity (Rodgers et al., 2013). HF events at Telica
may be similar to high-frequency ‘volcano-tectonic’ microseismic
events observed at volcanoes worldwide (VTs). VTs can represent
shear failure of rock in response to stress changes induced by changes
in fluid pressures in a magmatic system (Roman and Cashman, 2006)
and a similar pressurisation could occur in a sealed hydrothermal sys-
tem. Telica is being actively sheared by tectonic stresses (Geirsson
et al., 2014) and local faults within the edifice may be close to failure.
Under such stress conditions an influx of new gas or new hydrothermal
fluids could lower the effective normal stress on these local faults and
promote shear failure (Byerlee, 1978). We find evidence in our newly
reclassified event catalogue that is consistent with the hypothesis of
Geirsson et al. (2014), in that sealing (indicated by a drop in LF events)
and pressurisation (indicated by the onset of HF events) of the shallow
hydrothermal system preceded and likely drove a series of phreatic ex-
plosions, and a return to high rates of LF seismicity after the eruption
(Fig. 11). However, we note the gradual decline in HF seismicity in the
six months preceding the eruption is inconsistent with a pressurising
Fig. 11. Interpretation of the open-system to closed-system transition hypothesis with sealing o
ual sealing of the degassing system. The closed-system can then transition back to open-system
magmatic-hydrothermal system, which should lead to an increasing
rate of HF seismicity before failure (Voight, 1988; Voight et al., 1999;
Roman and Cashman, 2006; Kilburn, 2012). The implication that failure
of a strongly sealed and pressurised magmatic-hydrothermal system
was not the immediate cause of the 2011 eruptive episode is consistent
with the low energy of the explosions and lack of deformation sur-
rounding the eruption observed by Geirsson et al. (2014). One possible
explanation for the lack of increasingHF seismicity is that the sealed and
pressurising sourcewas sufficiently shallow that deformationwas local-
ised to the crater floor (hence not detectable by our network) and that
the weak or poorly-consolidated shallow material surrounding the
pressurising source failed aseismically, resulting in a paucity of detect-
able HF events. Alternatively, a detailed analysis of the seismic and
infrasound signatures of one of the strongest explosions by Geirsson
et al. (2014) suggests that the explosion was not triggered by sudden
brittle failure of a seal in an over-pressurised magmatic/hydrothermal
gas system, but by a small pulse of gas that triggered sustained venting.
The small gas pulse may have broken through a weak seal, and changes
in circulation of high-temperature fluidmay have also played a role. The
first possibility implies that HF hypocentres should be observed to mi-
grate upwards, while the second implies that a pulse of gas should be
observed immediately prior to explosions. While our current set of ob-
servations are unable to differentiate between these twomodels, future
work at Telica will provide the observations necessary to test both
hypotheses.

The long-term persistence of variable seismicity rates during our
nearly four-year-long study period suggests that instability in the shal-
low system continued after the 2011 eruption, and perhaps past the end
of the study period. Following the end of the 2011 eruption we observe
a series of strong LF swarms, the first of which commences during the
end of the eruptive phase and has a peak rate comparable to the pre-
August 2010 LF event rates. This first post-eruption LF swarm may re-
flect a temporary return of the magmatic-hydrothermal system to a
state of open-system degassing (Fig. 11). However, in contrast to pre-
August 2010 seismicity patterns, LF swarms from May 2011 onwards
were accompanied by high HF rates, suggesting that some mechanism
of sealing and/or pressurisation was still able to periodically close gas
pathways. Following the LF swarm in February 2012, both LF and HF
events began a nine-month long decline in seismicity rates that culmi-
nated in several small diffuse ash emissions in January 2013. Together
f degassing pathways. Open-system degassing is followed by a transition period and grad-
degassing either with or without eruption.
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these observations suggest that the shallow magmatic-hydrothermal
system at Telica continued to experience transitions between open
and closed system degassing after the 2011 eruption period. It is possi-
ble that a longer period of observation at Telica will demonstrate an
eventual return to stable rates of LF and HF seismicity that would indi-
cate the magmatic-hydrothermal system is in a stable open state.

Our results suggest that PRVs can experience several-year-long pe-
riods, or cycles, of instability marked by variable seismicity rates, erup-
tions (i.e. multiple explosions within a period) and isolated explosions,
before returning to a phase of elevated but relatively constant rates of
seismic or degassing activity. Not only has this pattern of seismicity
been observed at Telica during its last major eruption cycle in 1999–
2000 (Rodgers et al., 2013), but similar long-term patterns of stable
and unstable seismicity rates to those documented here have also
been observed at other PRVs: The 1999 eruption of Shishaldin, Alaska
was preceded by a short-lived seismic swarm of ~60 events per day;
however, much larger seismic swarms of up to ~250 seismic events
per day occurred in the following years (Petersen et al., 2006). In 2005
Ngauruhoe, New Zealand, became persistently restless after a 30 year
repose interval, and since 2005 has experienced variable seismicity
rates between ~5 and ~60 events per day from early 2005 until 2010
that were not associated with any explosive or eruptive activity (Jolly
et al., 2012). Finally, Turrialba Volcano, Costa Rica, experienced an in-
crease in seismicity from less than 100 events per day in January 2000,
to over 2000 events per day in March 2001, again with no accompany-
ing eruptive activity (Tassi et al., 2004). Therefore it may be appropriate
to characterise PRVs as having phases of 'stability' and 'instability' rather
than 'quiescence' and 'eruption'. In this paradigm, unstable phases are
characterised by strongly fluctuating rates of seismicity, changes in the
spectral content of seismic events, and possible explosive activity;
whereas stable phases are characterised by steady high-rates of seismic-
ity, consistent spectral content of seismic events, steady degassing, and
no explosive activity. We suggest that stable phases represent a well-
established system of open-system degassing and that unstable phases
represent repeated transitions between open and closed-system
degassing at various timescales (from months to hours). This model
has implications for eruption forecasting at PRVs where the recognition
of the onset of a period of seismic instability indicates that the shallow
volcanic system is unable to remain in an open-vent state and that ex-
plosions are likely. However,we note that for largermagmatic eruptions
the precursory seismic behaviourmay be entirely different, which high-
lights the difficulty of volcano monitoring at persistently restless volca-
noes. Ultimately, continued long-term seismic observation and analysis,
combined with detailed gas and geodetic observation, is crucial to un-
derstand the processes that characterise and drive the transitions be-
tween stable and unstable phases at PRVs.

6. Conclusions

We analysed seismicity from a three-year deployment of a broad-
band seismic network on Telica Volcano, Nicaragua, with the goal of
characterising seismicity at a persistently restless volcano during pe-
riods of eruptive and non-eruptive activity, and investigating the volca-
nic processes that drive the transition between these two phases of
activity. We demonstrate that both LF and HF seismicity rates at Telica
are highly variable and we propose that repeated patterns of high-to-
low seismicity rates represent transitions between open-system and
closed-system degassing. Furthermore, we suggest that the long-term
patterns of seismicity at Telica and other PRVs are characterised by ‘sta-
ble’ or ‘unstable’ phases, as opposed to ‘quiescent’ and ‘active’ phases. In
this paradigm stable phases are characterised by steady high event rates
and consistent spectral content, and represent a well-established open-
system degassing process. Unstable phases are characterised by highly
variable rates of seismicity, changing spectral content and explosive ac-
tivity and represent repeated transition between open and closed-
system degassing. Our observations have important implications for
eruption forecasting at Telica and other PRVs, where the recognition
of unstable phases of seismic activity, including but not limited to sud-
den or gradual declines in seismic activity, may indicate that the
open-systemdegassingprocess cannot be sustained and that explosions
are likely.
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