Earth and Planetary Science Letters 375 (2013) 209-221

Contents lists available at ScienceDirect

Earth and Planetary Science Letters p=

journal homepage: www.elsevier.com/locate/epsl

Cyclical patterns in volcanic degassing revealed by SO, flux timeseries @CmssMark
analysis: An application to Soufriére Hills Volcano, Montserrat ™

EJ. Nicholson *”* T.A. Mather?, D.M. Pyle ?, H.M. Odbert "¢, T. Christopher ¢

2 Department of Earth Sciences, University of Oxford, South Parks Road, Oxford OX1 3AN, UK
b Department of Earth Sciences, University of Bristol, Wills Memorial Building, Bristol BS8 1R], UK
€ Montserrat Volcano Observatory, Montserrat, West Indies

ARTICLE INFO ABSTRACT

Cyclical patterns of behaviour in timeseries of seismic and geodetic data at volcanoes are frequently
observed during lava dome-building eruptions, and are particularly well-documented from the current
eruption of the Soufriére Hills Volcano (SHV), Montserrat. However, the discontinuous nature of many
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:\(icl\e/lat};jg](?Ma 2013 SO, measurements often preclude the identification and quantitative analysis of cyclical patterns in
Editop; T. Elliot y degassing data. Here, using a long SO, timeseries from SHV, with continuous measurements since 2002,

we explore for the first time degassing behaviour at a resolution comparable to that possible for seismic

Available online 4 July 2013 ) A h A A
and deformation datasets. Timeseries analysis of flux data spanning 2002-2011 reveals that SO,

Keywords: ) emissions at SHV exhibit complex cyclicity, with dominant cycles evident on both multi-year and
;‘é“z;r:les analysis multi-week (~50 day) timescales. These cycles persist through phases of both active extrusion and
lavga dot nge eruptive pause, and show close similarities to periodic components previously identified at SHV in

timeseries of seismicity, ground deformation and lava extrusion.

The strength of expression or amplitude of degassing cycles, particularly on multi-week timescales,
shows distinct temporal variation, and appears to correlate with the occurrence and nature of explosive
activity occurring in 2002-2009. This suggests that the amplitude of surface gas flux cycles is modulated
by physical conditions within the conduit. Direct quantitative comparison between seismicity, dome
growth, and degassing for eruptive Phases 2 (2002-2003) and 3 (2005-2007) reveals that peaks in SO,
flux appear to correspond broadly to enhanced lava extrusion and elevated seismicity within cycles of
30-50 days. However, time lags of 2, 4 and 7 days are observed between initial low-frequency seismic
swarms and peaks in dome growth, SO, flux and rockfall event rate respectively. Multi-parameter
correlations offer valuable insights into the controls on subsurface gas ascent, but further research is
required to fully explore the contributions of permeability and overpressure, as well as other subsurface
processes.

periodic behaviour

© 2013 The Authors. Published by Elsevier B.V. Open access under CCRY license.

1. Introduction

Long-lived dome-forming eruptions are common features of
andesitic volcanoes in subduction-zone settings (e.g., Newhall and
Melson, 1983; Sparks, 1997). Activity is characterised by the
extrusion of viscous, degassed, and often crystal-rich magma,
which typically accumulates close to the vent and can build
complex edifices ranging up to several cubic kilometres in volume.
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Dome-forming eruptions engender significant local hazards,
because of the potential for catastrophic collapse, and the pro-
pensity for these systems to switch between effusive and explosive
phases of activity (e.g., Matthews et al., 1997; Sparks and Aspinall,
2004; Voight et al., 1999).

The periodic behaviour of a number of parameters has been
documented during many dome-forming eruptions, and probably
reflects the fundamental eruptive mechanisms occurring at these
volcanic systems during eruption. Cycles can either remain stable,
or show systematic or non-systematic temporal changes
(Denlinger and Hoblitt, 1999). Cycles in multiple physical obser-
vables, including lava efflux, seismic energy and event rate, ground
deformation and degassing, have been observed at Mt St Helens
(USA; Swanson and Holcomb, 1990), Santiaguito (Guatemala; Harris
et al., 2003; Holland et al., 2011; Sahetapy-Engel et al., 2004) and
Soufriére Hills Volcano (Montserrat; Edmonds et al., 2003a;
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Loughlin et al., 2010; Voight et al., 1999, 1998; Wadge et al., 2010;
Watson et al., 2000; Young et al., 1998) among others (Table A;
Supplementary information). Recent advances in geophysical mon-
itoring have allowed systematic behaviour to be studied at increas-
ingly fine time resolution. Nevertheless, much of the previous work
in this field has focussed on single parameters (e.g., tilt deforma-
tion; Anderson et al., 2010; Voight et al., 1998), and less work has
been done to analyse quantitatively the rich information contained
within the multi-parameter geophysical and geochemical datasets
that are increasingly common at well-monitored volcanoes (e.g.,
Aiuppa et al., 2010; Bonaccorso et al.,, 2011; Landi et al.,, 2011).

While spectral analysis is a well-developed tool for timeseries
analysis in other parts of geosciences (e.g., climatology; Ghil et al.,
2002; Mann and Lees, 1996) quantitative spectral analysis has only
recently been applied in volcanology (Odbert and Wadge, 2009;
Pearson et al., 2008). Here, we show how timeseries analysis
techniques can be used to quantify the cyclical patterns of SO, flux
at volcanic systems with long records of degassing data, and how
quantitative analysis of long-term geophysical monitoring datasets
can be used to reveal new insights into the behaviour of the
volcanic system. Specifically, we use SO, flux timeseries data from
Soufriére Hills Volcano (Fig. 1) to explore for the first time
degassing trends at a resolution comparable to other geophysical
parameters. Periodicities in SO, flux, and their temporal variability,
are quantified and compared with characteristic timescales
observed in other geophysical parameters in order to gain insights
into the processes influencing shallow gas ascent.

1.1. Soufriére Hills Volcano, Montserrat

The current eruption at Soufriére Hills Volcano (SHV) began in
1995, and has been exceptionally well documented during both
the early eruptive phases (e.g., Druitt and Kokelaar, 2002; Watts
et al,, 2002; Young et al., 1998), and as in more recent long-term
overviews (Christopher et al., 2010; Luckett et al., 2007; Wadge
et al., 2010). Activity is very broadly characterised by 2-3yr
(‘multi-year’) phases of active dome growth, separated by eruptive
pauses (Fig. 1). Rapid transitions between effusive and explosive
behaviour have been observed during some phases (e.g., Melnik
and Sparks, 1999, 2005). During several extended periods of
discrete explosions, for example, the explosive events are often
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correlated with cyclicity in other parameters, providing the
potential for forecasting during these periods of quasi-systematic
behaviour and evidence for links with conduit processes (Connor
et al, 2003; Jaquet et al., 2006; Pyle, 1998; Watt et al., 2007).
A series of Vulcanian explosions occurred at SHV in July 1997, each
preceded by swarms of long-period seismicity and coincident with
tilt cycle maxima (Voight et al., 1998). Similar behaviour has also
been observed throughout later phases of the eruption, most
notably in 2008-2010 (Odbert et al., in press). Studies integrating
multiple parameters can therefore potentially provide significant
insights into the mechanisms governing periodic behaviour.

Previous studies of the cyclicity observed in tiltmeter deforma-
tion and seismic events/amplitude timeseries at SHV have
revealed both sub-daily (~8 h) and multi-week (6-8 week or
‘50-day’) timescales (Loughlin et al., 2010; Odbert and Wadge,
2009; Voight et al., 1998). Recent numerical models have shown
these cycles to be mutually coupled, whereby variation in one
cycle influences the amplitude and/or frequency of the other
(Costa et al, 2013). Cyclical behaviour is often the result of
multiple competing processes, with periodic stick-slip magma
plug motion, in response to pressurisation in the shallow conduit,
generally invoked to explain the sub-daily cycles (Costa et al.,
2012, 2013; Denlinger and Hoblitt, 1999; Lensky et al., 2008;
Thomas and Neuberg, 2012; Voight et al., 1999).

The numerical model of Costa et al. (2007a,b, 2013) represents
the only attempt made thus far to model the longer multi-week
cycles, and attributes cyclicity to feedbacks between magma
ascent, seismicity and ground deformation associated with the
periodic expansion and contraction of an elastic lower conduit
dyke. The model produces a modulation of the magma flow into
the shallow conduit over timescales of ~50-days, driven by the
periodic development and release of overpressure at dyke depths
of 2-5 km. Higher amplitude tilt cycles, combined with overall
deflation, and enhanced low-frequency (LF) seismicity occur dur-
ing periods with elevated magma ascent rates early in each multi-
week cycle (Costa et al, 2007a,b, 2013; Voight et al., 1999).
Nevertheless, the implications of this model for degassing have
only been addressed qualitatively. Initial attempts to link geophy-
sical and degassing cycles were hindered by the challenges of
regularly sampling SO, fluxes early in the eruption (e.g., Watson
et al., 2000; Young et al., 2003). The installation of an automated
network of UV-spectrometers in 2002 permitted collection of a
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Fig. 1. Timeseries of daily mean SO, flux since the onset of continuous daily sampling (2002-2011) acquired by MVO using the instrumentation and methodology detailed in
Edmonds et al. (2003b). Periods of active dome growth are annotated and highlighted (shaded regions) with the variable rates of magma efflux shown at the top in red in
units of dense rock equivalent (DRE) volume (2002-2009; Wadge et al., 2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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continuous, regularly-sampled dataset (Fig. 1; Edmonds et al.,
2003b), which is now long enough for robust analysis.

Patterns of SO, degassing at SHV are complex, and cannot be
reconciled with closed-system degassing of a single batch of
magma (Edmonds et al., 2003a). Surface flux is highly variable
on a range of timescales (Edmonds et al., 2003a; Young et al.,
1998). SO, is believed to originate from the volcano's deep magma
supply, which is generally assumed to be supplied at a constant
rate of 1-2m>s™' (e.g., Foroozan et al., 2011); therefore, the
measured variable degassing rates likely reflect concurrent
changes in shallow gas ascent (Edmonds et al., 2001, 2003a,b).
Long-term degassing trends appear independent of magma extru-
sion phases (Fig. 1; Edmonds et al., 2010), implying the develop-
ment of sufficient permeability to allow gas transport to the
surface from magma chamber depths even during pauses in
extrusive activity.

2. Data acquisition and methodology

SO, flux has been measured continuously at SHV since 2002 by
a network of fixed scanning UV-DOAS spectrometers. SO, absorp-
tion spectra are collected between 07:00 and 17:00 each day. Flux
estimates are derived by multiplying the integrated plume con-
centration for each scan spectrum by the width and speed of the
plume (Edmonds et al., 2003b). The timeseries of daily average
flux used in this study (2631 measurements over 3347 days from
2002-2011) is shown in Fig. 1. Linear interpolation has been
applied over data gaps spanning fewer than 14 values. A prolonged
data hiatus between October 2009 and March 2010 precludes
analysis of data windows during this period.

2.1. Timeseries analysis methods

Timeseries analysis can be used to quantify cyclic behaviour in
geophysical systems. In this study, we evaluate data in both the
time and frequency domains to explore the different properties of
the timeseries.

2.1.1. Spectral analysis

Volcanic systems are inherently non-linear, and can exhibit
strongly periodic behaviour on a variety of timescales (Barmin
et al., 2002; Denlinger and Hoblitt, 1999; Melnik and Sparks, 1999,
2005). The signals of multiple, superposed cycles from a dataset
can be deconvolved by Fast Fourier Transform (FFT) analysis, to
reveal the frequency, and relative importance, of underlying
periodic components. The end product of spectral analysis is an
estimate of the Power Spectral Density (PSD, Percival and Walden,
1993), and this can be displayed graphically to highlight the
frequency intervals over which cyclicity is most strongly manifest
for the dataset of interest (e.g., Fig. 2).

The spectral analyses performed for this study were calculated
using the SSA-MTM Toolkit presented in Ghil et al. (2002). Data
were prepared for analysis using a detrending correction to render
the timeseries approximately stationary (as required for the
algorithm), then either padded with zeroes at either end or
truncated to a length of n? samples, for integer n, as required for
FFT. The Multitaper Method (MTM) is adopted in this study as it
provides the most robust PSD estimation when there is no prior
knowledge of the signal-generating source (Thomson, 1982).
The significance of peaks in MTM spectra are assessed against a
statistical red noise model (RNM; Mann and Lees, 1996), the use of
which is appropriate for geophysical systems when it is often the
case that processes acting over timescales greater than the
selected sample lengths exert a strong control on the nature of
the background noise. Without knowledge of the noise-generating
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Fig. 2. Multitaper spectrum showing 2002-2009 power spectral density (PSD)
estimate for the first 2028 values of the SO, flux timeseries for frequencies up to
0.2 cycles/day (start date—1 July 2002). The central peaks exceeding at least the
90% confidence red noise model (RNM) are annotated with the corresponding cycle
periods (days). The lines in the figure and figure legend are in colour. To view these
in colour the reader is referred to the web version of this article.

sources, however, it is impossible to fully characterise the nature
of the noise. Therefore, the RNM applied here is intended to guide
interpretation, rather than to provide a rigorous statistical test.

2.1.2. Reconstructive analysis

Reconstructive analysis was performed to provide an internal check
that the MTM results presented in Section 3.1 indeed represent the
SO, timeseries. This technique tests the hypothesis that the raw
dataset can be approximated by a composite sine wave composed of
its dominant periodicities (Eq. (1)); a similar concept was introduced
by Ghil et al. (2002) for the reconstruction of climatic records.

Reconstructions assigning equal significance to each cycle offer
an insufficient match to the raw data, so the final composite wave
is weighted according to relative confidence levels attributed to
each component (Table 1):

reconstructed flux, q =Asin (2ﬂf1 t) + Bsin (2”f2t> + Csin (2ﬂf3 t) (1)
fs fs fs

where f; is the sampling frequency (i.e. daily), t is the length of the

dataset (approximately 512-1024 datapoints), f,_5 is the frequencies

corresponding to cycle periods identified by MTM analysis (Table 1).

A, B and C are optimal weighting coefficients determined by least-

squares regression of the model to the raw timeseries.

2.1.3. Short-term Fourier Transform (STFT)

Statistical stationarity, required over the complete data window
for MTM analysis, may not strictly be achieved in many geophy-
sical systems known to exhibit temporal evolution in cyclic
behaviour even after a detrending correction, thus resulting in
broad undefined peaks in frequency spectra that are difficult to
interpret. The Short-term Fourier Transform (STFT) calculates a
series of PSD estimates using a moving window of specified
length, and displays them as a composite spectrogram (Odbert
and Wadge, 2009). The reduced window length used to generate
these spectrograms will not only minimise the influence of any
non-stationary behaviour remaining in the timeseries after
detrending corrections, but also enable any temporal variation in
the frequency distribution to be explored.

The choice of both window length and overlap is critical to the
analysis, and has been optimised for each analysis depending on the
cycles of interest (see sensitivity study in Supplementary methods).
Window lengths of 256-128 days (with overlaps ranging from 50% to
99%) were found to provide the best compromise between achieving
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Table 1
Complete results of Multitaper analysis.

Analysis interval Peak frequency Peak distribution

Confidence level Cycle peak period Cycle period range

(number of samples) (cycles/day) (cycles/day)
(%) (days) (days)
2002-2009 (2028) 0.00196 0.000986-0.00196 99 1014 509-1-14
0.0185 0.0159-0.0244 99 54 41-63
0.0526 0.0370-0.0588 95 19 12-27
0.0833 0.0759-0.100 95 12 10-13
0.125 >0.125 99 8 <8
Phase 2 (512) 0.0244 0.0238-0.0278 90 41 36-42
0.0385 0.0357-0.0400 95 26 25-28
0.0667 0.0625-0.0667 90 15 15-16
0.167 >8 99 6 <6
Pause 2 (512) 0.0244 0.0137-0.0270 95 53 37-73
0.0385 0.03570.0400 90 26 25-28
0.0588 0.0588 90 17 17
0.0909 0.0909-0.100 99 1 10-11
0.167 >0.167 90 6 <6
Phase 3 (512) 0.0192 0.0137-0.0204 99 52 49-73
0.0909 0.0833-0.0909 95 1 11-12
0.125 >0.125 90 8 <8
Pause 3 (512) 0.0222 0.0164-0.0204 99 45 43-61
0.0526 0.0500-0.0556 90 19 18-20
0.0909 0.0909 90 1 1
0.0200 >0.0200 95 5 <5
Pause 4b (256) 0.0714 0.0667-0.0769 95 14 13-15
0.167 >6 95 6 <6
Pause 5 (512) 0.0400 0.0303-0.0400 95 25 25-33
0.0667 0.0625-0.0714 95 15 14-16
0.909 0.909-0.100 99 1 10-11
sufficient temporal resolution and maintaining a long enough window Table 2

for robust analysis. Each PSD estimate has also been normalised to
unity to remove the influence of changes in the absolute spectral
power, thereby allowing direct comparison of the relative frequency
distributions between contiguous windows.

2.14. Cross-correlation analysis

If an association exists between two parameters, but the
response is delayed in time, then a simple correlation between
aligned sequences is inadequate to capture the relationship. Cross-
correlation explores the relationship between two timeseries
shifted relative to one another as a function of time (Percival
and Walden, 1993). At each lag (i.e., multiples of the daily sampling
interval) the integrated product of the two timeseries (x and y) is
calculated and the correlation coefficient, ¢, determined (Eq. (2)).

Y [x(i)—mean(x)] x [y(i—lag)—mean(y)]
Tlx()-mean(P x \/ LIv(i-lag)-mean(y)
(2)
A similar method was applied in Matthews et al. (2009) to
explore the link between rainfall events and seismicity at SHV over
hourly timescales. The relatively low signal-to-noise ratio in the

SO, timeseries means that patterns in the relative correlation (¢)
are more relevant than the absolute value.

correlation coefficient ¢ =

3. Results
3.1. Multitaper Method (MTM) results

The complete results of MTM analysis are displayed in Table 1,
including analyses of both the complete timeseries and individual

Summary of spectral analysis results: cycles are described by their central period
(days) and classified based on the level of confidence at which this peak exceeds
the Red Noise Model (RNM).

Analysis interval 99% confidence 95% confidence 90% confidence

2002-2009 509-1014 19

547 12°

8
Phase 2 6 26 41°
(01/08/02-31/07/03) 14°
Pause 2 11° 532 17
(01/08/03-07/08/05) 26

6

Phase 3 527 11° 8
(08/08/05-03/04/07)
Pause 3 45° 5 11°
(04/04/07-28/07/08) 19
Pause 4b 14°
(04/01/09-08/10/09) 6
Pause 5 11° 25
(01/03/10-29/08/11) 15

@ These periods are in the range 41-63 days and are interpreted to represent a
single characteristic periodicity of the system (referred to as the ‘50-day cycle’).

b These periods are in the range 10-14 days and are interpreted to represent a
second characteristic periodicity of the system.

eruptive phases (eruption chronology in Fig. 1), and summarised in
Table 2. The Power Spectral Density (PSD) estimate for the
complete timeseries (1 July 2002-9 October 2009) is displayed in
Fig. 2 (see Supplementary information for PSD spectra for each
eruptive phase).
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3.1.1. 2002-2009

The analysis shows that the PSD distribution is consistent with
that of multiple periodic components superimposed on back-
ground noise (well described by the red noise model; RNM).
Several peaks of variable width and amplitude are significant
above noise confidence thresholds. Three dominant peaks lying
towards the low-frequency end of the spectrum, with cycle
periods of 509-1014, 171, and 54 days, have 99% significance.
However, 171 days has been highlighted during the analysis as a
probable harmonic feature by the reshaping procedure described
in Ghil et al. (2002). Peak widths vary between each cyclic
component, reflecting their different power distributions. Broader
peaks centred on periods of 19 and 12 days are significant above
95%, but not 99%, confidence levels. The lower relative power
amplitude of these cycles compared to the longer cycles is a result
of the greater range of frequencies over which their spectral power
is distributed. Broad peaks often indicate temporal variation in
cycle frequency, implying that these weaker cycles are either
unstable or a possible artefact of the methodology; cyclicity on
these timescales is also not strongly detected in either STFT
(Section 3.3) or cross-correlation analyses (Section 3.4). Sustained
high power is also apparent at periods < 8 days.

Analyses of each eruptive phase (Table 1; Fig. B, Supplementary
information) support the observations from the 2002-2009 power
spectrum (Fig. 2). Cyclic behaviour is evident on a variety of
timescales, many components of which persist through all phases.
These components can be grouped into long-, mid-, and short-
term cycles, with periods of 509-1014 days, 41-63 days, 17-26/
11-14 days respectively (highlighted in Table 2). The 41-63 day
periodicity (hereafter referred to as the multi-week cycle) is
strongly significant relative to the noise model at the 99%
confidence level in the analysis of the complete timeseries, and
is often the most well-defined spectral peak in analyses of those
sub-sections spanning a time interval sufficient to robustly detect
cyclicity on this timescale (Fig. 2; Fig. B, Supplementary informa-
tion). The multi-week cycle therefore appears to dominate the SO,
flux. Higher-frequency variation on timescales <8 days may be
significant, but the large uncertainties in flux measurements
(Edmonds et al., 2003b) mean these components should be
interpreted with caution. The daily sampling of the SO, flux
dataset is insufficient to resolve cyclicity on timescales <2 days.

Slight frequency variation for all peaks (corresponding to
variance in cycle period over several days), identified by the broad

nature of the peaks in the 2002-2009 spectrum (Fig. 2), has been
confirmed by comparing the frequency distributions of individual
phases (Supplementary information), which show peaks at similar
frequencies but with slight discrepancies of 0.02-0.03 cycles/day.
This is not unexpected in a physical system governed by complex
interactions between multiple processes and feedbacks operating
on several timescales. The broad consistency in the spectral
characteristics of both periods of active extrusion and repose is
surprising, given the substantial change in eruptive behaviour.
This result is consistent, however, with the observation that the
long-term trends in SO, flux (identified both visually in Fig. 1 and
quantitatively by MTM analysis) appear to be independent of the
eruptive state of the volcano (i.e., paused or active dome growth,;
Christopher et al., 2010; Edmonds et al., 2003a, 2010).

3.2. Reconstructive analysis results

Reconstructive analysis was applied initially to the Phase 3
dataset (Fig. 3), for which the broad spectral peaks in the MTM
spectrum most strongly suggested cycle instability (Fig. B, Supple-
mentary information), to test the validity of the MTM results. The
optimum weighting configuration, determined by least squares
regression of the multiple reconstructions to the raw timeseries,
was found to favour the 52-day component (Table 1), suggesting
that processes governing cyclicity on this time-scale dominated
the system during this phase.

The reconstructed timeseries correlates well with the raw data
prior to the dome collapse event (20 May 2006), but fails to
provide such a good representation subsequently. Applying a lag
offset of 25-30 days to the 52-day component, in addition to slight
lengthening of the cycle period, brings the reconstructed time-
series back into correlation with the raw data, but, even then, the
agreement is less convincing. This may point to a fundamental
change in SO, degassing following a large-scale dome collapse.

Reconstructive analysis was repeated for each of the MTM
analyses described in Section 3.1 (Fig. C, Supplementary informa-
tion). Although, in general, the reconstructed timeseries provide a
reasonable match to the raw data, it is apparent that the strength
of the fit varies temporally. An offset applied to the reconstruction,
or a slight change in the cycle period, is often required to provide
the best visual match to different sections of the data, implying
phase shifts in the system's cyclic behaviour. The transitions
appear abrupt, rather than gradational, and are often associated
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Fig. 3. Reconstruction of eruptive Phase 3: comparison of reconstructed flux (shown in red) to raw timeseries (blue). Reconstructed timeseries generated from superposed
cycles of 52, 11, and 8 days, and weighted in favour of the 52-day component based on a least-squares regression of the model to the raw timeseries (A=3, B=1, C=1; Section
2.1.2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dominant cycles within the SO, flux timeseries with the occurrence of Vulcanian explosive events highlighted as white dotted lines for comparison (MVO chronology; see
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explored. (b) SO, timeseries (2002-2009): SO fluxes displayed as both the raw (blue) and 20-day smoothed (red) timeseries, with shaded regions corresponding to phases of
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with significant dome collapse events. These results support ear-
lier suggestions of cycle instability (Section 3.1) based on the broad
character of several spectral peaks.

3.3. Short-term Fourier Transform (STFT) results

Reconstructive analysis of the SHV SO, flux (Section 3.2) has
shown that cyclic components are often unstable, with intensities
and/or periods that do not remain constant with time. Here, we
use STFT analysis to explore this temporal variability and to
investigate changes in cycle strength as a function of time.

The spectrogram (Fig. 4) clearly shows a modulation of the
frequency distribution, illustrated by the oscillation of the band of
strongest spectral power between ~0.02 cycles/day (period ~50
days) and a baseline saturated at very low frequencies (periods
> 100 days). The frequency peaks correspond to a period of
approximately 50-days, and most likely reflect variation in the
strength of the multi-week cycle, with peaks representing time
intervals where this cyclicity is manifest most strongly in the SO,
emissions. The intervals where the spectral power is saturated at
very low frequencies may represent periods where the multi-week
cycle is suppressed and/or the spectral density is swamped by
long-period components acting over timescales greater than the
window length.

Three main modulations of cycle frequency are distinguishable,
along with two isolated regions of high spectral power (Fig. 4). The
peak frequencies of these modulations vary from 0.017 to 0.025
cycles/day, reflecting a range in the absolute length of the multi-
week cycle of 40-59 days. This variation is consistent with the
results of the MTM analyses of individual phases, which suggest a
range of 41-63 days (Table 1). The temporal agreement between
spectrogram peaks and the intervals where a multi-week compo-
nent provided the best model fit to the raw dataset (reconstructive
modelling; Section 3.2 and Supplementary Fig. C) provides further
evidence that the two methods are detecting the same cycle.
The frequency maximum occurring late 2005 to early 2006 is
significantly larger than other peaks, in both duration and fre-
quency, and most clearly illustrates evolution in cyclic behaviour.

3.4. Multi-parameter cross-correlation results

The close similarity between periodic components evident in
the SO, timeseries (41-63, 17-26, and 11-14 days; Table 1) and
those documented previously at SHV in timeseries of seismicity,
ground tilt, and lava efflux (6-8 weeks (or 42-56 days) and 11-16
days; e.g., Loughlin et al., 2010; Odbert et al., in press; Voight et al.,
1998) suggests that these multiple parameters may be controlled
by the same underlying process. To test this hypothesis, we
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Fig. 5. Cross-correlation analysis between timeseries of SO, flux and both daily seismic event counts (including low-frequency (LF), volcano-tectonic (VT) and rockfall (RF) seismicity)
and lava efflux for eruptive Phase 3 (Aug 2005-April 2007): continuous timeseries of SO,/seismic counts held stationary, whilst binary timeseries of dome growth progressively offset
by a multiples of the daily sampling frequency (lags). A hypothetical correlation maximum at lag=0 (dashed red line) indicates a simultaneous relationship between dome growth
and degassing, while strong correlations at negative/positive lag values imply maxima in either degassing or seismicity precede/follow the onset of growth respectively; (a,b) SO,-
Dome Growth (5a highlights the short-term variation in correlation coefficient, whilst 5b extends the analysis to illustrate periodicity in correlation over a longer timescale); (c,d) LF-
Dome Growth; (e,f) RF-Dome Growth; (g) VI-Dome Growth. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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investigated whether systematic temporal relationships exist
between SO, flux, seismicity and lava efflux, on the timescales
indicated by spectral analysis, using correlation analysis (Fig. 5;
Supplementary information).

Seismic monitoring data at SHV is acquired at a high sampling
rate from 10 broadband seismometers distributed around, and at
various distances from, the volcano, and therefore represents an
almost continuous timeseries (Luckett et al., 2007). Datasets of
daily seismic event counts are generated from the raw seismic
waveform, and record the cumulative number of each seismic
event type (discriminated on the basis of the shape, frequency
content and duration of the seismic waveform) occurring over a
24-h sampling interval. Datasets were prepared for cross-
correlation analysis using a detrending correction to remove any
correlations resulting from the finite length of the dataset, then
truncated to a length equal to that specified for the SO, flux
timeseries. In addition, Loughlin et al. (2010) documented several
lava-dome ‘growth cycles’ based on changes in magma effusion
rate during Phase 3. In the absence of a continuous daily time-
series of effusion rates we use these growth cycles as a proxy for
lava efflux, in the form of a binary timeseries (i.e. zeroes through-
out, except on days corresponding the start of a growth cycle as
defined by Loughlin et al., 2010).

Timeseries of SO, flux and daily seismic event counts have been
compared for eruptive Phases 2 and 3 (July 2002—-July 2003 and
Aug 2005-April 2007 respectively), with dome growth data also
incorporated for Phase 3. These intervals have been selected for
analysis as they represent the periods where cyclic behaviour in
both gas flux (Section 3.2) and seismicity, including low-frequency
(LF), volcano-tectonic (VT) and rockfall (RF) events (Miller et al.,
1998), is most clearly defined at timescales of ~50 days (Odbert
et al,, in press).

Fig. 6 summarises a synoptic framework of the lead-lag
relationships between SO, flux, seismicity, and dome growth
during Phases 2 and 3, based on the results of correlation analysis
summarised in Table 3. Cyclicity in the strength of the correlation

Lava SO,
LF/VT Extrusion Flux RF

2 0 2 4 6 8
Lag Offset (days)

Fig. 6. Multi-parameter sequence relationships: lag offsets in timeseries of seismic
event rate and gas flux along the x-axis are here expressed relative to the onset of
magma extrusion. The relative magnitude of the correlation coefficient is displayed
as a continuous variable, with peak correlation indicated by vertical dashed lines.
A peak in low-frequency/volcano-tectonic seismic events (LF/VT; blue dashed line)
defines the start of the sequence, followed by the onset of vigorous surface
extrusion after days (red dashed line). Peak degassing lags the onset of lava
extrusion by a further two days (black solid line), accompanied by a second,
smaller, peak in LF event rate. Rockfall event rate climaxes approximately one week
after the onset of lava extrusion (green dashed line), and remains elevated for
several days. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

coefficient is evident on timescales of 30-50-days for each analy-
sis, with the additional periodicities detected in the SO, flux
timeseries (i.e. 10-14 days) not strongly manifest. This result is
consistent with earlier results suggesting that this cycle is domi-
nant (Section 3.1); therefore, we focus on the 50-day (multi-week)
cycle in subsequent discussions. Elevated seismicity begins the
sequence, typically in the form of an extended period of enhanced
LF activity concurrent with a short-lived VT swarm. Initiation of
new phases of dome extrusion (when applicable, i.e., for Phase 3
data) and SO, flux maxima occur after lags of ~2 and 4 days
respectively following the seismic swarms, with gas fluxes having
built gradually since the initial VT and LF swarms. Increasing RF
activity climaxes ~7 days following the onset of extrusion, and
then persists over several days. These patterns repeat over a period
of 30-50 days. Although cross-correlation analysis has shown
these relationships to be repeatable and generally self-consistent,
Fig. 6 illustrates an idealised scenario representing average beha-
viour over the defined time interval.

4. Discussion
4.1. Temporal evolution in multi-week cyclicity

Our results reveal complex degassing patterns at Soufriére Hills
Volcano, with MTM analyses (Section 3.1) providing evidence for
cyclicity on multiple superposed timescales during 2002-2011.
Furthermore, both reconstructive analysis (Section 3.2) and STFT
analysis (Section 3.3) indicate that the expression of cyclic beha-
viour in the surface gas flux varies distinctly when studied as a
function of time.

Temporal fluctuation in cyclic behaviour may be attributed to a
fundamental change in either gas source processes, or in the
subsequent transport of SO, to the surface (Odbert and Wadge,
2009). In Section 3.3, we suggest that the dominant frequency
modulation identified within the SO, timeseries spectrogram
reflects variation in the amplitude (or strength) of the multi-
week cycle. It is cyclicity on this timescale that is consistently most
clearly manifest throughout all analyses, including the timeseries
reconstructions presented in Section 3.2 (which must be weighted
in favour of the ~50-day component to optimise the fit to the
data), and so is the focus of all further discussion; the resolution of
the SO, dataset is insufficient to allow detailed interpretations of
cyclic components at higher frequencies. The spectrogram shown
in Fig. 4 has been directly compared to timeseries of other
parameters (e.g., multi-year variation in SO, flux magnitude,
phases of active dome growth) to explore potential systematic
relationships between the strength of multi-week cyclicity and
eruptive behaviour. This comparison offers valuable insights into
the conditions under which cyclic behaviour is most favourable,
thereby helping to constrain the origin of the cycles.

4.1.1. Influence of magma ascent and total gas flux

If active magma ascent was the sole control on cycle amplitude,
then we may expect sustained periodic behaviour throughout
active extrusion, and weakening during eruptive pauses. However,
comparing the shape of the frequency modulation to magmatic
extrusion cycles (shaded regions of Fig. 4) reveals no simple
systematic relationship. Although most periods where the multi-
week cycle is strong occur during phases of active extrusion, this is
not the rule; episodes of multi-week cyclicity are generally not
sustained, and are also observed without dome growth. This
supports the observation that SO, transport is decoupled from
magma extrusion over long timescales (Christopher et al., 2010;
Edmonds et al., 2003a, 2010).
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Table 3

Summary of correlation results: the number of ‘lags’ refers to the offset (in multiples of the daily sampling frequency) required to align peaks in one timeseries (listed
vertically) with those of the other (listed horizontally). Note that positive/negative lags imply the vertically listed parameter precedes/follows the horizontal parameter

respectively.

Cross-correlation SO,

Dome growth

parameters

Phase 2 Phase 3

Phase 3

Maximum correlation® Correlation cyclicity®

Maximum correlation® Correlation cyclicity”

Maximum correlation® Correlation cyclicity”

(lags) (lags) (lags) (lags) (lags) (lags)
S0, - - - - 1-2 40-50
LF (-1)-9 40-50 (-4)-8 40-60 (-2)-3 40-50
VT 0 ~20 —9and 8 ~20 -2 -
RE (-16) and 13 30-40 1-12 50-60 7-11 30-40

¢ ‘Maximum correlation’ refers to the lag offset required to align peaks in the two timeseries.
b «Correlation cyclicity’ refers to the time interval between successively aligned peaks.

Equally, inferring any relationship between multi-week cycle
strength and the long-term 2-3 yr SO, flux cycles, based on
overlaying the spectrogram trace onto the SO, flux timeseries
(Fig. 4b), is ambiguous. This null result supports the idea that the
multi-year cycles in surface gas flux originate from deeper in the
system (Christopher et al., 2010), and are thus relatively indepen-
dent of conduit processes that may generate the multi-week
cyclicity (processes involved discussed in Section 4.2).

4.1.2. Influence of explosive activity

Abrupt transitions between effusive, explosive and paused
activity are characteristic of intermediate dome-forming eruptions
(Melnik and Sparks, 2005) and reflect rapidly changing conditions
within the conduit, which would also influence or be influenced
by the nature of gas ascent. On Montserrat, seismic event rates
have been observed to accelerate prior to explosive behaviour,
with a subsequent deceleration following the cessation of activity
(Kilburn and Voight, 1998; Neuberg et al., 2006). Here we test the
hypothesis that the amplitude and/or frequency of the multi-week
cyclical component in the gas flux exhibit a similarly systematic
response.

Explosive events at SHV (2002-2009) are highlighted in Fig. 4,
and a comparison to the PSD distribution indicates a slight
clustering of explosive behaviour during either a period of escala-
tion in cycle frequency (i.e., a strengthening of the multi-week
cycle; 29 May 2005, 29 July 2008) or directly prior to a decline
(e.g., 20 May 2006, 2 Dec 2008). Since the window overlap used to
calculate Fig. 4 precludes more exact temporal correlation, several
events have been considered in more detail using finer resolution
spectrograms (Fig. 7; refer to the sensitivity study presented in
Supplementary information for discussion of parameter selection,
such as window length).

Consideration of both the dynamics of each explosion,
revealed by strain modelling and examination of eruptive
products, as well as the eruptive context in terms of magmatic
extrusion, may help to elucidate the relationship between
conduit conditions and cyclic behaviour. Vulcanian explosions
at SHV have typically occurred in episodic cycles, or in isolation
either during eruptive pauses or directly following dome col-
lapses (Edmonds and Herd, 2007; Komorowski et al., 2010;
Voight et al., 1999). Explosive activity is a reflection of condi-
tions within the conduit, specifically the balance between
degassing rates and pressurisation (Diller et al., 2006; Herd
et al, 2005; Melnik and Sparks, 2005). The specific condi-
tions pertaining to each event must therefore be considered
independently before drawing conclusions regarding a relation-
ship between cyclic degassing and explosive behaviour (Table F,
Supplementary information; labelled in Fig. 4a).

Several systematic observations from STFT analysis (Figs. 4 and 7)
support the hypothesis that changes in the nature of cyclic degassing
are directly linked to explosive behaviour:

(1) Events attributed to large-scale dome collapse and depressur-
isation (Herd et al., 2005; supported by strainmeter observa-
tions e.g., Voight et al., 2006), are often preceded by a period of
cycle stability, during which the multi-week cycle is most
apparent in the gas signal. An abrupt deceleration in cycle
frequency, and a breakdown of the multi-week cyclic compo-
nent, coincides with collapse. This is most clearly illustrated by
the dome collapse events of 20 May 2006 and 12 July 2003
(Figs. 4a and 7a, c; note that these two events represent the
only two examples of complete collapse of the dome edifice
to date).

(2) Several isolated explosive events (e.g., January 2007 and
March 2004, labelled high magma ascent rate; Figs. 4a and
7b, d) appear to occur in the absence of any strong cyclicity;
both examples occur in the months following the breakdown
in cyclicity associated with dome collapse events. It is likely
that the January 2007 event was the result of pyroclastic flows
eroding into the northern face of the dome, over a period
leading up to the explosion (Christopher, T., unpublished data).
Conduit sealing, or more specifically the failure of the seal, has
been invoked based largely on the analysis of eruptive pro-
ducts (Komorowski et al., 2010) to explain several Vulcanian
explosions occurring following significant intervals of reduced
gas flux (e.g., May-July 2008 and 29 May 2005; Fig.4). In
contrast to the breakdown in cyclic degassing triggered by
collapse, explosive behaviour of this style appears to correlate
with increases in apparent cycle frequency following periods
of suppressed cyclicity, and hence a strengthening of the
multi-week periodicity.

3

~

These observations suggest that the occurrence of explosive
activity may modulate either the source process of the multi-week
cycle itself, or the strength of the manifestation of this process in
the SO, flux.

4.2. Physical mechanisms controlling cyclicity

Periodicities evident in the SO, flux match those identified at
SHV in other geophysical timeseries. We propose, based on the
lead-lag relationships between seismicity, dome growth and
degassing presented in Section 3.4, that cyclicity in each of these
parameters may be subject to a common source process. The onset
of magma extrusion (Phase 3), peak degassing and elevated
rockfall were shown to lag initial low-frequency/volcano-tectonic
(LF/VT) swarm seismicity by ~2, 4, and 7 days respectively: a
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Fig. 7. Short-term Spectrograms: (a) Phase 2 (September 2002-September 2003); (b) Phase 2 expanded (September 2003-July 2004); (c) Phase 3 (August 2005-October
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dominate the frequency distribution so that cycle periods less than ~25 days are not distinguishable using the relative colourscale. Significant trends in the strength of the
multi-week cyclicity are annotated, whilst circles highlight regions of isolated high spectral power. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

sequence recurrent on timescales of 30-50 days during Phases 2
and 3.

The observed lag of 0-2 days between the initiation of LF
swarms and exogenous growth during Phase 3 may reflect the
ascent time required for the magma pulse to reach the surface
from seismic source depths. A simple calculation, based on our
observed two-day lead time and a source depth of 1.0-1.5 km
(assuming the LF swarm is generated by fluid motion associated

with magma microfracturing during ascent at the dyke-conduit
transition; Thomas and Neuberg, 2012), yields approximate
magma ascent rates of 6-9 x 10> ms™! in the shallow conduit.
This is consistent with reported ascent rates at both SHV and
Mt St Helens of 1071072 ms™! based on petrological methods
(Devine et al., 1998; Rutherford and Hill, 1993). The sustained LF
activity (Fig. 5c) is consistent with the continued acceleration of
magma over several days.
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The development of instabilities in the dome edifice is inti-
mately linked to magma extrusion dynamics, with the onset of
rapid localised dome growth resulting in oversteepened, meta-
stable regions prone to failure (Calder et al., 2002). Small indivi-
dual collapse events manifest as elevated RF activity, and so the
observed lag of ~7 days between initial extrusion and the peak in
RF events (Fig. 5) may reflect the time required to destabilise the
edifice.

The broadly simultaneous correlation between dome growth
and the occurrence of LF seismic swarms is consistent with a
scenario in which enhanced marginal shear strains associated with
periodic high magma ascent rates lead to corresponding cyclic
pulses of increased low-frequency seismicity (Costa et al., 2007a,b;
Thomas and Neuberg 2012). However, the mechanisms linking
degassing cycles to those of lava efflux and seismicity are less clear.
Collinson and Neuberg (2012) suggest gas flux is controlled by a
complex interplay between the structure, permeability and pres-
sure distribution within the conduit.

The correlation analysis presented in Section 3.4 demonstrates
that, while sequential offsets between each parameter are
observed over periods of ~10 days (which reveal subtle evolu-
tionary patterns in eruptive behaviour), degassing peaks are
broadly concurrent with both enhanced swarm seismicity and
more vigorous magma efflux when correlations are considered
over longer timescales (Fig. 5); maximum gas ascent rates thus
appear in step with, but systematically offset from, magma efflux.
Experimental work has demonstrated that bubble shear-coales-
cence, and hence the development of magmatic permeability, is
enhanced during the conditions of maximum shear associated
with elevated magma ascent rates (e.g., Okumura et al., 2006,
2008). The apparent co-variance between SO, emissions and
magma extrusion may therefore suggest that the development of
permeability, rather than overpressure, represents the dominant
control on gas ascent over multi-week timescales of ~50-days.
This is supported by modelling of the multi-week periodicity at
SHYV that predicts conditions of minimum overpressure concurrent
with maximum extrusion rates (Costa et al., 2007a,b, 2013).

Invoking shear-coalescence during enhanced magma ascent as
the dominant control on surface gas flux cannot reconcile all
observations, however. Relationships between SO, flux and seis-
micity exist, and exhibit the 40-50 day repeat time, even when
analysis is restricted to early Phase 3 when no clear growth cycles
are documented (Loughlin et al., 2010). While it is possible that an
endogenous growth mode could explain the cyclicity during the
early dome-building stages of Phase 3 (Loughlin et al., 2010), this
does not account for either the qualitative decoupling of gas flux
from the 2 to 3 yr phases of magmatic extrusion (Fig. 1; Edmonds
et al., 2010) or the evidence for multi-week cyclicity in SO,
emissions during both active and paused dome growth (Sections
3.1 and 4.1). These observations imply that although a bubble
shear-permeability control on gas ascent is an attractive solution
during phases of dome growth, other mechanisms (i.e. develop-
ment of fracture networks; Jaupart, 1998; Sparks et al., 2000) must
be invoked to explain degassing in the absence of magmatic
extrusion.

Furthermore, any mechanism proposed to explain degassing
cycles must be able to account for the observed temporal variation
in cyclicity (Section 3.3). An absence of periodic behaviour in
surface gas flux does not necessarily preclude pulsatory gas ascent
deeper in the conduit. For example, during extended intervals of
low SO, emissions (i.e., conduit ‘sealing’; Edmonds et al., 2003a;
Komorowski et al, 2010), the shallow conduit is effectively
impermeable to vertical gas transport and hence results in gas
storage beneath the seal. Variations in the SO, flux originating
below this depth would thus be damped, suppressing the cyclic
signature in surface gas measurements. This may explain the

absence of any significant periodic signal in the gas flux data over
the months prior to the December 2002, 29 May 2005 and May-
July 2008 explosions (Fig. 4). Strain modelling (Chardot et al.,
2010) and estimates of total erupted volume (Komorowski et al.,
2010) both indicate conduit excavation to depths of ~1 km during
these events, sufficient to remove the impermeable plug. This
would allow cycles of permeability development to be freely
expressed in the surface gas flux, highlighted most clearly by the
rapid strengthening of the multi-week component following the
29 May 2005 explosion.

Nevertheless, any further interpretations remain highly spec-
ulative. We conclude that the controls on gas ascent are complex,
and cannot be attributed to a single variable.

Although recent numerical models have begun to investigate
the complex permutations of permeability and pressure required
to promote either gas storage or escape (Collinson and Neuberg,
2012), a consideration of the mechanisms leading to cyclic
behaviour, perhaps extending the approach of Costa et al.
(2007a,b) to account for more general gas transport mechanisms,
is needed in order to explore the apparent systematic relationship
between the strength of cyclical degassing and both the occur-
rence and style of explosive activity at SHV.

5. Conclusions

Timeseries analysis of the long-term daily-averaged SO, flux
from Soufriére Hills Volcano, Montserrat, has provided insights
into the nature of cyclic behaviour at a resolution comparable to
that possible for seismic and deformation datasets from volcanoes
for the first time. SO, emissions at SHV exhibit complex cyclic
behaviour on a variety of timescales, many of which persist
throughout phases of both active extrusion and eruptive pause,
and show close similarities to periodic components identified in
other geophysical parameters. Cyclicity over 2-3 yr, 6-8 weeks
(~50 days), and 10-14 days was evident in analyses of the
complete timeseries (2002-2009), as well as in those of individual
phases. The multi-week cycle on timescales of ~50 days exceeded
the highest confidence level of the red noise model throughout
most of the eruption, suggesting that it represents a fundamental
property of the degassing regime.

The results of spectral timeseries analysis, using Multitaper
Fast-Fourier Transform (FFT), were cross-checked using recon-
structive analysis, which supported the hypothesis that the SO,
timeseries could be approximated by superposition of multiple
periodicities, weighted in favour of the multi-week cycle. Time-
series reconstructions also reaffirmed that cycle periods do not
always remain stable at SHV, and highlighted the need to relate
spectral results back to the raw timeseries in order to fully
characterise the cyclicity.

The relationships between SO, flux, seismic event counts, and
dome-growth during Phases 2 and 3 have been explored and
quantified by correlation analysis. Results support rejection of the
null hypothesis that each timeseries varies independently, in
favour of a scenario involving multi-parameter feedbacks. Peaks
in SO, flux appear to correspond broadly to enhanced lava
extrusion and elevated seismicity within cycles of 30-50 days.
However, time lags of 2, 4 and 7 days are observed between initial
low-frequency seismic swarms and peaks in dome growth, SO,
flux and rockfall event rate respectively. Although this analysis
offers valuable insights into the controls on subsurface gas ascent,
deconvolving the relative contributions of permeability and over-
pressure, as well as other factors, remains challenging and requires
further research.

Short-term Fourier Transform (STFT) analysis utilised the
observed temporal variation to explore changes in the strength
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of each cyclic component with time. The multi-week periodicity
(with cycle periods of ~50-days) exhibits distinct temporal varia-
tion, including abrupt changes in both strength and period, which
appears largely systematic with respect to eruptive activity.
Comparison between the strength of the multi-week periodicity
and the occurrence of specific styles of explosive activity suggests
that the manifestation of cyclicity in surface gas flux is itself
modulated by the influence of large-scale eruptive phenomena on
the physical conditions within the conduit.

These observations at SHV of cyclicity in gas flux, temporal
correlations with other geophysical datastreams and systematic
variations in the nature of the cyclicity with volcanic behaviour
offer new constraints on subsurface processes. Understanding
the full implications will require new efforts including the
development of models of conduit mechanisms to incorporate
quantitative measures of degassing and to explore the feedbacks
that influence the temporal expression of cyclicity in surface
gas flux.

Comparative studies at other volcanoes are of great impor-
tance. Cyclic deformation and seismicity observed at other dome-
forming systems is often comparable to that of SHV, suggesting
similar source mechanisms. Therefore, other degassing regimes
may also exhibit similar periodic behaviour (e.g., Holland et al.,
2011). Although based upon measurements from SHV, this study
suggests that applying timeseries analysis to high-temporal-
resolution gas flux measurements and other geophysical data-
streams at other volcanoes may provide an effective method both
to characterise patterns of degassing and to learn more about the
underlying controls on volcanic behaviour.
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