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Abstract Surface deformation and seismicity provide critical information to understand the dynamics
of volcanic unrest. During 2006-2007, >80 mm/yr uplift was observed by interferometric synthetic
aperture radar (InSAR) at the central Atka volcanic center, Alaska, coinciding with an increasing
seismicity rate. On November 25, 2006, a phreatic eruption occurred at the Korovin volcanic vent, 5-km
north of the central Atka, following the drainage of its crater lake a month prior to the eruption. The
InSAR data are assimilated into three-dimensional finite element models using the Ensemble Kalman
Filter to investigate: (1) the pressure source creating the surface deformation; (2) the triggering of the
volcano-tectonic (VT) earthquakes in the Atka volcanic center; and (3) the triggering of the phreatic
eruption at Korovin. The models show that the pressure source required to create the surface deformation
is a NE-tilted, oblate ellipsoid, which rotated from steep to gentle dipping from June to November 2006
before the eruption. The modeled dilatancy in a pre-existing weak zone, coinciding with the Amlia-
Amukta fault, driven by the pressure source has a spatial and temporal correlation with the evolution

of the VT earthquakes during the unrest. The fault dilatancy may have increased the connected porosity
and permeability of the fault zone allowing fluid injection which triggered the observed seismicity. In
addition, the dilatated fault may have increased the fluid capacity of the fault zone by ~10°> m?, causing
the discharge of the crater lake at Korovin. Consequently, the phreatic eruption of the Korovin volcano
may have been triggered.

1. Introduction

Volcanic unrest, when the behavior of a volcano deviates from its baseline or background (e.g., Acocel-
la, 2014; Phillipson et al., 2013), may provide critical warnings for potential volcanic eruptions (e.g., Moran
et al., 2011; Phillipson et al., 2013; Sparks, 2003). To determine whether and when an eruption will occur,
it is critical to understand the mechanisms causing the volcanic unrest. Recent developments in volcanic
monitoring by geodesy (e.g., InSAR and GNSS) and seismology (e.g., broadband seismometers) allow us
to explore the host-rock responses to the changes in the physical conditions of a magmatic system (Sparks
et al., 2012). In addition to observations, physical models enable us to test hypotheses proposed for explain-
ing and forecasting volcanic unrests (e.g., Charco & Galan del Sastre, 2014; Currenti et al., 2007; Del Negro
et al., 2009; Fournier & Chardot, 2012; Gerbault, 2012; Gregg et al., 2013; Grosfils, 2007; Hickey et al., 2015;
Le Mével et al., 2016; Manconi et al., 2010; Masterlark, 2007; McTigue, 1987; Mogi, 1958; Segall, 2013; Yang
et al., 1988; Zhan & Gregg, 2019).

Data assimilation techniques based on the Bayesian Markov chain Monte Carlo method allow us to utilize
volcanic monitoring data to obtain probabilistic estimates of model parameters and forecast future behavior
(e.g., Albright et al., 2019; Anderson & Segall, 2013; Bato et al., 2017; Gregg & Pettijohn, 2016; Segall, 2013;
Zhan & Gregg, 2017). Combining surface deformation and seismicity data with advanced numerical models
can provide critical insights into the mechanisms of the restless behaviors of a volcanic system prior to its
eruption. In particular, the volcano-tectonic (VT) earthquakes triggered by brittle failure are generated by
the evolution of stress field in the crust, which also produces an observable surface deformation. Due to
crustal heterogeneity, hydrothermal systems, and other factors, the stress field controlling surface deforma-
tion and seismicity can vary from one system to another (Roman & Cashman, 2018).

The Atka volcanic center is located at the northeast end of Atka Island (Figure 1a), which is the largest mod-
ern magmatic complex in the central Aleutian arc, with an estimated eruptive volume of ~200 km? since
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Figure 1. (a) The location of the Atka volcanic center (called Atka for simplification). Atka is located on an extended
crust in the north of the Andreanof Block (after Geist et al., 1987; Singer et al., 1992). Atka is also at the junction of
the Seguam and AA faults. AAB -Amlia and Amukta intra-arc summit basins. (b) The surface uplift from 2000/7/1 to
2006/11/14 revealed by the InSAR data. VT earthquakes (Power et al., 2019) occurring between 2006/6/1 and 2007/1/1
are plotted as purple circles whose color and size represent depth and magnitude. The black squares are the locations
of the seismometers (https://avo.alaska.edu/). The black triangles show the locations of some major volcanic vents

at Atka. The solid red lines show the fault traces after Geist et al. (1987), and the red dashed line shows the possible
trace of the AA fault indicated by the earthquake distribution and topography. The green line shows the location of the
cross-section in Figure 10. The green boxes show the areas (solid line for the Atka center; dashed line for the Korovin
volcano) to calculate the time series of displacement in Figure 2. AA, Amlia-Amukta; InSAR, interferometric synthetic
aperture radar; VT, volcano-tectonic.

presumed Tertiary age (Myers et al., 2002). The Atka complex belongs to an extended crust to the north of
the Andreanof Block (Geist et al., 1987; Singer et al., 1992). Two faults, the Amlia-Anukta (AA) fault and
the Seguam fault, cut the Atka volcanic center. The central part of the AA fault is a normal fault serving
as the north boundary of the Amlia and Amukta intra-arc summit basins (Geist et al., 1987, Figure 1a).
At Atka Island, a linear crustal structure, which may be a part of the AA fault, controls the distribution of
the observed earthquakes (Power et al., 2019, Figure 1b). Interferometric synthetic aperture radar (InSAR)
data suggests that there has been no observable motion of this segment of the fault in recent decades. How-
ever, we suggest that the AA fault in the Atka Island plays an important role as a pre-existing weak zone
running through the Atka volcanic center. The Seguam fault, to the south of AA and the Atka volcanic
center, is thought to be a right-lateral strike-slip fault as the north boundary of the Andreanof Block (Geist
et al., 1987). The youngest phase of volcanic activity in Atka began about 1-2 Myrs ago (Myers et al., 2002).
The Atka volcano was once a large shield volcano, later destroyed due to a caldera collapse eruption 0.3—
0.5 Myrs ago (Marsh, 1990). Subsequently, four major volcanic cones (Korovin, Kliuchef, Sarichef, and
Konia) have formed around the Atka caldera through a series of complex magmatic processes, including
melting, crystal fractionation, and magma mixing (Myers et al., 2002). The Korovin cone, the largest of the
post-caldera edifices with a height of 1.5 km and basal diameter of 7 km, has erupted several times in the
past 50 years (i.e., 1976, 1987, 1998, and 2006) and has been the location of numerous fumarolic and hydro-
thermal events during the past 200 years (Lu & Dzurisin, 2014).

During 2006/6-2007/1, uplift at a rate >80 mm/yr was observed in the center of the Atka volcanic center
(Figure 1a) by InSAR (Lu & Dzurisin, 2014), coinciding with an increased seismicity rate near the center
of deformation (Power et al., 2019, Figures 1b and 2). Simultaneously, increased fumarolic and hydrother-
mal activity occurred at Korovin volcano, located 5-km north to the center of uplift. The unrest at Korovin
was followed by a lake drainage event at the crater of Korovin prior to October 19, 2006 (Neal et al., 2008,
Figure 2). On November 25, 2006, an eruption (VEI 1; https://volcano.si.edu/) occurred from Korovin. Al-
though the satellite images show a small amount of ash deposited near the Korovin vent, they are likely to
be remobilized ash dislodged during a phreatic eruption (Neal et al., 2008).

This study focuses on the unrest observed at Atka volcano because: (1) ~50,000 passengers fly over the
Aleutian Arc each day and active volcanoes in this region pose a significant aviation risk (https://www.usgs.
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Figure 2. The time series of ground deformation and VT earthquakes from 2000 to 2008. (a) Surface uplift at Atka
center and Korovin (Figure 1b) revealed by InSAR data are shown as the black solid and dashed lines. Each black circle
represents one InSAR time slice. The red circles and diamonds are the surface deformation calculated by the numerical
models (i.e., Model II) with data assimilation. The unrest events, including steam plumes, tremors, and lake drainage
are labeled as gray triangles, orange stars, and green boxes (McGimsey et al, 2007, 2011; Neal et al., 2008). (b) The
numbers of VT earthquakes per day are shown as orange bars. The green line is the accumulated energy calculated

by log;o(Energy) = 11.8 + 1.5 M (Gutenberg, 1956). The inserted plot in the panel (b) shows the accumulated energy
from 2005 to 2018. (c) and (d) show the ground deformation and VT earthquakes from 2006 to 2008. The gray shadows
highlight the volcanic unrest. The thick red lines illustrate the phreatic eruption. InSAR, interferometric synthetic
aperture radar; VT, volcano-tectonic.

gov/media/images/air-traffic-over-active-volcanoes-aleutians); (2) Korovin Volcano at the rim of the Atka
remains active today; and (3) InSAR and seismic data provide an excellent coverage of the 2006 eruption
and subsequent activity, allowing us to study the relationship between deformation and seismicity. In par-
ticular, the key puzzle of the 2006-2007 volcanic unrest is whether the restless behavior occurring at central
Atka triggered the phreatic eruption at Korovin, 5-km away. A large offset (>5 km) between the deformation
center and its nearest eruptive vent is not rare in the nature (Ebmeier et al., 2018), and some of the erup-
tions are associated with the interaction between magmatism and local fault systems, such as the Sabancaya
volcano (MacQueen et al., 2020). Therefore, the Atka Volcanic Center provides an example to study the
interaction between magma reservoirs, pre-existing fault zones, and hydrothermal systems.

In this study, a series of three-dimensional finite element models are developed to simulate the surface
deformation revealed by multi-temporal InSAR data from July 1999 to July 2007. The probabilistic estima-
tion of the pressure source evolution is obtained using the Ensemble Kalman Filter data assimilation tech-
nique. The stress, strain, and failure of the crust are calculated to explore the interaction between the pres-
surized source and two pre-existing weak zones (i.e., Amlia-Amukta fault and Seguam fault). The model
infers that the fracturing and hydrous processes of the pre-existing fault zone can explain the spatial and
temporal evolution of the volcano-tectonic (VT) earthquakes during the unrest. After combining the model
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results and multiple observations, the study suggests that the 2006/11/25 phreatic eruption of the Korovin
volcano is triggered by the restless behavior at the central Atka.

2. Pressure Source Evolution

2.1. InSAR Data

We generated InSAR images acquired by ERS-2 and Envisat satellites between mid-June and late October
during 1997-2007 to ensure the InSAR coherence. The coherence can be easily lost due to seasonal snow
and ice cover but maintained during or between summers (Lu & Dzurisin, 2014). Data from 5 ERS-2 tracks
and 5 Envisat tracks were used in this study (Table S1). SAR data from each of the 10 tracks were processed
separately to form interferograms using images from the same track by the same sensor. ERS-2 and Envi-
sat images of the same day were separated by ~30 min apart. Due to a small discrepancy in wavelength
(5.66 cm and 5.63 cm for ERS-2 and Envisat, respectively), ERS-2 and Envisat images cannot be paired
to generate coherent interferograms unless the spatial baseline is about ~2 km and the imaging area is
relatively flat (e.g., Lu et al., 2012). So, ERS-2 and Envisat images of the same track were processed inde-
pendently to form the interferograms to study the volcanic deformation at Atka. Interferograms with low
coherence and severe atmospheric artifacts were removed through visual inspection and the pairwise logic
method (e.g., Lu et al., 2000; Massonnet & Feigl, 1995). A standard ERS-2/Envisat frame can cover more
than 35 km latitude wise on the eastern part of the Atka Island (Figure 1). As the Atka volcanic center, in-
cluding the Korovin volcano, only occupies the northeastern portion of the island, atmospheric artifacts on
the southern parts of the island provide guidance on interferogram selection. Detailed information about
the image acquisition dates and LOS geometries of 73 interferograms used in the deformation time-series
analysis is shown in Table S1.

As interferograms were from a combination of tracks of different line-of-sight (LOS) imaging geometries
(Table S1), we applied a multiple-InSAR small baseline subset (MSBAS) technique (Kim & Lu, 2018; S.
Samsonov et al., 2013) to obtain the time series of surface displacements in the vertical and east-west
components (Tables S1 and S2). The MSBAS is a simple extension of the standard SBAS (e.g., Berardino
et al., 2002; Hooper, 2008) for estimating two-dimensional time-series deformation based on multitemporal
InSAR images. The strength of the MSBAS is its capability of combining InSAR datasets from different
wavelength (e.g., L-, C- and X-band) and geometries (e.g., ascending, descending) because the LOS imaging
parameters (azimuth and incidence angles) and radar wavelengths are included to the equation govern-
ing the observed interferograms phase and the components of deformation vector (Kim & Lu, 2018; S.
Samsonov et al., 2013). The technique has been widely used for the automatic generation of standard and
advanced deformation products from RADARSAT Constellation Mission SAR data by the Canada Center
for Mapping and Earth Observation (S. Samsonov, 2018).

In this study, all interferograms were filtered and unwrapped. Atka Island is not monitored with any in-situ
geodetic instruments. The inspection of all interferograms of Korovin (Lu & Dzurisin, 2014) indicates the
far-field deformation over the northernmost and easternmost edges of the island is negligible. So, we select
the northernmost edge of the Atka Island as the reference area with zero deformation. To exclude the effect
of reference selection on deformation pattern, we have also tested a zero-phase reference over the eastern-
most edge of the island. It produces nearly identical results. The unwrapped phases were then geocoded to
the same map coordinate. The governing equation for calculating the vertical and east-west components of
time-series deformation rates from interferograms of multiple LOS geometries is:

A Rsinp Vi,
0 L 0 Ah

(€]

1 1

where R;, o, and ; are the slant range distance from the satellite to the target, the azimuth angle of the
satellite track, and the incidence angle at the target in the i"” interferogram. /; is the SAR wavelength. S; is a
matrix constructed from time intervals of consecutive SAR acquisitions of all tracks spanned by the i" inter-
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Figure 3. The temperature and Young's modulus of the numerical model. The pressure source for the ground
deformation during the volcanic unrest is modeled by an oblate ellipsoid. The center of the ellipsoid is at (X, Y, Z). The
half-height and half-width of the ellipsoid are a and b. The dipping angle (plunge) and azimuth (from North) of the
half-width (b axis) are 6 and ¢. The bottom and lateral surfaces are defined as the roller-type boundary condition.

ferogram. L, a Tikhonov matrix used for ill-posed problems in case of rank deficiency of a design matrix, is
composed of a regularization parameter and a zero-, first-, or second-order difference operator (Samsonov
& d'Oreye, 2017). Vi and Vg are the vertical and the east-west components of the deformation rate vector
during consecutive SAR acquisitions. B; is the perpendicular baseline of the i interferogram. Ah is the to-
pography error. @ is the observed phase of the i interferogram (Kim & Lu, 2018; S. Samsonov et al., 2013).
The unknown parameters of the deformation rates (Vy, and Vi) between two adjacent SAR images of the
entire interferogram stack were calculated by solving the Equation 1 via singular value decomposition with
minimum-norm constraints, which is a typical protocol used to solve under-ranked equations (S. Samsonov
et al., 2013; Samsonov & d'Oreye, 2017). Time-series of ground displacement (i.e., the cumulative deforma-
tion in the vertical and east-west components) were reconstructed by integration. Finally, each image in the
time series was further down sampled to about 2,500 data points by the quadtree partitioning (e.g., Zhan
et al., 2019).

2.2. Numerical Model of the Atka Volcanic System

The setup of the numerical model of the Atka volcanic system is similar to the previous study in the Laguna
del Maule volcano (Zhan et al., 2019). The finite element models are built and solved using COMSOL Mul-
tiphysics 5.3a, which has been well benchmarked with analytical solutions (e.g., Gregg et al., 2012; Zhan &
Gregg, 2017).

The study area is modeled as a 100 x 100 x 30 km box (Figure 3) centered at the central Atka Island
(51.331°N, 174.139°W). The Global Multi-Resolution Topography Data (Ryan et al., 2009) is used to build
the surface elevation of the model. A pressurized spheroid within the box is used to create the surface
deformation at the center of the Atka Island. The geometry of the spheroid is defined by its location (X,
Y, and Z), half-height (a), half-width (b), plunge of b axis (8), and azimuth of b axis (¢; Figure 3), which is
similar to Yang et al. (1988)'s ellipsoid analytical model. For example, if the pressure source is a sill like a
horizontal pancake, the half-width (b) should be much larger than the half-height (a), and the plunge of b
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(6) should be zero. The bottom and lateral edges of the crustal model are defined as a roller-type boundary
condition. A two-step loading is applied to the model. First, the model is loaded by a gravitational body force
and a surface water pressure (o,gh,,) to calculate the initial stress. The initial stress is deviating from the
lithostatic stress near the surface with topography (McTigue & Mei, 1981). Second, a pressure excess to the
initial pressure along the boundary of the ellipsoid is loaded, named as overpressure (OP). The deformation
during the second step represents the response of the host-rock to the pressure source, which is used in the
data assimilation with the InSAR data.

The linear elastic model has a spatial variation in Young's modulus (E,;) and a constant Poisson's ratio (),
since Poisson's ratio has much less impact on the model results than Young's modulus (Zhan & Gregg, 2019).
Similar to Zhan et al. (2019), Young's modulus of the model is a function of both depth and temperature,
which is defined by

Ery = BrEy 2)

where E, is the far-field Young's modulus, which is not affected by the heated magma reservoir. The far-field
Young's modulus, Ey, is defined by

E, = -0.0125z% —1.25 7 + 40.25, 3)

which is consistent to the seismic velocity profiles in the adjacent area (Fliedner & Klemperer, 1999),
considering the relationship between dynamic and static Young's modulus (Ciccotti & Mulargia, 2004;
Starzec, 1999; Figure S3). The constants and variables in the equations are listed in Tables S2 and S3.

In Equation 2, ris a temperature-controlled coefficient defined as

1 T-T,
= [S +1-2e], 4
Br 2_26{ xp[Tc_de e} 4

where T, = zdT / dz, the geothermal gradient, dT / dz is 30°C/km (Currie & Hyndman, 2006), and e is he

base of the natural logarithm. The temperature of the magma reservoir, T, is 850°C, considering a silicic
crystal mush may underlay the center of Atka (Myers et al., 2002). This equation defines a 50% decrease in
the Young's modulus of silicic rocks when the temperature approaches its solidus (after Figure 3b in Smith
et al., 2009). For example, when the temperate equals geothermal temperature, Ty, the coefficient (87) is one.
When the temperate is T,, the coefficient (87) is 0.5. The temperature is calculated using a steady-state heat
conduction model with the same geometry and mesh (e.g., Zhan et al., 2019).

2.3. Model Parameter Estimation by Ensemble Kalman Filter

The pressure source generating the ground deformation is determined by the Ensemble Kalman Filter
(EnKF) workflow for volcanoes as the previous studies (e.g., Zhan & Gregg, 2017). The EnKF analysis
updates the model states by solving the Bayesian problem using a Monte Carlo method (Evensen, 2003). A
matrix containing all the model parameters and results can be updated by:

-1
Ay = A+ XHT(HXHT + R) (M, - HA), (5)

where A;,, is updated ensemble by the EnKF analysis, A; is a forecasting ensemble by the numerical mod-
els, X; is the covariance matrix of A;, M; is perturbed measurements (by adding 10% white noise) whose
covariance matrix is R;, and H is the coordinating matrix (Evensen, 2003). In this study, the results from the
numerical models are the East-West and Up-Down components of surface displacement (Figure 4), which
will be assimilated in each step when the corresponding InSAR time series data is available. The parameters
solved by the EnKF analysis are the geometric parameters of the pressure source (X, Y, Z, a, b, 6, ), and
the overpressure (OP; Figure 5). The number of ensemble members (i.e., numerical models) and intrastep
iterations are set as 100 and 5 to reach maximum efficiency.

ZHAN ET AL.

6of 19



Y od
AG

ADVANCING EARTH

[
v

AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB020158

(@ 10 o (b)
§ East-West Component é ok Up-Down Component
> (mm) > (mm)

40 0 40 80 -10| . , ; |80 -40 0 40 80
-20 -10 10
X (km)
East-West Component Up-Down Component

60 2006/7/8 ©) 2006/7/8 Model I (d)
E 40+ 1201 Model II
*E 201 InSAR Data
g 0- 801
(]
& -20
g 407
& -40

_60.
_ 601 2006/11/14 (f)
IS . 1201
£ 40
= 207
g O_ 80'
[J]
& -201
2 401
2 -401

_60_

o] 0] 72007/7/28" h)
E 40/ 1201
£ 40
2 20
2 o 801
g
© -20
g 407
2-40

-60.

. ; 0 - . - .
-10 - 5 -10 -5 0 5
X (km) X (km)

Figure 4. Comparison between InSAR time series data and modeled surface displacement. (a) and (b) are the East-West and Up-Down displacements from
2000/7/1 to 2006/11/14 by the down sampled InSAR data. The black triangles represent the volcanos: Korovin (Ko), Kliuchef (K1), and Sarichef (Sa). The gray
lines show the cross-sections in figures (c)-(h). (c)-(h) show the cross-sections of the InSAR data and the modeled displacement. In Model I (red dash-dot
lines), the pressure source is an ellipsoid with a fixed dipping angle (6 = 0° in Figure 3). In Model II (solid blue lines), the dipping angle (6) and azimuth (from
North; @) are unfixed. The gray, thick lines are the InSAR data. InSAR, interferometric synthetic aperture radar.

In this study, two EnKF tests are conducted with two different model settings. In Model I, the pressure
source is an ellipsoid with a fixed, upright “a” axis (6 = 0° in Figure 3). In Model II, the ellipsoid is allowed
to rotate freely.

2.4. Volcanic Deformation and Pressure Source

The InSAR data shows the surface deformation at the Atka center accelerated from ~5 mm/yr to ~80 mm/
yr in June 2006 when the volcanic unrest started (Figure 2a and 2c). Then, the uplift rate at the center
dropped to ~10 mm/yr in September 2006 until the 2006/11/25 eruption (Figure 2c). There was an uplift
of ~40 mm occurring at the Atka center within 6 months after the eruption (Figure 2c). After that, the rate
of uplift was back to the background (<5 mm/yr). However, the temporal variation in surface deformation
from 2006/11/14 to 2007/6/12 was not captured due to the lack of coherent InSAR acquisitions.
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Figure 5. Evolution of the parameter estimations by the EnKF. The parameter estimation of the pressure source for each InSAR acquisition includes (a)
X-location, (b) Y-location, (c) Z-location, (d) half-height, a, (e) overpressure, OP, (f) ratio between half-width and half-height, b / a, (g) plunge of half-width axis,
6, and (h) azimuth (from North) of the b axis, ¢. (i) The L, norm error of surface displacement (e.g., Zhan et al., 2017) shows the overall misfit between models
and data. The colored circles are the mean values of the ensemble members, and the bars are two times of the standard deviation indicating a ~95% confidence

interval. Red error-bar plots show the results of Model I with an upright “a

“

axis (6 = 0° in Figure 3). Blue shows the results of Model II with a freely rotating

ellipsoid. Green lines show the depth of the Mogi sources inversed by the InSAR pairs by the previous study (Lu & Dzurisin, 2014). EnKF, Ensemble Kalman
Filter; InSAR, interferometric synthetic aperture radar.

The uplifting center is located ~3-km west of Kliuchef near the central Atka (Figures 4 and S4). An uplift
of ~40 mm was observed during the 6-month time interval immediately before the eruption (Figure 4d).
Meanwhile, the East-West component of displacement slightly changed (Figure 4c and 4e). However,
during the 8-month interval after the eruption (2006/11/14-2007/7/28), a 40-mm west-warding, a 20-mm
east-warding, and a 40-mm up-warding displacement were observed (Figure 4g and 4h). The change of the
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Figure 6. The geometry of the pressure sources at three different epochs of the InSAR time series. (a) 2006/7/8, the beginning of the volcanic unrest. (b)
2006/11/14, prior to the eruption. (c) 2007/7/28, 8 months after the eruption. The colored ellipses are the projections of the pressure sources on the XY-, ZY-,
and XZ-planes. The red and blue ellipses represent the ensemble averages of Model I and II at the given times. The VT earthquakes within a range of 15 days
before and after the InSAR epochs are plotted as black dots. InSAR, interferometric synthetic aperture radar; VT, volcano-tectonic.

surface deformation pattern revealed by the variation of the ratio between lateral and vertical displacements
cannot be explained by a stationary pressure source. To exclude the effect of reference selection on deforma-
tion patterns, we have also tested a zero-phase reference over the easternmost edge of the island. It produces
nearly identical results. Therefore, the derived east-west component and the associated asymmetric charac-
teristic are unlikely due to the selection of the reference point.

Both Model I and IT reproduce the general deformation pattern revealed by the InSAR time series (Figures 4
and S4). However, Model II has done a better job to capture the asymmetric deformation pattern in the
East-West component during the volcanic unrest (2006/6-2006/11). Specifically, the maximum east-ward
motion (~40 mm) is larger than the west-ward motion (~10-20 mm) by at least two times (Figure 4c). After
the Korovin eruption, the deformation signal is nearly symmetric (Figure 4g). Therefore, we favor Model
II since it fits the asymmetric East-West displacement (Figures 4 and S4). The symmetry variation of the
deformation signal cannot be explained by changes in overpressure, size, or even location. The ellipsoid in
Model II can rotate freely to generate this asymmetric deformation pattern (Figures 5 and 6). While Model
I with a fixed “a” axis can only create symmetric patterns (Figure 6), leading to larger misfits (i.e., L, norm
errors) than Model II.

Figure 5 shows the mean values and two times of the standard deviation (~95% confidence interval) of the
parameter estimations from the two models. Our favorite model (Model II) is a dike-like source centered
at 6-km west of Kliuchef (Figure 6a) with a depth of ~5.8 km b.s.l. at the beginning of the unrest (2006/6).
During the unrest (2006/6-2006/11), the oblate ellipsoid in Model II rotates by ~30° whose plunge evolves
from steep to gentle (Figure 5). On July 28, 2007, 8 months after the eruption, both the models indicate the
pressure source is an oblate ellipsoid with nearly zero plunges (Figures 5 and 6). The depth of the pressure
source of Model II slightly varies from ~4.8 to ~5.8 km b.s.l., which is comparable to the distribution of
the Mogi source depth estimated by a previous study using InSAR pairs (Lu & Dzurisin, 2014). Meanwhile,
Model I has a considerable depth variation since translation is the only way for Model I to fit the evolution
of displacement pattern. Considering Model II has a better-fit with the data than Model I (Figure 4), we
suggest that the pressure source has more likely experienced a 30° rotation rather than a >3-km vertical
translation during the unrest. The overpressure of Model II has a slight change from 7 to 8 MPa during the
unrest (Figure 5e).

2.5. Implication on Magma Reservoir

By data assimilation with the InSAR time series data, we find that the pressure source may rotate during the
volcanic unrest (Figure 6). There are three possible explanations. First, the pressure source migration may
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represent dike propagation due to pressurized magma or hydrothermal fluid (e.g., Mastin & Pollard, 1988).
However, if it is a dike propagation, the model should show expansion of the pressure source along its long
axis rather than rotation. In addition, there is no corresponding VT earthquakes associated with the diking
or dike-related brittle failure (Roman & Cashman, 2006). On the contrary, most VT events occurred along
the AA fault during the unrest (Figures 1b and 6b). The fault may serve as a pre-existing weak zone to facili-
tate dike propagation if the fault is perpendicular to the direction of minimum compressive stress. However,
the surface deformation pattern is not controlled by the fault (Figure 4), indicating the VT earthquakes
along the fault unlikely represent the dike propagation.

The second hypothesis is that the magma or fluid was transported through some pre-existing channels or
conduits (e.g., Bonaccorso & Davis, 1999) to create a moving pressure source. However, the pressure source
moves laterally with a ~30° rotation, which can hardly be explained by magma or fluid moving along a
straight channel or conduit. In addition, even if the fluid is moving through a complicated channel system,
we still have difficulty in explaining why the magma does not take advantage of the pre-existing weak zone
(i.e., the AA fault). Besides, seismic tremors are usually triggered during fluid migration (e.g., Yamamoto
et al., 2002). No evidence shows that the number of tremor events is increasing during the unrest (Figure 2).

We favor the third hypothesis that the pressure source migration is due to the changes in the connectivity of
the magma reservoir dominated by a crystal mush. Previous studies by petrology and geochemistry indicat-
ed that the Atka volcanic field is supplied by a series of poorly connected but adjacent magma bodies (e.g.,
Myers et al., 2002). The magma reservoir of Atka is likely to comprise interleaved lenses of melt, partially
molten crystal mushes and volatiles (Cashman & Giordano, 2014). The pressure source of Atka may not be
a uniform, homogenous magma body. While the pressure source can be an interconnected network with
a small proportion of melt or fluid. Melts or volatiles with a fraction as low as 2% is enough to provide the
connectivity for a crystal mush to share the same overpressure (Zhu et al., 2011). In Model II, the pressure
source rotates ~30°, which can be explained by a diffusion of pore pressure in the crystal mush (e.g., Liao
et al., 2018; Sparks & Cashman, 2017). In this scenario, some parts of the crystal mush may be pressurized
due to the increment of connectivity driven by deformation or magma processes, while some initially inflat-
ed areas may deflate. The overall changes in pressurization status in different regions of the crystal mush
may create an effect approximated by a moving pressure source. No significant migration of magma or fluid
is needed. The pore pressure diffusion is the dominant process during the deformation of a heterogenous,
poroelastic crystal mush (Liao et al., 2018). In this study, the ellipsoid is an approximation of the pressurized
crystal mush, while in reality, the pressurized regions of the magma reservoir can be irregular. However, to
determine an irregular pressurized source, we must combine other geophysical observations, such as seis-
mology, magnetotellurics, and gravity.

3. Stress and Failure Development

3.1. Failure Criteria

To explain how the VT earthquakes are triggered, we evaluate the stress and failure development associ-
ated with the host-rock deformation driven by the pressure source. We calculate the stresses of the Atka
host-rock using the pressure source defined by the mean values of the estimated parameters (Figure 5). We
use Coulomb and tensile failure criteria to predict whether shear or tensile failure can happen in the host-
rock. To quantify the likelihood of failures, we calculate the “stress to failure” (e.g., Zhan & Gregg, 2019),
which is defined as the distance of the Mohr circle to the Coulomb or tensile failure envelope (CF and TF
in Figure 7a and 7b). No failure happens when CF and TF are less than zero. Failure is initiated when CF or
TF becomes positive. The stresses to Coulomb failure (CF) and tensile failure (TF) are given by

CF =7 - Cycos¢, — o, sing,, (62)
and
TF = -5 — o7, (6b)
ZHAN ET AL. 10 of 19
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Figure 7. The potential of failure occurring at the boundary of the pressure source. (a) and (b) illustrate Coulomb and tensile failure criteria. The possibility of
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where 7, 0,, and o3 are the maximum shear stress, normal stress, and least principal stress (positive for com-
pression). Similar to Zhan et al. (2019), the internal friction angle (¢;) is 25°, cohesion (Cy) is E x 5 x 1074,
and tensile strength (o7) is E x 107, in which E is the Young's modulus of the rock.

3.2. Overpressure to Generate Host-Rock Failure

The failure calculation shows no failure occurring in the host-rock by 2006/11/14 (Figure 7c and 7d). The
overpressures calculated by the EnKF are less than 10 MPa (Figure 5e) to create an 80-mm surface uplift
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(Figure 2). At least 30 MPa is needed for any model to generate Coulomb failure along the boundary of the
pressure source (Figure 7c). Such an overpressure will create at least 300-mm surface uplift, larger than the
observation by at least three times.

Therefore, during the volcanic unrest, the pressurized magma reservoir does not directly cause the failure
of the host-rock to trigger the volcano-tectonic earthquakes. First, the overpressure prior to the eruption is
much less than the overpressure required to initiate failure in the host-rock. Besides, the widespread host-
rock failure does not occur until the overpressure is greater than 100 MPa, which is less likely in a natural
system. Even if the magma reservoir can be pressurized to >100 MPa, the failure distribution is not consist-
ent with the VT earthquakes (Figures 6 and S5).

4. Effects of the Pre-existing Weak Zones

An alternative explanation is necessary to link the surface deformation and VT earthquakes in Atka. During
the volcanic deformation, some parts of the host-rock may experience dilatancy due to the pressure source,
which increases the effective (or connected) porosity of the rock, allowing pore fluid to saturate those dila-
tant parts. Many examples show that earthquakes can be triggered in areas of positive dilatation, such as
Yellowstone (Chang et al., 2007; Taira et al., 2010; Wicks et al., 2006), Copahue (Lundgren et al., 2017),
Laguna del Maule (Zhan et al., 2019), and Domuyo (Lundgren et al., 2020) volcanoes.

4.1. Modeling Pre-existing Weak Zone

A previous study at Laguna del Maule shows that a pre-existing weak fault, the Troncoso fault, may serve
as a channel for pore fluid (i.e., water or brine) to trigger “hydrofracturing” seismicity during the volcanic
deformation (Zhan et al., 2019). By borrowing this idea, we have tested whether the local fault zones (i.e.,
AA fault and Seguam fault) can facilitate pore fluid to trigger the VT earthquakes.

Similar to Zhan et al. (2019), we model the fault zone as a thin vertical slab (~100-1,000 m) embedded in
the host-rock (Figure S6). Within the fault zones, Young's modulus is lower than the surrounding host-
rock. The traces of the fault zones are defined after previous studies (Figure 1; e.g., Geist et al., 1987; Singer
et al., 1992). We assume that the AA fault is at least 10-km deep and nearly vertical, according to the earth-
quake distribution (Figure 6b). Since we have less constraints on the geometry of the Seguam fault at the
Atka Island, we assume it shares the same depth and dipping as the AA fault. In addition, the Seguam fault
is >7 km away from the deformation center. In the later discussion, we find the volcanic deformation has
negligible effects on the Seguam fault compared to the AA fault.

To maximize the effects of the fault zones on the stress field, we need the fault zone to be as large and
weak as possible, which can be achieved either by increasing the thickness of the fault or by decreasing
Young's modulus. However, as the fault zone becomes thicker or weaker, it can strongly affect the surface
deformation pattern. Similar to Zhan et al. (2019), we conduct a series of sensitivity tests to determine
the relationships between significance (i.e., thickness and weakness) of the fault zone and its perturba-
tion to the pattern of surface deformation. We find that the faults with either a thickness greater than
500 m, or Young's modulus lower than 50% of the surrounding host-rock will create a >10% perturbation
of surface deformation, which can be observable in the InSAR data (Figure S7). This result is very similar
to the study in Laguna del Maule (Zhan et al., 2019), where the magma reservoir is also next to the fault
zone. Since the pattern of surface deformation is not affected by any linear, fault-like structure, we argue
that the fault zones should not be wider than 500 m and weaker than the surrounding rocks by more
than 50%.

4.2. VT-Earthquakes Distribution

In this study, we calculate the volumetric strain evolution within the fault zones (Figures 8 and S8-S10). We
compare the change of volumetric strain of the AA fault zone and the distribution of VT earthquakes oc-
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Figure 8. Volumetric strain changes within the AA fault during the time periods between different epochs of the InSAR time series. (a) and (c) show the strain
changes during two InSAR epochs (2006/10/29 & 2006/11/14) prior to the eruption. (b) and (d) show the strain changes between the time prior to the eruption
(2006/11/14) and 6 months after the eruption (2007/6/12) due to the lack of InSAR acquisition. Different rows represent the results from different models. The
ellipses with dashed and solid lines are the projections of the pressure sources on the fault plane at the beginning and end of the period. The VT earthquakes
which occur within a 2-km-distance to the fault and during the time period are plotted as black dots. AA, Amlia-Amukta; InSAR, interferometric synthetic

aperture radar; VT, volcano-tectonic.

curring within a 2-km distance to the AA fault. We find that the VT earthquakes generally favor the regions
with volumetric strain increment (Figure 8). This correlation cannot be found before June 2006 (Figure S8
and S9) since the EnKF has not obtained a convincing estimation of the pressure source, as the L, norm
error is high (Figure 5i).

The pattern of volumetric strain prior to and after the eruption experienced significant changes due to the
migration of the pressure source (Figure 8). At the same time, distribution of the VT earthquake also shifted
downward (Figure 8), which is consistent with the volumetric strain changes. Between the two models,
Model I, using the ellipsoid with a fixed “a” axis, generates a horizontal dilatant zone (Figure 8a and 8b).
Model IT with a plunging ellipsoid, however, suggests that the area with positive dilatation is extending deep
in NE and shallow in SE, which has a larger overlap with the earthquake distribution (Figure 8c and 8d).
Compared to Model I, Model II has a better performance not only in reproducing the surface displacement
(Figure 4), but also in explaining the earthquake distribution. Although most earthquakes overlap with
dilatation of the fault, some earthquakes are located in areas of neutral or negative dilatation. Uncertainties
in earthquake hypocenter locations may be one reason for such discrepancies. In addition, our model with
a simplified crust structure may overlook some local structures leading to stress localization and earthquake
initiation.

In addition, we have calculated volumetric strain evolution of the Seguam fault. The magnitude of volumet-
ric strain change is 1-2 orders lower than the AA fault (Figure S10), which is consistent with its much fewer
VT events (Figure 1b). The ML3.1 earthquake in 2006/6/15 is probably associated with tectonic processes,
for example, the clockwise rotation of the Andreanof Block (Figure 1a).

Alternative to the fault dilatancy model, we have also calculated Coulomb stress change along the AA and
Seguam fault (Figures S11-S13), in which the sliding friction angle is 15° (Collettini et al., 2009). There is
no obvious correlation between distribution of the VT earthquakes and the positive Coulomb stress change
(Figures S11-S13). Therefore, we argue that the Coulomb stress change in the fault zone is not the main
reason triggering the VT earthquakes.
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Figure 9. Comparison between the VT earthquake energy and volume We find that the total volume change of the AA fault (AV™), and the
change of the pre-existing weak zone. Time series of total volume change  energy released from the VT earthquakes within a 2-km-distance to the

(AV'™) of the AA fault (served as a pre-existing weak zone) calculated
by ensemble models are shown as colored dots with error bars. The error
bar represents the uncertainty of the ensemble models according to the

fault (E,y) share a similar evolution pattern (Figure 9), which suggests
a linear relationship between the energy release rate and the dilatation

displacement misfit (i.e., L, norm error). The solid black line shows the rate. In particular, Model II fits the observation but Model I, showing the
accumulated energy releasing (E.,) of the VT-earthquakes occurring consistency that the model with a capability of reproducing the surface
within a 2-km-distance to the AA fault since 2005/1. In the plots, the time  deformation can also explain the distribution and energy release rate

series of AV" and E, are normalized by their maximum values shown in
the legend. AA, Amlia-Amukta; VT, volcano-tectonic.

of seismicity. This consistency further confirms a linkage between the
deformation and seismicity during the volcanic unrest.

The model shows a linear relationship between E,, and AV™ (Figure 9)
given by

Eeq = 7/1 Avlw’ (8)

where 71 is a constant which may be controlled by system structures. This linear relationship may be ex-
plained by the formation of microfracture (Jaeger et al., 2007). In a dilating fault zone, if we only consider
Mode I cracks, the released energy, dQ, due to the growth of a crack (length = 2c¢, and thickness = t.; Fig-
ure S14) by dc can be expressed by

2
do = 212—’,’ch ©)

where E'is effective Young's modulus of the pre-existing weak zone. K; is the stress intensity factor given by

K, = o7, (10)

where oy, is the stress at the tip of the crack, and c is the half-length of the crack. Therefore, the energy (Q)
released by the opening of a single crack with a length of c is given by

2

2rcol o,
2%, ge = oty 2, (1)
E

[

If we assume the crack is an elliptical cylinder, the volume of the crack opened during the fracturing is
zc*t A, where A, is the aspect ratio of the crack (Figure S14c). We further assume that the effective Young's
modulus of the pre-existing weak zone is a constant. Besides, we can use tensile strength of the rock to
take place the stress at the crack tip, g;;, which can also be assumed as constant. If the aspect ratio of the
crack A, does not change during the crack growth, which means the crack growth is self-similar, the energy
released by the earthquake can be approximated by a linear function of the volume change due to opening
of the crack.

We calculate the total volume change by integrating the volumetric strain, which is in the elastic regime,
while we use fracture mechanics to explain the energy release, representing the inelastic behavior of rock
(Jaeger et al., 2007). Although these two processes are based on two different theorems, we argue that the
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Figure 10. Cartoons illustrating the interaction between the magma reservoir and AA fault during the volcanic unrest
and its implication to the eruption on November 25, 2006. (a) The Atka volcanic center has developed a complex upper
crustal magma reservoir generating a series of Quaternary volcanic activities (Myers et al., 2002). The magma reservoir
is likely composed of a series of poorly connected magma body and crystal mush (modified after Myers et al., 2002).
The AA fault is a pre-existing weak zone with fractures and pores. (b) The volcanic unrest began around June 2006. A
pressure source due to possible melt/fluid injection or magma differentiation might generate surface deformation and
the dilatancy in some parts of the AA fault, causing connectivity of the fault to increase. (c) The fluid (e.g., water or
brine) was allowed to migrate into the fault zone where the permeability is increased. Increased pore pressure might
trigger the VT earthquakes around the AA fault zone. (d) Once the fluid migrated into the fault zone, the crater lake

at Korovin might be discharged (Neal et al., 2008). A phreatic eruption might be triggered due to the drop of the water
table. AA, Amlia-Amukta; VT, volcano-tectonic.

inelastic dilatancy of a pre-existing weak zone at the microscale (i.e., fracture opening and growth) can be
approximated by the elastic expansion at the macroscale if the pre-existing weakness is homogenous within
the weak zone. In summary, the correlation between the VT earthquake energy and the fault dilatation
suggests that the seismicity in Atka during the unrest was likely triggered by dilatancy-related “hydrof-
racturing” processes, similar to the Yellowstone (Chang et al., 2007; Taira et al., 2010; Wicks et al., 2006),
Copahue (Lundgren et al., 2017), Laguna del Maule (Zhan et al., 2019), and Domuyo (Lundgren et al., 2020)
volcanoes. However, future studies are necessary to understand the details in fracturing processes during
volcanic unrest.

5. 2006-2007 Atka Volcanic Unrest and the Eruption at Korovin

By integrating the surface deformation modeling, stress and strain calculation, and seismicity, we suggest
that the surface deformation and seismicity observed during the volcanic unrest are closely linked to each
other. In particular, the pressure source may be driven by an injection of magma/fluid, or differentiation of
a long-existent, complex magma system (Myers et al., 2002; Figure 10a). Deformation of the mushy magma
reservoir may change the matrix's connectivity, causing the migration of the pressure source (Figure 6). At
the same time, the pressure source may trigger opening and growth of the fractures within the AA fault
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(Figure 10b), leading to an increment in conductivity or permeability of the fault. Pore fluids may inject
into the dilatant parts of the fault, decreasing the effective stress, and triggering the brittle failures (i.e., the
VT earthquakes; Figure 10c).

The dilatant fault may serve as a sink (on the order of 10° m®) for the groundwater at Atka, similar to the
process proposed at Kilauea (Hurwitz & Johnston, 2003) and Mayon (Albano et al., 2001) volcanoes. Con-
sidering that there is an active hydrothermal system ~2-3 km beneath Atka revealed by a previous InSAR
study (Lu & Dzurisin, 2014) and the geological records (McGimsey et al., 2007, 2011; Neal et al., 2008), the
hydrothermal system at Korovin may connect to the Atka fault system through this shallow “hydrofluid
zone” (Lu & Dzurisin, 2014). The water table at Korovin may drop due to water discharge (Figure 10d),
which is consistent with the lake drainage event occurring between September and October 2006 (Neal
et al., 2008). The local subsidence near the Korovin vent (Figure 2) may also be associated with the drain-
age of the crater lake. Finally, drop in the water table may have triggered the phreatic eruption of Korovin.
However, there is no direct evidence showing that the hydrothermal system at the Korovin volcano is con-
nected to the fault system near the Atka volcanic center. Our model does not exclude the possibility that the
discharge of the crater lake at Korovin is due to a local variation of hydrostatic head, which coincided with
the unrest at the Atka volcanic center.

This study is another example to illustrate that pre-existing weak zones and pore fluids may play important
roles in driving volcanic unrest and triggering eruptions, especially for a volcano with a shallow hydro-
thermal system (e.g., Dzurisin et al., 2012). The “hydrofracturing” process is sensitive to physical condition
changes of a volcanic system, which provides critical information for forecasting eruptions.

6. Conclusions

Constrained by the InSAR timeseries data, our models indicate that a NE-tilted, oblate, ellipsoidal pres-
sure source may produce the rapid uplift (~80 mm/yr) observed during the 2006-2007 volcanic unrest
of the Atka volcanic center. Model results further indicate that the pressure source rotated from steep to
gentle dipping from the period of June to November 2006, creating an asymmetric deformation pattern.
Conceptually, migration of the pressure source may imply changes in connectivity and, therefore, pressure
distribution in a crystal mush potentially driven by magma injection or differentiation. In this scenario,
the overall overpressure may remain constant, while the distribution of overpressurized crystal mush may
change as expressed in the surface deformation. To investigate the VT earthquakes at the Atka volcanic
center, stress and failure are modeled within the host-rock driven by the pressure source. However, without
pore pressure, no modeled failure is observed due to the overpressure derived from the surface deformation
modeling. The source overpressure must exceed the best-fit model overpressure by at least three times to
initiate the brittle failure needed to explain the observed seismicity during the unrest, which is unlikely.
Alternatively, we test the hypothesis that a pre-existing weak zone, the Amulia-Amukta fault, may serve as a
channel to allow pore fluid injection to trigger the seismicity. The calculated volume change within the fault
zone suggests that the seismicity distribution is consistent with the dilatant regions of the fault. In addition,
the energy released from the observed VT earthquakes along the fault is proportional to the volume incre-
ment of the fault during the unrest. VT earthquakes may be triggered by pore fluid injections, which are as-
sociated with permeability increment due to the opening of the fractures within the fault during the uplift.
Therefore, we propose a possible model for the phreatic eruption of the Korovin volcano. Water discharge
at Atka, on the order of 10° m?, may have occurred due to the injection of water into the dilatated regions
of the pre-existing weak zone. Subsequently, the drop of the water table may have caused the discharge of
the crater lake at Korovin by October 19, 2006, and finally triggered the phreatic eruption of the Korovin
volcano on November 25, 2006.

Data Availability Statement
All data and modeling results are available at “Figshare” (10.6084/m9.figshare.13388783).
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