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Abstract

Okmok volcano located on the northeastern part of the Umnak Island is one of the most active
volcanoes in the Aleutian Arc. It was initially built as a large shield volcano, but was strongly
destroyed by two caldera-forming eruptions 12,000 and 2,040 years ago. The post-caldera
eruptions occur mostly along the inner perimeter of the caldera from a series of distinct cones.
Here, we perform seismic tomography to explore the deep sources of magmatic activity beneath
Okmok. We use the local earthquake data of the Alaska VVolcano Observatory (AVO) in the time
period from 2003 to 2017 to build a model with the 3D distributions of the P and S wave
velocities and Vp/Vs ratio. At depths of more than 10 km, we observe a vertically aligned
anomaly of high Vp/Vs ratio representing a steady conduit likely responsible for the volcano
evolution since its origin. Above this conduit, we reveal a large anomaly of high Vp/Vs ratio
representing the main magma reservoir providing the material for all recent eruptions in the
caldera. It appears to be connected with another large shallow reservoir located below the Cone
A that was the source of most of Okmok's historical eruptions. The most recent eruption in 2008
took place right above the deep conduit. To reach the surface, the magma for this eruption passed
through the shallow ductile zone, where it was saturated by silicic components. This

interpretation is consistent with the petrology studies and modeling of ground deformations.

Plain Language Summary

Okmok is one of the most active volcanoes of the Aleutian Arc. Initially it was formed as an
isometrical shield volcano, which was later destroyed by two caldera-forming eruptions. The
post-caldera activity mostly occurred at several cones distributed along the inner perimeter of the
caldera. The latest eruption with the explosivity index of VEI 4 took place in 2008. This
eruption, which produced a new large cone Ahmanilix in the northeastern part of the caldera,
was significantly different in composition and eruption style compared to other intra-caldera
eruptions. We present a new seismic tomography model, which was constructed based on the
arrival times of the P and S waves from local seismicity. Below 10 km depth, we observe an
anomaly of high Vp/Vs ratio, which may represent a steady magma conduit that is responsible for
the long-term formation of the entire Okmok volcanic complex. In the upper crust, the model
reveals a series of separate local magma sources beneath volcanic centers where historical
eruptions took place. The 2008 eruption was fed by a magma diapir that was initially formed in
the deep conduit and then slowly ascended through a ductile layer at depths from 6 to 2 km.
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Key points:

e The new crustal model beneath the Okmok Caldera with the 3D distributions of Vp, Vs
and Vp/Vs ratio reveals the geometry of magma sources

e Below 10 km depth, an anomaly of high Vp/Vs ratio indicates the location of the main
magma conduit that fed the long-term formation of Okmok

e At shallow depths, seismic anomalies reveal several magma sources that fed eruptions

along the inner perimeter of the caldera

Key words: Seismic tomography, Okmok caldera, Aleutian Arc, magma sources, volcanic

eruption

Introduction

Okmok is one of the most active volcanoes of the Aleutian Arc. Initially, it was founded
as a large circular shield volcano with a diameter of ~30 km that occupies the northeastern half
of the dumbbell-shaped Umnak Island. According to the K-Ar dating, the formation of this
volcano began approximately 1.7-2.1 Ma (Birgham and Stone, 1972), which indicates the
existence of a long-term steady magma conduit existing for millions years. The central part of
this volcano was destroyed by at least two ignimbrite-forming eruptions 12,000 and 2,050 years
ago (Larsen et al., 2007) that created two overlapped well-exposed circular calderas with the
total size of ~10 km (Figure 1). The amount of material in dense rock equivalent for these two
eruptions was estimated as 30 km? and 15 km?, respectively (Larsen et al., 2007). These
eruptions had an important impact on the climate that was felt globally. There is evidence that
the latter eruption affected people in Europe and caused serious historical perturbations
(McConnel et al., 2020). Untypically for caldera-forming eruptions, the products of these two
eruptions contained very little amount of rhyolite and dacite magmas, which were ejected at the
initial stages, but then were replaced by a larger amount of andesite and basaltic andesite (Larsen
et al. 2007).

The post-caldera eruption activity mostly occurred along the inner perimeter of the
caldera through a series of vents some of which created well-expressed cinder and tuff cones
indicated by letters from A to H (Figure 1). The compositions of these eruptions were mainly
basaltic. The oldest flows were composed of pillow lavas, which indicated that the caldera was

initially filled by a deep lake (Larsen et al. 2007). Nowadays, in the caldera, there are several

2



66
67
68

69
70
71
72
73

74
75
76
77
78
79
80
81
82
83
84
85

86
87
88
89
90
91
92
93
94
95
96
97
98

shallow lakes that are abruptly changing their configurations during eruptions. Besides the intra-
caldera eruptions, there were several flank eruptions forming a few outer cones of which the
largest are Tulik and Jag Peaks.

At least 17 historical explosive and effusive eruptions have been recorded on Okmok
since the beginning of the nineteen century (Larsen et al., 2015). The majority of these eruptions
occurred from the cone A in the southwestern part of the caldera. In the twentieth century, the
well-documented eruptions with basaltic-andesite lava flows and moderate ash falls occurred in
1945, 1958 and 1997 exclusively from the vent A (e.g., Miller et al., 1998, Larsen et al., 2015).

The latest eruption with the high explosivity index of VEI 4 took place in July-August
2008 and it appeared to be among the strongest historical eruptions of Okmok. It occurred in the
northeastern part of the caldera close to the Cone D and produced a new large cone called
Ahmanilix. This eruption was classified as explosive phreatomagmatic eruption with a large
amount of steam, ash and tephra ejected. According to the geochemical analyses by Larsen et al.
(2013), the eruption products in this part of caldera are distinctively different from those in the
southwestern part around the A cone; namely they have higher SiO> content. A specific feature
of the 2008 eruption is that it almost did not produce any lava flows (Larsen et al., 2015). Unlike
the previous instrumentally recorded events of volcanic activity of Okmok, the eruption of 2008
was not preceded by any significant seismic precursors. For ten days prior to the eruption, only
11 locatable earthquakes were recorded. An active seismogenic process started only five hours
before the eruption onset (Larsen et al., 2009).

Okmok’s dynamic and near-continuous deformation during and in between eruptions
made it the subject of many studies using GPS, INSAR, or both to constrain its subsurface
magma system structure and its evolution. The 1997 and 2008 eruptions caused meter-scale
deflation of the caldera center (e.g., Mann et al, 2002; Freymueller and Kaufmann, 2010), while
inter-eruptive deformation is characterized by discrete inflation pulses modulated onto steady
background inflation of several centimeters per year (e.g., Qu et al., 2015; Xue et al, 2020) .
Inversions of INSAR data (e.g., Lu et al., 2000, Mann et al., 2002; Qu et al., 2015; Lu &
Dzurisin, 2014), GPS data (e.g., Fournier et al., 2009; Freymueller and Kaufmann, 2010) or joint
inversions of both (e.g., Biggs et al., 2010; Xue et al., 2020) generally yield a spherical magma
reservoir near the center of the caldera between 2-5 km depth, with most results placing the
source between 2-3.5 km. Xue et al. (2020) suggested that in addition to this spherical source a
shallow sill at about 0.9 km is necessary to explain the post-2008 geodetic observations. They
also count five inflation pulses since the 2008 eruption that emerge rapidly and slow down
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following an exponential decay. Walwer et al. (2019) explained the origin of these short-term

inflation pulses by hydraulic interaction between two shallow magma chambers.

Another group of studies examined structure and dynamics of magma sources beneath
Okmok based on the analysis of seismic data, which were continuously recorded by a network of
permanent telemetric seismic stations operated since 2003 (Dixon et al., 2017). The temporary
and spatial distributions of volcano-tectonic events during the eruption in 2008 were investigated
by Johnson et al. (2010), who also provided estimates for seismic anisotropy based on the shear
wave splitting technique. Moment tensors of these events were determined by Pesicek et al.
(2012). Haney et al. (2010) investigated the very long-period seismicity, which was the indicator
of magma dynamics in the conduit and therefore was considered as one of the eruption

precursors.

In the context of this research, it is important to mention the previous seismic
tomography studies of the Okmok area. The ambient noise tomography method was used by
Masterlark et al. (2010) to build the 3D distribution of the S-wave velocity down to 7 km depth.
They identified a low-velocity anomaly right below the caldera, which was interpreted as
deposits of non-consolidated rocks accumulated after the latest caldera-forming eruptions.
Another anomaly was observed at depths of 3-5 km below the caldera and was associated with
the presence of the shallow magma reservoir. Later this model was used together with data on
ground deformations to validate the numerical model of magma source dynamics (Masterlark et
al., 2012). However, it should be noted that this model was constructed on the basis of only 12
stations, of which 9 were equipped by single-component short period sensors (1 Hz). This
network provided a limited number of inter-station paths and could not enable high lateral

resolution of the resulting velocity distribution, especially at large depths.

Another tomography model by Ohlendorf et al. (2014) was constructed based on the local
earthquake tomography using generally the same principle and data type as in our work. They
reported both the models of the P and S-wave velocities, as well as the distribution of the P-wave
attenuation; however, the authors admitted that their S-wave model was based on too sparse data
coverage and therefore was not robust. Similarly as in the model by Masterlark et al. (2010), the
body wave tomography revealed low P-wave velocity beneath the caldera; however, the S-wave
velocity was unexpectedly high in the same locations. Note also, that in this model, the
resolution suffered from too large grid spacing making the results strongly grid-dependent.
Furthermore, the authors did not present the distribution of the Vp/Vs ratio, which appeared to be

the key parameter to identify magma sources beneath active volcanoes.
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In this study, we construct a new seismic velocity model based on a considerably
enlarged dataset and using another tomography code LOTOS (Koulakov, 2009), which
previously demonstrated its efficiency for studying different volcanic systems in the world
(Kasatkina et al., 2014, Koulakov et al., 2013, Bushenkova et al., 2019). Here, we will pay
special attention to showing the distributions of the Vp/Vs ratio, which is presumed the most
sensitive seismic attribute to the presence of partially molten and fluid saturated magma. In this
study, we will present several synthetic tests showing the resolution limitations of our model.
Therefore we claim that the results presented in this work give important new information on the
magma system structure beneath Okmok compared to the previous studies and therefore brings

an important contribution to understanding the processes leading to initiation of eruptions.
Data and algorithms

In this work, we use the catalog data from 2003 to 2017, which includes the arrival times
of the P and S waves from local seismicity recorded by 13 permanent telemetric stations located
around Okmok and operated by the Alaska VVolcano Observatory (AVO) (Dixon et al., 2017). Of
these stations, four are equipped with the broadband seismometers Guralp CMG-6T; the
remaining nine are based on the short-period (1Hz) single-component sensors L-4 (Figure 2).
However, for determination of arrival times from the local seismicity, the frequency ranges of
the both types of seismometers are equally suitable. The initial catalog includes 4,174 events and
the corresponding arrival times of 19,249 P and 14,278 S waves (on average 8.03 picks per
event). To select data for the tomography inversion, we applied several criteria: (1) the number
of picks per event should be equal or larger 8; (2) the time residuals after the source location in
the starting 1D model should be smaller than 0.5 s; (3) the horizontal distance from an event to
the nearest station should be less than 20 km. After the selection, the final dataset used for
tomography included 2869 events with the corresponding 17,040 P- and 12,145 S-picks (on
average 10.17 picks per event). The distributions of the events and seismic stations are shown in
map view and in vertical projections in Figure 2. Further information on the event distributions
after locations in the final 3D velocity model will be presented in cross-sections with the main

tomography results.

These data were processed using the passive-source tomography algorithm LOTOS
(Koulakov, 2009). As the input, the algorithm uses the arrival times of the P and S waves and it
starts with the absolute locations of sources using the grid-search method and a simplified
algorithm for travel time calculations along straight lines. Then the relocation of the sources is
performed in an iteratively updated 3D velocity model with the use of a more sophisticated ray

tracing algorithm based on a bending technique (Um and Thurber 1987).
5
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The velocity model is parameterized with a set of nodes distributed in the 3D space. In
map view, the nodes are installed regularly with a spacing of 1 km. In the vertical direction, the
spacing is inversely dependent on the ray coverage, but should not be smaller than 0.5 km. In
areas without rays, no nodes are installed. To reduce the effect of parameterization on the results,
we performed the inversions in four grids with different basic orientations along the azimuths of

0, 22, 45 and 66 degrees, and then averaged the results.

The inversion of the matrix was performed simultaneously for the 3D P and S wave
velocity anomalies (dVp and dVs) and source relocation parameters (coordinate shifts, dx, dy, dz,
and origin time correction, dt). The inversion was performed using the Least Square algorithm
with QR factorization (LSQR) (Page and Saunders, 1982; Nolet, 1987).To regularize the stability
of the resulting velocity models, we used the amplitude damping and flattening that controlled
the difference between all pairs of neighboring nodes. In our case, the values of the amplitude
damping for the P and S-wave models were 0.5 and 1, respectively; the corresponding flattening
coefficients were 0.7 and 1.5. These regularization parameters were identified based on the

results of synthetic modeling, which will be presented below.

The iterative cycle included the steps of source locations in the updated 3D velocity
model, matrix calculation, simultaneous inversions for four different grids and calculation of the
new averaged 3D model. In total, we performed five iteration cycles, which was an appropriate
compromise between the model stability and calculation speed. Note also that the tomography
inversion provides the 3D distributions of the P and S wave velocity anomalies. The distribution
of the Vp/Vs ratio is calculated by simple division of the resulting absolute Vp and Vs. The
adequacy of this approach was tested by a series of synthetic tests, which will be presented in the

next section.
Synthetic tests

Before presenting the main velocity models, we show the results of several synthetic tests
demonstrating resolution limitations of the tomography results. We perform synthetic modeling
to simulate the conditions of the experimental data processing as closely as possible. The
synthetic travel times are calculated for the same source-receiver pairs, as in the experimental
dataset, in the predefined 3D synthetic velocity model with the use of the bending ray tracing
algorithms. The travel times are then perturbed by random noise with average deviations in the
L1 norm equal to 0.03 s and 0.05 s for the P and S wave data, respectively. Then we “forget” any
information about source coordinates and origin times and start the recovery using the same

workflow as in the case of experimental data inversion, including the initial step of absolute

6
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source locations. All the controlling parameters in the synthetic modeling remain the same as in

the case of computing the main model.

Here, we separately analyze the horizontal and vertical resolution based on the same
sections as used for presenting the main results. In the first test presented in Figure 3, we define
the horizontal checkerboard model with alternated positive and negative anomalies of £8%
having the size of 5 km and separated by 1 km intervals. In the vertical direction, the anomalies
remain unchanged at all depths. In the resulting horizontal sections in Figure 3, we can see that
the anomalies are correctly recovered at all depths down to at least 7 km, although, in the deeper
sections, the amplitudes of anomalies become weaker, which is explained by considerably

smaller amounts of data.

In the next series of tests, we explore the vertical resolution of the models, which is
usually poorer than the horizontal resolution due to the trade-off between velocity and source
parameters (especially of focal depths). In Figure 4, we present three synthetic models separately
defined along three vertical sections used for presenting the main results. Along the sections, we
defined alternated anomalies with the amplitudes of £8% having the sizes of 5 by 6 km. In the
horizontal direction, they are separated by a 1 km interval. In the vertical direction, the interval is
2 km. The change of the anomaly sign occurs at the depth internals of 2-4 km and 10-12 km. In
the resulting images, we can see that we can robustly resolve the upper two layers of anomalies,

whereas the third layer below 12 km depth appears not to be recovered.

To further assess the capacity of our algorithm to resolve the deep structures we
performed another series of tests presented in Figure 5, in which the anomalies are defined in a
single layer located below 8 km depth. We see that most of the anomalies are recovered in the
correct locations, which shows that such kinds of structures appear to be trustworthy.

To further assess the reliability of some structures inferred from the main results and used
for interpretation, we have produced a series of tests with realistic anomalies that are presented
in Figure 6. In this test, several patterns are defined along vertical section 1 by a series of closed
polygons, in which we set some values of the P and S wave velocity anomalies (the values in
percent are indicated in Figure 6 by numbers inside each pattern). Here, we consider two models
with and without the deep conduit beneath the location of the 2008 eruption. In the recovery
results (lower row in Figure 6), we can see that in Model 2 (without conduit), there is some
downward smearing of the shallower anomalies, which can be misinterpreted as downgoing
roots of this structure. However, this case is distinguishable from the result of the recovery of

Model 1, in which we defined the deep conduit. These tests demonstrate that we should be

7
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prudent when interpreting the structures below 10 km depth. Another structure, which is
examined in this test is an anomaly located at the left end of the profile corresponding to the
high-seismicity zone beneath the isthmus connecting two parts of the island. This area is located
outside the network distribution, therefore, the reliability of the derived structures is
questionable. In these tests, we defined a large anomaly in a broad range of depths with highly
contrasted deviation of the VVp/Vs ratio. In the recovery result, we see that this anomaly is
restored with much lower amplitude and at smaller depths. This test shows that we should be
careful when considering numerical values of this structure and should only interpret it

qualitatively.

It is important that in all tests, we present the distributions of the Vp/Vs ratio calculated
by the division of the recovered absolute values of Vp and Vs and show fair recovery of the main

structures. These examples show the adequacy of this approach.

The synthetic tests allow also for accessing the accuracy of source parameter
determinations. In Figure 7, we present an example of mislocations of sources in the starting 1D
model and in the final 3D velocity distributions in the recovered velocity model. This example
corresponds to the case of the synthetic Model 1 with realistic anomalies presented in Figure 6.
The black points depict the current hypocenter solutions, whereas the red bars direct to the true
source locations. It can be seen that in the starting model, the mean error of source locations is
1.35 km, while in the final model, it is reduced to 1.05 km. The largest errors are observed in the
southwestern part of the study area located outside the station network, which remain
considerable after completing the iterative inversion procedure. At the same time, for areas
inside the network, we can visually observe a notable improvement of the source locations
during tomography inversions. The similar error range is expected in the case of the

experimental data inversion.

Seismic tomography results

The main resulting distributions of the anomalies of Vp and Vs, as well as the Vp/Vs ratio
are shown in a series of horizontal and vertical sections in Figures 8 and 9. All these results were
calculated after five inversion cycles. During the iterative inversion procedure, the P-wave
residual deviations in the L1 norm were reduced from 0.1455 s to 0.1084 s (25.51%), and those
of the S-wave reduced from 0.1968 s to 0.1381 s (29.79%). The detailed interpretation of the
resulting models will be presented in the next section. Here we only describe the most important

structures obtained from seismic tomography.
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As we can see in the horizontal section at a 0 level in Figure 8, in the shallowest part of
the model, we observe prominent negative anomalies inside the caldera, which likely indicate
non-consolidated deposits of volcaniclastic rocks. The P-wave velocity anomalies appear to be
stronger and in some places exceed 20%. The stronger P-wave anomaly may be indicative for
the porous structure of the material, which behaves as a sponge and has low bulk elastic modulus
(Takei, 2002). In this case, the Vp/Vs shows strongly negative anomaly, which is quite typical for
caldera-filling rocks (see, for example, a similar feature in the Semisopochnoi Island in the
tomography model by Yaroshenko et al., 2022). In the vertical section (Figure 9), we can see that
this anomaly of low Vp/Vs ratio is rather thin and hardly reaches 1 km. In the shallowest section,
the only place within the caldera, where we observe a local anomaly of high Vp/Vs ratio,
coincides with the cone A in the southeastern part of the caldera, which can be explained by the
presence of the magma conduit close to the surface. Another low-velocity anomaly in the
uppermost layer is associated with Mt. Tulik, which is a large cinder cone located outside the

caldera, having similar mechanical properties as deposits in caldera.

At the depth of 4 km, the distributions of dVp, dVs and Vp/Vs ratio inside the caldera look
considerably different compared to the upper section. The low S-wave anomaly almost perfectly
coincides with the caldera contour, whereas the distribution of the P-wave velocity anomalies is
more heterogeneous. Below the cones A and D, we observe locally high P-wave velocity
patterns (indicated by “1”” and “2”), which give the inverse correlation of dVp and dVs and high
values of Vp/Vs ratio. Such a relationship is a clear attribute of the presence of the magma with
some content of partial melts and fluid saturation, which is normally observed in tomography
models for most active volcanoes (Kasatkina et al., 2014, Bushenkova et al., 2019; Koulakov et
al., 2013).

In the vertical sections 1 and 2 (Figure 9), we can see that the upper level of the high-
Vp/Vs anomaly “1” beneath the cone A is located at a depth of less than 500 m, and the bottom
side is at ~5 km b.s.l. The lateral size of this anomaly is approximately 3 km. Beneath the
Ahmanilix vent, newly opened during the 2008 eruption, in Sections 1 and 3, we see that the
upper limit of the high Vp/Vs anomaly “2” is located at the depth of 2 km below surface. The
lower limit of this anomaly is not clearly determined in our model: it rather looks as a chain of
several structures aligned vertically. The upper anomaly “2” is identified at depths of 2 - 5 km,
and the second one indicated by “3” is located at 6 to 10 km depth. Below, we observe a
vertically oriented anomaly “4”, which may represent a deep magma conduit. Based on the two

synthetic models with realistic structures presented in Figure 7, despite some obvious vertical
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smearing in the lower part of our model, we can distinguish such a conduit-related anomaly;

though, we should be careful about its numerical parameters.

The results in deep sections at 7 and 10 km depth look generally similar. The most
prominent feature is an anomaly of high Vp/Vs ratio indicated by “3” and “4”, which is located
beneath the caldera and slightly shifted to its northwestern part, where the 2008 occurred. This
anomaly, which likely represents the deeper magma reservoir, is also marked by clustered

seismicity.

There are two other interesting seismic structures located outside the caldera. As we can
see in both horizontal and vertical sections, in the southwest corner of our study area, at the
isthmus between two parts of the island, a zone of high seismicity appears to be associated with
high Vp, low Vs and high Vp/Vs ratio. In vertical section 1, this anomaly indicated by “6” is
observed down to ~10 km depth. However, as was shown in the synthetic test with realistic
anomalies in Figure 7, in this part of the area, the available data do not enable high-quality
recovery, and we can only interpret it qualitatively. In horizontal sections, we see that this zone

seems to be connected with the caldera-related anomaly by elongated low-velocity anomalies.

Another zone of elevated seismicity is located in the offshore area, at the southern border
of the study area (indicated by “7”). This zone is located outside the station network, therefore
we cannot enable sufficient resolution for velocity recovery in this area. However, in the
horizontal sections, we see some elongated low-velocity anomalies that connect this zone with

caldera.

We can compare our results with the previous seismic tomography studies of Okmok.
Some of the images in the study by Ohlendorf et al. (2014), which were based on the generally
the same technique and data sources as in this work, appear to be consistent with our results. A
prominent low-velocity anomaly of the P-velocity inside the caldera determined by them seems
to be similar to our results, especially to the anomalies of the S-wave velocity. Similar
correlation is observed between their distribution of the P-wave attenuation and our S-wave
velocity model. However, in the S-wave velocity model, Ohlendorf et al. (2014) revealed a
prominent high-velocity velocity anomaly beneath the caldera, which appeared to be inversely
correlated with our result. Furthermore, they did not resolve several important features, such as
local high Vp anomalies at 4 km depth beneath the eruption centers of 1997 and 2008, as
apparent in our model, probably because of insufficient resolution and too sparse grid spacing.
At the same time, our S-wave velocity distribution fairly well correlates with the model by

Masterlark et al. (2010) constructed with the use of ambient noise tomography. In that study, the
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331 low-velocity anomaly of Vs is observed beneath the caldera down to 7 km depth; for the deeper

332 sections, they did not have a sufficient resolution.

333
334 Discussions
335 Seismic tomography is especially beneficial for identifying the properties of the magma

336  plumbing system beneath active volcanoes, when several seismic attributes, such as Vp, Vs and
337  Vp/Vs ratio can be determined. Based on the experience of previous seismic tomography studies
338  (Koulakov et al., 2013, 2020, 2021; Koulakov, 2022) and the existing experimental results

339  (Takel, 2002), we can single-out several regularities that can be useful to interpret the model

340  obtained in this work. The P-wave velocity is primarily sensitive to the composition, whereas the
341  variation of the S-wave velocity is mostly controlled by the presence of a liquid phase. The

342  coexistence of higher P- and lower S-wave velocity, and the corresponding very high values of
343  Vpl/Vs ratio is a rather typical feature observed beneath many active volcanoes and interpreted as
344  magma reservoirs or conduits (Bushenkova et al., 2019, Koulakov et al., 2013, 2020, 2021).

345  Indeed, the intruded magma has a different composition compared to the host crustal rocks,

346  which determines the higher Vp. On the other hand, the active magma sources contain some

347  partial melts and dissolved volatiles that reduce the S-wave velocity. This feature provides a very
348  high and contrasted Vp/Vs ratio, which is used to determine the geometry of the magma

349  reservoirs and conduits.

350 It should also be noted that the P and S wave velocities, when considered separately, in
351  many cases cannot provide unambiguous interpretation. For example, the high Vp can be

352  associated with both highly solidified rigid bodies and fresh magma intrusions. The low S-wave
353  anomalies can appear to be similar in cases of soft sediments and partially molten magma

354  reservoirs. Thus, when only one of these parameters is available, misinterpretations are possible.
355  The interpretation becomes less ambiguous, when the Vp and Vs are jointly considered. In

356  particular, the Vp/Vs ratio gives clearer images of magma-associated structures, than Vp and Vs
357 alone and it allows distinguishing the cases mentioned above. For example, considering only Vs
358 in Masterlark et al. (2010) does not allow distinguishing between the low-velocity soft rock

359  deposits and underlying magma sources. However, we see that the Vp/Vs ratio presented in our
360  study successfully solves this problem and clearly differentiates between the low-Vp/Vs in

361  sediments and the very high Vp/Vs ratio in the magma reservoir. Similar differentiation was

362  observed in the area between Avacha and Koryaksky volcanoes (Bushenkova et al., 2019),
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Akutan (Koulakov et al., 2021) and in many other places. For Okmok, the Vp/Vs ratio

demonstrates a very shallow location of the magma source beneath the cone A.

Based on the distribution of the Vp/Vs ratio in Figures 8 and 9, we can single out several
prominent anomalies that might be associated with magma sources. Our schematic interpretation
of these structures is presented in Figure 10. Below the cone A, at the intersection of sections 1
and 2 (Figure 9), we observe a contrasted anomaly “1”” with the Vp/Vs exceeding 2. According to
our model, the upper limit of this anomaly is located at a depth of a few hundred meters and it
extends down to ~6 km. We interpret this anomaly as a magma reservoir that fed the multiple
eruptions of crater A that occurred in the historical times.

Below the cone D and the Ahmanilix vent formed during the 2008 eruption at
intersection of sections 1 and 3 (Figures 9 and 10), we observe a chain of the vertically oriented
anomalies of high Vp/Vs ratio. The deep part indicated by “4” represents a steady magma conduit
that is likely responsible for forming the Okmok volcano during the entire history of its
evolution. Its location roughly corresponds to the summit of the ancestral shield volcano that was
being formed here for more than a million of years, and the conduit is thought to have been

active for the same time span.

It appears to be paradoxical that the major recent activity in Okmok occured along the
perimeter of the caldera and not in the center, just above the conduit, where the strongest seismic
velocity anomalies are observed. Indeed, most of the historical eruptions, including one in 1997,
took place in cone A, which is laterally shifted to ~5-7 km from the conduit center. Similar shift
is observed for the 1817 eruption that occurred in the cone B in the northern part of the caldera.
The cones F, E, G, H are also located away from the conduit’s projection to the surface. The
cones D and Ahmanilix were the only eruption centers, which appeared to be directly connected
with the conduit, but they were the result of monogenic episodes and had not a regular eruption
activity, like in the A cone. Similar offsets between magma reservoir and eruptive site exist at
other calderas. A notable example is Grimsvotn in Iceland, with a stable magma reservoir at the
northern caldera edge, yet the recent eruptions occurred at the southern caldera rim (e.qg.,
Hreinsdottir et al., 2014).

We explain this paradox by the existence of a mechanical barrier under the central part of
the caldera that prevents magma ascending upward and coerces it to find other paths to the
periphery of the caldera. The long-term thermal effect from the conduit led to forming a ductile
layer with some content of partial melts. Based on the obtained distribution of the Vp/Vs ratio,

we propose that this layer corresponds to the anomaly “2” located at depths from 2 to 5 km,
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perhaps to shallower depths as suggested by the recently proposed very shallow sill-like sources
(Xue et al., 2020).

This ductile zone is underlain and likely well connected (Figure 9) to another anomaly of
high Vp/Vs ratio indicated by “3”. Together this shallow system may represent the major magma
reservoir feeding the ongoing eruptions at Okmok. This is consistent with the magma source
depth estimates obtained from ground deformation modeling, placing magma source regions in
the 2-6 km range. This depth range may indicate that this part of the system is over time active at
different depths, or the geodetic data cannot resolve simultaneous activity of both sources unless
they are sufficiently separated. This is perhaps due to the limited aperture afforded to geodetic

observations by the small radius of the main land mass.

The ductile medium in zone ‘“2” may serve as a barrier for the magma to ascend directly
to the surface. Soft rheology does not allow magma to create fractures, and it can only ascend in
the form of diapirs due to buoyancy, which enables much slower movement than migration
through a brittle medium (e.g., Sigmundsson et al., 2021). That is why, to escape from reservoir
“3”, for magma, it is easier to form some lateral conduits in colder brittle areas where migration
can be conducted by hydraulic fracturing. In Figure 10, based on the distribution of the Vp/Vs
ratio, we identify that such a conduit takes place between the anomalies “3” and “1” that delivers
the magmatic material to the reservoir below the cone A. Such a transportation of magma
between the reservoirs “3” and “1” likely occurred continuously during the recent epoch, when
the regular historical eruptions occurred in the cone A. This has directly provided mafic material
to the reservoir “1” from the deep conduit without significant changes at intermediate levels,
which is consistent with available information on dominantly basaltic compositions of the

eruption products from the Cone A (Larsen et al., 2013).

There might be a similar lateral magma conduit toward the anomaly “5” below the
northern border of the caldera, which likely represented another magma reservoir that was
responsible for the eruption of in 1817. Its upper limit is observed at ~4 km depth. As there is no
activity in this part of the caldera for more than 200 years, any traces of shallow conduits
bringing magma from the reservoir “5” to the surface were healed, and nowadays they are not

visible in the tomography model.

The vertical ascents of magma that caused the formations of cones D and Ahmanilix are
rather exceptional cases, which occurred only two times during the recent activity of Okmok. In
these cases, the magma was able to pass through the ductile zone “2” and to reach the surface.

This way of magma ascending is supported by the fact that no increase of seismicity was
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observed before the 2008 eruption (Larsen et al., 2009; 2015). The seismic activity started only
five hours prior to the eruption onset, and it likely represented the moment when magma came
out from the ductile layer and reached the uppermost brittle cover. In this scenario, the magmas
of the 2008 eruption should be contaminated by the rock components existing in zone “2”. This
is generally consistent with the concept of Larsen et al. (2013) who hypothesized that the 2008
eruption in the northeastern part of the caldera was fed by basaltic magma that initially arrived
from a deep reservoir and then was intersected with a more evolved basalt-andesitic magma in
shallower layers. This provided a broader range of compositions in different vents of the 2008

eruption compared to those of the 1997 eruption in the cone A.

In the southwestern corner of our study area near the isthmus separating two parts of the
Umnak Island, there is an area of high geothermal activity called the Hot Springs Cove.
Although it is located outside the seismic station network, a large number of seismic events was
recorded in this zone. For seismic tomography, we cannot guarantee high resolution for the
structures sitting there. As shown by the synthetic test with realistic anomalies, in this zone, we
can only recover general background velocities. Here, we obtain higher P and lower S wave
velocities. In the context of known geothermal activity, it is natural to propose that the low dVs
are associated with high fluid saturation, which can reach significant depths. Based on the
existing data, we can speculate that the observed seismicity at depths down to 8-10 km might be
caused by upward migration of deep fluids, as the meteoric fluids cannot reach such depths.
However, this hypothesis should be verified or disproved by geochemical examination of the
hydrothermal sources. The adjacent area of high geothermal activity Geyser Bight was
investigated by Nye et al. (1990) with the aim to explore the geothermal activity. In their report,
they claimed that hydrothermal activity in this area was mostly driven by circulation of meteoric
waters. However the ratio of 3He/4He=7.4 in emanating gas may provide evidence for a
magmatic influence on the hydrothermal system. A similar effect of the deep processes on the
hydrothermal processes may take place in the area of Hot Spring Cove.

It is interesting that in maps of the P and S wave velocity anomalies at 4 and 7 km, the
area of the Hot Springs Cove is connected with the caldera by an elongated low velocity
anomaly. It can be proposed that this structure represents a hidden tectonic fault that serves as a
weakened zone facilitating migration of magma and fluids. Associations of such fault-related
linear seismic velocity anomalies with volcanic and geothermal centers is a rather typical feature
observed in several volcanic areas, such as Tolbachik in Kamchatka (Koulakov et al., 2017) and

Toba Caldera in Sumatra (Koulakov et al., 2016). If there is a tectonic fault, the seismicity
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beneath this zone can be of tectonic nature. However, the ruptures might be facilitated by the

presence of deeply migrating fluids.

Conclusions

Here, we revisit the local earthquake data for the Okmok volcano provided by the Alaska
Volcano Observatory to build a new seismic tomography model. Owing to implementing the
LOTOS tomography algorithm with adapting parameterization and using a larger dataset
compared to the previous study by Ohlendorf et al. (2014), we have obtained higher resolution
for the resulting distributions of the P and S wave velocities and the Vp/Vs ratio. In the derived
models we can identify some important features that were not seen before and that provide
important insight on the geometry of magma sources beneath Okmok. A number of synthetic
tests have demonstrated the resolution limitations for the recovered models and proven the
reliability of the main structures used for the interpretation. To reveal the geometry of the
magma sources, we mostly use the distribution of the Vp/Vs ratio, which appears to be a sensitive
attribute for the presence of magma having different composition and containing partial melts

and dissolved fluids.

Based on the retrieved seismic model, we conclude that the steady magma conduit, which
is responsible for forming the entire Okmok volcanic complex, is located beneath the
northeastern part of the caldera. At depths of 6-10 km, this conduit is headed by the main
reservoir, which is thought to be the main magma source for all volcanic vents along the inner

perimeter of the Okmok caldera.

We speculate that for the magma from the deep conduit, it is difficult to ascend vertically
because of the presence of a ductile layer at the depth of 2-5 km that serves as a natural barrier
for ascending magma. In the post-caldera time, only in two cases, magma could pass this layer
and reach the surface. In the first case, it caused forming the monogenic cone D. The second
eruption occurred in 2008 and resulted in forming the new cone Ahmanilix. In this sense, the

vertical transport of magma directly from the deep conduit appears to be exceptional for Okmok.

In most cases, magma escapes from the central reservoirs toward the periphery of the
caldera and creates local reservoirs beneath active vents. In historical times, the most active vent,
where the majority of the recorded eruptions of Okmok occurred, corresponds to the cone A in
the southwestern part of caldera. Below this location, we observe a large anomaly with the upper

boundary located at the depth of a few hundred meters and the bottom at ~5 km depth, which
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represents the magma reservoir that feeds all these eruptions. In our tomography model, we see
that this anomaly is connected with the central magma reservoir, which provides for continuous
infill of the storage below the crater A by fresh magma with mafic composition. Another
periphery reservoir and a conduit can be detected below the vent of the 1817 eruption; however,
it appears to be less clear, as it might have been dissipated during more than 200 years of

quiescence.

Our result shows that the magma reservoir beneath the cone A is located very close to the
surface, possibly at a few hundred meters depth. This finding should be further verified using
alternative geophysical methods, such as active seismics or electromagnetic methods. In case it is
approved, this would give a unique possibility to reach the magma storage by a relatively small
borehole and investigate it for the purposes of using the heat of active magma to produce

geothermal energy.
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Figure captions:

Figure 1. Shaded-relief map of the Okmok volcano (Umnak Island, Alaska) and its location
within the Aleutian volcanic arc. Main eruptive features in the caldera shown sketchily after
Larsen et al. (2015) and represent the recent 2008 eruption formations — new tephra cone with
additional vents, area of collapsing pits and two renewed Cone D lakes. Post-caldera cones
marked by letters after Byers, 1959. Base map topography and bathymetry data was loaded from
www.marine-geo.org (GRMT data, Ryan et al., 2009); central part of the map (including
caldera) have been constructed with detailed DEM data from Schaefer et al, 2012. See features

descriptions in the legend.
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Figure 2. Seismic network on the Okmok volcano and spatial seismicity distribution used for
tomographic inversion in this study. Seismic events (2003 — 2017) are shown by dots colored by
focal depth. Purple and lilac triangles depict two types of seismic instruments with its ID’s. Gray

star indicate Ranch house at Fort Glenn Cape field.

Figure 3. Results of the checkerboard test for determining horizontal resolution. Results of
recovery are presented for P -, S - and VVp/Vs models at 4 and 7 km depth levels. Initial
configuration of synthetic 5-km-side anomalies with 1 km intervals is highlighted with the dotted

lines. The thin black lines shows topography contours with 200 m intervals.

Figure 4. Results of three checkerboard tests for checking the vertical resolution in which the
synthetic models were defined along three vertical sections, same as indicated in Figure 8. The
recovery results are presented for the Vp and Vs anomalies and Vp/Vs ratio. The shapes of the

synthetic anomalies are highlighted with the dotted lines.

Figure 5. Synthetic tests for checking the resolution in the deeper part of the model. The
synthetic models were defined along three vertical sections, same as indicated in Figure 8. The
recovery results are presented for the Vp and Vs anomalies and Vp/Vs ratio. The shapes of the

synthetic anomalies are highlighted with the dotted lines.

Figure 6. Results of recovery of two synthetic models with realistic shapes of anomalies defined
along Section 1 (same as used for presenting the main results in Figure 8). The initial synthetic
patterns are shown in the upper row; the values of the P and S wave velocity anomalies are
indicated by two numbers inside each pattern. The results of the recovery are shown for the
Vp/Vs ratio in the lower row. The shapes of the initial anomalies are highlighted with the dotted
lines. The comparison of the results of these two tests gives a possibility to assess the reliability

of the deep conduit resolving.

Figure 7. Mislocations of the sources during the synthetic modeling (for the model indicated in
the right column in Figure 6) shown in the map view and vertical section. Upper row is the
location results with the use of the starting 1D model, and the lower row is the location results in
the final 3D velocity model. Black dots indicate the current locations of events, and the red bars

direct to the true locations. The mean errors of source locations are indicated in figure captions.

Figure 8. The distributions of the resulting anomalies of Vp, Vs and Vp/Vs ratio in four

horizontal sections. The red dots indicate the locations of seismic events at the vicinity of the
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corresponding depth levels. The thin black lines shows topography contours with 200 m

intervals.

Figure 9. The distributions of the resulting anomalies of Vp, Vs and Vp/Vs ratio in three vertical
sections with the locations shown in Figure 7. The black dots indicate the projections of seismic
events located at distances of less than 2 km from the profile. The numbered dotted lines indicate

the intersections with other sections.

Figure 10. Schematic interpretation of the resulting distributions of the Vp/Vs ratio in sections 1
and 3 in terms of conduits (filled red zones) and magma reservoirs (empty red contours). The
yellow dots indicate the seismicity along the sections. On the surface, the detailed topography
with the locations of the 1817, 1997 and 2008 eruptions is shown. More details with the
description of this figure are in the Discussion section.
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Figure 1. Shaded-relief map of the Okmok volcano (Umnak Island, Alaska) and its location within the Aleutian volcanic arc. Main eruptive features in the
caldera shown sketchily after Larsen et al. (2015) and represent the recent 2008 eruption formations — new tephra cone with additional vents, area of collapsing
pits and two renewed Cone D lakes. Post-caldera cones marked by letters after Byers, 1959. Base map topography and bathymetry data was loaded from
www.marine-geo.org (GRMT data, Ryan et al., 2009); central part of the map (including caldera) have been constructed with detailed DEM data from Schaefer
et al, 2012. See features descriptions in the legend.

23



oo
[ 1Y PY
° o
L)
535N] o o o® O

®
®
®
[ ]
®
e .
(6} 2
o b e
OSe ‘:. 28 e kilometers
® C # o o ce ] &) 10
T T - P - T T T T
-168,3°W -168,2°W -168,1°W -168°W -167,9°W 30 40
depth, km bsl|
1
Earthquake hypocenters
colored by depth
¢ -1 to 2Kkm
@ 2 to 5km
” 4 ® 5 to 8km
2 ° ® 38 to 12km
£ ® ® 12 to 45km
~< \J
£ s
3
° AOKCF single-component
short-period seimometers
. OKCE| three-component
[ [ J A broadband seismometers
o0 ®
R o * Cape Field at Fort Glenn
T T T T T
-168,3°W -168,2°W -168,1°W -168°W -167,9°W

Figure 2. Seismic network on the Okmok volcano and spatial seismicity distribution used for tomographic
inversion in this study. Seismic events (2003 — 2017) are shown by dots colored by focal depth. Purple and lilac

triangles depict two types of seismic instruments with its ID’s. Gray star indicate Ranch house at Fort Glenn
Cape field.

24



I 1
S-anomalies, ) . ) R Vp/Vs ratio, /

!
P-anomalies, / ;

_ldepth: 4 km, '___ _|depth: 4 km, 7 < ¥ depth: 4 km,
S e el S e L b
53.45-.: /..
0
1 .
I 2 ;
o 53.44 - 53.44
(7] = .
S g ; i :
@
'g N :
£ 53.35 : 4 -53.35+
o] 1 s % : et 0 4
53.3 ¢ i 53.3+
5325 i 53250
i E.I. ':I 3 (e G i I : : i,
-168.4  -168.3 -168.2  -168.1 -168 -167.9 -168.4 -168 -167.9 -1684  -168. -168.2  -168.1 - -167.9

1 1
P-anomalies, /' § H S-anomalies, Vp/Vs ratio,
_|depth: 7 km, 7 R _|depth: 7 km, 1 _|depth: 7 km, |
53-51B0ard: 5+1 ki I 535980ard: 5+1 km a5
25 H e Hb 4

-----

latitude, degrees

Qi H :

: mcff/’ - 53.25- ¢
: f : : T T - 2 4 |E m T = 32 f = oy -
-1684  -1683 -168.2 -168.1 -168 -1679 -1684 -168.3 -168.2 -168.1 -168 -167.9 -1684  -168.3 -168.2 -168.1 -168 -167.9
longitude, degrees longitude, degrees longitude, degrees
-0 -8 -6 -4 -2 0 2 4 6 8 10 1.6 1.65 17 1.75 1.8 1.85 1.9 1.95

velocity anomalies, % Vp/Vs ratio
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models were defined along three vertical sections, same as indicated in Figure 8. The recovery results are
presented for the Vp and Vs anomalies and Vp/Vs ratio. The shapes of the synthetic anomalies are
highlighted with the dotted lines.
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Figure 8. The distributions of the resulting anomalies of Vp, Vs and Vp/Vs ratio in four horizontal sections.
The red dots indicate the locations of seismic events at the vicinity of the corresponding depth levels. The
thin black lines shows topography contours with 200 m intervals.
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Figure 10. Schematic interpretation of the resulting distributions of the Vp/Vs ratio in sections 1 and 3 in
terms of conduits (filled red zones) and magma reservoirs (empty red contours). The yellow dots indicate the
seismicity along the sections. On the surface, the detailed topography with the locations of the 1817, 1997
and 2008 eruptions is shown. More details with the description of this figure are in the Discussion section.
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