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ARTICLE INFO ABSTRACT

Keywords: Volcanic activities accompany changes in the physical and chemical properties of the medium. The ratio be-
Redoubt tween P- and S-wave velocities, Vp/Vs, is sensitive to the medium property changes. We investigate temporal
Volcano variations of the Vp/Vs ratios in the upper crust around Redoubt Volcano in the 1989-2014 time period using the
Eruption. traveltimes of local earthquakes. The V;/ Vs ratios reached ~ 2.0 immediately prior to the 1989-1990 and 2009
K/Il’é th;:it:; eruptions. These high Vp/Vs ratios may be associated with partial melts in the edifice. The V»/V; ratios rapidly

decreased to ~ 1.7 during the 1989-1990 and 2009 eruptions due to decreasing temperatures, fluids, and pore
pressures and increasing effective stresses after melt eruptions and gas emission. The change rates of the Vp/Vs
ratios showed evident spatial distributions. The Vp/Vs ratios increased at a rate of 0.025 (+0.003) yr’1 below the
2009 vent during the inter-eruption period between the 1989-1990 and 2009 eruptions due to an increase in the
temperature, which may be associated with the recharge of the magma in the lower crust. The increase rate of
the Vp/ Vs ratios was as low as 0.005 (+0.001) yr’1 in the regions located away from the eruption site. The Vp/Vs

Seismic properties
Temporal change

ratios appear to have increased consistently at a rate of 0.017 (+0.004) yr~ ! since the 2009 eruption.

1. Introduction

Active volcanoes are monitored year-round to mitigate volcanic
hazards. The identification of a volcano is crucial for timely prepara-
tion. Most active volcanoes can be characterized by eruptive cycles in
which prolonged months- to decades-long periods of quiescence are
interspersed with episodes of eruptive activity. Many phenomena, such
as ground uplift, gas emission and earthquake activity, can provide
insights into the state of a volcano in its eruptive cycle (Young et al.,
1998; Chouet et al., 1994; Sparks, 2003; Stephens and Chouet, 2001;
Power et al., 2013). Understanding and identifying these characteristics
is critical for mitigating volcanic hazards.

Eruptive cycles can be characterized by the significant changes in
medium properties, including the chemical composition, temperature,
local stress field, porosity, density, cracks, and fluid saturation (Wiemer
and McNutt, 1997; Rubin et al., 1998; Roman et al., 2004; Sanchez
et al., 2004; Pieri and Abrams, 2005; Koulakov et al., 2013; Hong et al.,
2014). Seismic properties are sensitive to the properties of the medium
(Brenguier et al., 2008; Duputel et al., 2009). The ratio between P- and
S-wave velocities, the Vp/Vs ratio, is sensitive to the medium composi-
tion and fluid content and is therefore useful for monitoring the state of
a volcano at any given point in its eruptive cycle (Nakajima and
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Hasegawa, 2003; Chiarabba and Moretti, 2006; Koulakov et al., 2013;
Hong et al., 2014).

Volcanic regions are typically characterized by low seismic velocity
zones beneath the volcanoes, which indicate the presence of magma
(e.g., Nakajima et al., 2001; Sudo and Kong, 2001; Nakajima and
Hasegawa, 2003; Koulakov et al., 2007; Koulakov et al., 2009; Lees,
2007; Prono et al., 2009). The magmas also exhibit high V,/Vs ratios
(Nakajima et al., 2001; Sudo and Kong, 2001; Nakajima and Hasegawa,
2003; Judenherc and Zollo, 2004; Koulakov et al., 2009; Hong et al.,
2014). Calderas are generally composed of sediments with open cracks
and present low seismic velocities and Vp/Vs ratios (Nakajima and
Hasegawa, 2003; Sherburn et al., 2003; Judenherc and Zollo, 2004;
Lees, 2007; Koulakov et al., 2009). Non-molten intrusives feature high
seismic velocities and Vp/Vs ratios (Sherburn et al., 2003; Judenherc
and Zollo, 2004; Prono et al., 2009). The seismicity, migration and
intrusion of magma, fluid transport, heat transfer, and collapse of cal-
deras perturb the medium properties, producing complex seismic ve-
locity structures in the volcanic regions (Nakajima et al., 2001; Sudo
and Kong, 2001; Nakajima and Hasegawa, 2003; Koulakov et al., 2009;
Sherburn et al., 2003). Investigations of seismic velocities are useful for
deducing the structures in volcanic areas. However, the seismic velocity
changes during the eruptive cycle of volcanoes are only partially
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understood.

The earthquake catalog from Redoubt Volcano is ideal for studying
the eruptive cycle of a stratovolcano. Because Redoubt Volcano has
been seismically monitored since 1989, the data set includes two major
eruptions between extended periods of quiescence. Both the 1989-1990
and 2009 eruptions were accompanied by lava dome growth and
magmatic explosions. The recent eruptions were monitored by a seismic
network, providing the opportunity to investigate the changes in the
seismic properties accompanying the volcanic activities (Power et al.,
1994). Noticeable changes in the seismic velocities, stress fields, seis-
micity, event characteristics, and Vp/Vs ratios were reported during the
eruptions (Stephens et al., 1994; Benz et al., 1996, Sachez et al., 2004;
Buurman et al., 2013b; Ketner and Power, 2013; Kasatkina et al., 2014).
However, the temporal evolution of seismic properties within the vol-
canic edifice during the inter-eruption periods is poorly understood.

In this study, we investigate the V»/Vs ratios in Redoubt Volcano
recorded between 1989 and 2014. The Vp/Vs ratios are estimated using
a modified Wadati analysis based on P and S traveltimes. We examine
the correlation between the eruptive cycle and the V;/V; ratios. We also
compare the changes of the Vp/V; ratios during and after the eruptions
to determine the dependence of the Vp/Vs ratios on the eruptive pro-
cesses.

2. Geology and eruption history

Redoubt Volcano is an active stratovolcano located ~170km
southwest of Anchorage (Fig. 1). The volcano was formed by multiple
eruptions. Most silicic parts of the volcano were formed by a large
eruption that occurred 0.888 Ma (Till et al., 1994). The sequence in-
cludes the Proterozoic basement rock, mid-Pleistocene to Holocene
dacitic and basaltic pyroclastic density current deposits, block and ash
deposits, and lava flows formed in Jurassic tonalites. The height of the
summit of the volcano is 3108 m, and the diameter of the base at the
altitude of 1200-1500 m is 10 km (Schaefer, 2011; Grapenthin et al.,
2013). The diameter of the summit crater is 1.5 km, and the summit is
covered by ice.

Redoubt Volcano erupted in 1902, 1933, and 1966-1968 and re-
cently in 1989-1990 and 2009. The last two eruptions were well
monitored (Power et al., 1994; Power et al., 2013; Stephens and
Chouet, 2001; Grapenthin et al., 2013; Bull and Buurman, 2013). In the
last two eruptions, gas and andesitic lavas explosively erupted through
the same vent in the northwest of the volcano (Bull and Buurman, 2013;
Diefenbach et al., 2013). The eruptions produced ash clouds, pyr-
oclastic flows, debris flows, and prolonged episodes of lava dome
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growth (Page et al., 1994; Woods and Kienle, 1994). Both of the recent
eruptive episodes at Redoubt Volcano were accompanied by extensive
seismicity, including volcanic tremor, long-period seismic events and
volcano-tectonic earthquakes that were likely associated with magma
migration (Lahr et al., 1994; Chouet, 1996; Morrissey and Chouet,
1997; Buurman et al., 2013b; Grapenthin et al., 2013; Power et al.,
2013; Power et al., 2013;Power et al., 2013).

The eruption periods are divided into precursory periods, explosive
periods, and effusive periods (Power et al., 2013; Power et al., 2013).
The precursory periods are characterized by increases in seismicity,
temperature, gas emission, and ground deformation. High-pressurized
gas and magma may erupt during the explosive period. Lava domes
grow during the effusive period. Precursory activity, including eruptive
processes, volcano-tectonic earthquakes, long-period events, volcanic
tremor, snow melting, and increased fumarolic activity, was observed
from October 1989 to December 14, 1989 prior to the 1989-1990
eruption (Power et al., 1994; Gardner et al., 1994; Schaefer, 2011;
Power et al., 2013).

Twenty-five explosive eruptions occurred between December 15,
1989 and April 21, 1990 (Power et al., 1994). The erupted pyroclastic
flows with temperatures of 600-700K reached a height of 12km
(Woods and Kienle, 1994). Following the explosive eruptions, a lava
dome grew and failed 13 times until June 15, 1990, defining the effu-
sive period (Page et al., 1994; Miller, 1994). The largest volume of the
lava dome was 30Mm® (Miller, 1994). Approximately 88 Mm® of
magma erupted with an effusion rate of 5.8 m®/s. The total dense-rock-
equivalent volume of the magma that erupted during the 1989-1990
eruption is ~200 Mm?® (Gardner et al., 1994). The total dense-rock-
equivalent volume of the deposits is ~30-50 Mm? (Scott and McGimsey,
1994).

The precursory activity leading to the 2009 eruption began in June
of 2008. Increased gas flux, ice melting, ground deformation, volcanic
tremors, and volcano-tectonic earthquakes were observed at the vol-
cano over a period of nine months prior to the eruption (Schaefer, 2011;
Bleick et al., 2013; Grapenthin et al., 2013; Power et al., 2013; Werner
et al.,, 2013). A weak increase of the surface temperatures was also
observed (Wessels et al., 2013). Twenty-eight explosive eruptions oc-
curred between March 15, 2009 and April 4, 2009. The eruption
column heights reached as high as 19 km during the 2009 eruption
(Schneider and Hoblitt, 2013; Wallace et al., 2013). The effusive period
followed the explosive eruptions until June, 2009, producing a lava
dome with a volume of 72 m® (Diefenbach et al., 2013). Approximately
80Mm>® of magma erupted with an effusion rate of 9.5m>/s
(Diefenbach et al., 2013). The total eruption volume of the materials is
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Fig. 1. (a) Map of the major volcanoes in the northeastern Aleutian volcanic arc. A region around Redoubt Volcano is marked with a rectangle. (b) Enlarged map and
seismicity around Redoubt Volcano. The locations of the volcano summit (triangle) and the lava domes of the 1989-1990 and 2009 eruptions (circles) are shown.
Eleven stations (squares) are available around the volcano. Earthquake depths with latitude and longitude are included as side panels. High seismicity is observed
around the volcano. (c) Cell-hit counts of discretized media. The spatial coverage of the raypaths is dense around the summit.
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80-120 Mm® (Bull and Buurman, 2013). The total dense-rock-equiva-
lent volume of the deposits is ~20.6 Mm® (Wallace et al., 2013).

The volcanic eruptions were accompanied by large temporal
changes in seismic velocities in the area surrounding Redoubt Volcano.
Low seismic velocity anomalies possibly associated with a magma
conduit were found at depths of ~1-6 km beneath the volcano during
the 1989-1990 eruption (Benz et al., 1996). High seismic velocities and
moderate Vp/Vs ratios were observed in the dikes and sills during the
inter-eruption period between the 1989-1990 and 2009 eruptions
(DeShon et al., 2007). High P velocity anomalies and low S velocity
anomalies were observed at the depths of up to ~3km beneath the
summit after the 2009 eruption (Kasatkina et al., 2014). The high V»/Vs
ratios may be caused by magma and fluid-saturated rocks (Kasatkina
et al., 2014; Hong et al., 2014).

3. Data

The Alaska Volcano Observatory (AVO) has operated a seismic
network to monitor Redoubt Volcano since 1989. The last two eruption
events in 1989-1990 and 2009 were well recorded by the seismic
network. The seismic stations are well distributed around the volcano.
A total of 17013 P and S traveltime pairs were collected from 11 sta-
tions between 1989 and 2014 for 7616 local seismic events (Fig. 1).
Most earthquake activity occurred during the eruption periods (Fig. 2).

Relatively few events occurred during the inter-eruption period. The
focal depths of the events range between —3 and 16.6 km. The mag-
nitudes (M) of the events range between — 0.9 and 2.4. Most epicentral
distances of the data set are less than 10 km. The spatial coverage of the
raypaths is dense in the region around the volcano (Fig. 1).
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Based on the eruption stages, we divide the data set into 9 subsets.
Periods I, II, and III are the precursory, explosive, and effusive periods,
respectively, of the 1989 —1990 eruption event (Fig. 2(a)). Periods VI,
VII, and III are the precursory, explosive, and effusive periods, respec-
tively, of the 2009 eruption event. Periods IV and V are the inter-
eruption periods. Period XI is the post-eruption period following the
2009 eruption.

4. Method and process

We determine the Vp/Vs ratio from the P and S traveltimes of local
events using a modified Wadati analysis (Jo and Hong, 2013; Hong
et al., 2014):

L=Tp _ E—l

Tp Vs (€))
where Tp and Ts are the P and S traveltimes. The ratio @ can be
determined using linear least-squares fitting and is shown ag the slope
of the fitted line in the modified Wadati diagram (Fig. 3). A re-
presentative Vp/Vs ratio is calculated for each region. To obtain a stable
result, we apply an iterative approach for the determination of the V»/Vs
ratio by removing the data points with large traveltime errors (Jo and
Hong, 2013; Hong et al., 2014) (Fig. 3).

The Vp/V; ratio varies strongly with the fluid content in the medium,
as observed in volcanic and geothermal regions (Nakajima et al., 2001;
Sudo and Kong, 2001; Nakajima and Hasegawa, 2003; Hauksson and
Unruh, 2007; Lees, 2007; Koulakov et al., 2009; Raharjo et al., 2016). It
was reported that the Vp/Vs ratios are also controlled by the tempera-
ture, effective stress, mineral composition, pore pressure, pore density,
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Fig. 2. (a) Distribution of the focal depths of the events used in this study with time during the 1989-2014 time period (top) and the 1989-1990 (bottom left) and
2009 (bottom right) eruptions. The numbers of events in every 100 (top) and 5 (bottom) days are marked with boxes. The precursory, explosive, and effusive periods
are indicated (shaded periods). Many earthquakes occur during the eruption periods, while a small number of events are reported for the inter-eruption periods. (b)
Focal depth and (c) magnitude distribution of the events. Most focal depths are less than 10 km. The event magnitudes are generally less than 1.5. (d) Distribution of
epicentral distances of P- and S-wave traveltime pairs. Most epicentral distances are less than 10 km.
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given by ‘;—g—l. All of the data, including the outliers, contribute to the regression. (b) Exclusion of the outliers with deviations equal to or greater than 0.2 s (marked

with dotted lines) from the determined line. (c) Redetermination of the least- squares fit line based on the remaining data. The refinement process is repeated until no

further data are excluded.

and crack density (Eberhart-Phillips et al., 1989; Julian et al., 1996;
Nakajima et al., 2001; Sudo and Kong, 2001; Takei, 2002; Gunasekera
et al.,, 2003; Nakajima and Hasegawa, 2003; Sherburn et al., 2003;
Unglert et al., 2011; Muksin et al., 2013). Temporal changes in the
Vp/Vs ratios accompanying temporal changes in the medium properties
were widely observed in active volcanoes and geothermal areas (Julian
et al., 1996; Gunasekera et al., 2003; Londofio and Makario, 2010;
Koulakov et al., 2013).

The Vp/Vs ratios were determined for each period (Fig. 4). The
studied region is discretized into spatial bins (cells) with a uniform size
of 0.05° in longitude and 0.025° in latitude (Fig. 5), allowing us to in-
vestigate the lateral variation of the Vp/V; ratios. The bins are shifted by
0.02° in longitude and 0.01° in latitude, overlapping with adjacent bins

by 0.03° in longitude and 0.015° in latitude.

We select events with focal depths of less than 8 km, naturally
constraining the depth of imaging. It is noteworthy that the magma
chamber beneath Redoubt Volcano may be located at depths of 3-9 km
(Power et al., 2013). The epicentral distances of the data sets are less
than 5 km. With the exception of the data subset for period V around
the summit, more than 50 data points are present in each subset.

The Vp/Vs ratios are estimated within each data subset throughout
the volcanic edifice. The estimated Vp/V; ratios are refined iteratively
based on a modified Wadati analysis by excluding the data points for
which the deviation from the initially determined reference line is
greater than 0.2 s (Fig. 3). We repeat the refinement procedure until no
further data are excluded in the analysis (Hong et al., 2014). With the
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Fig. 4. Determination of the average upper-crustal Vp/Vs ratios for periods I-IX. The slopes of the lines correspond to %—1. The outlier data points (small circles) are

excluded in the analysis.
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observed around the summit in all periods except period V. (b) Spatial variations in the V/ Vs ratios for each time period. The vent (region A) is marked with a box.
The Vp/Vs ratios vary significantly with the eruption phase of the volcano. The positions of the summit (triangle) and lava domes (circle) are marked.

exception of the data subset for period V, the traveltime data subsets
contain more than 100 data points (Fig. 5).

5. Vp/Vs ratios

We observe significant Vp/Vs ratio changes during volcanic activities
(Fig. 4). We also observe apparent spatial variations in the V»/Vs ratios
(Fig. 5). The Vp/ Vs ratios increase to ~2.1 over period I (the precursory
period of the 1989-1990 eruption), accompanying high seismicity
(Fig. 2). This observation suggests that high Vp/Vs ratios may be asso-
ciated with magma development in the shallow crust (Power et al.,
2013). The Vp/Vs ratios for period II (the explosive period of the
1989-1990 eruption) range between 1.7 and 1.8, lower than those for
period L. The relatively low Vp/V; ratios may be associated with the gas
emission and magma eruption that result in a decrease in the pore
pressure and in the amount of the fluid within the medium (Hong et al.,
2014).

The Vp/ Vs ratios for period III (the effusive period of the 1989-1990
eruption) are 1.7-1.8, similar to those for period II. The V5/Vs ratios for
period IV (the first half of the inter-eruption period between the
1989-1990 and 2009 eruptions) are 1.7-1.9, and those for period V
(the second half of the inter-eruption period) are 1.8-2.2. High Vp/Vs
ratios are observed around the 1989-1990 and 2009 eruption vents
(region A on the map in Fig. 5(b)). These observations suggests that the
Vp/ Vs ratios increased during the inter-eruption period.

The Vp/Vs ratios for periods VI and VII (precursory and explosive
periods of the 2009 eruption) are 1.9-2.1, suggesting a rapid develop-
ment of the magma in the shallow crust (Diefenbach et al., 2013; Power
et al., 2013). The observed high V;/Vs ratios during the eruptions are
consistent with the results of previous studies (Koulakov et al., 2013;
Hong et al., 2014; Kasatkina et al., 2014). The V;/Vs ratios for period
VIII (effusive period of the 2009 eruption) are 1.7-1.8. The decreasing
Vp/ Vs ratios may suggest a reduction in the gas and melts in the edifice.
Period IX (the post-eruption period after the 2009 eruption) presents
Vp/Vs ratios of 1.8-1.9, which are higher than those for period VIII,
suggesting an increase in the Vp/Vs ratios during the post-eruption
period.

43

6. Stability tests

We verify the results by examining their stability using bootstrap
analysis (Efron and Tibshirani, 1991; Jo and Hong, 2013; Hong et al.,
2014). Bootstrap analysis generates data sets that are randomly re-
sampled from the original data set while allowing duplicate selection of
any data points. The resampled data sets are analyzed, yielding sto-
chastic results. The standard errors among the results based on re-
sampled data sets are assessed, allowing us to examine the stability of
the results.

We produce 100 bootstrap data sets for each spatial and temporal
window. The mean values of the Vp/Vs ratios obtained using the boot-
strap data sets are close to the results obtained using the original data
set (Fig. 6). The standard deviations among the bootstrap results are
less than 0.05 for most regions and periods except for the results for
period V, for which only a small number of data points are available
(Fig. 6). The bootstrap test suggests that the results are stable and rarely
depend on certain data points.

The Vp/Vs estimates suffer from the errors in the traveltime data
associated with phase picking and origin time errors. The influence of
the errors on the analysis is examined. The errors in P and S phase
picking may be less than 0.05 and 0.1 s, respectively, considering the
epicentral distances, focal depths, and sampling rates of the waveforms
(Hong et al., 2014). We produce 100 traveltime data sets by adding
white noise random errors in the range from —0.05 to 0.05s for P and
from —0.1 to 0.1 s for S traveltimes.

The average differences between the V»/Vs estimates based on the
original data set and those based on the random-error-added data sets
are generally less than 0.03 (Fig. 7). The standard deviations of the
Vp/Vs estimates among the 100 random-error-added data sets are less
than 0.04 for most regions and periods, corresponding to deviations of
up to 0.08 in the 95 % confidence interval. This test suggests that the
influence of the possible errors in the traveltimes on the results may not
be significant.

Errors in the origin times may be associated with event location
errors. We examine the influence of origin time errors on the Vp/Vs
estimates. We prepare 100 traveltime data sets by adding white noise
random errors ranging from —0.2 to 0.2 s to the origin times,
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Fig. 6. Bootstrap test of the obtained V;/V; ratios. (a) Average of the results from 100 bootstrap data sets. The average values are close to the results from the original
data set. (b) Standard deviations among the results obtained from the 100 bootstrap data sets. With the exception of period V, the standard deviations are low in most
regions and time periods. The positions of the summit (triangle) and lava domes (circle) are marked.

corresponding to hypocenter errors of up to ~1.5km in a typical con-
tinental crust (Hong et al., 2014). The Vp/Vjs ratios are estimated for the
error-added data sets (Fig. 8). With the exception of period V, the
average differences between the Vp/Vs estimates based on the original
data set and those based on the error-added data sets are less than 0.04
for all regions and periods. The standard deviations are also less than

0.06.

We also examine the composite effect of the phase picking and
origin time errors on the analysis. We produce 100 traveltime data sets
with random errors in the P and S traveltimes and the origin times. The
random errors range from —0.05 to 0.05s for the P traveltimes, from
—0.1 to 0.1 s for the S traveltimes, and from — 0.2 to 0.2 s for the origin

(a)

times. We find that the average differences between the Vp/Vs estimates
based on the original data set and those based on the random-error-
added data sets are less than 0.04 for most regions and periods (Fig. 9).
The standard deviations are less than 0.07. This test suggests that the
composite effect of the errors in the phase picking and origin times on
the results is likely not significant.

7. Temporal variation in V;/Vs ratios

The V3/V;s ratios are estimated using every 20 traveltime data points
(Fig. 10). Significant temporal variations in the Vp/Vs ratios are ob-
served during the inter-eruption and eruption periods. The reliability of

(b)
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Fig. 7. Examination of the potential influence of phase picking errors on the estimation of the Vp/Vs ratios. (a) Average values and (b) standard deviations of the
differences between the results from 100 error-added and original data sets. The average differences are close to zero for most regions and periods. The standard
deviations are low in most regions and periods. The positions of the summit (triangle) and lava domes (circle) are marked.
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differences between the results from 100 error-added and original data sets. The average differences are close to zero for most regions and periods. The standard
deviations are low in most regions and periods. The positions of the summit (triangle) and lava domes (circle) are marked.
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Fig. 9. Examination of the potential composite influence of phase picking and origin time errors on the estimation of the V»/Vs ratios. (a) Average values and (b)
standard deviations of the differences between the results from 100 error-added and original data sets. The average differences are close to zero for most regions and
periods. The standard deviations are low in most regions and periods. The positions of the summit (triangle) and lava domes (circle) are marked.

the results is verified using bootstrap analysis (Fig. 11). We produce
100 bootstrap data sets from the original data sets. The average values
of the Vp/Vj ratios obtained from the bootstrap data sets agree with the
results obtained from the original data sets. The standard deviations are
low for most periods except for period V, for which only a small number
of data points are available. The test results support the stability of the
obtained Vp/Vj ratios.

The V5/V;s ratios decrease to ~1.7 during the eruptions (periods II-II
and VI-VIII), which is consistent with a previous study (Fig. 10) (Hong
et al., 2014). The decrease in the Vp/Vs ratios during the precursory
period of the 2009 eruption event (period VI) may be associated with
the decrease of the pore pressures in the medium due to the emission of
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overpressurized gas (Power et al., 2013; Hong et al., 2014). However, a
decrease in the Vp/Vs ratios is not observed in the precursory period of
the 1989-1990 eruption event (period I) due to a different eruption
mechanism. It has been suggested that the 1989-1990 eruption was
caused by magma mixing (Wolf and Eichelberger, 1997). On the other
hand, the 2009 eruption was caused by the remobilization of the re-
siding materials due to the migration of magma from the lower crust
(Coombs et al., 2013; Grapenthin et al., 2013; Power et al., 2013).
High Vp/V; ratios up to ~2.0 were observed prior to the eruptions. A
Vp/Vs ratio of 2.0 may suggest a medium porosity of ~ 0.11 when iso-
tropically-distributed pores are filled with melts with a bulk modulus of
10 GPa in a medium with a temperature of 255°C and a pressure of
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Fig. 10. Temporal variations of the V»/Vs ratios in the 1990-2015 time period (top). The Vp/Vs ratios during the 1989-1990 (bottom left) and 2009 (bottom right)
eruptions are enlarged. The average Vp/Vs ratios for the whole region (squares), the region of the 2009 eruption (region A, circles) and the southern region of the
volcano (region B, triangles) are shown. The precursory, explosive, and effusive periods are indicated. The least-squares fitting lines (solid lines) and their slopes for
the inter-eruption periods and eruption periods are shown. The Vp/Vs ratios decrease during the eruptions and increase during the inter-eruption periods.

ratios during the inter-eruption period may be associated with the in-
crease of the temperature in the volcanic edifice, which may in turn
may be associated with the recharge of magma in the magma chamber
in the deep crust. It was proposed that magma ascended from the deep
crust to the shallow magma chamber at the depth of 3-6 km prior to the
2009 eruption (Coombs et al., 2013; Grapenthin et al., 2013).

We find that the Vp/Vs ratios increased in the post-eruption period
after the 2009 eruption event (Fig. 12). The average increase rate over
the whole region is 0.017 (+0.004) yr~'. A high increase rate of 0.050
(£0.015) yr~ 1 is observed in the southern region of the volcano (region
B) (Fig. 12). The increase in the V3/Vs ratios is likely associated with the
temperature changes beneath the volcano. A high surface temperature
was observed around the volcano after the 2009 eruption (Wessels
et al.,, 2013). This observation may be associated with the magma
movement beneath the volcano after the 2009 eruption (Buurman et al.,
2013a). The difference in the increase rates after the two eruptions may

0.13 GPa (Gassmann, 1951; Husen et al., 2004; Hong et al., 2014).

The V;/ Vs ratios decreased rapidly during the explosive and effusive
periods. The decreasing Vp/Vs ratios may be attributed to decreases in
the amounts of the partial melts in the edifice (Christensen, 1996;
Chiarabba and Moretti, 2006; Hong et al., 2014; Kasatkina et al., 2014).
The eruption volumes were 200 and 80-120 Mm? (Gardner et al., 1994;
Bull and Buurman, 2013). The magma discharge also decreases the
tensional strain and temperature in the medium, consequently reducing
the Vp/Vs ratios (Mogi, 1958; Eberhart-Phillips et al., 1989; Reid, 2004;
Sanchez et al., 2004). The compressional stress may have increased by
~5 MPa during the 2009 eruption (Sanchez et al., 2004).

The Vp/ Vs ratios increase during the inter-eruption periods (Fig. 10).
The Vp/Vs ratios generally increase during periods IV-V at a rate of
0.005 (+0.001) yr~?, which, however, varies significantly by local re-
gion (Fig. 12). We observe a high rate of 0.025 (+0.003) yr_1 around
the site of the 2009 eruption event (region A). The increase in the V5/Vs
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Fig. 11. Bootstrap test of the temporal variations in the Vp/Vs ratios. The average values of the results obtained from 100 bootstrap data sets are presented with
standard deviations (bars): the entire region (open squares), the region of the 2009 eruption (region A, circles), and the southern region of the volcano (region B,
triangles). The results from the original data sets are represented by closed symbols. The average values of the results obtained from the bootstrap data sets are close
to the results obtained from the original data sets. The standard deviations are low in most periods
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are high around the region of the 2009 eruption (region A). High increase rates of the Vp/Vs ratios are observed during period IX in the southern region of the volcano
(region B). The positions of the summit (triangle) and lava domes (circle) are marked.

be associated with the differences in the recharge rates and the depths
of the magma chambers.

8. Discussion and conclusions

We investigated the temporal variation in the Vp/Vs ratios around
Redoubt Volcano during the 1989-2014 time period, which includes
the 1989-1990 and 2009 eruptions. The Vp/Vs ratios were estimated
using a modified Wadati analysis based on the P and S traveltimes of
local earthquakes. The reliability of the results was tested using boot-
strap analysis.

We observed temporal changes in the Vp/Vs ratios around the vol-
cano with the eruptive cycle of the volcano. The changes in the medium
properties accompanying the volcanic activities control the Vp/Vs ratios.
The Vp/Vs ratios increased during the inter-eruption periods and de-
creased during the eruption periods. The regions with the high increase
rates of the Vp/Vs ratios during the inter-eruption period are observed to
be associated with the magma development and following eruption.
The southern region of the volcano presents a high increase rate of the
Vp/ Vs ratio during the latest period.

The temperature of the magma was 890-960°C during the pre-
eruption period (Coombs et al., 2013) and then decreased with time.
The temperature decrease caused a decrease in the Poisson’s ratios
(Christensen, 1996; Julian et al., 1996; Sudo and Kong, 2001). The
development of cracks may also have contributed to the decrease in the
Vp/ Vs ratios (Hauksson and Unruh, 2007; Fortin et al., 2007; Unglert
et al., 2011; Hong et al., 2014). The decreasing pore pressure and in-
creasing effective stress may have contributed to the decrease in the
Vp/Vs ratio (Eberhart-Phillips et al., 1989; Julian et al., 1996;
Gunasekera et al., 2003). The increase of the Vp/Vs ratios during the
inter- eruption period (periods IV and V) may suggest recharging of the
magma. The Vp/Vs ratios may be useful for identification of potential
locations of future eruptions.
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