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Akutan is one of the most active volcanoes in the Aleutian island arc. Studies involving seismic, GPS, and InSAR
data have observed activity and deformation on the island since 1996. In this study we inverted measurements
of volcanic deformation, observed using three components of motions at 12 continuous GPS sites to define
magma source parameters using Mogi point source, Okada dislocation, and Yang spheroid and ellipsoid models.
In order to analyze the evolution of this magma source we split the GPS data into five consecutive time periods,
and one period that incorporates all available data. These time periods were designed around two inflation events
in 2008 and 2014, when a sudden and significant increase in vertical velocity was observed. Inversion of these
time periods independently allowed us to create a magma volume time-series that is related to the physical mi-
gration of magma defined by the estimated source parameters. The best fit model parameters resulting from
these inversions describes magma storage in the form of an oblate spheroid centered on the northeastern rim
of the caldera of Akutan volcano, extending from a depth of 7 km to 8 km, with a length of ~3.5 km, a strike of
~N165°E, and a dip of ~63° from the horizontal to the southwest. Our model results were compared with seismic
studies and found to support previous interpretations of episodic inflation beneath Akutan volcano with compli-
cated magma storage at intermediate depths. The inflation event observed in 2008 was estimated to be the result
of an injection of magma of ~0.08 km?> that was followed in 2014 by an additional increase in volume of
~0.06 km?>. No periods of deflation were observed in the GPS data after these events, and we believe the total vol-
ume of magma accumulated in this region, ~0.2 km?, remains in a shallow storage system beneath Akutan
Volcano.

Published by Elsevier B.V.

1. Introduction

south of Hot Springs Bay, 13 km northeast of the volcano (Fig.1),
where geothermal activity is used to provide power to the approximate-

Akutan island is located in the central section of the 2000 km
Aleutian volcanic arc, a product of the subduction of the Pacific plate be-
neath the Bering plate in the west and the North American plate in the
east. The island is situated just west of the break in the continental shelf,
so that the overriding crust in this region is transitional between conti-
nental and oceanic, with a thickness of 33-39 km (Janiszewski et al.,
2013), and water depths surrounding the island are <100 m (Amante
and Eakins, 2009) (Fig. 1, inset). The most prominent feature on Akutan
island is the 1300 m composite stratovolcano of the same name (Fig. 1).
The summit of Akutan volcano hosts a caldera that was formed 5.2 ka
with a 1 km wide and 240 m high active cinder cone situated in the
northeast quadrant of the caldera (Newhall and Dzurisin, 1988; Miller
et al., 1998). Sulfur deposits can be found lining small craters within
the caldera and active fumaroles are present along the southern flank.
The only village on the island, Akutan village, has been established
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ly 1000 inhabitants. To the east, the topography becomes a more com-
plicated series of north-south trending ridges and valleys extending
across the island, primarily composed of older, early Pleistocene ash
and tephra deposits formed 1.5 to 3.3 Ma (Romick et al., 1990;
McConnell et al., 1997; Miller et al., 1998; Richter et al., 1998).

Akutan is one of the most active volcanoes in the Aleutian arc (Lu
and Dzurisin, 2014), with at least 27 eruptive events noted since 1790
(Finch, 1935; Byers and Barth, 1953; Simkin and Siebert, 1994; Miller
et al., 1998), and it has been included in the top 10% of volcanoes that
pose a risk to both life and property in the United States (Ewert,
2007). The most recent eruption, from March to May of 1992, consisted
of repeated ash plumes and steam events (VEI 1) (McGimsey and Neal,
1996; Miller et al., 1998; Richter et al., 1998). Such explosive activity
was reported on a 1-4 year cycle between the mid-1970s and early
1990s, while effusive eruptions are historically less common. When ef-
fusive eruptions do occur, lava flows are channeled from the summit of
Akutan north, towards Long Valley, through a breach of the caldera rim;
the last occurred in 1978 when a porphyritic two-pyroxene basaltic
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Fig. 1. Location map of Akutan island in the central section of the Aleutian arc. The break in the continental shelf can be seen in the bathymetry to the north of the highlighted area, and
arrows indicate motion of the Pacific plate towards the Bering and North American plates along the Aleutian trench. The inset shows Akutan island, with Akutan village, Hot Springs Bay,
and Lava Point labeled. GPS stations are plotted as red squares and seismic stations as yellow triangles, the stable reference GPS site, AV15, is labeled and located at the red square with the
thick black border. The green rectangle outlines the approximate area of surficial ground cracks and extensional features that formed during the March 1996 earthquake swarm.

andesite erupted from the summit with simultaneous ejection of incan-
descent bombs. These bombs were witnessed by airline pilots to reach
heights of 100 m above the summit and have subsequently been
found distributed across the entirety of the island (Miller et al., 1998;
Richter et al., 1998; Waythomas, 1999).

The tectonic and volcanic nature of Akutan island has led to seismic
events both independent of and associated with eruptive events. These
events were recorded only through historical accounts until March
1996, when instrumentation was installed following an intense period
of seismic activity. With the onset of seismic activity, the Alaska Volcano
Observatory (AVO) initially installed five seismometers, one in Akutan
village and four on the eastern side of the island (Fig. 1). This network
was augmented throughout the summer of 1996, when six additional
permanent seismic stations were installed island-wide, and this number
has since been increased to a total of 15 stations (Fig. 1). Using real-time,
short-period, and broadband seismometers, over 3000 local seismic
events have been located during this seismic swarm, with a peak in fre-
quency observed between March 11 and 16, 1996 (Lu et al., 2000). No
eruption resulted from this increase in activity, yet the 1996 seismic
swarm was estimated to have released energy approximately equiva-
lent to one magnitude 6 event (Power et al., 1996; Lu et al., 2000).

There was, however, observed surface deformation associated with
this event. During field work in July 1996 a series of fresh ground cracks
were observed to discontinuously extend from Lava Point on the west-
ern coast along a strike of N250°E to the southeast side of the island. The
most severely affected area was a 300-500 m wide rectangular zone be-
tween Lava Point and the western rim of the caldera (Waythomas,
1999) (Fig. 1).

Previous studies have used both Synthetic Aperture Radar Interfer-
ometry (InSAR) and GPS data to study the surface deformation related
to volcanic processes at Akutan (Lu et al., 2000; Lu et al., 2005; Ji and
Herring, 2011; Lu and Dzurisin, 2014). InSAR images were used to cre-
ate interferograms that temporally span the duration of the 1996 seis-
mic swarm and consistently exhibit uplift in excess of 60 cm over the
western part of the island, with similar magnitudes of subsidence across
the eastern extent. To explain the complicated spatial pattern observed
in these interferograms several multi-source models have been pro-
posed (Lu et al., 2000; Lu and Dzurisin, 2014), but the main deformation
source responsible for uplift in the western part of the island is modeled
as a shallow (<1 km) dike system extending 5-6 km laterally and 2—
4 km down dip (Lu et al., 2000, 2005). Deformation before and after
the seismic swarm was also analyzed through interferograms that
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Fig. 2. Time-series of daily position solutions relative to stable North America with seasonal variations removed at GPS site AKLV are plotted for the east (top), north (middle) and vertical
(bottom) components. The horizontal components, east and north, have been detrended, but deflation events are still barely visible. Red lines separate the five time periods, pre-2008 (1),
2008 event (2),2009-2013 (3), 2014 event (4), and post-2014 (5). Additionally, all of the available data were used as a time period extending from the beginning of pre-2008 to the end of
post-2014. Velocity estimates created using the model described in Section 3.1 are indicated for each time period, illustrating the sharp increase in velocity associated with the 2008 and

2014 inflation events.

show the volcano's northern flank uplifting ~10 mm per year (Lu et al.,
2005; Lu and Dzurisin, 2014) and was explained by the intrusion of
magma into a reservoir located 5-7 km beneath the northern flank of
the volcano (Lu and Dzurisin, 2014). Interferograms created from im-
ages acquired after the swarm exhibit interesting additional deforma-
tion in the form of a linear subsidence pattern extending westward
from the summit (Lu and Dzurisin, 2014). This subsidence coincides
with the region mapped during field work in July 1996 that experienced
the most extensive ground cracking. This onset of subsidence has been
interpreted as the result of cooling and degassing of a magma intrusion
that failed to erupt at the surface (Lu and Dzurisin, 2014). Additional
persistent subsidence is observed inside the caldera, but is most likely
related to the depressurization of a shallow hydrothermal system (Lu
and Dzurisin, 2014).

While GPS data is limited spatially it can provide a very high resolu-
tion in time, with measurements at continuous stations being collected
every 30 s. Using this high resolution temporal data, transient inflation
during the first half of 2008 was detected and modeled by Ji and
Herring (2011) as a simple Mogi source at shallow depth (~3.9 km).

A recent study reveals the complex nature of structures beneath
Akutan island from the simultaneous inversion of the 1996-2009 seis-
mic body and surface wave data for a more accurate velocity model
and event relocations (Syracuse et al., 2015). The relocated earthquakes
are clustered in four areas: 1) 8 km east of Akutan's caldera where most
earthquakes occurred at very shallow depths during the 1996 swarm;
2) Northwest of the caldera, both onshore and offshore near Lava
Point, indicating a northwest dipping plane located around 4-10 km
depth; 3) A 6 km long vertical plane of seismicity beneath the north
and northwest side of the caldera, with the same orientation of the ob-
served ground cracks; 4) A region south of the caldera where most of
the deep earthquakes (deeper than 10 km) occur (Syracuse et al., 2015).

The results of these previous studies suggest that the surface defor-
mation may reflect multiple mechanisms both spatially and temporally.

Here we divide continuous GPS data into five different time periods to
better analyze the temporal evolution of deformation, from the time
of the GPS site's installation (generally the summer of 2005, but as
early as 2002), to the time of this study in November 2016. We then in-
vert these data to produce a best estimate of the magmatic source ge-
ometry at Akutan volcano, and evaluate the evolution of its volume
change with time. We also consider the cumulative deformation avail-
able at each GPS site for the whole ~10 year time series.

2. GPS data

There are 16 campaign and 12 continuous GPS sites installed on
Akutan island (Fig. 1). GPS campaign sites are short term repeat occupa-
tions, and cannot provide the temporal resolution necessary to model
the periods of episodic inflation. Thus, only data from the 12 continuous
GPS sites are used in this study. These data are publically available
through UNAVCO and the Plate Boundary Observatory (PBO; http://
pbo.unavo.org). Daily position solutions were estimated for all data
through the University of Alaska Fairbanks - Geophysical Institute
using the GIPSY/OASIS II software goa-5.0 developed by the Jet Propul-
sion Laboratory in Pasadena, California following the processing

Table 1

Range of input parameters for Mogi model inversion. Longitude, latitude, and depth loca-
tions indicate the location of the point source at depth and volume is the change in volume
required to produce the estimated surface deformation.

Bounds Longitude Latitude Depth Volume
(dec. deg.E) (dec. deg. E) (km) (km?)

Upper bound —165.940 54.195 15.0 0.100

Lower bound —166.000 54.090 0.0 —0.010
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Table 2

Range of input parameters for Okada model inversion. Longitude, latitude, and depth locations indicate the center of the top edge of the dislocation plane. Length is measured as the top and
bottom edges of the dislocation plane while width is measured in the down dip direction. The dip values are degrees from horizontal, and the direction of this angle is related to the strike
direction in the conventional right-hand rule. Opening indicates the amount of dislocation of the defined geometric shape required to produce the surface deformation.

Bounds Length Width Depth Dip Strike Longitude Latitude Opening

(km) (km) (km) (deg. from horz.) (deg. from N) (dec. deg. E) (dec. deg. N) (mm)
Upper bound 15 15 15.0 0 360.0 —165.940 54.195 5000
Lower bound 0.5 0.5 0.0 —90.0 0.0 —166.000 54.090 0

methods described by Fu et al., (2012). These GPS time-series (e.g. sta-
tion AKLV, Fig. 2) exhibit two distinct pulses of rapid inflation on top of
the steady rate of motion. In order to more accurately model the geo-
physical processes responsible for these episodic changes in velocity,
the east, north, and up measurements were grouped into five time pe-
riods. The five periods are designed to isolate these episodic changes
in velocity and to analyze the underlying constant rate of motion before,
between, and after these inflation events. The two inflation events are
defined from abrupt velocity changes in the vertical component. There
are no published dates defining the 2014 event and published dates
for the 2008 inflation event were determined by Ji and Herring (2011)
using principal component analysis, and describe a six month event
that took place in early 2008. These dates do not incorporate the obvious
inflation that occurred in the end of 2007 and the beginning of 2009 that
was a continuity of the 2008 inflation. The events defined in this study
were done so from visual analysis of the vertical component of GPS
site AKLV (Fig. 2). The first period, pre-2008 (Fig. 2 (1)), extends from
the beginning of the available data (between 2002 and 2005) to July 1,
2007. The 2008 inflation episode, hereafter referred to as the 2008
event (Fig. 2 (2)) is defined from July 1, 2007 to Jan 1, 2009. The third
period, 2009-2013 (Fig. 2 (3)), extends from Jan 1, 2009 to July 1,
2013, and July 1, 2013 to Jan 1, 2015 encompasses the second period
of inflation (Fig. 2 (4)), referred to here as the 2014 event. The fifth pe-
riod, post-2014 (Fig. 2(5)), covers all data available from Jan 1, 2015 to
present (November 18, 2016). We also consider an additional data set
based on all available data for each site, which has a variety of different
time spans depending on the installation and functionality of each GPS
site. The minimum required continuous set of data used to produce a
deformation measurement was defined to be 1 year so that seasonal cy-
cles do not dominate our velocity measurements. Because of this not
every station has an estimation for every time frame, and some have
shorter time durations for one period than the others (Tables S1-S7).
These gaps in time-series data, seen in early 2016 at site AKLV (Fig. 2),
are often a result from equipment malfunction or natural forces
interrupting data transmission, and because of the remote nature of
Akutan island, maintenance cannot always be performed in a timely
manner.

3. Methods
The goal of this study is to observe the effect of volcanic processes at

Akutan island, manifested as surface deformation during six time pe-
riods. In order to use the GPS data as accurately as possible, several

Table 3

processing steps were required. First, the measured daily position
values were used to estimate velocity for each station during each
time frame. To isolate volcanic displacement and remove dependency
on a reference frame, a regional tectonic and reference frame velocity
estimation is subtracted from the velocity estimate at each site for
each time series. This volcanic rate was then converted into displace-
ments for each time period and modeled using four source models. A
buried point source (Mogi, 1958), a dislocation plane (Okada, 1985), a
finite prolate or oblate spheroid (Yang et al,, 1988), and a finite prolate
or oblate ellipsoid (Yang et al., 1988) in a homogeneous isotropic elastic
half space (hereafter refer to as Mogi, Okada, Yang-Spheroid, and Yang-
Ellipsoid respectively), are compared in an effort to define source geom-
etry and create a volume change time-series.

3.1. GPS velocity model

A velocity model relative to a stable North American plate (NOAM)
(Eq. (1)) was first fit to daily solutions for each of the GPS sites, for
each of the five time periods (Table S1). Gross outliers were stripped
from the data and when data sets were long enough, cyclical seasonal
terms were estimated and removed. When the data set was not long
enough, seasonal terms were removed using model estimates based
on satellite gravity data from the Gravity Recovery and Climate Experi-
ment (GRACE) satellites (Fu and Freymueller, 2012), further details of
the velocity model can be found in DeGrandpre (2015).

X(t) = a+ bt + cq sin(2mt) + ¢, cos(2mt) + c3 sin(4mt) + ¢4 cos(4mt) (1)

where a is position at time 0 (defined as the midpoint of the data), t is
time, b is the slope, c;—c4 are seasonal coefficients. Not all of the terms
included in Eq. (1) are required for every site, but the same terms are
used for all three vector components. Daily positions are weighted
based on the inverse of their covariance matrix.

3.2. GPS deformation

The velocities that were estimated using this model (Table S1), how-
ever, reflect the summation of all forces acting on a location. To isolate
volcanic motion from the effects related to regional tectonics and use
of the reference frame a velocity estimate for these values will be
subtracted. There is no published model that provides this estimation,
so in an effort to be as accurate as possible we make the assumption
that the GPS site AV15, located on the far-east peninsula of Akutan

Range of input parameters for Yang-Spheroid and Yang-Ellipsoid model inversions. Longitude, latitude, and depth locations indicate the center of the spheroid/ellipsoid. Length A and
length B are the total distance of each respective axis, and the third, C axis, is equal to the B axis in the case of a spheroid, and is calculated using Eq. (2) in the case of the ellipsoid. The
plunge values are degrees from horizontal, and the direction of this angle is related to the strike direction in the conventional right-hand rule. Pressure indicates the change in pressure

of the defined geometric shape required to produce the surface deformation.

Bounds Longitude Latitude Depth Pressure Length of A axis Length of B axis Strike Plunge

(dec. deg.E) (dec. deg. N) (km) (kPa) (km) (km) (deg. from N) (deg. from horz.)
Upper bound —165.940 54.145 15.0 100,000.0 15.0 15.0 360.0 0.0
Lower bound —166.000 54.090 0.0 5.0 0.5 0.5 0.0 —90.0
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Table 4

Best fit model results for Akutan GPS data. Data is segmented into five different groups, with “All” encompassing all five data sets together. All data sets were best fit using the Yang-Spher-
oid model with the exception of the all and pre-2008 data, which are best fit using a Yang-Ellipsoid model. Estimated values have the same geometric relationship as previously described
in Table 3. These are the resulting best fit parameters for each model. From the strike direction we determine the all and post-2014 data sets dip to the north and the pre-2008, 2008, 2009-
2013, 2014 data sets dip to the south. Volume is calculated using this estimated pressure and lengths of the A, B, and C axes defined in Eq. (4). The WRSS is presented for each model, the

statistical significance of these values is analyzed with Eq. (5) in Appendix B.

Data Longitude Latitude Depth Pressure Length of A axis Length of B axis Strike Plunge Volume WRSS
(dec. deg. E) (dec. deg. N) (km) (kPa) (km) (km) (deg. from N) (deg. from horz.) (km?)

All —165.964 54.156 8.3 61,012.1 42 0.5 292 —63 1.7 808.5
Pre 2008 —166.000 54.130 9.1 18.2 52 129 105 -33 0.05 7.3
2008 —165.953 54.151 7.7 40,086.7 13 34 165 —64 0.08 1.1
2009-2013 —165.966 54.155 8.6 348.7 49 43 137 —58 0.01 122
2014 —165.965 54.148 7.6 5910 2.8 24 150 —64 0.03 13
Post 2014 —165.949 54.149 9.3 1656.4 3.0 8.8 283 —62 0.04 1.8

island (Fig. 1) reflects motion related to only tectonic forces and ref-
erence frame calculations for the horizontal components. The as-
sumption that AV15 is far enough from the magma source and
therefore is not affected by volcanic deformation is based on previ-
ous studies that show little localized deformation in this area
(e.g., Ji and Herring, 2011; Lu and Dzurisin, 2014). To ensure that
the removal of the horizontal components of AV15 is the best tecton-
ic estimate available, five other methods for estimating the tectonic
motion were also removed from the data and compared for all four
models (Appendix A). The east and north velocities at AV15 for
each time period were subtracted from the east and north velocities
at each of the GPS sites (AV15 included) for the same time period.
The tectonic contribution to the vertical displacement is assumed
to be minimal compared to the volcanic influence and no adjustment
is made to the observed data. All components (east, north, and verti-
cal) were then multiplied by the total time for that particular period.
When the length of time is not defined by the period and GPS sites
have variable durations of observation (all, pre-2008, and post-
2014), the time used to calculate displacement is taken from the
GPS site with the least amount of time (Tables S2, S6, and S7).
For the periods with temporal bounds restricting the data (2008
event, 2009-2013, and 2014 event) the defined duration of each pe-
riod (1.5, 4.5, and 1.5 years, respectively), was used to calculate dis-
placement (Tables S3-S5). These resulting values that have been
corrected for an estimated horizontal tectonic influence are hereaf-
ter referred to as calculated volcanic displacements. This subtraction
eliminates the reference frame and any tectonic signals, so that the
resulting calculated displacement is assumed to be a direct result of
volcanic effects.

dij= (Vij—Vavis;j)" t; (2)

where d; ; is the volcanic deformation at site i during time period j, v; j
and ¢; j are velocity estimated from the model described in Eq. (1)
and time span of data used to calculate that velocity at site i during
time period j, and vay5 j is the velocity estimation for site AV15 dur-
ing the j™ time period. This equation is only applied to the east and
north components.

3.3. Models

We estimated displacements during each of the five time periods
using both Mogi (Mogi, 1958), Okada (Okada, 1985), Yang-Spheroid
(Yang et al., 1988), and Yang-Ellipsoid models. The east, north, and ver-
tical deformation at all 12 of the GPS site locations (dependent on data
availability) were estimated by these models through a non-linear
least squares inversion of 1000 Monte Carlo simulations using the
“trust-region-reflective” optimization algorithm to minimize the
weighted residual sum of squares (WRSS) with an error tolerance of
0.0001, which results in a prediction of model parameters that best fit

the data. The residual for each component of motion was weighted
by the inverse of the variance for each measurement at a particular
site during the time period being modeled (Tables S2-57). Poisson's
ratio is fixed to 0.25 for all models and the first and second Lamé pa-
rameters used in the Yang-Spheroid and Yang-Ellipsoid models are
both defined as 1 GPa. Topographic corrections were not made, so
that depths are expressed as below sea level, and not necessarily
ground surface. Because the datasets are relatively small (maximum
number of data points is 36) and numerous simulations (1000) could
be run with reasonable efficiency the input range for all parameters
was quite high in all of the models (Tables 1-4). The large number
of simulations also makes refining parameters and progressively fix-
ing them with additional model runs unnecessary, as is often done in
similar studies using deformation modeling approaches (Lu et al.,
2000), because the first hundred best fit models would converge on
similar parameter values.

The Mogi model uses four parameters to define a source that pro-
duces surface deformation: x, y, z location (longitude, latitude, and
depth) and volume change (Mogi, 1958). The X, y, and z parameters
indicate the center of a spherical point source at depth, with radial
expansion of this point source resulting from positive volume
changes, indicating inflation, and expressed on the surface as uplift,
while negative volume changes are characterized by subsidence
(Mogi, 1958).

The Okada model utilizes ten parameters. The source geometry
makes up seven of the parameters, X, y, z location (longitude, latitude,
and depth), strike direction, dip angle, length, and width, and the last
three parameters characterize three-dimensional motion of the disloca-
tion plane as dip-slip, strike-slip, and opening (Okada, 1985). Volume
change for a dike or sill can be estimated from this model by multiplying
the length, width, and opening values. The x, y, and z location is defined
in this study as center of the top of the dislocation plane. Dip values are
expressed in degrees from horizontal, following the American right
hand conventional relationship to strike (expressed in degrees from
north), so that a strike of N90°E is dipping to the south and a strike of
N270°E dips to the north. Two sets of upper and lower boundary inputs
were used for the Okada modeling to aid in efficiency. The first set used
a range of strike angles that are associated with south dipping planes,
and the second was a range of strike directions that are related to
north dipping planes. Each set was run as an independent model de-
scribed above with 1000 Monte Carlo simulations. Because the focus
of this study is on volcanic deformation and tectonic contributions
have been removed, the dip-slip and strike-slip parameters were fixed
to zero for all of the Okada models presented. Smaller, localized
faulting most likely occurs in this dynamic volcano-tectonic environ-
ment, but with a lack of surface expressions or direct evidence of
sudden offsets in the GPS data we assume that this effect is minimal
compared to effects from changes to the volume of magma being
stored. This results in the assumption that the observed relative de-
formation is directly related to an opening dislocation, requiring
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Fig. 3. Calculated volcanic displacement at 12 GPS sites for six different time periods. An estimation of tectonic velocity and reference frame contribution have been removed from the raw
horizontal data. Blue arrows are total horizontal displacements and green arrows are total vertical displacements for each time period. Scale applies to both vertical and horizontal
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magmatic volume changes along a dipping plane to produce surface
displacement. This reduces the degrees of freedom (DOF) in our
Okada models to eight parameters.

The Yang-Spheroid model also requires the input of eight parame-
ters (Yang et al., 1988). The source is defined by the X, y, z location (lon-
gitude, latitude, and depth) of the center of the spheroid, strike of the B
axis, dip angle of the A axis, length of the A axis, length of the B axis, and

the pressure change required to produce the observed surface deforma-
tion. The Yang-Spheroid model is defined as a prolate or oblate spher-
oid, depending on the relationship between the A and B axes. Our
models created a prolate spheroid when the A axis is longer than the
B axis and an oblate spheroid when the opposite is true. The C axis is de-
fined in the model as equal to the smaller axis to create a true spheroid
(Yang et al., 1988).
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Fig. 4. Displacement estimates resulting from the best fit Yang-Spheroid models for five different periods of GPS data at Akutan Island. The all and pre-2008 data is best fit by a Yang-
Ellipsoid model and the results are shown here. Blue arrows are total horizontal displacements and green arrows are total vertical displacements for each time frame. Red stars
indicate the location of the center of the spheroid or ellipsoid. Note the occasional change in scale.

The Yang-Ellipsoid model is defined in exactly the same way as the
Yang-Spheroid model with the only exception being the calculation of
the C axis. In the Yang-Ellipsoid model the C axis is calculated using
Eq. (3).

c=/ a2—b? 3)

where q, b, and c are the axis lengths defining an ellipsoid.

Volume change for the Yang-Spheroid and Yang-Ellipsoid models
was calculated using Eq. (4), following methods used at Long Valley Cal-
dera (Tiampo et al., 2000; Battaglia et al., 2003; Newman et al., 2006)
and Campi Flegrei (Battaglia et al., 2006). This volume estimation is
most accurately used for ellipsoids that are nearly spheres (Amoruso
and Crescentini, 2009) and is actually representative of the volume
change relative to the mechanical properties of the surrounding half-
space and not the injection volume of a compressible fluid (Dzurisin,
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Fig. 5. Residuals between calculated volcanic deformation data and model estimates for six different periods of GPS data at Akutan Island. Blue arrows are total horizontal displacements
and green arrows are total vertical displacements for each time frame. Red stars indicate the location of the center of the spheroid or ellipsoid. Note the occasional change in scale.

2006). However, with little information on the compressibility and
physical parameters defining the magma (Rivalta and Segall, 2008) at
Akutan volcano we consider this volume estimation to be adequate for
the purposes of this study.

AV = %abc (4)

where AV is volume change, AP is pressure change, a,b, and c are the
lengths of the A, B, and C axes, respectively, and ptis the second Lamé pa-
rameter (shear modulus). AP, a, b, and c are estimated from the Yang-

Spheroid and Yang-Ellipsoid models, while pt was fixed to 1 GPa for all
models (Davis et al., 1974; Rubin and Pollard, 1988; Bonaccorso, 1996;
Dzurisin, 2006).

4. Results
4.1. Volcanic deformation
Spatial maps of calculated volcanic displacements for all time pe-

riods are shown in Fig. 3, and capture the complicated temporal evolu-
tion of surficial deformation at Akutan. The two periods of inflation
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(2008 and 2014) (Fig. 3 and Tables S3 and S5) are apparently significant
when compared to the deformation pre-2008, 2009-2013, and post-
2014 (Fig. 3 and Tables S2, S4, and S6) and dominate the overall signal
(Fig. 3 and Table S7). The deformation for these 2008 and 2014 events
reveal similar magnitudes of both horizontal and vertical deformation
and radial horizontal spatial patterns around the summit of Akutan,
with maximum uplift on the north flank of the volcano. The similarities
between the two events suggests that the mechanism responsible for
this deformation is likely the same and the same source has undergone
multiple episodes of magma injection.

The pre-2008 data (Fig. 3) has strong horizontal motions to the east,
with subsidence on the west flank of the volcano and uplift everywhere

else. Subsidence is indicative of cooling or contraction of a magma
source and occurs in the region of the observed 1996 ground cracks.
The 2009-2013 deformation (Fig. 3) on the southern and western flanks
of the volcano is small and randomized. The north side of the island,
however, retains similar magnitudes and directions in both the vertical
and horizontal motion as seen in the inflation events, potentially indi-
cating that there is either a constant source on the north side of the is-
land, or additional shallow processes related to geothermal energy
could be contributing to a more localized signal. Deformation after the
2014 event (Fig. 3) appears to have systematic uplift island wide and
southwestward motion isolated on the southwest flank of the volcano
with little to no signal across the rest of the volcano.

Table 5
Range of input parameters for the restricted input Yang-Spheroid model. Description of model parameters can be found in Table 3.
Data Longitude Latitude Depth Pressure Length of A axis Length of B axis Strike Plunge
(dec. deg.E) (dec. deg. N) (km) (kPa) (km) (km) (deg. from N) (deg. from horz.)
Upper bound —165.952 54.152 8.0 100,000.0 15 3.6 190.0 70.0
Lower bound —165.957 54.147 7.3 0.0 1.0 3.0 160.0 60.0
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Table 6

Model results from the best fit Yang-Spheroid model, when the initial parameters were restricted to the 2008/2014 best fit models (Table 4). Estimated values have the same geometric

relationship as previously described in Table 3.

Data Longitude Latitude Depth Pressure Length of A axis Length of B axis Strike Plunge Volume WRSS
(dec. deg. E) (dec. deg. N) (km) (kPa) (km) (km) (deg. from N) (deg. from horz.) (km?)

All —165.952 54.151 8.0 10,334.6 13 3.1 160.0 60.0 0.2 14,447.0

Pre 2008 —165.952 54.147 73 2.7 1.0 3.6 160.0 60.0 0.00003 59.1

2008 —165.953 54.151 7.7 4041.8 13 33 165.2 63.7 0.08 1.1

2009-2013 —165.957 54.152 8.0 2666.2 1.2 3.6 160.0 60.0 0.04 244

2014 —165.957 54.148 7.3 4745.7 1.1 3.0 160.0 64.5 0.06 1.8

Post 2014 —165.952 54.150 8.0 1104.7 1.5 3.0 190.0 70.0 0.02 6.0

4.2. Statistical significance between models

WRSS values are calculated from the inversion of the calculated vol-
canic deformation for each of the four models (Appendix B). However,
since the models have different DOF, these WRSS values cannot be di-
rectly compared. The Okada, Yang-Spheroid, and Yang-Ellipsoid
models, have eight parameters, as opposed to the four parameters in
the Mogi model, so it is expected that the best fit would come from
the model with more DOF. In order to assess which model is statistically
significant, an experimental F-test was calculated (Eq. (5)) between the
Okada, Yang-Spheroid, and Yang-Ellipsoid WRSS values with the Mogi
model WRSS during each time period (Appendix B) following methods
described by Dzurisin et al. (2009).

(WRSS; —WRSS3)/(p1—D2) (5)
WRSS2/(N—p,)

F cale =

where WRSS is the weighted residual sum of squares for model 1 and
model 2, p is the number of model parameters, and N is the number of
data, in this case either 36 or 33 depending on the data set (Appendix B).

If the F.ac value is greater than the critical value for the Fisher-
Snedecor F distribution, with a desired rejection probability of alpha,
where Fey¢ is defined as Fypz-p1, N-p2, o» then the smaller WRSS obtained
with a more complex model is statistically significant (Dzurisin et al.,
2009). F, for alpha values of 0.05 and 0.01 (95% and 99% confidence)
are presented in Table 2, and show that with 99% confidence we can
say for all time periods, except for all and pre-2008, the Yang-
Spheroid model is the best fit. The Yang-Ellipsoid remains the statisti-
cally best fit model for the all and pre-2008 time periods.

4.3. Best fit models

For all of the time periods the Yang-Spheroid proves to be the statis-
tically significant best fit, with the exception of the all and pre-2008
data, where the Yang-Ellipsoid fits best (Appendix B and Table 4). For
all time periods the best fit models locate the center of the ellipsoid
just northeast of the caldera rim at depths of 7.5 to 9.3 km below sea
level, though the pre-2008 model is shifted to the southeast. The lengths
of the axes of the ellipsoid and change in pressure vary from 0.5-13 km
and 18-61,012 kPa, respectively. The 2008 event, 2009-2013, and the
2014 event are all striking to the southeast, therefore dipping to the
southwest. The all, pre-2008, and post-2014 time periods are oppositely
characterized as striking to the northwest and dipping to the northeast.
All of the models have fairly steep dips of 60°~70° below horizontal, ex-
cept for the pre-2008 Yang-Ellipsoid model that has a shallow dip of
~30° (Table 4). Another inconsistency between models is the general
shapes. The 2009-2013 and 2014 events are almost spherical, the
2008 event and post-2014 data are fit by an oblate spheroid, and pre-
2008 and all data sets are prolate.

The model predictions (Fig. 4) show similar patterns and magni-
tudes to the calculated volcanic deformation (Fig. 3). This is even
more evident when the residuals are considered (Fig. 5). The horizontal

residuals are noticeably small and randomized, while the vertical resid-
uals are larger and often systematic near the volcano, but get smaller
and more randomized moving east across the island. When the sources
are compared in a depth profile and map view (Fig. 6) the similarities
become clearer and the geometric consistency with which the 2008
event, 2009-2013, and 2014 events occur highlights the validity of
these inflation events, while the all, pre-2008, and post-2014 data sets
are fit by different models with unrealistic parameters. While the larger
deformation events are fit by compact source models of similar shapes
and sizes, the time periods with a very small signal (pre-2008 and
post-2014) are fit by very large models with small changes in pressure.
The all, pre-2008, and post-2014 data show that the depth, volume, and
pressure change are not stable in the inversion when the deformation is
either a large averaged signal (all), or very small signal (pre-2008 and
post-2014). Isolating these parameters when the dataset is averaged
or very small, would require better definition of the physical constraints
regarding the source depth, volume, or pressure change.

4.4. Restricted input Yang-Spheroid models

The pre-2008, and post-2014 data sets all have relatively small dis-
placements, which make them more difficult to model in general. To
test whether the best fit parameters for these models were realistic, or
if there was a constant spheroid geometry and orientation that is just
undergoing episodic injection, these data sets were inverted again
using a restricted range for upper and lower input boundaries. Because
the 2008 event had the largest associated deformation and the 2014
event was geometrically similar with changes only in amount of volume
injected, these parameters were used as a basis for the new model
(Table 5). We are interested in exploring the change in magma vol-
ume with time, so the longitude, latitude, depth, axes lengths, strike,
and plunge angles, were restricted to the range of the 2008 and 2014
events, so that the pressure change (and thus volume change) could
vary with time, allowing for magma flux in four dimensions, while
fixing the general location and orientation of one constant source
mechanism.

Arestricted input Yang-Spheroid model was created with upper and
lower parameter boundaries of ~1-3.6 km for length of the axes, 7.3-
8 km for depth, 60°-70° from horizontal dip angle, N160° E-N190° E
strike direction (implying all dips are to the south), —165.957° E to —
165.952° E longitude, 54.147° N-54.152° N latitude, and pressure
change was left open at 0-100000 kPa. This modeling was run following
the same procedures used for the original inversion of data described in
Section 3.3.

Because the input parameter range (Table 5) is restricted, all of the
models hold similar, oblate spheroid geometries and locations
(Table 6). The all, 2009-2013, and post 2014 models are fit on the
upper bound of depth at 8 km bsl, while the pre-2008 and 2014 event
are on the lower depth boundary of 7.3 km bsl. The pressure changes,
however, show an interesting progression, especially when calculated
in terms of magma volume change, indicating the 2008 event was larger
than the 2014 event. When the independently estimated volumes for
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Fig. 7. Displacement estimates resulting from the restricted input Yang-Spheroid models for six different periods of GPS data at Akutan Island. Blue arrows are total horizontal
displacements and green arrows are total vertical displacements for each time frame. Red stars indicate the location of the center of the Yang-Spheroid. Note the occasional change in scale.

each time period are summed, they are equal to the estimate of the all
data set (0.2 km?). While the models for the all, 2008, 2009-2013, and
2014 data sets all produce deformation magnitudes and spatial patterns
(Fig. 7) similar to the best fit models (Fig. 4), the pre-2008 and post-
2014 deformation is visually different, with more radial horizontal pat-
terns and larger, asymmetric vertical deformation that is largest on the
northern flank of the volcano in these restricted in put models (Fig. 7),

rather than a constant, smaller vertical prediction island wide for both
of the data sets best fit models (Fig. 4).

Logically, the residuals for these restricted input parameter models
have a similar relationship with the best fit models as the predictions
do. The residuals for the all, 2008, 2009-2013, and 2014 data all remain
small and randomized (Fig. 8), like the best fit model residuals (Fig. 5).
The pre-2008 residuals (Fig. 8), however are much larger and have a
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spatial pattern that looks to be related to the tectonic estimate, in a sys-
tematic shift to the east. While the post-2014 residuals (Fig. 8) are still
randomized, they are larger than the best fit model residuals (Fig. 5)
by a few millimeters. The residuals for both of these time periods
strongly resemble the calculated volcanic displacement (Fig. 3).

Comparison of the WRSS values for the original best fit models
(Table 4) and these restricted input inversions (Table 6) shows that
while these models are a worse fit to the all, pre-2008, 2009-2013,
and post-2014 data sets, it is not a drastic change. The 2008 inflation
event does not have an increased WRSS, as expected because the pa-
rameters are restricted according to the best model, and the 2014
event has only a minor increase in the WRSS.

5. Discussion
5.1. Interpretation of deformation at Akutan

From our analysis, it is clear that two inflation events occurred at
Akutan in 2008 and 2014. These events are believed to be occurring at
one consistent source located under the northern flank of the volcano,
with the 2008 event resulting from a larger injection of magma
(0.08 km?) than the 2014 event (0.06 km?). There is no deflation after
the 2008 event, so we assume that this larger injection of magma is
being stored at a depth 6-9 km bsl, and the 2014 event signifies an ad-
ditional pulse of magma. With no eruption occurring in either event,
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and no deflation happening in the post-2014 time frame it appears that
Akutan is capable of storing large amounts of magma (0.2 km?), at inter-
mediate depths (~6-10 km). The source appears to have a smaller, con-
stant influx of magma during the time between these two events
(2009-2013) because the magnitude of deformation and the associated
volume change (0.04 km?) during this time is smaller than either event,
yet still considerable. The spatial inconsistency of the observations, lack-
ing any sort of systematic gradational pattern expected to be associated
with volcanic deformation infers that the physical reality of the estimat-
ed model parameters during this interim time is not significant. The pa-
rameters, however, remain somewhat consistent and the residuals are
small and random for both the open input and restricted input Yang-
Spheroid models during the two events and the time period between
them (Figs. 5 and 8 and Tables 4 and 6). We consider these models to
represent a realistic migration of magma to a shallow, oblate spheroidal,
storage chamber on the northern flank of Akutan volcano, from the
resulting parameters defined through inversion of the calculated volca-
nic deformation GPS data.

The data sets for the pre-2008 event and post-2014 event suggest
that different processes occurred during those time periods. In the
pre-2008 data we observe a small amount of subsidence on the west-
ern flank of the volcano, with larger uplift in the northern and east-
ern regions and general horizontal motion to the northeast island-
wide (Fig. 3). This deformation is not easily modeled using the
methods implemented here, but the small area of subsidence in the
west is believed to be associated with the crystallization and cooling
of the shallow intrusion that has resulted in the ground cracks
mapped in 1996. The horizontal magnitude is large enough to
model, but the motion and pattern is most likely related to our esti-
mated tectonic motion, as it is almost equal and opposite to the mo-
tion subtracted. The post-2014 observations (Fig. 3) resemble radial
Mogi deformation, except that there is no systematic gradient in the
vertical magnitude, and the magnitude of the horizontal deforma-
tion increase away from the center.

The residuals for the best fit models during each of the time periods
vary in magnitude, but remain randomized in the vertical and most no-
ticeably in the horizontal. Because the horizontal residuals are generally
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quite small (<5 mm) they are not used in any additional modeling ef-
forts, and the source interpretation is simply a one mechanism source.

The total data available for each site was modeled throughout this
study, but as the complex temporal nature of the deformation of Akutan
became clear, this data set became obsolete in our assessment of the
change in source volume with time. The total data model results are
clearly dominated by the 2008 and 2014 inflation events, but are also in-
fluenced by the trends surrounding those events and therefore do not
accurately reflect the nature of the individual processes taking place at
any particular time period. The volume for each of these data sets is cal-
culated from the pressure change and axes lengths parameters and the
change in pressure and change in volume cannot be linearly related.
However, the magnitude of this overall data set did provide an addition-
al check on the volume estimations, in that the estimated volume for
this all data set (0.2 km?®) was equal to the sum of the individually calcu-
lated volumes for each time period.

5.2. Comparison of GPS deformation and seismic velocity inversions

Syracuse et al. (2015) present seismic relocations and tomography
(Figs. 9 and 10) beneath Akutan volcano with additional interpretation
based on their inversions and the geodetic work by Lu et al. (2000), Ji
and Herring (2011), and Lu and Dzurisin (2014). The seismic relocations
and tomography are the result of the simultaneous inversion of seismic
events using the program TomoDD (Zhang and Thurber, 2003; Zhang
and Thurber, 2006). The interpretation provided in their study involves
a cracked and cooler vertical conduit through which episodic injections
are transferred from the bottom of the crust to a storage system located
at 7-10 km depth, causing associated deeper seismic swarms. This
injected magma is then stored in the upper crust, below the center of
the caldera, creating the observed aseismic zone of hot partially melted
magma. Shallow regions beneath the caldera are interpreted to repre-
sent highly fractured vertical diking systems created when failed erup-
tions cooled at shallow depths of around 4 km, which they relate to the
deformation modeled by Ji and Herring (2011). Their interpretation is
slightly deeper than the main location of magma accumulation pro-
posed by Lu and Dzurisin (2014) of 5-7 km depth, but the presence in

depth, km

-165.7° -165.6°

Fig. 9. Earthquake relocations from Syracuse et al. (2015) are colored according to depth. The best fit Okada model of Lu et al., 2000 is indicated with a yellow line, and the best fit Mogi
model of the same work (Lu et al., 2000) is indicated with an open blue circle with error bars. The purple oval is the source location of the best fit Yang-Spheroid model for the 2008 and
2014 events. The fourth grey outlined area identified by Syracuse et al. (2015) as an area where microseismic, low-frequency temporally brief seismic swarms occurred between 2003 and
2009, which are often indicative of magma transport. Descriptions of the grey areas can be found in Section 1. Figure modified from Syracuse et al. (2015).
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Fig. 10. Change in P and S wave velocity profiles from west to east across Akutan Caldera
estimated by Syracuse et al., 2015. Red areas indicate slower velocity, corresponding to
hotter, less dense material, while blue areas indicate cooler, solid, dense areas.
Earthquake relocations obtained using TomoDD are plotted by size according to
magnitude, and by colour according to year and the derivative weighted sums (Thurber
and Eberhart-Phillips, 1999) contours are in orange, indicating the better sampled
regions. The purple ellipses represent the best fit Yang-Spheroid model that was
estimated using the restricted input ranges. Figure modified from Syracuse et al. (2015).

their model of a deeper magma migration zone is generally consistent
with the 13 km depth Mogi source estimated by Lu et al. (2000). The
failed eruption on the western flank of the volcano, modeled as a shal-
low dike by Lu and Dzurisin (2014), does not appear to correlate with
any of the relocated seismic events. Instead the earthquake activity

during 1996 is centered, not on the volcano, but farther east closer to
the village of Akutan, at very shallow depths that suggest geothermal
activity (Fig. 9, grey area 1).

We plot the approximate oblate spheroidal geometry and orienta-
tion for our best fit, restricted input, Yang-Spheroid model with the
plot of seismic relocations (Fig. 9) and change in seismic velocity
(Fig. 10) presented by Syracuse et al. (2015). When the geometry of
the spheroid is projected to the surface, we see that the top of the
magma source defined in this study falls into the region just northeast
of the caldera and the shallow earthquakes. This projection shows that
while the spheroid does not extend down, it is dipping to the southeast,
towards the deeper earthquakes that are outlined in the fourth region
defined by Syracuse et al. (2015) (grey area in Fig. 9) described in the
introduction of this paper. This deep cluster of seismic events that oc-
curred between 2002 and 2008 (Fig. 10 are described by Syracuse
et al., 2015 as being M0.2-2.3 with no particular similarities in their
waveforms, but the majority of which are low frequency events. This
characterization of seismic events is often associated with the transport
of magma (Aki and Koyanagi, 1981) and similar clusterings of this na-
ture have been observed at other Aleutian volcanoes; Mount Spurr,
Aniakchak, Pavlof, and Katmai complex (Power et al., 2004). The loca-
tions of these earthquakes and nature of their waveforms was the
basis behind the interpretation of Syracuse et al. (2015), that there is ep-
isodic injection associated with these types of seismic signals. The pat-
tern and depth of this interpretation is supported by the models we
have presented here.

When we compare the change in seismic velocities estimated from
the TomoDD inversion with our Yang-Spheroid model parameters in
cross section (Fig. 10) we observe excellent spatial correlation between
these two independent sets of data and models. The change in p-wave
velocities (top panel, Fig. 10) indicate a hot finger extending beneath
the volcano at depths of 7-10 km where Syracuse et al. (2015) interpret
the hot, partially melted, aseismic, magma storage to be located. Our
depths of ~6-9 km support this interpretation and tie nicely into the
seismic relocation data. This pattern continues in the middle plot of
Fig. 10, where we see the change in s-wave velocity values of 0, again in-
dicating a mush setting where it is viscous enough that s-waves are not
propagating, and even with the coarser resolution of the surface wave
data we see the same relationship between hot, partial mush regions
between 7 and 10 km and the cooler more solidified area at shallow
depths. The schematic of the interpretation of Syracuse et al. (2015)
(Fig. 10, bottom panel), clarifies their analysis of seismic data and allows
us to show the excellent agreement between their study and the work
presented here.

5.3. Volume time-series at Akutan

The method implemented here, of splitting the GPS data into five
distinct time periods allows us to further define not only the geometry
and orientation of magma transport and storage at Akutan volcano,
but to also estimate volume change with time (Fig. 11). When a restrict-
ed input Yang-Spheroid model is used to estimate volume change
through time (of the five time periods defined in this study) we see an
overall accumulation of magma that amounts to 0.2 km?> (Fig. 11).
There has not been any deflation at Akutan over the duration of this
study. This means that this volume of magma, 0.2 km? is still stored be-
tween 6 and 9 km depth below the northern flank of the volcano.

5.4. Conceptual model

Based on our best fit modeling result, and its spatial relationship to
seismic events and velocities we hypothesize that the surface deforma-
tion associated with the 2008 and 2014 inflation events is a result of an
increase in magma volume to a centralized, long-term storage area
under the north flank of the volcano. We interpret the results from the
Yang-Spheroid model not as a representation of the entirety of a source
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Fig. 11. Time-series evolution of volume change at Akutan volcano, with black dashed lines indicating the time periods defined in this paper (and noted by numbers 1-5). The slight
deflation of the pre-2008 (1) data is evident at the beginning of this plot (0.00003 km?). The 2008 event (2) shows the greatest amount of volume change, and while there is a steady
flux (0.04 km?) in the 2009-2014 time period (3) it is nowhere near the volume added during the shorter time periods of 2008 and 2014 (0.08 km> and 0.06 km?, respectively). The
2014 inflation (4) ends abruptly in 2015 (5) and an increase in volume of only 0.02 km? is estimated since the 2014 event occurred, for a total accumulated volume Of ~0.2 km>.

chamber, but rather the active “stress-cap” to a larger region of magma
and partial mush. This hypothesis is supported by the location of the
earthquakes associated with the 2008 inflation period (Fig. 12). When
these two independent studies are plotted together it is clear that the
southern vertex of our oblate spheroid coincides with a small cluster
of seismic activity during 2008. There is also a clear generalization,
that seismic activity is much denser directly above our model and
there is a notable void of activity directly below, again supporting our
interpretation that our best fit model represents the ceiling of a larger
source feature. The two 3D plots in Fig. 12 show the dynamic spatial re-
lationship of seismicity through time and the best fit Yang-Spheroid
model from the perspective of the southeastern corner looking to the
northwest (Fig. 12, top) and from the south perspective looking
obliquely to the north (Fig. 12, bottom). Our interpretation of this oblate
spheroid as the stress cap of a chamber and not the chamber itself also
makes it possible to envision the storage required to produce episodic,
accumulating inflation, like that seen in 2008 and 2014. Because this in-
flation did not result in an eruption, and there has been no observed
large scale subsidence that would be caused by a decrease in volume,
we can only assume that sudden pulses cause uplift that is then main-
tained as the additional volume is stored in this large hot area of partial
melt.

The evolution of this episodic inflation towards an eruption is not
well understood, and the most recent indicator of eruptive processes
at Akutan Volcano is the 1996 failed event. The subsidence on the west-
ern flank of the volcano that is evident in the model residuals and
modeled by Lu and Dzurisin (2014), suggests that this area is indeed
still contracting from a shallow intrusion that did not quite reach the
surface. This contraction is most likely an effect of crystallization and
cooling processes indicating that there was a large amount of heat

flow to shallow depths in 1996. While this heat is associated with
magma transport on the western flank of the volcano, in the east, this
potential heat flux produced a swarm of shallow seismic activity that
is indicative of increased.

hydrothermal interactions. The complicated relationship be-
tween thermodynamic properties and volume change associated
with magma transport and eruptive activities is not well defined.
The inflation episodes defined in this study, however, indicate that
Akutan Volcano is capable of large amounts of episodic injection of
magma at intermediate depths, that do not increase heat flux to the
shallow geothermal regime that interacts with ground water. The is-
land wide increase in shallow geothermal energy, seen in 1996,
could potentially be used as an indicator of imminent eruptive activ-
ity, especially when associated with inflation events like those ob-
served in 2008 and 2014.

6. Conclusions

We have presented an analysis of GPS deformation data at Akutan
volcano through inversion of continuous GPS data over six time inter-
vals for source volume change evolution. Volcanic deformation was iso-
lated from the active tectonic displacements that are a fundamental
factor when studying deformation in the Aleutians, by subtracting the
horizontal components of a GPS site assumed to be far enough from
the volcano that volcanic processes are not a component of its measured
deformation. The inversion of this volcanic deformation through time
produced an oblate spheroid of magma storage centered on the north-
ern rim of the caldera, between the depths of 6-9 km, with axes of
~1-4km, a strike of ~N160°E, and steep dips of ~60° from the horizontal
extending southward beneath the caldera of the volcano. We conclude



352

that this region represents the stress-cap on top of a much larger area of
magma storage below, that experienced a large injection of magma
(0.08 km?>) over a year and a half in 2008 that was preceded by deeper
seismic events (10-27 km) analyzed by Syracuse et al. (2015). A period
of slower inflation that created measurable surface deformation then
followed from 2009 to 2013 before another, smaller (0.06 km?), infla-
tion event began in 2014, in the same location as the 2008 event. The
GPS deformation observed here did not indicate any deflation occurring
since the start of the 2008 event, so the total volume injected (0.2 km?)
remains stored, likely preserving an established shallow storage of hot,
partially melted, aseismic environment observed from the tomographic
analysis of body and surface wave velocities (Syracuse et al., 2015). We
are not able to accurately model the data following this 2014 inflation or
before the 2008 event due to the small magnitudes of deformation.

Surface —

Depth (km)

20 -

K. DeGrandpre et al. / Journal of Volcanology and Geothermal Research 347 (2017) 337-359

Additional data collection in the future should allow for better estimates
of source parameters and magma volume evolution, and futures studies
of the post-2014 time period can continue the time-series analysis of
deformation, source parameter, and magma volume change evolution
at Akutan volcano.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2017.10.003.
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Appendix A

To better assess the validity of the tectonic estimate removed from the GPS data, this estimate was made using three different methods, and then
removed two different ways. The purpose is to find the most stable tectonic estimate using GPS sites that are not contaminated by volcanic signals.
Site AV15, on the eastern peninsula of Akutan island is the closest site that could provide a tectonic estimate. This site is approximately 20 km from
the summit of Akutan volcano, so that any volcanic influence is expected to be minor, especially when compared with regional tectonic motion. Out-
side of Akutan island the neighboring island to the southwest, Unalaska (Fig. A1), provides the best opportunity for a tectonic estimate that would be
valid at Akutan Island, yet not influenced by Akutan volcano. There are five available continuous GPS sites on Unalaska (AV09, DUTC, MAPS, MREP,
and MSWB). Total velocity at each site was estimated using the velocity model and methods described in Section 3.1. Additionally, a linear least
squares method (weighted by the uncertainty of each measurement) was used to obtain an average velocity and uncertainty for all of the continuous
sites on Unalaska, this averaged velocity is referred to here as “weighted mean” (DeGrandpre, 2015). Three of the sites (MAPS, MREP, and MSWB) are
located on the western flanks of Makushin volcano, and site AV09 has visibly noticeable noise, so site DUTC was also used separately as an estimate, to
compare the potential input from Makushin volcano

Each of these three sets of data were then used two different ways to calculate volcanic deformation, with tectonic estimates being removed
from only the horizontal (east and north) components, or by removing the tectonic estimate from all three components (east, north, vertical).
The velocities for all available data for the weighted mean and DUTC estimates were used, but for the AV15 calculations, individual velocities
from each of the five time periods defined in this study are used. The velocity estimations at AV15 were split up into the same time periods as
the GPS observations in an effort to minimize unknown errors related to variable rates of tectonic motion and potential residual volcanic sig-
nals. This reduces theses errors to systematic errors during each time period on Akutan island. This is not done for the Unalaska sites, because
they are far enough from Akutan volcano that there should be no effect, and rather are potentially being effected by Makushin volcano. The
Unalaska sites could also have slightly different changes in tectonic motion, so an overall average is the simplest way to characterize the tec-
tonic estimate using these sites.

Makushin Volcano

Unalaska Island

Fig. A1. Location map of Akutan island, Unalaska island, Makushin volcano, and all continuous GPS sites available on Unalaska (DUTC, AV09, MREP, MAPS, and MSWB). For a sense of scale
the GPS sites on Akutan are also listed to show the dense network available in comparison to neighboring islands.

Each of these six data sets (weighted mean horizontal only, weighted mean all components, DUTC horizontal only, DUTC all components, AV15
horizontal only, AV15 all components) were modeled using the four models (Mogi, Okada, Yang-Spheroid, Yang-Ellipsoid) described in this study for
each of the time periods (all, pre-2008, 2008, 2009-2013, 2014, post-2014). Only the best fit results are presented here for the 2008 and 2014 infla-
tion events, because the other time periods are further discussed in the main paper as not being significant enough to define a best fit model. The best
fit model was established using a series of F-tests following Eq. (5) and Appendix B (Table A1). Each of the data sets were best fit by a Yang-Spheroid
model, for both the 2008 and 2014 inflation events. Because each tectonic estimate is different the WRSS between these data sets cannot be directly
compared, and instead, to support the hypothesis that Akutan volcano is experiencing episodic inflation, we look for similarities in one data set be-
tween the 2008 and 2014 events (Fig. A2).
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Table A1

WRSS values for each model during each time period using each of the six data sets. Values in bold and highlighted in
yellow are the statistically significant best fit model according to F-tests performed following Eq. (5) in Section 3.1.
Total number of best fit model types are indicated in the last row, showing that regardless of the data used, the
Yang-Spheroid model is the best fit for both the 2008 and 2014 episodes of inflation.

Tectonic Model Time period (WRSS)
Estimate
All Pre-2008 | 2008 | 2009-2013 | 2014 | Post-2014
Weighted Mogi 1260.91 | 18.03 3.23 | 66.85 579 | 9.07
mean-
horizontal Okada 101493 | 7.54 122 | 27.11 1.76 | 4.19
only TR
Yang-Ellipsoid 942.02 8.51 1.02 | 26.37 1.62 | 4.38
Yang-Spheroid 901.80 8.12 0.97 | 26.01 1.46 | 6.01
Weighted Mogi 126091 | 18.03 3.23 | 66.89 579 |9.08
mean-all
components Okada 988.52 7.48 1.53 | 42.26 215 | 4.79
Yang-Ellipsoid 784.28 8.31 1.15 | 42.61 195 | 473
Yang-Spheroid 642.79 8.10 1.10 | 29.14 1.75 | 6.04
DUTC- Mogi 150749 | 18.25 2.77 | 78.48 321 | 5.14
horizontal
only Okada 1479.85 | 9.09 1.29 | 63.67 1.42 | 4.02
Yang-Ellipsoid 1256.12 | 9.77 1.23 | 62.85 1.26 | 4.36
Yang-Spheroid 115497 | 9.02 1.22 | 65.14 1.13 | 436
DUTC-all Mogi 1611.38 16.88 2.82 | 46.21 3.85 | 6.01
components
Okada 872.45 8.50 1.55 | 49.72 1.78 | 4.53
Yang-Ellipsoid 840.54 9.03 133 | 44.01 1.53 | 4.77
Yang-Spheroid 457.03 8.83 1.32 | 42,56 1.19 | 445
AV15- Mogi 1448.50 | 55.77 3.50 | 42.04 511 | 10.63
horizontal
only Okada 1008.14 | 10.64 1.38 | 1832 217 | 6.44
Yang-Ellipsoid 808.51 7.33 1.19 | 12.98 211N K621
Yang-Spheroid 809.15 8.86 1.14 | 12.22 1.35 | 1.85
AV15-all Mogi 112965 | 59.60 3.82 | 49.84 575 | 11.53
components
Okada 757.36 16.77 1.64 | 19.17 273 | 7.20
Yang-Ellipsoid 59242 | 7.91 133 [ 1433 256 | 7.14
Yang-Spheroid 360.94 9.06 1.27 | 12.27 248 | 5.57
Totals Mogi 2 - - 1 - 1
Okada - 2 - 1 - 3
Yang-Ellipsoid 1 2 - - - -
Yang-Spheroid E] 2 6 4 6 2
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Fig. A2. Comparison of best fit models for each of the six data sets during the 2008 (top) and 2014 (bottom) inflation episodes. From Table A1 it is clear that the Yang-Spheroid best fits
these events, so all of the models pictured here are created using the Yang-Spheroid model.

While these tectonic estimates are small, the effects of their variation can be seen when the best fit models for each inflation are plotted together
(Fig. A2).In Fig. A2 the AV15 data, regardless of vertical adjustment, for the 2008 event are almost identical. To better understand the dynamics of the
effect these tectonic estimates have on the model inversion we then compare the 2008 and 2014 events for each data set (Fig. A3). It is clear that for
each data set, incorporating a vertical estimate results in a larger geometric estimate for the 2008 event (Fig. A3 and Table A2). It is also clear that the
2008 and 2014 events in the data sets that utilized GPS site DUTC have more variation than the other tectonic estimates (Fig. A3 and Tables A2 and
A3). The models that are fit to data that used the weighted mean of sites on Unalaska Island as the tectonic estimate exhibit two characteristics that
dissuaded us from using it in the final modeling analysis. First, the volume change and size of the 2014 event is larger than the 2008 event in the data
that only removed a tectonic estimate from the horizontal components (Fig. A3 and Tables A2 and A3). Second, removing a vertical tectonic estimate
resulted in dramatically different models, indicating that there are other factors contributing to this data set in at least the vertical, and potentially the
horizontal. The AV15 tectonic estimate results in a larger change in volume during the 2008 than the 2014 event regardless of whether the vertical
adjustment is made. Because of this stability in model results when using the AV15 data it is the tectonic estimate that is used for further modeling
and interpretation in this study. The vertical velocity at AV15 was not subtracted from observed GPS velocities, because the assumption is that any
vertical motion is a result of volcanic deformation and not tectonic deformation, and the larger range of variability between events when the vertical
is adjusted is most likely an exaggeration.



356

K. DeGrandpre et al. / Journal of Volcanology and Geothermal Research 347 (2017) 337-359

Best Fit Source Models for 2008 and 2014
Weighted Mean Horizontal Only

Best Fit Source Models for 2008 and 2014
Weighted Mean All Components

-165.97
-165.96
-165.95

Longitude (deg, E)

54.13

-165.94

Latitude (deg. N)

pi
24 £ 4
=
5
- g
£ 44 £ 6
= 5
%
& .| 5
¢ 3 8-
Z ]
= g4 B
& Z 2
= 54.2 N SR
=3 ]
£ 10— )
& 5415 3
E 12
12 7 7 7 ——Ft s E -165.92 5413
- = -165.94 sa.14 13
-165.98 -165.97 -165.96 -165. = = -16596 54.16 54.15
Longitude (deg. E) e 659 Longitude (deg. E) 165985417 Latitude (deg. N)
Best Fit Source Models for 2008 and 2014 Best Fit Source Models for 2008 and 2014
2 DUTC Horizontal Only DUTC All Components
4 2
-]
]
g i A
T =2
= ‘ g
I g 6
o =
= w
E £
g- 10 3 8-
=
s :
z 12 2 104
=0 54.16 — 10
g
=
o 5415
K 12 542
Claad) T T T T T T ! 16597 16596 . 54.15
= -165975 -16597 -165965 -16596 -165955 -16595 -165.945 -165.94 T g Tl -165.94 54.1 Latitude (deg. N)
. : Longitude (deg. E) Longitude (deg. E) 8
Best Fit Source Models for 2008 and 2014 Best Fit Source Models for 2008 and 2014
AV15 Horizontal Only AVIS All Components
P ! 3
g 4 2 4
£ . g
7 E 6
= 7]
£ 8 =
2 2 s
=W 2 54.18
® 54.17
g £ 10
. A 54.16
-165.98 = 12

54.14
-165.97 162 965 506 N
165955 16505

Longitude (deg. E)

“165.945 jecgy 5412 Latitude (deg. N)|

Fig. A3. Comparison of the 2008 and 2014 best fit source models for each data set. The parameters for these models can be found in Tables A2 and A3. Note the different orientation meant

to maximize the viewing angle for each data set.




K. DeGrandpre et al. / Journal of Volcanology and Geothermal Research 347 (2017) 337-359 357

Table A2
Best fit parameters for each data set during the 2008 event. All parameters correspond to the results from the Yang-Spheroid model. The WRSS values of each data set cannot be directly
compared, but the geometric parameters for the weighted mean and AV15 horizontal only data sets are similar, as is the respective data when all components are used.

2008 Best fit Yang-Spheroid parameters

Data Longitude Latitude Depth Pressure Length of Aaxis Length of B axis Strike Plunge Volume WRSS
(dec.deg.E) (dec.deg.N) (km) (kPa) (km) (km) (deg. from N) (deg. from horz.) (km?)
Weighted mean-horizontal only —165.953 54.152 7.2 3085.5 14 35 160.4 62.1 0.07 0.97
Weighted mean-all components —165.954 54,153 6.6 325.7 41 34 160.5 55.9 0.05 1.10
DUTC-horizontal only —165.946 54.155 8.2 15,191.6 1.0 0.9 186.2 75.6 0.04 1.22
DUTC-all components —165.948 54.156 5.8 23968 2.0 1.7 186.8 50.5 0.04 132
AV15-horizontal only —165.953 54.151 7.7 4008.7 1.3 34 165.2 63.7 0.08 1.14
AV15-all components —165.953 54.151 7.0 360.9 39 33 165.4 57.9 0.05 1.27
Table A3

Best fit parameters for each data set during the 2014 event. All parameters correspond to the results from the Yang-Spheroid model. The WRSS values of each data set cannot be directly
compared, but the geometric parameters for tall of the datasets converge on almost spherical axes lengths.

2014 Best fit Yang-Spheroid parameters

Data Longitude Latitude Depth Pressure Length of A axis Length of B axis Strike Plunge Volume WRSS
(dec.deg.E) (dec.deg.N) (km) (kPa) (km) (km) (deg. from N)  (deg. from horz.) (km?)
Weighted mean-horizontal only —165.974 54.145 8.6 210.8 3.7 3.2 138.1 61.6 0.03 1.46
Weighted mean-all components —165.969 54.148 4.8 8077.6 14 14 329.6 65.4 0.07 1.75
DUTC-horizontal only —165.963 54.151 4.0 41,605.7 0.8 0.8 3333 66.4 0.06 1.13
DUTC-all components —165.963 54.150 3.7 21,760.2 0.9 0.9 334.0 69.2 0.04 1.19
AV15-horizontal only —165.965 54,148 7.6 591.0 2.8 24 149.824 63.857 0.03 1.30
AV15-all components —165.956 54.146 7.9 20,5384 0.8 0.7 181.7 65.9 0.02 2.48
Appendix B

Best fit model parameters for each time period using each of the four deformation models were estimated (Tables B1-B4) by minimizing the calcu-
lated WRSS through a linear least squares inversion. An F-test was used to determine which of these models produced the statistically significant best fit to
the deformation data (Tables B5-B7). F-tests were not performed between the Okada, Yang-Spheroid, and Yang-Ellipsoid models because they do have
the same number of parameters (eight DOF) so their WRSS values can be directly compared. The statistically significant best fit models are highlighted in
yellow and presented in Table B3 and B4. These best fit models are created using the input parameter ranges defined in Tables 1-3 and following methods
described in Section 3.1

Table B1

Best fit Mogi model parameters. Descriptions of these parameters can be found in Section 3.3.
Data Longitude Latitude Depth Volume WRSS

(dec. deg. E) (dec. deg. E) (km) (km?)

All —165.942 54.161 8.7 0.019 1448
Pre 2008 —165.94 54.195 0.1 0.0002 56
2008 —165.95 54.156 5.1 0.004 3
2009-2013 —165.954 54.161 53 0.002 42
2014 —165.955 54.154 3.9 0.002 5
Post 2014 —165.938 54.091 9.0 0.005 11

Table B2

Best fit Okada model parameters. Descriptions of these parameters can be found in Section 3.3.
Data Length Width Depth Dip Strike Longitude Latitude Opening Volume WRSS

(km) (km) (km) (deg. from horz.) (deg. from N) (dec. deg. E) (dec. deg. N) (mm) (km?)

All 8.5 1.1 11.2 30.2 0.0 —166.0 54.1590 2197.47 0.021 1008.14
Pre 2008 15.0 15.0 143 63.8 346.4 —166.0012 54.1415 22.64 0.005 10.64
2008 0.5 3.7 94 19.0 286.9 —165.9443 54.1666 3931.53 0.008 1.38
2009-2013 15 1.0 8.9 453 315.2 165.9719 54.1516 3059.62 0.005 18.32
2014 0.6 31 8.6 22.3 268.6 —165.9567 54.1600 3090.96 0.006 217

Post 2014 15.0 12.9 15.0 43.0 243.8 —165.9387 54.1375 31.95 0.006 6.44
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Table B3
Best fit Yang-Spheroid model parameters. Descriptions of these parameters can be found in Section 3.3.
Data Longitude Latitude Depth | Pressure | Lengthof A | Lengthof | Strike Plunge Volume | WRSS
axis B axis
(dec.deg.E) | (dec.deg.N) | (km) | (kPa) (deg. from N) | (deg.from horz.) | (km3)
(km) (km)
All -165.973 54.154 7.9 36959.5 | 6.4 0.5 2925 60.9 0.186 809.15
Pre 2008 -165.946 54.125 15.0 225 128 11.7 2821 56.3 0.123 8.86
2008 -165.953 54.151 7.7 4008.7 1.3 34 165.2 63.7 0.076 1.14
2009-2013 | -165.966 54.155 8.6 349 4.9 43 136.6 57.6 0.010 12.22
2014 -165.965 54.148 7.6 591.0 28 24 149.824 63.857 0.030 1.35
Post 2014 -165.949 54.149 9.3 165.6 3.0 88 282.6 61.5 0.042 1.85

Table B4
Best fit Yang-Ellipsoid model parameters. Descriptions of these parameters can be found in Section 3.3.
Data Longitude Latitude Depth | Pressure | Length of | Lengthof | Strike Plunge Volume | WRSS
A axis B axis
(dec.deg.E) | (dec.deg.N) | (km) (kPa) (deg.fromN) | (deg. fromhorz.) | (km?3)
(km) (km)
All -165.964 54.156 8.3 610121 | 4.2 0.5 292.8 62.8 1.7 808.51
Pre 2008 -166.000 54.130 9.1 18.2 5.2 129 105.4 33.0 0.045 7.33
2008 -165.952 54.152 7.9 15398.1 | 0.5 13 165.0 64.6 0.038 1.19
2009-2013 | —-165.956 54.161 6.9 360.9 0.5 4.0 135.9 484 0.009 12.98
2014 -165.956 54.148 7.5 1708.7 0.5 25 181.5 65.9 0.017 2.11
Post 2014 | -165.938 54.126 15.0 222 0.5 14.7 210.2 43.8 0.008 6.21

Table B5

Comparison of statistical significance between Mogi and Okada best fit models for all data sets. F-calc values are calculated using Eq. (5), with p1 = 4 (Mogi model DOF) and p2 = 8 (Okada
model DOF). The number of data points (N) represents the east, north, and vertical calculated velocities and differs between the data sets due to discontinuity at a GPS site during one or
more of the designated time periods. F-crit for 95% and 99% significance are presented, with all values being a significantly better fit at the 95% confidence level, but the pre-2008 data fails
at the 99% confidence level.

Data N WRSS (Mogi) WRSS (Okada) F-calc F-crit (. = 0.05) F-crit (o« = 0.05) Significant (95%) Significant (99%)
All 36 1448.50 1008.14 3.06 2.71 4,07 Yes No
Pre 2008 33 55.77 10.64 26.50 2.76 4,18 Yes Yes
2008 33 3.50 1.38 9.60 2.76 418 Yes Yes
2009-2013 36 42.04 18.32 9.07 2.71 4.07 Yes Yes
2014 36 5.11 217 9.50 2.71 4,07 Yes Yes
Post 2014 33 10.63 6.44 4.07 2.76 418 No No
Table B6

Comparison of statistical significance between Mogi and Yang-Spheroid best fit models for all data sets. F-calc values are calculated using Eq. (5), with p1 = 4 (Mogi model DOF) and p2 = 8
(Yang-Spheroid model DOF). The number of data points (N) represents the east, north, and vertical calculated velocities and differs between the data sets due to discontinuity at a GPS site
during one or more of the designated time periods. F-crit for 95% and 99% significance are presented, with all values being a significantly better fit at the 95% confidence level, but the pre-
2008 data fails at the 99% confidence level.

Data N WRSS (Mogi) WRSS (Yang - S) F-calc F-crit (o« = 0.05) F-crit (o« = 0.05) Significant (95%) Significant (99%)
All 36 1448.50 809.15 5.53 2.71 4.07 Yes Yes
Pre 2008 33 55.77 8.86 33.11 2.76 418 Yes Yes
2008 33 3.50 1.14 12.95 2.76 4.18 Yes Yes
2009-2013 36 42.04 1222 17.09 2.71 4.07 Yes Yes
2014 36 5.11 135 19.54 2.71 4.07 Yes Yes

Post 2014 33 10.63 1.85 29.68 2.76 4.18 Yes Yes




K. DeGrandpre et al. / Journal of Volcanology and Geothermal Research 347 (2017) 337-359

Table B7
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Comparison of statistical significance between Mogi and Yang-Ellipsoid best fit models for all data sets. F-calc values are calculated using Eq. (5), with p1 = 4 (Mogi model DOF) and p2 =9
(Yang-Ellipsoid model DOF). The number of data points (N) represents the east, north, and vertical calculated velocities and differs between the data sets due to discontinuity at a GPS site
during one or more of the designated time periods. F-crit for 95% and 99% significance are presented, with all values being a significantly better fit at the 95% confidence level, but the pre-

2008 data fails at the 99% confidence level.

Data N WRSS (Mogi) WRSS (Yang - E) F-calc F-crit (o« = 0.05) F-crit (o = 0.01) Significant (95%) Significant (99%)
All 36 1448.50 808.51 427 2.73 411 Yes Yes
Pre 2008 33 55.77 7.33 31.73 2.78 422 Yes Yes
2008 33 3.50 1.19 9.29 2.78 4.22 Yes Yes
2009-2013 36 42.04 12.98 12.09 2.73 4.11 Yes Yes
2014 36 511 2.11 7.67 2.73 411 Yes Yes
Post 2014 33 10.63 6.21 342 2.78 4.22 Yes No
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