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We generated a time-series of ERS-1/2 and ENVISAT interferometric synthetic aperture radar (InSAR) images
to study ground surface deformation at Seguam Island from 1992 to 2008. We used the small baseline subset
(SBAS) technique to reduce artifacts associated with baseline uncertainties and atmospheric delay anomalies,
and processed images from two adjacent tracks to validate our results. Seguam Island comprises the
remnants of two late Quaternary calderas, one in the western caldera of the island and one in the eastern

ﬁeg X;: rds: part of the island. The western caldera subsided at a constant rate of ~1.6 cm/yr throughout the study period,
Time series while the eastern caldera experienced alternating periods of subsidence and uplift: ~5 cm/year uplift during
Deformation January 1993-October 1993 (stage 1), ~1.6 cm/year subsidence during October 1993-November 1998 (stage 2),
Seguam ~2.0 cm/year uplift during November 1998-September 2000 (stage 3), ~1.4 cm/year subsidence during

September 2000-November 2005 (stage 4), and ~0.8 cm/year uplift during November 2005-July 2007
(stage 5). Source modeling indicates a deflationary source less than 2 km below sea level (BSL) beneath
the western caldera and two sources beneath the eastern caldera: an inflationary source 2.5-6.0 km BSL
and a deflationary source less than 2 km BSL. We suggest that uplift of the eastern caldera is driven by ep-
isodic intrusions of basaltic magma into a poroelastic reservoir 2.5-6.0 km BSL beneath the caldera. Cooling
and degassing of the reservoir between intrusions result in steady subsidence of the overlying surface.
Although we found no evidence of magma intrusion beneath the western caldera during the study period,
it is the site (Pyre Peak) of all historical eruptions on the island and therefore cooling and degassing of
intrusions presumably contributes to subsidence there as well. Another likely subsidence mechanism in
the western caldera is thermoelastic contraction of lava flows emplaced near Pyre Peak during several
historical eruptions, most recently in 1977 and 1992-93.

Published by Elsevier B.V.

partial collapse about 9000 years ago of Wilcox Volcano, a 20 km®
stratocone comprising mostly basaltic to rhyolitic lava flows. The west-

1. Introduction

Seguam Island (Fig. 1), located in the central Aleutian arc, is
approximately 170 km north of the Aleutian trench where the Pacific
plate is subducting obliquely beneath the North American plate at a
convergence rate of 6-7 cm/year (Jicha and Singer, 2006). Seguam
rises above two of the largest basins (Amlia and Amukta basins)
north of the Andreanof block, which is one of several segmented blocks
along the arc that have undergone clockwise rotation accompanied by
arc-parallel extension (Lu and Wyss, 1996; Jicha et al., 2004). The
Amlia and Amukta basins define an arc-parallel graben structure
beneath Seguam (Singer et al, 1992). The 200-km? island, which
consists of Pleistocene-Recent tholeiitic lavas and tephras (Singer et
al., 1992), hosts two collapse calderas and many satellite cones and
vents. The eastern, 8-km-long, 4-km-wide caldera, was created by
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ern caldera is younger than eastern caldera and hosts Pyre Peak (a.k.a.
Seguam Volcano), the site of at least 8 eruptions during the past two
centuries (Miller et al., 1998; Jicha and Singer, 2006) (Fig. 1b). Seven
major volcanic vents on Seguam Island are aligned in a roughly
arc-parallel direction, congruent with arc-parallel faults in the Amlia
and Amukta basins (Geist et al., 1987).

The earliest documented eruptive activity at Seguam occurred
during 1786-90, followed by reported eruptions in 1827, 1891,
1892, 1901, and 1927 (Miller et al., 1998). The most recent eruptions
occurred in March 1977 and intermittently from December 1992
through August 1993 (Masterlark and Lu, 2004). The 1977 eruption
was a fissure eruption radiating southeastward from Pyre Peak to a
vent with a 2.5 km distance (Price, 2004). The 1992-93 eruption
comprised a series of intermittent eruptions that produced lava
flows and tephra plumes from vents between Pyre Peak and the
1977 satellite cone (Miller et al., 1998).
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Fig. 1. (a) Seguam Island is located in the central Aleutian volcanic arc between the Amlia and Amukta tectonic basins. Also shown are the locations of several other islands (Attu,
Amchitka, Kanaga, Ada, Atka) and volcanoes (Okmok, Shishaldin) in the Aleutian arc. (b) Seguam Island hosts two late Quaternary calderas. The eastern caldera formed by sector
collapse of Wilcox Volcano about 9000 years ago. Moundhill Volcano is a postcollapse monogenetic basalt cone built on the eastern flank of Wilcox. The western caldera formed
during an initial vent-clearing eruption that produced a 3.2 km® andesitic ignimbrite. The intracaldera cone Pyre Peak has been the site of all historical eruptions at Seguam, includ-

ing the most recent in 1977 and 1992-93.

Interferometric synthetic aperture radar (InSAR) (Massonnet and
Feigl, 1998; Ferretti et al., 2001; Berardino et al., 2002) is a proven
technique for monitoring remote volcanoes such as Seguam. Defor-
mation of Seguam Island was first observed with InSAR by Lu et al.
(2003). Masterlark and Lu (2004) and Price (2004) independently
studied deformation of Seguam using ERS-1/2 InSAR images acquired
from 1992 to 2000. Masterlark and Lu (2004) used an array of Mogi
(1958) point sources to model the deformation field, and Price
(2004) used a smaller number of Mogi sources to model several
representative interferograms. Neither study adequately addressed
atmospheric delay anomalies and baseline-induced errors, which
can produce significant artifacts in InSAR images.

For this paper, we processed all available ERS-1/2 and Envisat SAR
images acquired from 1992 to 2008 to map surface deformation of
Seguam Island and then modeled the observed deformation field
using three different source geometries. Our study improves upon pre-
vious studies (Lu et al., 2003; Masterlark and Lu, 2004; Price, 2004) in
several respects. First, we used an improved InSAR small baseline

subset (SBAS) technique (Berardino et al., 2002; Lee et al.,, 2010) to
produce a deformation time-series from all available useful interfero-
grams. Our InSAR SBAS method takes into account atmospheric delay
artifacts and DEM errors, uses an iterative approach to correct phase
unwrapping errors, and includes additional temporal smoothing
to suppress atmospheric delay anomalies (Schmidt and Burgmann,
2003). Second, we extended the time period of previous investigations
from 1992-2000 to 1992-2008. Third, we processed radar images from
two adjacent ERS-1/2 tracks and compared results to validate the de-
formation time-series. We also processed Envisat images acquired dur-
ing 2004-08 along two adjacent tracks and compared the ERS-1/2 and
Envisat results for additional verification. Fourth, we divided the defor-
mation time-series during the study period into 5 distinct stages and
modeled the average deformation signal for each stage using Mogi,
sill, and ellipsoid source geometries. We used the deformation time-
series and modeling results to infer the physical processes responsible
for surface uplift and subsidence, and to develop a conceptual model of
Seguam's magma storage and transport system.
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2. InSAR analysis
2.1. Background of SBAS method

The SBAS algorithm was proposed by Berardino et al. (2002) to
produce time-series records of surface deformation. This algorithm
uses interferograms with small baselines that overlap in time in
order to reduce spatial decorrelation, and to mitigate atmospheric ar-
tifacts and topographic errors in time-sequential interferometric
pairs. The phase (A¢) of each interferogram baseline is defined by:

4m B
A(x, 1)~ {Ad(;g R

GAZT) | + Mol T) + Ay x), (1)

where x and r are the azimuth and slant-range pixel coordinates,
respectively, A the radar wavelength, B, the perpendicular baseline,
0 the SAR look angle, Ad the surface displacement in the radar look
direction, Az the topographic error, A¢qm, the atmospheric phase-
delay artifact, and A¢, the phase due to other noise sources
(Berardino et al., 2002). The SBAS method calculates the topographic
error through the dependence of the interferogram phase on the per-
pendicular baseline. The technique estimates the atmospheric artifact
using a spatial low-pass filter followed by a temporal high-pass filter,
and then removes the atmospheric noise from the interferogram
phase (Berardino et al., 2002).

Lee et al. (2010) refined the SBAS algorithm to allow for
non-linear dependence of the deformation rate on time. Compared
with the original SBAS algorithm, this method improves estimates
of time-series deformation in four respects. First, phase unwrapping
errors are corrected by distinguishing between high-quality (HQ) im-
ages in which no unwrapping errors could be found and low-quality
(LQ) ones in which phase jumps due to unwrapping errors might
exist. Phase unwrapping errors in the latter group can be corrected
in the 2nd iteration of SBAS processing (Lu et al., 2010). Second,
estimates of atmospheric artifacts, topographic errors, and time-
series deformation measurements are refined through an iteration
procedure. Third, temporal noise is further mitigated by the finite dif-
ference smoothing approach (Schmidt and Burgmann, 2003). Finally,
procedures are implemented to correct any phase bias due to orbital
and atmospheric phase artifacts at the reference point. This algorithm
yields temporal surface deformation while minimizing atmospheric
artifacts, DEM errors, and phase unwrapping errors (Lee et al., 2010).

2.2. SAR data

Seguam Island was imaged by ERS-1/2 and Envisat from two adja-
cent orbits, i.e., tracks 473 and 201. For this study, we obtained a total
of 42 ERS-1/2 SAR images acquired from December 1992 to September
2008 along track 473 and 54 ERS-1/2 images acquired from January
1993 to September 2008 along track 201 (Table 1). We combined
the images from each SAR to produce 135 interferograms from track
473 and 242 interferograms from track 201. We also obtained 16
ENVISAT images from track 201 and 14 images from track 473
(Table 1), from which we generated 22 and 23 interferograms
(Fig. 2), respectively. C-band ERS-1/-2 and Envisat SAR images of
Seguam maintain greater and more persistent coherence than for
other Aleutian volcanoes, presumably because the percentage of lava
flow coverage on Seguam is among the highest in the Aleutian arc
(Lu et al., 2003). Coherence can be maintained for up to 10 years on
parts of the island if the SAR images are acquired in summers and if
the baseline of the InSAR pair is small. Coherence is generally higher
in the western caldera of the island, including Pyre Peak, than in the
eastern caldera. We used the Shuttle Radar Topography Mission
(SRTM) 1-arc-second digital elevation model (DEM) to remove topo-
graphic effects from the interferograms. Relative and absolute vertical
accuracies of SRTM DEMs are better than 10 m and 16 m, respectively

Table 1
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Acquisition dates of ERS and ENVISAT images (tracks 201 & 473) used for this study.

ERS-2 C-band
(Descending mode)

ENVISAT C-band
(Descending mode)

(Track:201)
Date

(Track:473)
Date

(Track:201)
Date

(Track:473)
Date

1993-01-15
1993-06-04
1993-07-09
1993-08-13
1993-09-17
1993-10-22
1995-05-28
1995-09-10
1995-12-25
1997-09-15
1997-10-20
1998-05-18
1998-10-05
1998-11-09
1999-07-12
1999-08-16
1999-09-20
2000-05-22
2000-06-26
2000-07-31
2000-09-04
2000-11-13
2001-07-16
2001-08-20
2001-09-24
2001-10-29
2002-07-01

2002-08-05
2002-09-09
2002-10-14
2002-12-23
2003-01-27
2003-03-03
2003-06-16
2003-07-21
2003-08-25
2003-09-29
2003-11-03
2004-05-31
2004-07-05
2004-09-13
2004-10-18
2005-07-25
2005-10-03
2005-11-07
2006-06-05
2006-07-10
2006-09-18
2006-10-23
2007-06-25
2007-07-30
2007-09-03
2007-10-08
2008-09-22

1992-12-30
1993-02-03
1993-03-10
1993-05-19
1993-06-23
1995-05-12
1995-06-16
1999-07-31
1999-09-04
1999-10-09
1999-11-13
2000-07-15
2000-08-19
2001-06-30
2001-08-04
2001-09-08
2001-10-13
2002-07-20
2002-08-24
2002-09-28
2002-11-02
2003-02-15
2003-03-22
2003-04-26
2003-07-05
2003-08-09
2003-09-13

2003-10-18
2004-06-19
2004-08-28
2004-10-02
2005-06-04
2005-07-09
2006-07-29
2006-09-02
2006-10-07
2007-06-09
2007-07-14
2007-09-22
2007-10-27
2008-06-28
2008-09-06

2004-08-09
2004-09-13
2004-10-18
2004-11-22
2005-06-20
2005-07-25
2005-08-29
2005-10-03
2005-11-07
2006-06-05
2006-07-10
2006-08-14
2007-09-03
2008-07-14
2008-08-18
2008-09-22

2004-06-19
2004-08-28
2004-10-02
2005-07-09
2005-09-17
2005-10-22
2006-06-24
2006-07-29
2006-09-02
2006-10-07
2007-06-09
2008-06-28
2008-08-02
2008-09-06

(Farr et al., 2007). DEM errors of this magnitude would result in less
than 6 mm error in line-of-sight (LOS) displacement measurements
for the interferograms used in this study (Massonnet and Feigl, 1998).

2.3. SBAS processing of ERS-1/-2 images

We used the refined SBAS method to measure time-series defor-
mation at Seguam during 1992-2008 by analyzing a total of 48 and
28 HQ interferograms (Fig. 2) from tracks 201 and 473, respectively.
There are no GPS or other ground-based geodetic measurements for
comparison to the InSAR results, but we processed InSAR data from
two adjacent tracks and compared the independent results for
verification.

Fig. 3 shows maps of the average deformation rate at Seguam dur-
ing 1992-2007. Images in Fig. 3a and b include all pixels regardless of
their degree of coherence, whereas those in Fig. 3c and d include only
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Fig. 2. Perpendicular baselines and time separations used for SBAS InSAR processing at
Seguam Island from ERS and ENVISAT satellites for tracks 201 and 473, respectively.
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Fig. 3. Average line-of-sight surface displacement rate maps for Seguam from a refined SBAS processing technique for ERS-1/2 tracks 201 (a, ¢) and 473 (b, d). The images in 2a and
2b were processed using all pixels, whereas those in 2c and 2d were processed only for pixels that are coherent in all of the constituent interferograms. Essential features of the
deformation field are the same in both versions. Red circle represents the reference point used for SBAS processing; see text for details. Time-series of line-of-sight surface displace-

ment at points 1 and 2 are shown in Fig. 5.

pixels with coherence larger than 0.2. The estimated deformation
rates with and without masking are essentially identical. We used
the non-masked images for modeling as the results without masks
(Fig. 3a and b) characterize the deformation field well and are more
complete.

The look angle difference between tracks 201 and 473 is 1.7° and
the average deformation rates obtained from two adjacent, indepen-
dent ERS tracks agree with each other very well. This suggests that
our SBAS procedure can suppress the artifacts (orbital, atmospheric
and DEM errors) in the original InSAR images (Gonzalez and
Fernandez, 2011; Manzo et al., 2012), and gives us confidence in the
validity of the results. In general, the western half of Seguam showed
steady subsidence centered near the 1977 and 1992-93 vents
throughout the study period, while the eastern half showed episodic
uplift alternating with subsidence.

2.4. SBAS processing of ENVISAT images

We processed Envisat images from tracks 201 and 473 that were
acquired during 2004-08 and compared the results with those
obtained from ERS-1/2 images. We used 16 and 14 ENVISAT images
from tracks 201 and 473, respectively (Table 1), to generate 22 and
23 interferograms (Fig. 2), 17 and 11 of which are considered to be
of high quality. For comparison, 11 and 10 ERS-1/2 images from
tracks 201 and 473 yielded 11 and 8 interferograms, 6 and 5 of
which are of high quality. Fig. 4 shows average deformation-rate
maps produced from 4 independent sets of SBAS processing based
on 2 tracks of Envisat and 2 tracks of ERS-1/2 interferograms, respec-
tively. The two Envisat deformation-rate images agree both with each
other and with the ERS-1/2 results, which further boosts our confi-
dence in the results. Subtle differences in the deformation rate over
the eastern caldera, ranging from —5 mm/year to 5 mm/year, are
likely due to the limited numbers of interferograms used in the
SBAS processing.

2.5. Time-series deformation

Fig. 5 shows time-series displacements at deformation centers in
the western and eastern calderas of Seguam Island. A constant
maximum subsidence rate of 1.6 cm/year can be found at point 1.
Time-series analysis of the eastern caldera suggests that the 16-year
investigation period can be divided into 5 stages (Fig. 6). This caldera
inflated before and during the 1992-1993 eruption with an average
rate of ~5 cm/yr (stage 1) from January 1993 to October 1993
(Fig. 6a). During stage 2 from October 1993 to November 1998
(Fig. 6d), subsidence occurred in both calderas at an average rate of
~1.6 cm/yr. The pattern changed during stage 3 from November
1998 to September 2000 (Fig. 6g), when uplift occurred at an average
rate of ~2.0 cm/yr in the eastern caldera while subsidence continued
in the western caldera. During stage 4 from September 2000 to No-
vember 2005 (Fig. 6j) the surface deformation pattern reverted to
that of stage 2 (~1.4 cm/yr subsidence in both calderas), and during
stage 5 from November 2005 to July 2007 (Fig. 6m) the pattern
reverted to that of stage 3 (~0.8 cm/yr uplift in the eastern caldera,
~1.6 cm/yr subsidence in the western caldera). In other words, steady
subsidence of both calderas was thrice interrupted by uplift episodes
in the eastern caldera, even though the 1992-93 eruption that imme-
diately preceded the study period occurred in the western caldera
near Pyre Peak.

3. Deformation modeling
3.1. Mogi model

Our InSAR analysis identified two distinct deformation centers at
Seguam (Fig. 6). The western center is located near the 1977 and
1992-93 vents and subsided at a nearly constant rate of ~1.6 cm/year,
while the eastern center alternately subsided ~1.5 cm/year or rose
0.8-5 cm/yr. To investigate the sources responsible for these surface
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Fig. 4. Average line-of-sight surface displacement rate maps for Seguam during 2004-08 from independent SBAS processing of ERS-2 (a, b) and Envisat (c, d) SAR images acquired

from tracks 201 (a, ¢) and 473 (b, d).

deformation patterns, we first modeled the average deformation-rate
images for each of the five stages identified above using a point source
in an elastic homogeneous half-space medium (Mogi, 1958). The point
source approximation is valid if the size of the source dimension is
much smaller than its depth. A limitation of the half-space formulation
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is the neglect of topographic effects. To account for topographic effects,
we adopted a simple approach proposed by Williams and Wadge
(1998), in which the elevation of the reference surface varies according
to the elevation of each computation point in the model. Using a Mogi
source located beneath each of the deformation centers, we obtained

Fig. 5. Surface displacement time-series for (a) a point at the 1977 vent near Pyre Peak on the western caldera of Seguam Island, and (b) a point near the center of the eastern cal-
dera. Time-series results were generated using a refined SBAS processing technique with ERS-1/2 SAR images acquired during 1992-2008 (red and gray crosses) and Envisat images

acquired during 2004-08 (blue circles and purple triangles) from tracks 201 and 473, respectively. Locations of points 1 and 2 are shown in Fig. 3.
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Fig. 6. Average line-of-sight surface displacement rate maps for Seguam during five time intervals (stages) based on the time-series shown in Fig. 5: (a) Stage 1, January 1993-October 1993,
(d) Stage 2, October 1993-November 1998, (g) Stage 3, November 1998-September 2000, (j) Stage 4, September 2000-November 2005, and (m) Stage 5, November 2005-July 2007. Images
5b, 5e, 5h, 5k and 5n are corresponding best-fit model interferograms using a Mogi (1958) source with location of source in the center of the caldera (star). Images 5c, 5f, 5i, 51 and 50 are
corresponding residual interferograms showing differences between observed and model interferograms.

the best-fit model interferograms shown in Fig. 6b, e, h, k and n. Residual
images that show differences between the observed and model interfer-
ograms (Fig. 6¢, f, i, 1 and o) are relatively featureless, indicating that
Mogi sources fit the observed deformation patterns well. The western
deformation source is located ~2 km below sea level (BSL) and
contracted ata constant rate of ~1 x 10~ km?/year (Table 2). The east-
ern source is located ~2 km BSL during periods of subsidence (stages 2
and 4) and ~5.5 km BSL during periods of uplift (LOS shortening)
(stages 1, 3 and 5). For the eastern source, the contraction rate was
1-2 x 10~* km?/year during stages 2 and 4, and the expansion rate
was 1-3 x 10~3 km?/year during stages 1, 3 and 5 (Table 2).

Residual interferograms show that subsidence of both calderas
during stages 2 and 4 is modeled well by Mogi sources ~2 km BSL.
Agreement between observed and model interferograms of the east-
ern caldera during periods of uplift (stages 1, 3 and 5) is less satisfac-
tory, so we extended our modeling there to include other types of
sources.

3.2. Sill and ellipsoidal models

We used a sill source (Okada, 1985) and a prolate spheroid source
(Yang et al., 1988; Fialko and Simons, 2001) to model uplift in the
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Table 2
Source parameters for best-fit Mogi sources beneath Seguam Island during 5 deforma-
tion stages described in the text.

Western Eastern

Depth AV RMS Depth AV RMS

(km)  (km?/yr)  (mm/yr) (km)  (km®/yr) (mm/yr)
Stage 1 - Stage1 5.5 0.003 6.8
Stage2 1.8 —0.0001 1.2 Stage2 2.0 —0.0002 1.3
Stage3 1.5 —0.00006 1.6 Stage3 5.0 0.002 39
Stage4 1.9 —0.0001 20 Stage4 1.9 —0.0001 1.8
Stage 5 2.0 —0.0001 1.9 Stage5 5.2 0.001 1.7

eastern caldera during stages 1, 3 and 5. For the sill source, we com-
puted best-fit estimates of the length, width, depth, strike, dip, and
opening of the model sill. For the prolate spheroid source, we estimat-
ed lengths of the major and minor axes, depth, strike and dip of the

Modeled (sill)

e 5
3

Modeled (sill)

Modeled (sill)

major axis, and pressure change. We slightly filtered the averaged
deformation maps from the SBAS processing (Fig. 7a, e, and i). The
source parameter estimates derived from modeling the filtered defor-
mation rate images for stages 1, 3 and 5 (Fig. 6b, f, and j) are very sim-
ilar. For the sill source, the length and width of the sill are ~6.3 km
and 6.0-8.4 km, respectively (Table 3). The sill is centered
4.0-5.1 km BSL and opened at a rate of 15-36 mm/year (Table 3;
Fig. 7¢, g and k). For the prolate spheroid (Yang) source, the lengths
of the major and minor axes are ~6 km and 1.5-2.2 km, respectively
(Table 4). The spheroidal source is located ~6 km BSL and its internal
pressure increased 11.0-81.5 MPa/year, assuming a shear modulus
for the host rock of 10 Gpa (Table 4; Fig. 7d,h, and 1). The best-fit
root-mean-square (RMS) errors for the Mogi, sill, and prolate spher-
oid sources suggest that the latter two sources fit the observed uplift
pattern slightly better than the Mogi source (Tables 2-4). However,
the improvement is not statistically significant based on results of

Observed

0 & 6 kM

Modeled (yang)

" Modeled (yang)

Filtered

(cm/year)

Filtered

Fig. 7. (a, e and i) Observed average line-of-sight surface displacement rate maps for Seguam volcano during deformation stages 1, 3 and 5, respectively. (b, f and j) Filtered images
using observed average images (a, e and i). (¢, g and k) Best-fit model results corresponding to b, f and j using a sill source. (d, h and 1) Best-fit model results using a prolate spheroid
(Yang) source. The star at models represents location of the best fitting sources, respectively.
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Table 3
Source parameters for best-fit sill sources beneath the eastern caldera during stages 1,
3 and 5. U3 is sill opening rate.

Eastern caldera

Length  Width  Depth  Dip Strike U3 RMS

(km) (km) — (km) (%) ) (mm/yr)  (mm/yr)
Stage1 6.3 8.4 5.1 201 782 36.0 37
Stage3 5.0 8.1 4.0 199 802 220 1.0
Stage5 5.0 6.0 4.1 00 779 15.5 38

the experimental F-test (Gordon et al., 1987; Dzurisin et al., 2009; Lu
et al, 2010).

4. Discussion

Our multi-temporal InSAR analysis using a refined SBAS process-
ing technique identified two distinct deformation sources at Seguam,
one beneath each of two calderas. Contraction of the western source
resulted in surface subsidence at a constant rate of ~1.6 cm/yr
centered near the vents for eruptions in 1977 and 1992-93, and
encompassing lava flows from several eruptions during the past few
centuries. Based on the location of the source relative to the distribu-
tion of 1997 and 1992-93 lava flows (Neal et al., 1996) and the
shallow source depth (~2 km BSL), we attribute subsidence in the
western caldera at least partly to thermoelastic compaction of
young lava flows erupted near Pyre Peak. Subsidence of young lava
flows has been observed at other Aleutian volcanoes and attributed
to thermoelastic compaction (Lu et al., 2003, 2005, 2010). For exam-
ple, ongoing subsidence at rates of 1-2 cm/yr has been observed
~50 years after emplacement of lava flows at Okmok volcano (Lu et
al.,, 2005, 2010). Because the modeled source depth (1.5-2.0 km
BSL) (Table 2) is much larger than the approximate thickness of the
erupted lava flows (tens of meters) (BGVN 02:03), and because the
observed subsidence extends outside the 1977 and 1993 lava flows
(Figs. 1b versus 6d and j), we interpret that cooling and degassing
of magma intruded during past eruptions beneath the western calde-
ra might also play a role in subsidence there (see below).

Deformation of the eastern caldera included alternating periods of
uplift caused by a source 2.5-6.0 km BSL and subsidence from a
source less than 2 km BSL (Tables 2-4). SBAS InSAR time-series
analysis indicates that the uplift source was active episodically
while the subsidence source contracted steadily. We are confident
that the inflations during stages 1, 3 and 5 were episodic, but less cer-
tain whether the subsidence during stages 2 and 4 persisted through
the time of the investigation. Because a single inflation source at
~5 km BSL can explain the overall uplift during stages 1, 3 and 5,
we could not resolve the subsidence source during the inflation pe-
riods. However, it was possible that the subsidence due to the
shallower source (~2 km BSL) persisted through the inflation periods.
Alternatively, the degassing process stopped during the inflation
periods.

We interpret the uplift source at the eastern caldera as an upper
crustal magma reservoir identified by Singer et al. (1992) and Jicha and
Singer (2006) based on geochemical, petrologic, and isotopic evidence.

Table 4
Source parameters from the best-fit prolate spheroid sources beneath the eastern
caldera during stages 1, 3 and 5.

Eastern caldera

Major axis Minor axis Depth AP Strike Dip RMS

(km) (km) (km)  (MPajyr) (°) (°)  (mm/yr)
Stage1 6.0 1.5 6.0 815 720 464 40
Stage3 4.2 22 2.6 11.0 78.3 3.0 30
Stage5 4.2 1.5 2.5 12.5 80.0 04 40

We infer that magma intruded this reservoir episodically to produce
the broad uplift patterns observed during stages 1, 3 and 5. We surmise
further that cooling and degassing of magma in the upper source of the
reservoir contributes to more localized subsidence in the eastern caldera
between intrusions. When the magma intrusion rate is low (stages 2
and 4), the net surface displacement subsides. The magma degassing
process is efficient such that magma viscosity and density increase
dramatically and vertical magma transport stalls at relatively shallow
depth (Eichelberger et al., 1986). This pattern mimics what we have ob-
served at other Aleutian volcanoes, notably Akutan (Lu et al., 2000). Dur-
ing stages 1, 3, and 5 when the intrusion rate is greater beneath the
eastern caldera (0.001-0.002 km>/yr or 1-2 km>/ky.), surface uplift
dominates there. This episodic intrusion rate is consistent with the aver-
age eruptive flux at Seguam, 1.2 km®/ky. during the past 9 k.y., estimat-
ed by Jicha and Singer (2006).

An uplift source beneath the eastern caldera that we interpret as a
magma reservoir and the occurrence of all historical eruptions in the
western caldera near Pyre Peak is surprising and requires explana-
tion. It is possible that another magma reservoir exists beneath the
western caldera and remained static during the period of investiga-
tion, which mostly postdates the most recent eruption there, and
therefore was not revealed by our analysis. Alternatively, recent erup-
tions at Seguam might have been fed from a primary reservoir
beneath the eastern caldera that sourced the Wilcox Volcano and
then survived its collapse 9000 years ago. Lacking geodetic evidence
for a second reservoir beneath the western caldera, we speculate
that magma from the eastern reservoir episodically migrates laterally
toward Pyre Peak along an arc-parallel zone of weakness. That sce-
nario is favored by arc-vertical tectonic extension in the region
(Singer et al., 1992; Jicha and Singer, 2006). The existence of the
western caldera, which Jicha and Singer (2006) interpret as an explo-
sion feature, suggests that a large volume of magma was erupted
from that site at least once in the recent past. Whether that magma
was sourced laterally from the eastern reservoir or from an
unidentified reservoir beneath the western caldera is not known. If
the latter, then cooling and degassing of magma in the western reser-
voir might contribute to steady subsidence there, as noted above.

We interpret the petrologic evidence provided by Singer et al.
(1992) and Jicha and Singer (2006) to mean that Seguam magmas
have been sourced from the same reservoir throughout the history
of the island. Based on our InSAR results, the reservoir is located
2.5-6.0 km BSL and beneath the eastern caldera of the island. It re-
ceives episodic injections of basalt from a deeper source region and
reservoir magmas evolve by crystal fractionation through the entire
compositional range from basalt to rhyolite. A smaller amount of
secondary storage might occur beneath Pyre Peak but petrologic evi-
dence is lacking and geodetic evidence is equivocal (i.e., no observed
uplift since 1992 and steady subsidence can be explained otherwise).

5. Conclusion

Eruptions at Seguam are fed from a primary reservoir located
2.5-6.0 km BSL under the eastern caldera of the island in the vicinity
of Wilcox Volcano. The reservoir receives episodic injections of basalt
from a deeper source, including three injection episodes during the
study period resulting in broad surface uplift (January 1993-October
1993, October 1998-September 2000 and November 2005-July 2007).
The western caldera of Seguam Island including Pyre Peak, the site of
all historical eruptions, subsided steadily throughout the study period
mainly as a result of thermoelastic contraction of young lava flows;
cooling and degassing of magma intruded to shallow depth (less than
2 km) might also play a role. Alternating periods of subsidence and up-
lift of the eastern caldera of the island result from steady contraction of a
relatively shallow source superimposed on an episodic uplift signal. We
attribute steady subsidence to cooling and degassing of the upper
source of the magma reservoir and uplift to episodic injections of basalt
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into the main body of the reservoir. When magma pressure exceeds the
confining strength of the reservoir, it ruptures and magma migrates
laterally along a tectonically-favored zone of weakness to erupt at
Pyre Peak.
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