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plumbing systems beneath some of the Kamchatkan volcanoes are poorly understood. InSAR offers a safe and
quick method for monitoring volcanic deformation with a high spatial resolution. In this study, a group of satellite
radar interferograms that span the time interval from 2000 to 2010 shows eruptive and non-eruptive deforma-
tion at Karymsky Volcanic Center (KVC), Kamchatka, Russia. All the interferograms provide details of the activity
around the KVC during 2000-2010, as follows: (1) from 2000 to 2004, the Karymsky-AN (Akademia Nauk) area
deflated and the MS (Maly Semyachik) area inflated, (2) from 2004 to 2006, the Karymsky-AN area deflated with
ongoing eruption, while the MS area subsided without eruption, (3) from 2006 to 2008, as with 2000-2004, the
Karymsky-AN area deflated and the MS area inflated, (4) from 2008 to 2010, the Karymsky-AN area inflated up to
3 cm, and the MS area subsided. Point source models suggest that two magma reservoirs provide a good fit to the
observed deformation. One source is located beneath the area between Karymsky and AN at a depth of approx-
imately 7.0 km, and the other one is situated beneath MS at a depth of around 5.8 km. Synchronous deformation
patterns suggest that two magma systems are fed from the same deep magma source and connected by a fracture
zone. The InSAR results are consistent with GPS ground deformation measurements, seismic data, and petrolog-

ical constraints.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Karymsky Volcanic Center (KVC), situated in the middle of the East-
ern Volcanic Front (EVF) of Kamchatka, Russia, consists of a group of
volcanoes, calderas and maars, with activity starting at about 3 Ma ago
(e.g. Bindeman et al., 2010 and references therein; Masurenkov,
1980). Three of the KVC volcanoes, — Karymsky, Akademia Nauk ( here-
after referred to as AN), and Maly Semyachik (hereafter referred to as
MS) - erupted in the 20th century (Fig. 1).

Karymsky volcano is a stratovolcano situated in the middle of a 5-
km-diameter caldera formed about 7900 years. BP (Braitseva and
Melekestsev, 1991). The stratovolcano restarted to grow about 5300
BP through intermittent effusive and explosive activity, which ended
about 2600 BP. The volcano resumed its eruptive activity approximately
500 years ago, with an intensity that has remained nearly constant until
present. Numerous times during the 20th century, Karymsky has been
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in a state of continuous eruptive activity including 1908-1915, 1921-
1925, 1929-1935, 1943-1947, 1952-1967, and 1970-1982 (Fischer et
al., 2002 and references therein). The most recent cycle of activity
began in January 1996 and ceased in October 2016 (Muravyev et al.,
1998; Eichelberger and Izbekov, 2000; Izbekov et al., 2002; Rowell et
al.,, 2014; Global Volcanism Program, 2016; Flower and Kahn, 2017).
The eruptive behavior is usually described as Vulcanian, being confined
to a short, regular explosions often accompanied by eruptions of blocky
lava flows and gas-ash (Firstov et al., 2013; Lopez et al., 2014).

The AN caldera is centered about 9 km south of Karymsky (Fig. 1). It
was formed 28,000-48,000 years ago (Masurenkov, 1980). The 3.2 x 4
km caldera is located at an elevation of 615 m above sea level. Eruption
events within the AN caldera happened in 6500 BP and 4700 BP, and the
most recent event occurred in 1996 (Braitseva, 1998; Belousov and
Belousova, 2001). The 1996 eruption started several hours after the
onset of the Karymsky eruption. The simultaneous eruption of two
vents separated by approximately 6 km was preceded by a My 7.1
earthquake that occurred at a distance of about 9-17 km southwest
from the volcanoes, immediately prior to the onset of the eruption at
Karymsky (Zobin and Levina, 1998). Explosive activity in AN caldera
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Fig. 1. Shaded relief map of Karymsky Volcanic Center (KVC) area and its vicinity. Black
triangle denotes the location of Karymsky Volcano, Akademia Nauk Volcano (AN), and
Maly Semyachik Volcano (MS) with insets showing zoomed-in SAR images of each
individual center. The dashed box marks the area covered by interferograms shown in
Fig. 3. The heavy short dashed line represents the fault. Lower right inset shows location
of KVC at the middle of Eastern Volcanic Front (EVF), Kamchatka. The white lines
schematically show EVF volcanic belts.

stopped after about 12-14 h of activity (Maguskin et al., 1998; Fazlullin
et al., 2000).

Maly Semyachik is a complex stratovolcano located 16 km northeast
of Karymsky (Fig. 1). The volcano consists of three coalesced edifices
constructed sequentially since ca. 20,000 years BP (Selyangin and
Braitseva, 1991). The volcano is situated in the middle of two nested cal-
deras, whose ages are estimated as 1.1 Ma and 20,000 BP (Selyangin and
Braitseva, 1991; Bindeman et al., 2010). Historical eruptions partially
destroyed the summit of the volcano forming an ~800-meter-diameter
crater. At present, the crater is occupied by a turquoise-colored lake,
with an elevated temperature and highly acidic composition suggestive
of vigorous hydrothermal activity at the bottom, which may be attrib-
uted to the presence of a shallow magma system (Selyangin and
Braitseva, 1991).

Deformation at KVC has been studied systematically using both tri-
angulation networks and leveling measurements implemented during
1972-2005 (Maguskin et al., 2008 and references therein). The geodetic
measurements indicate that the Karymsky and AN areas were
experiencing extension during 1972-2005 (Maguskin et al., 2008).
Analysis of leveling data acquired during 1972-2005 suggested a defla-
tion with a velocity of 5-9 mm/year during 1996-2001 and inferred a
deformation center situated between Karymsky and AN (Maguskin et
al., 2008 and references therein).

InSAR has now become a well-established method to investigate
volcanic deformation and understand magma supply dynamics at
many of the world's volcanoes (e.g., Amelung et al., 2000; Calais et al.,
2008; Biggs et al., 2014; Massonnet et al., 1995; Lu et al., 2000, 2005,
2010; Lu, 2007; Lu and Dzurisin, 2014; Pritchard and Simons, 2004;
Xuetal, 2015; Yun et al., 2006; Wright et al., 2006). At Kamchatkan vol-
canoes, InSAR has been used to study ground deformation associated
with magmatic intrusion. Lundgren and Lu (2006) successfully ob-
served an episodic magma intrusion event during 2000-2003 at Uzon
caldera using Envisat and Radarsat-1 images. Ji et al. (2013) observed
a pre-eruption deformation at Kizimen volcano which was caused by
a dike intrusion during 2008-2010, about 2 years before the eruption
began. Lundgren et al. (2015) observed the dike-intrusion process of

the 2012-2013 eruption event at the Tolbachik volcano by InSAR data.
No significant deformation was observed using InSAR at several
Kamchatkan volcanoes that erupt frequently, like Sheveluch
(Pritchard and Simons, 2004; Lundgren and Lu, 2006).

This manuscript presents new InSAR observations of eruptive and
non-eruptive deformation at KVC. Two Mogi point pressure sources
provide a good fit to the observed deformation. One source is located
beneath the area between Karymsky and AN with a depth of 7.0 km,
and the other one is situated beneath MS with a depth of 5.8 km. The
two magma sources appear to be connected at times, yet show the
four stages of activity, i.e. (1) from 2000 to 2004, the Karymsky-AN
area deflated and the MS area inflated, (2) from 2004 to 2006, the
Karymsky-AN area deflated with ongoing eruption, while the MS area
subsided without eruption, (3) from 2006 to 2008, as with 2000-
2004, the Karymsky-AN area deflated and the MS area inflated, (4)
from 2008 to 2010, the Karymsky-AN area inflated up to 3 cm, and the
MS area subsided. These two shallow magma reservoirs may be con-
nected and supplied by a common deep magma source.

2. InSAR data and analysis

Processed radar data were acquired by the Radarsat-1, Envisat, and
ALOS satellites, operating at three different wavelengths of 56.6 mm,
56.3 mm, and 236.2 mm, respectively. Taken as a whole, these images
constitute 7 different imaging geometries (Table 1). To achieve the
best coherent interferograms for KVC, we only chose SAR images ac-
quired during the summer and early fall (from mid-June to mid-Octo-
ber) to avoid coherence loss due to snow and ice. The two-pass InNSAR
approach (e.g. Massonnet and Feigl, 1998; Rosen et al., 2000) was uti-
lized to form 36 deformation interferograms with reasonably good co-
herence (Fig. 2). The effects of topography were removed from the
interferograms using a filled 3-arc-sec (~90 m) resolution Shuttle Radar
Topography Mission (SRTM) digital elevation model (DEM) (Farr and
Kobrick, 2000) obtained from the Consultative Group on Inter-national
Agricultural Research Consortium for Spatial Information (CGIAR-CSI,
http://srtm.csi.cgiar.org). To remove residual orbit errors, a fine estima-
tion of the interferogram baseline was obtained by nonlinear least-square
adjustment of the observed phase over presumably stable areas (Rosen et
al., 1996; Lu, 2007). For interferograms that are obviously contaminated
by topography-correlated atmospheric delays, a linear correction based
on topographic height was applied based on phase observations of areas
distant from the volcano. Considering low coherence, interferograms
were filtered twice using an adaptive filter function based on the local
fringe spectrum (Goldstein and Werner, 1998), with the dimensions of
the windows at 128 x 128 and 32 x 32 pixels, respectively. This filtering
strategy removes the high frequency noise efficiently (Nof et al.,, 2012),
and makes the phase unwrapping much considerably easier.

Fig. 3 shows eight examples of interferograms that span time intervals
of one year to three years. Together these interferograms map patterns of
deformation from 2000 to 2010, and lead to the following observations:

1. The interferograms show little deformation (less than a full color
fringe) near Karymsky and AN area during those periods spanning
2000-2003 (Fig. 3a), 2003-2004 (Fig. 3b), 2006-2007 (Fig. 3f), and
2007-2008 (Fig. 3g). In addition, interferograms indicate large

Table 1
Line-of-Sight (LOS) vectors for the 7 different imaging geometries.

Satellite/Track ID LOS Vector [East, North, Up]

Radarsat1/Beam4 [0.693 —0.107 0.713]
Radarsat1/Beam6 [0.727 —0.103 0.679]
Radarsat1/Beam7 [0.592 —0.111 0.798]
ENVISAT/395 [—0.408 —0.099 0.908]
ENVISAT/059 [0377 —0.091 0.922]
ALOS/360 [-0.616 —0.111 0.779]
ALOS/030 [0.616 —0.111 —0.779]
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Fig. 2. Temporal intervals of the 33 selected InSAR image pairs which are indicated by
length of the lines. The green, red, and blue colors indicate satellite source of images
acquired by RadarSat-1, ENVISAT, and ALOS, respectively. Dotted lines with shorter
spacing represent the corresponding interferograms which were used to model the
magma source beneath Karymsky and AN only (7 total). Dotted lines with longer
spacing represent the corresponding interferograms which were used to model the
magma source beneath MS only (15 total). Solid lines represent the corresponding
interferograms which were used to model two magma sources beneath Karymsky and
AN, and MS, respectively (11 total).

deformation (more than a full color fringe) near Karymsky and AN
area during 2005-2008 (Fig. 3d, e), with maximum line-of-sight
(LOS) enlarging of about 3 cm, while maximum LOS shortening of
about 3 cm happened during 2009-2010 (Fig. 3h, i). These fringes
are thought to be deformation signals. First, they are unlikely to be
atmospheric artifacts, because these interferograms were produced
from independent SAR images acquired on different sensors/tracks/
dates. Second, the presence of the signals cannot be attributed to
DEM errors because the interferograms are constructed with a
range of perpendicular baseline lengths.

2. Interferograms from different sensors and tracks show conspicuous
deformation signals around MS volcano area (Fig. 3a-g) during
2000-2008, but no similar patterns after 2009 (Fig. 3h, i). Fringes
shown in Fig. 3a-b, 3d-g indicate inflation signals around MS vol-
cano with maximum LOS shortening about 6 cm in an area about
15 km in diameter during the periods 2000-2004 and 2006-2008,
while Fig. 3¢ shows a subsidence signal during 2004-2005.

3. The observed deformation around Karymsky, AN, and MS volcano
areas did not occur progressively from 2000 to 2010. For example,
the Karymsky and AN area subsided during 2000-2008, but inflated
during 2009-2010.

3. Deformation modeling and analysis

On the basis of the shapes and radial patterns of the displacement
fields, we theorize that the deformation was caused by volume changes
in two spherical magma reservoirs, one situated beneath the area be-
tween Karymsky and AN, and a second beneath MS. We modeled the
displacement fields using a point source of dilation or contraction in
an elastic half-space (Mogi, 1958) that includes a correction to account
for topographic variation (Williams and Wadge, 1998). In the model,
linear terms are introduced to account for any possible phase ramp
due to orbital errors (Massonnet and Feigl, 1998). We used the downbhill
simplex method and Monte Carlo simulations (Press et al., 1992) to es-
timate optimal parameters and their uncertainties, and the root mean
square errors (RMSE) between the observed and modeled interfero-
grams as the prediction-fit criterion.

To determine the two sources of the observed displacements, we
employed the following modeling strategy. First, we modeled

interferograms to determine the horizontal positions of the deformation
sources related to magma injection or extrusion. Fig. 3i (20090817~
20100906, ENVISAT Track 395) was chosen to estimate the Mogi source
parameters beneath the area between Karymsky and AN because of its
best coherence and least apparent atmospheric contaminations, and
also because it shows no obvious deformation around the MS volcano.
Fig. 4 shows observed (a), modeled (b), and residual (c) interferograms
for this Mogi model. The residual interferogram in Fig. 4c is observed
(Fig. 4a) minus modeled (Fig. 4b). The modeled interferogram fits the
observed interferogram reasonably well. The cross shown in Fig. 4b rep-
resents the location of the Mogi source, situated between Karymsky and
AN. The horizontal position is well constrained according to the uncer-
tainties shown in Table 2.

Next, Fig. 3e (20050923-20080704, ENVISAT descending track 059)
was chosen to study the Mogi source parameters beneath the MS vol-
cano. We masked the MS volcano from Fig. 3e and then modeled the
Karymsky and AN area by fixing the horizontal position of the deforma-
tion source from Fig. 4b. Fig. 4 shows observed (d), modeled (e), and re-
sidual (f) interferograms. The residual interferogram (Fig. 4f) is
obtained by removing the modeled (Fig. 4e) one from the observed
one (Fig. 4d). The residual interferogram in Fig. 4f was then used to gen-
erate the modeled interferogram in Fig. 4g, with a Mogi source beneath
southwest of MS volcano. The horizontal coordinates of the deformation
sources are shown in Table 2. One thing to be noted is that we only se-
lected two interferograms for modeling the horizontal positions of the
two sources. We acknowledge that modeling only two, rather than all
the interferograms, may be selective, but this provides a first-order ap-
proach to reducing errors in the modeling by only using the best data for
each source. Moreover, it is unlikely that the volcanic deformation
source moves laterally during a decade-long period (e.g. Lu et al.,
2003, 2005).

Finally, we fixed the horizontal position of the deformation sources
from Mogi modeling (Fig. 4b and g), and estimated the source depths
and volume changes beneath each of the two areas. The area beneath
Karmsky and AN was based on 18 interferograms and the area beneath
MS was based on 26 interferograms (Fig. 2). The results are shown in
Fig. 5a (Karymsky-AN) and 5b (MS). The error bars and circles represent
the uncertainty for depth and volume change calculations at one stan-
dard deviation, respectively. The estimated average depth of the source
beneath the Karymsky-AN area is 7.0 km below sea level (dashed line,
Fig. 5a) and for the source beneath MS, it is 5.8 km (Fig. 5b). The
depth of the source beneath Karymsky and AN for all the 18 interfero-
grams slightly fluctuated through 2000 to 2010, but the difference
was not significant at the 95% confidence level. The depth of the source
beneath MS volcano also did not change appreciably based on the 26 in-
terferograms. Taken in total, the two sources remained essentially sta-
tionary during the 10-year period of study.

Ambiguity between the two parameters, i.e. depth and volume
change, in Mogi model is inherent in inversions of a single component
of three dimensional deformation data (Dieterich and Decker, 1975).
To address this limitation, we recalculated the volume change parame-
ter for both sources, using the horizontal positions from Fig. 4b and g
and the depth values from Fig. 5. Then, we calculated the cumulative
source volumes as a function of time. To reduce the number of time
steps, SAR images that were acquired within two months of each
other were assigned the same acquisition time. For example, images ac-
quired on August 8, 2005 and August 19, 2005 were both assigned an
August 2005 acquisition time. This resulted in 9 and 10 image acquisi-
tion times for sources beneath Karymsky and AN, and MS volcano, re-
spectively. If we define V= (Vy, V,, ..., V;, ..., V;;), where V; is the
source volume at the ith acquisition time, then the volume changes in-
dicated by all the interferograms, L = (L;, Ly, ..., L;, ...Ly,), is related to V
by AVT = LT, where A is a m by n binary matrix. For the source beneath
Karymsky and AN, m and n equal 18 and 9, respectively, while for the
source beneath MS volcano, m and n are corresponding to 26 and 10, re-
spectively. Unity and null elements in each row correspond to the
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Fig. 3. Representative deformation interferograms of Karymsky Volcanic Center spanning the following periods (date format is yyyymmdd): (a) 20000926-20031005 (Radarsat-1
Beamd), (b) 20030828-20040729 (Radarsat-1 Beam7), (c) 20040822-20051004 (Radarsat-1 Beam?7), (d) 20050808-20080901 (ENVISAT Track 395), (e) 20050923-20080704
(ENVISAT Track 059), (f) 20060709-20070821 (Radarsat-1 Beam4), (g) 20070720-20080808 (ENVISAT Track 059), (h) 20090718-20100721 (ALOS PALSAR Path 360), (i) 20090817
20100906 (ENVISAT Track 395). Satellite flight direction and radar look direction are shown by solid and open arrows, correspondingly. Each fringe (full color cycle) represents 28 mm
or 118 mm of range change between the ground and satellite for Radarsar-1/ENVISAT (a-f, h) and ALOS (g), respectively. Areas that lack interferometric coherence are uncolored.

temporal coverage for an interferogram. For instance, if the ith interfer-
ogram spans the period between the second and the third acquisition
times, the second and the third columns of the ith row should be -1
and 1 corresponding to the duration of the interferogram coverage.
We took the source volume corresponding to the first acquisition time
(i.e. September 2000) as a reference. A weighting matrix, w, was assem-
bled by using the source volume uncertainties for the diagonal ele-
ments. This assumes that source volumes estimated from all the
interferograms are uncorrelated. The weighted least squares solution
(e.g., Lu et al., 2005) for V is:

V= (ATPA) ' ATpLT (1)

Using Eq. (1), we estimated the source volumes as a function of time
(Fig. 6). It appears that from September 2000 to August 2009 the vol-
ume of the source beneath Karymsky and AN (blue bars on Fig. 6) de-
creased almost linearly with time, although the poor temporal
resolution of InSAR images in this area imposes considerable uncer-
tainty to that inference. Since August 2009, the volume of the source be-
neath Karymsky and AN increased sharply and reached 2.3 x 107 m> by
August 2010. Our method is similar to those proposed by Biggs et al.
(2010), Grandin et al. (2010) and Gonzalez et al. (2013). To achieve
the time-series displacements, Biggs et al. (2010) connected all the in-
terferograms in terms of deformation velocity and solved for incremen-
tal displacements. Based on an extensive InSAR data set, Grandin et al.
(2010) inverted the locations and shapes of 13 dikes that were active
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Fig. 4. (a) Observed interferogram for the period spanning 20090817-20100906 (ENVISAT Track 395); (b) synthetic interferogram from Mogi source (indicated by black cross) beneath an
area between Akademia Nauk (AN) and Karymsky volcanos that best fits the observed interferogram (a); (c) residual interferogram, which is the difference between observed
interferogram (a) and modeled interferogram (b); (d) observed interferogram for the period spanning 20050923-20080704 (ENVISAT Track 059); (e) synthetic interferogram by the

Mogi source (indicated by black cross) with horizontal position fixed according to (b

); (f) residual interferogram by removing synthetic interferogram (e) from observed

interferogram (d); (g) synthetic interferogram from Mogi source (indicated by black cross) beneath MS volcano that best fits the residual interferogram (f); (h) residual interferogram,
which is the difference between (f) and (g). Satellite flight direction and radar look direction are shown by solid and open arrows, correspondingly. Each fringe (full color cycle)
represents 28 mm of range change between the ground and the satellite or residual. Areas that lack interferometric coherence are uncolored.

during 13 episodes. Gonzalez et al. (2013) recovered the displacement
time series from multi-temporal multi-sensor interferogram observa-
tions by minimizing the rate of the source volume changes through a
truncated singular value decomposition (TSVD) approach.

The MS volcano did not erupt during the 10-year period of study.
However, its magma source volume showed conspicuous fluctuation

Table 2

Parameters for the best-fitting Mogi sources. Uncertainties show 95% confidence.
Parameters Karymsky-Akademia Nauk (AN)  Maly Semyachik (MS)
X coordinate (km) 25.99 + 0.06 36.98 + 0.04
Y coordinate (km) 29.02 £ 0.08 38.45 £+ 0.08
Depth (km) 6.3 +0.2 7.0 £ 0.6
Volume (1 x 10°m?)  8.77 £ 0.3 14.31+ 0.8

Note: The reference for the horizontal coordinates (X, Y) is the southwestern corner of the
area shown in Fig. 3.

with time. The magma accumulation rate (red bars on Fig. 6) decreased
from 2.4 x 10° m>/year during 2000-2004, to -2.2 x 10° m?/year during
2004-2006. The rate increased again during 2006-2008 to 5.5 x 10°

m?>/year, which is more than twice higher than for the period of 2000~
2004. Then the magma accumulation rate decreased again to -3.7 x

10® m3/year during 2008-2010, which is higher than for the 2004-
2006 period (Fig. 6).

4. Ground based observations
4.1. Local seismicity records

The only permanent seismic station in the area is located at the
southern flank of the Karymsky Volcano at a distance of 1.5 km from

the eruptive vent and is capable of detecting seismic events caused by
individual volcanic explosions (Fig. 7a). All other seismic stations are
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Fig. 5. Estimated volume changes and depths of magma reservoirs beneath Karymsky and
AN (a), and MS volcano (b) using the horizontal positions of modeled sources from Fig. 4b
and g. Error bars and circles represent one standard deviation uncertainties for depth and
volume change of source, respectively. Blue and red circles represent deflation and
inflation interferograms, respectively. Horizontal bars denote the time span for each
interferogram. The average depths (dotted lines) are 7.0 km and 5.8 km for Karymsky
and AN, and MS volcano, respectively.

located at the distance of more than 100 km from KVC. As a conse-
quence, the locations and depths of earthquake epicenters can be deter-
mined reliably only for earthquakes of magnitude 2.5 and higher (e.g.
Chebrov et al., 2013). Earthquake locations recorded from January
2000 to January 2011 in the KVC area are shown in Fig. 7a and b. The
epicenters appear to be concentrated along the North-East trending
plane, which orientation generally coincides with the orientation of
the Eastern Volcanic Front of Kamchatka. There are two apparent
aseismic zones starting at 6-7 km depth beneath Karymsky and MS vol-
canoes (Fig. 7b), which is comparable to our InSAR-derived magma
source depth (Fig. 5). The number of earthquakes recorded by KRY seis-
mic station was elevated during the 2002-2008 period (Fig. 8), thus
suggesting that this time period was characterized by elevated explo-
sive activity at Karymsky Volcano.

4.2. GPS measurements

Geodetic surveys at the Karymsky and AN areas have been con-
ducted systematically, every year from 1972 to 1996 (Maguskin et al.,

X107 - ; - ; - ; - ; '

volume (m°)

Loy

=35t L L L ) L ) L ) I L B

2001 2002 2003 2004 2005 Y2006 2007 2008 2009 2010
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Fig. 6. Estimated magma volumes as a function of time from 2000 to 2010. The volume
changes of the magma reservoirs beneath the Karymsky-AN and MS volcano are shown
in blue and red colors, respectively. Error bars represent one standard deviation for
volume estimates.

1998). Since 1996 the same sites have been surveyed by GPS campaigns
(Bahtiyarov and Maguskin, 2008). During the 2000-2007 period twelve
GPS sites have been measured twice a year. The KR9 site located at the
Karymsky Volcano Station has been chosen as a benchmark site and
has been measured continuously during each GPS campaign. The rela-
tive movement of the KR9 site during the period from 2000 to 2007 is
shown on Fig. 8. The site moved continuously to the SSW direction,
which is consistent with the regional tectonics. The vertical displace-
ment of the site is local and related to volcanic deformations
(Bahtiyarov and Maguskin, 2008). Most interestingly, from 2004 to
2008 the KR9 site experienced continuous gradual subsidence, which
is consistent with our InSAR results. However, the GPS and InSAR trends
are different between 2000 and 2004. Two possible reasons may ac-
count for the discrepancy. Two possible reasons may account for the dis-
crepancy. First, GPS and InSAR observations were not taken at the same
time, therefore, other errors, for example, seasonal variations may be in-
troduced to the results. Second, the GPS station, located at a place where
the InSAR coherence is poor, can record localized deformation such as
landslide movement.

4.3. Petrological analyses

Petrological and geochemical studies of the erupted products pro-
vide independent information about magma storage areas and magma
plumbing processes (e.g. Jay et al., 2014). For us, petrological study of
the eruptive products of Karymsky and AN indicated that the current
period of eruptive activity at Karymsky started in 1996 with a basaltic
recharge, which introduced into the andesitic magma reservoir pheno-
crysts of calcic plagioclase (Eichelberger and Izbekov, 2000; Izbekov et
al., 2004). These calcic plagioclases have been found in Karymsky
magmas erupted during the 1996-1999 period as xenocrystic cores
surrounded by rims of sodic plagioclase (Izbekov et al., 2002). Impor-
tantly, sodic rims showed oscillatory zoning indicative of the growth
in nearly steady-state conditions with little fluctuations of pressure
and temperature.

Microprobe analysis of the Karymsky andesites erupted in August
2008 indicates that the outermost sodic rims in plagioclase phenocrysts
are characterized by the presence of a single conspicuous dissolution
boundary followed by a sharp increase of the Ca content (upper section
of Fig. 9). In addition, the 2008 Karymsky magmas contain calcic plagio-
clases, with texture and composition resembling basaltic plagioclases
from the beginning of the current eruptive period (lower section of
Fig. 9). The widths of sodic rims around calcic cores and dissolution
boundaries vary from 15 to 45 pm.

5. Discussion
5.1. Magma plumbing condition at Karymsky and AN

Depths of the source beneath Karymsky and AN for both inflation
and deflation periods are similar (Fig. 5a), so we attribute both pro-
cesses to the same source, i.e. a magma storage zone in the upper
crust. All interferograms spanning from 2000 to 2009 show deflation
around Karymsky and AN (Fig. 5a), and the source volume decreased
linearly with time at a rate of 3.8 x 10® m3/year (Blue, Fig. 6). On the
other hand, the average outflow rate during the first year, i.e. 1996,
was 0.35 m>/s (Walter, 2007), which indicates the annual velocity of
discharge was 10.9 x 106 m>/year. Moreover, the total volume of the
eruptive products including pyroclastic and effusive materials, during
1996-2000 was estimated to be 5.03 x 10’ m? (Ozerov et al., 2003),
which indicates the average annual rate of the eruption was about
10.1 x 10° m3/year. On this basis, we assumed an average steady erup-
tion rate of 10.5 x 10° m?/year during the studied period. Please note
that the source volume deflation rate was 3.8 x 10® m>/year, about
one third of the average steady eruption rate, i.e. 10.5 x 10° m3/year.
In general, the ratio of the erupted volume and volumetric changes in
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the magma reservoir is about 2 to 5 due to the difference in vesicularity
of the erupted and non-erupted material (Sigmundsson et al., 1992).
Therefore, the rate of deflation at Karymsky during 2000-2009 period
can be explained by continuous magma withdrawal through persistent
eruptive activity.

The presence of dissolution boundary in sodic rims of plagioclases, as
well as the presence of calcic plagioclases in August 2008 Karymsky
magma are consistent with a large input of basaltic material into
Karymsky magma reservoir. Although it is difficult to quantify the
timing of the recharge, the newly formed sodic rims as thin as 15-45

um suggests to us that the recharge may have occurred ca. 2-7 months
prior to August 2008 considering that the typical plagioclase growth
rate at the beginning of the current eruptive period was estimated at
2.5 x 102 mm/s (Izbekov et al., 2004). Absence of repeated dissolution
boundaries in sodic indicates that there were no substantial basaltic in-
puts into the shallow magma reservoir of Karymsky-AN between 1996
and 2008, which is consistent with the deflation pattern observed in
the InSAR data (Fig. 6).

5.2. Possible mechanisms of deformation at Karymsky Volcanic Center

Usually, the inflation around a volcanic area can be interpreted as the
result of magma intrusion or pressurization in the shallow crust (e.g. Lu
etal., 2003; Jiet al,, 2013). For KVC, we speculate the inflation was asso-
ciated with magma intrusion. However, volcanic deflation may come
from one of many processes, including magma loss due to eruption
(e.g. Lu et al., 2000), contraction due to cooling and crystallization of
magma body (e.g. Lu et al., 2005), depressurization caused by the re-
lease of gas (e.g. Sepe et al., 2007; Fournier, 2008), magma drainage
from a shallow reservoir (e.g. Cervelli et al., 2002), or some combination
of these. For the Karymsky and AN area, the most likely cause of the de-
flation is magma withdrawal due to continuous eruptive activities.
However, for the MS volcano, which did not erupt during the studied
period, the likeliest explanation is contraction due to cooling and
crystallization.

Another possible explanation of multiple inflation and deflation
events at KVC is draining or lateral transport of magma. The three volca-
noes, i.e. Karymsky, AN, and MS, are aligned along the SW-NE trending
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Fig. 9. Back-scattered electron images and corresponding electron microprobe traverses of representative plagioclase phenocrysts from the August 2008 eruptive products of Karymsky
volcano: (Upper) plagioclase with patchy calcic core and sodic rim (please note that the rim is characterized by a dissolution boundary and associated jump in An content) and (Lower)
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fracture zone, which is thought to channel the magma to the surface
(Zobin and Levina, 1998; Zobin et al., 2003; Walter, 2007) (Fig. 1).
Thus, the two magma chambers beneath Karymsky and AN, and MS
may be connected with each other through the fracture zone. On the
other hand, seismic, geodetic, and petrological data indicate the pres-
ence of two magma chambers beneath Karymsky. The small and shal-
low magma reservoir is located at a depth of 4-5 km (Gordeev et al.,
1998a, 1998b; Izbekov et al., 2004), which may be corresponding to
our modeled source beneath the Karymsky and AN, and the large and
deep one is located at a depth of 18 km (Maguskin and Sharoglazova,
1993; Maguskin et al., 2008; Fedotov, 1998; Zobin et al., 2003; Walter,
2007). The elevated temperature and acidic composition of the crater
lake of the MS volcano indicates the presence of a shallow magma
chamber underneath (Zobin and Levina, 1998). Therefore, it is possible
that all three volcanoes may share a large, deep magma reservoir, which
connects and supplies the two shallow chambers beneath Karymsky
and AN, and MS, respectively (Fig. 10). During the 10-year studied pe-
riod, the two shallow chambers should always fed by the large and
deep magma chamber. Local earthquakes with magnitude greater
than 2.5 recorded depths primarily between 5 km and 20 km (Fig. 7b),
which may indicate that the earthquakes were caused by local stress
changes due to magma feeding from the deep reservoir to shallower
ones. Specifically, during 2000-2004 and 2006-2008, the Karymsky
volcano area deflated because the supply rate of the deep magma cham-
ber was too low to inject enough magma into the Karymsky chamber
because of eruptive activities (Fig. 11a). The MS area showed an infla-
tionary deformation because of continuing magma supply and no erup-
tion (Fig. 11a). However, during 2004-2006, the MS area subsided
without eruption, while the Karymsky and AN area deflated with ongo-
ing eruption. So we speculate the source beneath Karymsky and AN was
fed by the deeper chamber and laterally migrating magma from the
source beneath the MS volcano through the fracture zone (Fig. 11b).
Similarly, during 2008-2010, the MS area subsided again, but the
Karymsky and AN area inflated abruptly, from which we infer the sup-
plying rate from the large deep chamber to the source beneath
Karymsky and AN was faster than that before 2008. Meanwhile,
magma laterally migrating from the source beneath MS volcano to the
source beneath Karymsky and AN also occurred (Fig. 11c). The feeding
of an eruption from other reservoirs is not so rare. For example,
magma migrating occurred prior to, during, and following the Septem-
ber 1984 eruption event at the Krafla volcano, northeast Iceland. And
the shallow chamber beneath the Krafla volcano was fed by three addi-
tional magma chambers (Tryggvason, 1986). At El Hierro (Canary
Islands), lateral magma migration occurred at a depth of 12-15 km in
2011-2012, which was clearly affected by pre-existing structures that
controlled its journey inside the volcanic edifice (Marti et al., 2017).

Fig. 10. Cartoon showing magmatic system beneath Karymsky Volcanic Center (not to
scale). The two sources are located beneath the center of Karymsky volcano and AN, and
the MS volcano, with a depth of 7.0 km and 5.8 km, respectively. The two sources are
connected with a conduit and share a large deep source.
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Fig. 11. Schematic sequence of the deformation development around Karymsky Volcanic
Center from 2000 to 2010 (not to scale). (a) 2000-2004 and 2006-2008, (b) 2004-
20086, (c) 2008-2010. Arrows represent the magma migration paths. Red circles indicate
inflation and blue circles indicate deflation.

It is clear that volcano deformation events occur frequently without
eruption. For example, Campi Flegrei has been continuously deforming
for decades showing uplift and subsidence (Lundgren et al., 2001;
Vilardo et al,, 2010). Yellowstone caldera underwent an obvious
magma migration event during 1992-1997 (Wicks et al., 1998). And,
California's Long Valley caldera has been conducting magma unrest
with nonlinear deformation characteristics (Hooper et al., 2004;
Tizzani et al., 2007, 2009).
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6. Conclusions

Multitemporal InSAR images from 3 different radar satellites have
been used to map the deformation of KVC during 2000-2010. Two
Mogi point pressure sources provide a good fit to the observed deforma-
tion. One source is located beneath an area between Karymsky and AN
at a depth of 7.0 km, and the second is situated beneath MS at a depth
of 5.8 km.

Although simple elastic source models do not account for known
complexities of the real Earth, they can provide insights into the behav-
ior of real volcanoes. This study provides details of the activity around
the KVC, encompassing the Karymsky, AN, and MS volcano areas, during
2000-2010, as follows:

(1) from 2000 to 2004, the Karymsky-AN area deflated and the MS
area inflated,

(2) from 2004 to 2006, the Karymsky-AN area deflated with ongoing
eruption, while the MS area subsided without eruption,

(3) from 2006 to 2008, as with 2000-2004, the Karymsky-AN area
deflated and the MS area inflated,

(4) from 2008 to 2010, the Karymsky-AN area inflated up to 3 cm,
and the MS area subsided.

The InSAR-derived deformation fields can illuminate the shallow
magmatic system beneath the KVC. The two magma sources appear to
be connected at times, yet show the four stages of activity as mentioned
above. The two shallow sources may be supplied by a common huge
and deep magma chamber. Also, the two shallow sources are connected
to each other through the fracture zone.

No field-based measurements of surface displacement have been
made around many Kamchatka volcanoes due to their persistently in-
clement weather, and displacements inferred from SAR data are there-
fore all we can currently use to constrain the movement of subsurface
magma or hydrothermal fluids. Another advantage of InSAR is its ability
to look back at older stored data, which extends the monitoring time
scale for Kamchatka volcanoes.
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