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Abstract Seismicity during explosive volcanic eruptions remains challenging to observe through the
eruptive noise, leaving first-order questions unanswered. How do earthquake rates change as eruptions progress,
and what is their relationship to the opening and closing of the eruptive vent? To address these questions for the
Okmok Volcano 2008 explosive eruption, Volcano Explosivity Index 4, we utilized modern detection methods
to enhance the existing earthquake catalog. Our enhanced catalog detected significantly more earthquakes than
traditional methods. We located, relocated, determined magnitudes and classified all events within this catalog.
Our analysis reveals distinct behaviors for long-period (LP) and volcano-tectonic (VT) earthquakes, providing
insights into the opening and closing cycle. LP earthquakes occur as bursts beneath the eruptive vent and do

not coincide in time with the plumes, indicating their relationship to an eruptive process that occurs at a high
pressurization state, that is, partially closed conduit. In contrast, VT earthquakes maintain a steadier rate over

a broader region, do not track the caldera deflation and have a larger b-value during the eruption than before

or after. The closing sequence is marked by a burst of LPs followed by small VTs south of the volcano. The
opening sequence differs as only VTs extend to depth and migrate within minutes of the eruption onset. Our
high-resolution catalog offers valuable insights, demonstrating that volcanic conduits can transition between
partially closed (clogged) and open (cracked) states during an eruption. Utilizing modern earthquake processing
techniques enables clearer understanding of eruptions and holds promise for studying other volcanic events.

Plain Language Summary Sparse instrumentation and high noise levels prevent us from seeing
most of the quakes that occur. This problem is particularly severe during large volcanic eruptions when the
explosive processes hide most of the seismic waves. Here, we overcome the problem by utilizing a suite of
signal processing methods to dramatically increase our ability to see earthquakes during the noisiest, most
difficult to monitor stage of a volcanic eruption. This high-resolution data set unveils features of the volcanic
structure as well as the dynamic interaction between the solid medium and the fluids. When the system is
closed (clogged), the rocks are stressed by the trapped pressurized fluids and then break in earthquakes. When
the system is open (cracked), ash and steam plumes grow higher, the rock is not being stressed as much and the
number of observed earthquakes is lower around the eruptive vents. The volcano is displaying both open and
closed vent behavior during a single eruption.

1. Introduction

The degree of openness of a volcanic system is recognized as a major determinant of behavior (e.g., Roman
et al., 2019; Seropian et al., 2021; Vergniolle & Métrich, 2021). Whether magma or gas can escape determines
the state of stress, and ultimately the eruptibility. Similarly, when an eruption begins, the opening of the vent is
the most important factor in any subsequent dynamics. Eruptions are often prolonged and complex sequences
of events with eruptive plumes separated by quiescent periods, that might be indicative of resealing, changes in
magma fragmentation, or exhaustion of supply. Characterizing the eruptive processes is difficult as high temporal
resolution of co-eruptive observations requires techniques that can track behavior continuously during one of the
most difficult-to-observe periods of the volcanic cycle.
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Volcano seismicity provides a promising road into solving the problem since often the earthquake record provides
continuous and highly resolved information. However, seismicity during long-lived, explosive eruptions is prac-
tically invisible because of the extreme noise levels of the eruption itself. In a companion paper, we have set
out a workflow to solve the detection problem utilizing modern earthquake detection methods (Garza-Girén
et al., 2023). As we showed in that paper, we can use a combination of traditional, machine learning and template
matching approaches to expand the co-eruptive seismic catalog of the 2008 Okmok Volcano eruption by about
a factor of 10. In this paper we now use that catalog to address the first-order questions about co-eruptive seis-
micity that have not been previously accessible: What is the relationship between seismicity rate and the eruptive
processes? How does the seismicity develop as the volcanic conduit evolves during the eruption?

Okmok Volcano is a 10-km wide basaltic-andesitic caldera located on Umnak Island, in the Aleutian arc of
Alaska (Figure 1). For over a century, most of the eruptions, with a recurrence of about 10 years (the last of which
occurred in 1997), had their source at an intra-caldera cone (Cone A; Figure 1 inset) and were mostly Hawaiian to
Strombolian (Coats, 1950; Grey, 2003). The 12 July 2008 eruption, which was given a scale of 4 in the Volcanic
Explosivity Index (VEI), marked a change in this behavior because of the interactions between magma and water,
making new intra-caldera maars and developing a new tephra cone during a large phreato-magmatic eruption
(Larsen et al., 2015). Since the island has a topographical regional-scale tilt toward the northeast, the northern
sector of the caldera is characterized by larger bodies of surface and groundwater, with approximately 10'° kg of
water available for the 2008 eruption (Unema et al., 2016). Multiple geophysical studies, most of which focused
on modeling the source of geodetic deformation, have found the location of a shallow (2—4 km) magma reser-
voir at approximately the same location beneath the caldera (Albright et al., 2019; Biggs et al., 2010; Fournier
et al., 2009; Freymueller & Kaufman, 2010; Lu & Dzurisin, 2010; Mann et al., 2002; Masterlark et al., 2010;
Wang et al., 2021; Xue et al., 2020). Furthermore, different authors have shown that inflation cycles started
immediately after the end of the deflationary eruptive periods in 1997 and 2008, suggesting a quick replenish-
ment of the shallow magma reservoir to compensate the pressure gradient (Freymueller & Kaufman, 2010; Lu
et al., 2005; Lu & Dzurisin, 2010; Wang et al., 2021).

During the 6 months preceding the eruption, the Alaska Volcano Observatory (AVO) detected only nine low
magnitude (M < 2.6) earthquakes, although many of the stations in the region had outages during those months.
Most of the inter-eruptive seismicity is localized in a geothermal field on the isthmus of Umnak Island inland
from Inanudak Bay (Figure 1). The only precursory activity to the eruption came on 12 July 2008, when the
seismic network at Okmok Volcano recorded the onset of a ~4.5 hr-long earthquake swarm (Johnson et al., 2010;
Larsen et al., 2009) after which explosive activity commenced. The short sequence of precursory earthquakes was
reanalyzed by Ohlendorf et al. (2014) using the AVO catalog, and the earthquakes originated at approximately
3 km depth beneath the intra-caldera cone known as Cone D (Figure 1 inset). The beginning of the eruption was
marked by a large-scale sub-Plinian explosion that released a ~16 km above sea level (ASL) high dark plume,
consistent with a VEI 4 eruption (Newhall & Self, 1982). This plume was accompanied by more than 12 hr of
continuous high-amplitude seismic eruption tremor (Larsen et al., 2009). Tremor continued at variable levels
throughout the 40-day-long eruption and emanated mainly from a new intra-caldera cone (Haney, 2010, 2014).
This new cone, to the north of Cone D and built during the 2008 eruption, was subsequently named Ahmanilix,
which means “surprise” in the language of the Unangan people whose ancestral lands include Umnak Island
(Larsen et al., 2015). After the initial plume, the activity continued by the opening, and perhaps widening, of new
vents in a westward alignment from the north-west of Cone D. On July 19, the network recorded high-amplitude
continuous tremor that lasted ~20 hr and is thought to be related to the initiation of the temporary drainage of
the perennial North Cone D Lake (hereby called North Lake) (Figure 1). The drainage of the lake was verified by
satellite imagery on July 24, and standing water was observed again at the lake on August 1 (Larsen et al., 2015).
Moreover, Larsen et al. (2015) reported that between July 24 and August 1 the North Vent structure, directly to
the north of Ahmanilix, widened and there was an increase in number and size of reflectors observed in Synthetic
Aperture Radar (SAR) images, accompanied by an increase in ash production from August 1 until August 3,
confirmed by AVO staff in the field. From August 3 until August 19, when the last emission of ash was reported
and the eruption officially ended, the plumes decreased in number and size.

Here, we provide a detailed seismological perspective of the eruption by analyzing the enhanced earthquake
catalog. After briefly describing the methods of measuring seismicity rate, clustering and magnitude distribution,
we present the resultant rates of both LP and VT earthquakes. The two types of earthquakes show distinct trends
with the LPs clustering around the eruptive plumes, likely indicating a period of clogging and overpressure, and
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Figure 1. Map of the study region. Stations (orange: short-period seismometer; green: broadband seismometer; blue: GPS)
used for this study with an inset showing the location of the intra-caldera cones and the most important features of Okmok
Volcano. Inset corresponds to black rectangle in the larger map.

the VTs continuing steadily during the eruption, likely as result of the pervasive stresses in the solid edifice.
The distinction continues through the final closing sequence of the eruption. The only notable exception is the
initial opening sequence, as we will discuss below. Ultimately, we conclude that LP earthquake rates are highest
in clogged periods when there is no eruptive plume and lowest when the vent is cracked open and discharging,
while VT earthquakes reflect the stressing regime primarily through their b-values rather than their locations and
timing.

2. Data and Methods

We discuss the creation of the enhanced seismic catalog in our complementary paper (Garza-Girdn et al., 2023).
This high-resolution catalog was built using continuous seismic waveform records from seven broad-band and 16
short-period instruments of the AVO and the Alaska Earthquake Center (AEC) networks (Figure 1) and multiple
earthquake detection algorithms in tandem. Two machine learning algorithms and the original analyst catalogs were
combined to form a library of templates that were then used to expand the catalog further. Locations for the catalog
were determined and then the relative relocations were found using two different algorithms: hypoDD and Grow-
Clust (Trugman & Shearer, 2017; Waldhauser & Ellsworth, 2000). Once locations were determined, local magni-
tudes were estimated using a local amplitude attenuation relationship. Magnitudes were consistently calculated
for all types of events. Finally, the catalog was divided into two classes of events based on their spectral content:
high-frequency volcano-tectonic (VT) events and long-period (LP) events (Figure 2). VTs show most of their power
above 5 Hz, while the LPs have most of their energy below the 5 Hz threshold. The distribution of percentage of
energy below the 5 Hz threshold is bimodal, suggesting that the catalog is predominantly composed of two classes
of events. Further details, including a discussion of uncertainties, are available in Garza-Girén et al., 2023).

The original AVO catalog reported 434 events from 1 June 2008 to 30 August 2008. In the new catalog (Figure 2),
there are a total number of 3,101 earthquakes (2,169 VTs and 932 LPs), 3,041 of which have a magnitude esti-
mation (2,154 VTs and 887 LPs), 2,089 were successfully relocated by hypoDD, and 1,398 were relocated by
GrowClust. For the analysis of this paper, we selected events that were located using a minimum of five stations
(1,334 for hypoDD and 983 for GrowClust). We used the catalog relocated with hypoDD, which permitted
more relocations than GrowClust, and we compared the two different relocation catalogs when appropriate to
guarantee the robustness of the observations. All the interpretations derive from observations that are present in
both relocated catalogs as illustrated in Supporting Information S1 (Figures S1-S4).
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Figure 2. Overview of earthquake catalog and chronology. (a) Magnitude of all earthquakes separated by their classification
(VTs = red, LPs = turquoise) and contextual deflation, seismic amplitude and narrative data. The deflation percentage is
derived from GPS by Freymueller and Kaufman (2010) (orange dashed curve, right-hand axis in matching color). Shaded
background and annotation indicate major periods in the eruption chronology of Larsen et al. (2015). Black rectangle
indicates the interval of bursts of migrating LPs discussed in text. The black line is the average RMS amplitudes in the two
broadband stations (OKFG and OKSO) at 1-5 Hz measured every 5 min. The large spike in RSAM on August 7 corresponds
to a regional earthquake that was picked up by the network. (b) Map and (c) cross-sectional view of the relocated VTs (red)
and LPs (turquoise). A vertical exaggeration factor of 1.4x was applied to (c). Width of cross-section = 4 km; azimuth = 40°.
Arrows: IB = Inanudak Bay; A = Cone A; Ah = Ahmanilix.

2.1. Earthquake Rates

A key question in understanding and monitoring volcanic eruptions is the relationship between the changes in the
observed seismicity rate and the evolution of the eruption. The detection methods deployed allow us to ask this
question even during the high noise levels of the eruption. However, noise levels may fluctuate; thus, comparing
the observable seismicity rate over time requires a correction for variable detection levels due to noise.

Therefore, we calculated the seismicity rate separately for the three different stages of eruption: pre-eruptive,
co-eruptive and post-eruptive. For each period, we computed the completeness magnitude using the maximum
curvature method plus a correction of 0.1 to compensate for the common underestimation of M_ (Table S1 in
Supporting Information S1; Wiemer & Wyss, 2000). Magnitudes were rounded to two significant figures (i.e.,
AM = 0.01). We counted the events above M_ using moving time windows of different sizes to estimate the
observable seismicity rate. In choosing different time windows, we are effectively applying a low-pass filter to
the seismicity rate sequence and different periods will give information at different temporal resolutions. There-
fore, we present a long-period trend (earthquakes every 48 hr) to show a global perspective of the rates during
the whole eruptive process and we also provide a highly sampled rate (earthquakes every 4 hr) to analyze the
behavior of VT and LP earthquakes in detail during the most critical stages of the eruption.

2.2. Earthquake Clustering

The cross-correlation of volcanic earthquakes to detect earthquake clusters or multiplets is common practice
in studying volcanic processes (e.g., Buurman et al., 2006; Petersen, 2007; Thelen et al., 2011; Umakoshi
et al., 2008). In this paper, we use this technique not to find multiplets or families of earthquakes but rather
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to create more insight into the dynamics of the eruptive process at Okmok Volcano. Our method is as follows:
3 s of the waveforms of each event in all available stations (0.2 s before P—2.8 s after P) is analyzed with all
waveforms processed by removing the mean, applying a linear detrending and a 5% Hanning window taper and
filtered between 3 and 10 Hz. Using these waveforms, we created a cross-correlation matrix based on the average
cross-correlation across all synchronous stations for each pair of events. The matrix distinguishes the events that
are well-correlated and thus quantitatively support the existence of bursts.

2.3. Magnitude Distributions

Variations in magnitude distributions are captured by variations in the b-value of the Gutenberg-Richter distri-
butions where the number of earthquakes of magnitude greater than or equal to M is proportional to 107", The
b-value is commonly estimated with a maximum likelihood estimator that requires knowledge of the minimum
magnitude at which the detection level is near 100% (Aki, 1965; Utsu, 1965). This sensitivity to the completeness
level is problematic for the Okmok Volcano data, where noise level is constantly changing. Consequently, we
utilized the b-positive (b*) method recently introduced by Van der Elst (2021) that uses the inter-event magni-
tude differences, which follow a distribution of the same functional form as Gutenberg-Ricther. As can be seen
from the positive differences' distributions (Figure S5 in Supporting Information S1), the major advantage of
the b* estimate is that it provides robust measurements of b-values without explicitly requiring an estimate of
the completeness magnitude. It is not as strongly biased by its value as the maximum likelihood procedure. We
calculated the uncertainty of each b* measurement by bootstrapping the magnitude difference distribution 300
times and estimating the standard deviation of the bootstrap realizations.

The b-value variations require a significance test. Since the distribution of the differences in magnitudes has the
same mathematical form as the distribution of the magnitudes (Van der Elst, 2021), we calculated the probabil-
ity that two different b* values come from the same populations using the Utsu test (Gerstenberger et al., 2001;
Schorlemmer et al., 2005; and references thereafter) to establish the statistical significance of our results. This test
was derived for the commonly used b-value, and the resulting probability P of randomly obtaining the observed
result is:

P e(%‘ﬁ (1)

and the parameter dA is defined by:

2 1

dA=-2NIn(N)+2N;In <N1 + ]\;2”1 > +2N>In (N2 + %) -2, 2)

where N,, b, and N,, b, are the number of events and b values in groups 1 and 2, respectively, and the total number
of events is N, which is equal to N, + N,.

3. Results: The Sequence of the Eruption as Shown by the Enhanced Catalog

Figure 2 presents an overview of the co-eruptive VT and LP magnitudes in context of the major eruptive events
as recorded by the deformation, seismic noise and narrative data. There is a notable lack of low magnitude VT
and LP events recorded during the eruption that correlates with an increase in the 1-5 Hz Real-time Seismic
Amplitude (RSAM) (i.e., tremor noise level; Figure 2a). Interestingly, the change in magnitude of complete-
ness before, during and after the eruption matches almost exactly the sequence of earthquakes observed for the
2021 eruption in La Palma, Canary Islands (see Figure 7a of D’Auria et al., 2022). The RSAM shown here is
the root-mean-square (RMS) seismic amplitude in 5-min windows, averaged across the two broadband stations
(OKFG, OKSO). The drop in RSAM at the end of the eruption seen in Figure 2 corresponds to the improved
detection of small earthquakes (Figure 2) as well as the reduced magnitude of completeness after the eruption
(Figures S6 and S7 in Supporting Information S1).

The high co-eruptive tremor noise level justifies the specialized methods required in this study. These methods
have detected nearly an order of magnitude more events than originally recorded (black data points in Figure 2a),
but do not completely solve the problem that the detection of small events is challenging during an eruption.
Nonetheless, as will be discussed below, the improved catalog not only illustrates seismicity rate changes and
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Figure 3. HypoDD relocated events before (a), during (b) and after (c) the eruption. The sequence leading up to the
eruption clusters underneath the vents that developed during the eruption. The co-eruptive seismicity shows a bowl-shaped
volume inside the caldera with most of the activity occurring under Cone A and Ahmanilix. The post-eruptive sequence has
earthquakes in the south sector of the caldera primarily in the vicinity of Cone (a) A vertical exaggeration factor of 2.5x
was applied to the cross-sections. Cross sectional width = 3 km/azimuth = 40°. Arrows: Ah = Ahmanilix; CA = Cone A;
IB = Inanudak Bay.

changes in magnitude distributions that help understand the open and closed dynamics of the 2008 eruption, but
it also illuminates the structure of the volcano with improved resolution. To put it into perspective, the number of
earthquakes detected and located during the 1.5 months period of the eruption (3,101) is comparable to the total
number of earthquakes reported in the catalog from 2001 to 2018 (3,002; Power et al., 2019), and the earthquakes
relocated with hypoDD (2,898) represent ~99.56% of the earthquakes in the catalog.

A first inspection reveals patterns in the enhanced catalog that mimic the observational chronology of the erup-
tion from Larsen et al. (2015) (shaded areas) and the GPS data from Freymueller and Kaufman (2010) (Figure 2).
For example, the first burst of LP events occurs right after the initial phase of vents opening/widening (July
16), after which there is a change in the slope of the GPS decay at OKFG. Also, the most notable increase in
LP activity is during the middle of the eruption (black box in Figure 2a) and it matches well with the periods
when Larsen et al. (2015) observed further widening of the North vent (see Figure 1 for location), and the larg-
est bursts occur before, during and after a period of increased ash content observed in the eruptive plumes. The
GPS curves represent the time series of the radial displacements detrended and normalized using the quiescence
period between 2005 and 2008, so 0% GPS inflation represents the value at the beginning of 2008 (Freymueller
& Kaufman, 2010). In this sense, the GPS deflation % shows how representative is the pre-eruptive inflation and
co-eruptive deflation relative to the background. Assuming a stationary deflation source, the GPS indicates that
the caldera subsurface was slightly inflated at the onset of the eruption and it generally deflated rapidly during
the eruption before slowing down during the final sequence.

Most of the seismicity leading up to the eruption is tightly clustered underneath the area where the main eruptive
vents formed and almost all the earthquakes were classified as VTs (Figures 2 and 3a). The co-eruptive seismicity is
essentially localized in and around the volcano's caldera in a bowl-shaped volume (Figure 3b, Figures S3b and S4b in
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Supporting Information S1). This population includes LP events that are well-clustered near the active vents, as well
as near Cone A, and VTs that are more broadly distributed but are also sporadically clustered near Cone A. Finally,
most of the seismicity after the last plume emission is in the southern sector of the caldera near Cone A (Figure 3c).

Reassured by the general correspondence of the chronology, we now move onto a systematic comparison of the
relationship of the LPs and VTs to the eruptive events and the relationship of the seismicity to the structure of the
volcano. We separate our findings into five key observations.

3.1. Observation 1: Co-Eruptive LP Earthquakes Related to Venting Processes and VT Events
Independent of Plumes

3.1.1. Seismicity Rate Indicates the Difference Between LPs and VTs

To understand how seismicity relates to the eruptive processes, we measured a long period (48-hr) and
high-temporal resolution (4-hr) seismicity rate for the VT and LP populations and compared the time series to the
reported plume heights (Larsen et al., 2009) and GPS time series data (Figure 4).

To ensure the accuracy of the timing of the plume height data during the middle of the eruption, we cross-checked the
times against Advanced Very High-Resolution Radiometer (AVHRR) satellite observations (Figure S8 in Support-
ing Information S1). If there were plumes reported during times when the satellite imagery does not show any
evidence of emissions (see Figure S8 in Supporting Information S1) we removed the reported plumes from the data
set. There is one time period, however, when emissions are clearly observed in the satellite images, but no plumes
were reported (July 31 12:30 to July 31 21:30); we mark this time period with a dashed gray box in Figures 4 and 5.

The long-period (48-hr) seismicity rate (Figures 4a and 4b) reveals an interesting first order observation for the
co-eruptive stage: the LPs track the eruptive activity, whereas the VTs are independent of the plume observations.

The first burst of LPs is observed after the initial phase of opening and widening of the main vents (July 13-16).
After this, the LP rate shows a swarm-like pattern (Benoit & McNutt, 1996; Mogi, 1963; Zobin, 2012) with a large
increase in rate of almost two orders of magnitude starting around July 20, following a cluster of plume obser-
vations. The swarm-like pattern peaks around the middle of the eruption (July 27) and then quickly decreases
toward August 8. The end of the eruption (~August 8—18) is marked by a substantial reduction of the LP rate,
but immediately after the last plume emission (August 19), when the eruption officially ended and the volcano
remained as a closed system, there was a large burst of post-eruptive LPs that decayed rapidly.

The peak of the swarm pattern (July 27) is the most significant co-eruptive seismic sequence. This period matches the
widening of North Lake vent observed in SAR images (Larsen et al., 2015) and an increase of ash-rich plumes. As
mentioned above, the long-period (48-hr) rate shows that the LPs are related to eruptive activity. However, and impor-
tantly, the short-period (4-hr) rates show that the LP bursts are not coincident in time with observations of large plumes
from satellite images or written reports from AVO (Figure 4d). The discrepancy between increased LP rates and plume
observations does not correspond to changes in noise or to missing data (Figure S9 in Supporting Information S1).

The behavior of the LP events can be contrasted with the VT events. VT earthquakes maintain a steadier seismicity
rate during the eruption compared to the LPs. The VTs are also more distributed over a large region (Figures 2b
and 2¢) and do not decrease (or increase) in the period that the GPS shows a changing deflation rate (Figures 4a
and 4c¢). Apart from the initial opening sequence, which we will address separately below, the VTs show a relatively
stable rate until the onset of the widening of the North vent reported by Larsen et al. (2015) (July 24 to August 3),
when the rate increases by a factor of two. The VT rate has slight variations during the rest of the eruption (Figures 4a
and 4c¢) but overall gradually decreases until the cessation of activity. The post-eruptive rate for the VTs shows a large
jump of about an order of magnitude compared to the co-eruptive rate, and decays gradually, once again differenti-
ating from the LPs rate behavior. Overall, the VTs rate is steadier than the LPs rate throughout the co-eruptive and
post-eruptive phases of the eruption, and it does not correlate or anti-correlate with other geophysical observations.

3.1.2. Cycles of LPs and Plumes

The difference in the overall behavior of the seismicity rate between VTs and LPs (i.e., relatively stable vs.
significantly variant), along with the LPs relation with plume activity, hints at different controlling mechanisms
for the two types of signals throughout the eruption. To further investigate this, we inspected the middle stage
of the eruption in more detail, when the rate of the LP seismicity is at a cusp and Larsen et al. (2015) report the
widening of the vents and a richer content of ash in the plumes. It is worth noting again that most of the VTs

GARZA-GIRON ET AL.

7 of 20

85U8017 SUOWWOD 8AIeR.D 8|qed!jdde aus Aq pausenob ae Sspie YO ‘8sn Jo se|n. 1o} Ariq) 8UlUO 8|1 UO (SUORIPUOD-PUR-SLLIBY/WOY" A8 | 1M AIq 1 BU1IUO//STNY) SUORIPUOD Pue Wi 1 8y} 885 *[7202/T0/62] U0 AriqiTaulluo Ae|im ‘AriqiT aless exse|y Aq 689209rEZ02/620T 0T/I0P/wo A8 | im Al uljuo'sqndnBe//sdny wouy papeojumoq ‘. ‘€202 ‘95€669T2



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2023JB026893

eruption

Vent widening

eruption

Ash-rich plumes

dN/dT [/48 hours]
“ éPS deflation %

b)

i
2
5
9]
<
®
<
=
=
o
2
=
o
~ M N ~ 0 o
YO N NN
N AL )
S
c) e
— 15.0 -
0 VTs E-1e ¥
> 1255 o
2 218 5
= 9
< 1 005 415 ©
10 o) [
. 75 c.518 ©
5 ! £oo0 8
s Bl Lt i R gld £-818 Y
o 2--10180

100

d)

dN/dT [/4 hours]

Plume height [ki

0.0

© Q© [« ~ m e
v v D Q @ @
3 3 3 () (o) )
N N N 3 N S
= > = < < <

Figure 4. Seismicity rate over time. Number of earthquakes every 48 hr for the eruptive sequence separated into pre-, co-
and post-eruptive phases for VTs (a) and LPs (b), and a higher resolution (earthquakes/4 hr) rate for VTs (c) and LPs (d) for
the middle of the eruption (magenta frame in a,b). Note that the seismicity rate for the three eruptive phases in (a) and (b)

has a different completeness level (see Figure 2, Figures S6 and S7 in Supporting Information S1) and thus trends should
only be interpreted within each time interval. VT earthquake rates and LP earthquake rates are shown in red and turquoise,
respectively. GPS deflation percentage is shown with the dashed orange dashed line and the plume height observations
(Larsen et al., 2009) are shown in gray. Dashed gray box shows a time period with otherwise unreported satellite observations
of plumes (see text). Shaded areas correspond to the eruption chronology as shown by the horizontal lines above panel (a).

are more distributed in the caldera, with certain bursts around Cone A, while the majority of the LP earthquakes
are highly clustered in the vicinity of the active vents and near the east side of the caldera rim (Figures 2b and 2c).

The middle sequence of the eruption probably initiated with the drainage of North Lake on July 19 and an ensuing
escalation in continuous tremor (Larsen et al., 2015). This stage is marked by the largest number and magnitude
of LP events. Throughout this period, bursts of LPs migrated from directly underneath Ahmanilix at 2-5 km
depths (July 27), then progressed either to the southeast toward Cone D or to the east toward North Lake and
clustered at shallower (~1 km) depths (July 30), and finally migrated east and south toward the caldera wall and
Mount Tulik from July 31-August 1. Figure 5a shows the time series of the magnitudes of the LP events color
coded by time since July 27, and Figures Sb—5e show the relocations of the earthquakes' hypocenters, where the
migration from Ahmanilix to the caldera wall can be observed. Like Figure 4, the bursts of migrating LPs do not
coincide in time with plume observations. This is even more evident when compared to the envelope of the time
series (orange curve on Figure 5a), where the peaks correspond to the bursty character of the LPs sequence, and
the troughs are matched by an increase in plume observations. There were at least three cycles of LP bursts during
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Figure 5. Migration of LP bursts during the middle of the eruption and lack of correspondence with plumes. (a) Magnitudes
over time for the LP bursts during the middle of the eruption. The orange curve shows the magnitude envelope. Plume height
observations are shown in gray stems. (b) Map and (c) cross-sectional view of the LP earthquakes (hypoDD relocations)
during the most prominent bursts from July 27 to August 1, showing the migration pattern. All LPs are colored by days since
July 27. (d) and (e) are GrowClust relocations. Note the criteria of the GrowClust algorithm results in fewer located events.
A vertical compression factor of 2.1x was applied to (c) and (e). Width of cross-section = 3 km; azimuth = 160°. Arrows:
Ah = Ahmanilix.

the middle of the eruption. The striking correspondence of the magnitudes envelope troughs to plumes even
warned of a lack of plume observations during July 31. After a manual inspection of the available AVHRR images
(Figure S8 in Supporting Information S1) we could confirm that, indeed, emissions were present at those times.

Interestingly, a second escalation in steady tremor on August 2, after the bursts of migrating LP events, migrated
from North Lake to the caldera wall over a period of 1-2 hr (Haney, 2014) and was accompanied by a transient
inflation signal in the GPS.
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3.2. Observation 2: Opening Sequence

A major exception to the LP and VT behavior discussed above is the initial opening sequence of the eruption. The
overall rate of the VT events (Figure 4a) is characterized by a single sharp burst (interpreted as run-up seismicity
leading to the eruption), followed by a rate decrease of about one order of magnitude.

The opening sequence is entirely composed of VT earthquakes, and it extends to at least 14 km depth. The
magnitudes during this runup period show a gradual increase leading to the onset of the eruption (Figure 6a).
The seismicity is broadly distributed about the apparent injection dyke (Figures 6b and 6¢) and its end is marked
by a migration over several minutes from Ahmanilix (i.e., the eruptive vent) toward the center of deformation
the west (Figures 1 and 6d,e). This observation contrasts what has been observed in some other large basaltic
volcanoes, where the migration of earthquakes before the onset of the eruption is toward the eruptive site (Caudron
et al., 2015; Duputel et al., 2019; Lengliné et al., 2021).

The earthquakes of the opening sequence are well-located underneath the ultimate eruptive vents at ~4—7 km
depths. There is only a small cluster of shallow earthquakes underneath the maars craters that could be an indi-
cation of more vigorous hydro-magmatic interactions prior to the initial explosions. Earthquakes are absent at
shallower depths under the vents during this period.

Ohlendorf et al. (2014) describe the earthquakes hypocenters of the opening sequence as a shallow (<6 km)
planar feature striking WSW-NNE and dipping to the NNW. Our enhanced catalog illuminates an elongated
structure striking W-E and dipping to the SE down to a depth of ~15 km (Figure 3a and Figures 6b—6d). The
earthquakes that are observed up to 3 hours before the eruption span the whole dipping structure and they have a
small magnitude; however, during the last hour preceding the start of the eruption the earthquakes started concen-
trating at shallower depths (3—6 km). These results confirm the observations by Ohlendorf et al. (2014) on the
progression of the earthquakes during the last minutes before the eruption, although the direction of the dip of the
planar feature that Ohlendorf et al. report differs from our results.

3.3. Observation 3: The Closing Sequence of LP and VT Earthquakes

The cessation of eruptive activity is marked by a sudden burst of LP earthquakes, which decayed rapidly with
time, and was accompanied and followed by a steady stream of small VT earthquakes that occur south (and
therefore distinct) from the previous concentration of seismicity. Shortly after the last plume of the eruption, the
average RSAM reduced and there was a major increase in the number of small earthquakes observed in the south-
ern sector of the caldera and in distributed seismicity all over the southern part of the greater Okmok Volcano, all
the way south to the isthmus of Umnak Island (Inanudak Bay, Figure 1). The post-eruptive seismicity involves a
burst of LPs that started immediately after the last plume emission, and decayed rapidly with time, besides a high
production of VT earthquakes that decayed slowly with time (Figures 4a and 4b). This post-eruptive population
represents almost 40% of all the earthquakes detected from June 1 to August 31.

Surprisingly, there are very few earthquakes close to Ahmanilix or the other vents; rather, they are almost
completely localized at the center of the caldera and under Cone A at ~4 km depth (Figure 3c), which is the depth
of the estimated magma reservoir.

The end of the eruption also showed a change in geodetic behavior. Freymueller and Kaufman (2010) discuss the
changes in the GPS deflationary trend that started 2—3 weeks after the main ash emissions based on a change in
rate in the two GPS stations outside the caldera (OKSO and OKFG). Deflation was still ongoing until at least late
September on OKFG, but an inflationary signal inside the caldera was recorded by station OKCE within 3 weeks of
the end of the eruption (there is an ambiguity on the exact timing due to a data gap). Freymueller and Kaufman (2010)
interpreted this as the result of deflation in a deep source and the immediate inflation of a shallow source.

3.4. Observation 4: VT b-Value Changes

The notion that b-values have a stress dependence and that tracking b-values over space and time can illuminate
changes in the stress field is a common tenet in seismology (Scholz, 1968, 2015); variations in b-values have also
been broadly explored in volcanoes (e.g., Bridges & Gao, 2006; Garza-Girdn, 2014; Wyss et al., 2001) and low
b-values are commonly interpreted as indicating high deviatoric stress. Since these theoretical principles apply
to the accumulation of stress on rocks and their eventual failure, we focus our b-value analysis on VT events,
which represent the brittle failure of rocks (Roman, 2005). According to the above thinking, the b-values of the

GARZA-GIRON ET AL.

10 of 20

85U8017 SUOWWOD 8AIeR.D 8|qed!jdde aus Aq pausenob ae Sspie YO ‘8sn Jo se|n. 1o} Ariq) 8UlUO 8|1 UO (SUORIPUOD-PUR-SLLIBY/WOY" A8 | 1M AIq 1 BU1IUO//STNY) SUORIPUOD Pue Wi 1 8y} 885 *[7202/T0/62] U0 AriqiTaulluo Ae|im ‘AriqiT aless exse|y Aq 689209rEZ02/620T 0T/I0P/wo A8 | im Al uljuo'sqndnBe//sdny wouy papeojumoq ‘. ‘€202 ‘95€669T2



. Yedl. . .
"‘\7\' Journal of Geophysical Research: Solid Earth 10.1029/2023JB026893
0
6
a) E 1.0 20 o
5 = S
2 088 T 40 §-
L VTs o Elte 5
E 3 o g 05| g0 ©
XYY g 5
2 . . s ... X 04% 10 3
1 . e . ) . g 120 O
0 o:o o '.. }:':..0..::a ..:. ,..f .; :;’... - 0. 2<>( 140 é
=
S 5 ° 5 @ g =
] o & o o o
IN I IS IN IN I

[ 4 a
\ “¥Geodetic Ceiter.
 of deformation of deformation

km
2

An —168° -c1: 8"
A CB A!! B l B”

[oe]

Depth (km)

iy
N

-5 0 5
Distance from Ahmanilix (km)

2!0 180 160 140 120 100 80 60 40 20 O 30 25 20 15 10 5 0

Minutes to start of eruption Minutes to start of eruption

-5 0 5
Distance from Ahmanilix (km)

Figure 6. Timing (a) and location (b)—(e) of the VT sequence before the start of the eruption on July 12 19:43 UTC. Panels
(a)—(c) have a color scale saturated at 200 min and panels (d)—(e) color scale saturates at 30 min before the eruption to show
the migration of earthquakes toward the 2008 deflation source (yellow circle; Lu & Dzurisin, 2010) minutes before the start
of the eruption. The azimuth of the cross-sections in (c) and (e) are 342° and 252°, respectively. A vertical compression factor
of 2.1x was applied to (c) and (e). Width of cross-sections = 5 km. Arrows: Ah = Ahmanilix; CE = Cone E; CB = Cone (b).

VT earthquakes should indicate the response of the host rocks of the volcano to the stress induced by the injection
and extraction that undoubtedly took place before, during and after the eruption.

Figure 7 shows time variations of the b* estimator of the b-value, which is calculated as discussed in Section 2.3,
for the opening, co-eruptive and closing stages; the uncertainties shown in Figure 7 represent the standard devia-
tion of 300 bootstrap realizations. All the 1-P values (P being the probability that two b-values come from the same
population; Equation 1) for all the combinations of pairs of b* and b-values for the co-eruptive phase compared
to before or after the eruption are lower than the 99% confidence limit, so we conclude that our results are highly
statistically significant (Tables TS1 and TS2 in Supporting Information S1). The co-eruptive VTs have a larger
b* than before or after the eruption. Even though the magnitudes of the earthquakes observed during the eruption
are the highest, their distribution seems to favor smaller earthquakes, giving a relatively high b* (1.39 + 0.07).
Earthquakes in the opening and post-eruptive stages have a lower b* (1.13 + 0.1 and 1.11 + 0.05, respectively),
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Figure 7. b* before, during and after the eruption for VT earthquakes. (a) The pre- and post-eruptive periods show a lower
b*, suggesting higher stress levels. The error bars are the standard deviation of 300 bootstrap realizations. (b) Cumulative
distribution of positive magnitude differences between consecutive earthquakes and the best-fit b* for each stage of the
eruption.

thus, the b-value would indicate that the stress level was higher during the pre- and post-eruptive periods. We also
calculated the temporal variations of the b-value using a maximum-likelihood estimation (Aki, 1965; Utsu, 1965)
and a least-squares computation. Even though they perform poorly compared to b*, we confirmed that the main
observations are robust and independent of the estimator (Figures S5-S7 in Supporting Information S1).

All the b* (and b-values) computed for the three eruptive stages are anomalously high compared to b-values
found in tectonically driven environments; however, this is very common for volcanic regions (McNutt, 1996;
Roberts et al., 2015; Wyss et al., 1997, 2001).

3.5. Observation 5: The Enhanced Eruption Catalog Reveals Structural Features of the Volcano

The relocated enhanced seismic catalog during the eruption has a comparable number of events to the catalog
from 2001 to 2018. Thus, the new catalog illuminates the structures that were activated during the 2008 eruption
at Okmok Volcano with an improved resolution. Figure 8 shows a map view and a cross section across the caldera
with all events, VTs and LPs, color coded by time relative to the onset of the eruption.

The start of the eruption (red colors in Figure 8) is marked by earthquakes highly clustered under the active vents
forming an elongated dipping structure as discussed in the opening sequence above (Section 3.2). During the
eruption, the VT earthquakes close to Cone A are the only visible link between the deep (~5 km) earthquakes and
the shallow seismicity (observed in Figure 2c and marked with a black dashed ellipse in 8b). We note in passing
an intriguing feature that is present in both relocated catalogs. There is an inverted boot-shaped volume that has
low earthquake density (red outline in Figure 8; see also Figures S1 and S2 in Supporting Information S1) that
surrounds the 2008 eruption vents and roughly coincides with the deformation foci inferred by GPS and InSAR
analysis (Lu & Dzurisin, 2010; Xue et al., 2020). The quiescence suggests a region unable to accommodate elas-
tic stresses large enough to trigger detectable earthquakes perhaps due to either the heat of the shallow magma
system weakening the rocks or unconsolidated caldera fill. This earthquake-poor region is robust to location
procedures as shown in Figures S1-S4 in Supporting Information S1. Alternatively, the lack of shallow seismicity
could also be explained by low stress levels near the surface only allowing the rupture of very small earthquakes
which are challenging to detect even with advanced detection methods (e.g., Duputel et al., 2019) or by trains of
VT earthquakes being recorded as tremor and not detected as individual earthquakes (Eibl et al., 2017).

4. Summary of Observations

The clustering and migrations described above is reinforced and summarized by the more formal analysis of
Figure 9. We followed the procedure of Sect. 2.2 to compute a correlation matrix for VT and LP events, where
we can identify clusters of earthquakes in time. For each of the main clusters, we also calculated an epicentral
centroid by using the median latitude and median longitude. The high noise level of the site results in a modal
cross-correlation value of ~0.4. Figure 9 emphasizes clusters that are much more correlated than this usual state
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Figure 8. Relocated earthquake hypocenters using hypoDD for both VTs and LPs (colored by time since the eruption). The
red-solid line indicates the volume of low earthquake density, coinciding with the initial source of deformation location from
Lu and Dzurisin (2010), which progressed to depth over the course of the eruption. The dashed black ellipse indicates the
only visible link of earthquakes that connect the 3—5 km deep cluster with Cone A. A vertical compression factor of 2X was
applied to the cross-section. Width of cross-section = 2 km; azimuth = 40°. Arrows: CA = Cone A; Ah = Ahmanilix.

by using a color scale that is saturated at three standard deviations from the mean values. Please refer to the
supporting information (Figure S10 in Supporting Information S1) to see the cross-correlation matrix without a
saturated scale.

The short-term runup of seismicity leading to the eruption (July 12) shows a cluster of well-correlated VT earth-
quakes from 14:00-18:00 UTC and a secondary group of earthquakes between 18:00 and 19:00 UTC. The centroid
location of these two clusters suggests that the focus of pre-eruptive activity shifted from directly beneath the
North Vent and Ahmanilix to the southwest toward the deflation source within minutes to the onset of the erup-
tion. These observations confirm the pre-eruptive chronology described in the opening sequence (Section 3.2)
and it also matches the description by Ohlendorf et al. (2014), which noted the existence of these earthquake
families. Thus, the correlation matrix quantitatively supports the visual identification of patterns discussed above.

Although the 48-hr rate of the LPs during the eruption shows they are related to venting processes (Figure 4b),
the shorter-period 4-hr rate and the magnitude time series show that the timing of the LPs bursts is not coincident
with the timing of the plumes. The highest degree of clustering observed for the co-eruptive stage corresponds
to bursts of LPs (outline boxes in Figure 9 right hand panel), and their centroids track the migration pattern
described in Section 3.1 (from Ahmanilix to the southeast caldera wall and Mount Tulik). The co-eruptive VT
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Figure 9. Cross-correlation matrix showing clustering. Events are sorted chronologically so low event indices correspond to the starting sequence and high indices
correspond to post-eruptive earthquakes. The arrows point at the centroid of each cluster for the hypoDD relocations. Turquoise squares/arrows show LP activity. Red
squares/arrows show VT activity. The dashed orange arrow shows the suggested precursory VT migration path toward the deflation source (yellow circle). The dashed
yellow arrow shows the suggested co-eruptive LP migration path. The events are sorted in time following the numerical order. The locations of the co-eruptive VTs are
not shown because they are broadly distributed.
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earthquakes show a more stable rate than the LPs and they do not track the deflation rate observed in GPS
(Figure 4a). The VTs have a lower degree of clustering for the co-eruptive earthquakes and the few well correlated
VT events during this stage are clustered in the vicinity of Cone A.

The post-eruptive earthquakes occurred immediately after the last plumes observations, and they consist of a
large burst of LP events that decayed rapidly in time (Figure 4b) and another large burst of VT events that
decayed slowly in time (Figure 4a). These earthquakes in these post-eruptive bursts had lower magnitudes than
those during the eruption. The clustering of these earthquakes is also visible in Figures 8 and 9. The centroids
of the clusters are located near Cone A, and they occur mostly between 2 and 4 km depths (Figure 8). Note that
these clusters correspond to significant events in the eruption chronology, however, most events are not in the
outlined clusters in Figure 9. The differences in cluster centroids from the hypoDD and GrowClust relocations
show slight variations but are not significant for our interpretation (Figure S11 in Supporting Information S1).

5. Discussion

The combined seismological observations of rates, spatio-temporal patterns, frequency classification, b-values,
and clustering allow us to make a conceptual model of the 2008 eruption of Okmok Volcano (Figure 10) and
interpret the mechanisms for the three main stages of the eruption: before, during and after.

The most striking and important observation here is the distinct behavior of the LP and VT events. Therefore, we
will focus our analysis on the mechanisms that generate the LP and VT earthquakes and how these are related to
eruption dynamics. As we will discuss, the LPs appear to be an indication of fluid flow and can track dynamic
changes in clogging and cracking during the eruption, whereas the VTs respond to the deviatoric stresses in the
host rocks as injection and extraction occur during the three main stages of the eruption (before, during and after).
This is in good agreement with the perception that long period earthquakes are related to fluid flow and high
frequency VTs are generated due to failure on faults (Benson et al., 2008; Foulger et al., 2004; Roman, 2005).

5.1. LPs Mechanism: Clog and Crack

LP earthquakes in volcanic systems have been attributed to effects such as resonance in fluid-filled cracks
(Chouet, 1996; Haney et al., 2021; Kumagai & Chouet, 1999), brittle failure in melt (Goto, 1999; Neuberg
et al., 2006), slow rupture in either heated material (Harrington & Brodsky, 2007) or in unconsolidated mate-
rial (Bean et al., 2014) and magma degassing (Melnik et al., 2020). Migration and burstiness of long period
earthquakes in volcanic systems have been previously reported for the preparatory stage of volcanic eruptions
and associated with pore-pressure transients in a hydraulically connected plumbing system (Frank et al., 2018;
Shapiro et al., 2017). For the 2008 eruption, no LPs (shallow or deep) preceded the eruption, they are only
observed for the co- and post-eruptive stages, and to our knowledge this is the first report of migrating bursts of
LPs that are not correlated in time with plumes during a long-lived explosive eruption.

The LP seismicity that is observed underneath the active vents during the middle of the eruption are undoubt-
edly related to the eruptive process and the immense amount of water accumulated in the subsurface of this
area (Unema et al., 2016). The middle eruption sequence commenced with the drainage of North Lake, which
probably interacted with the ascending magma causing increased fragmentation and elevating the explosivity
(Gonnermann, 2015). Given the timing, location and migration of these low-frequency earthquakes, but more
importantly their lack of association with plumes, our preferred model is a clog-and-crack mechanism: The
open vents become partially clogged, potentially by their own collapse, which might be seen at the surface as
widening, or by plugs of tephra, and other eruptive products, allowing for pressure to build up in the subsurface
(Figure 10b). The clogging restricts the flow of incoming magma and volatiles to the atmosphere and increases the
pore-pressure at the conduit, which forces the fluids into existing permeable cracks causing volumetric changes
that translate into the solid medium as low-frequency seismic radiation (Chouet, 1988, 1996). An increase in
pressure could also stress the surrounding heated or unconsolidated material to produce slow ruptures by brittle
failure (Harrington & Brodsky, 2007). In either case, at some point, the accumulating pressure in the partially
clogged system overcomes the clogging stress and cracks/opens triggering explosions that are followed by high
altitude, dark (ash-rich) plumes and an LP rate reduction (Figure 10c). The energetic release of mass lasts until
most of that pressure has been exhausted, allowing the re-clogging and triggering of a new LP burst. Note that
there are few LPs still observed during the time of the emissions, which could be related to volumetric changes
as the extraction of fluids takes place (Benson et al., 2008).
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Figure 10. Cartoon of the evolution of the 2008 Okmok Volcano eruption. Left panel: (a) Activation of a swarm of volcano-tectonic earthquakes induced by the
injection of magma from a deep source into a ~4 km depth shallow reservoir. The orientation of the cross-sectional view is SW-NE as indicated in panel (a) and it is
the same for all other panels. At this stage the volcano is a closed system and there is a high rate of stress change as shown by a low b-value of the VTs. The SW of the
caldera at Okmok Volcano has a higher content of groundwater and surface lakes, which explains the phreato-magmatic nature of the eruption. North Lake is shown

in panel (a) due to its important role in the eruption. Center panel: After the eruption started following a large phreato-magmatic explosion, ash and steam plumes

came out from at least four new major vents. During the extraction process the volcano is an open system and the stress and stressing rate are both lower than the initial
phase (higher b-value of VTs). Toward the middle, North Lake drained into a vent and the eruption developed in cycles of clogging and cracking, potentially due to the
collapse of the vents or changes in fragmentation. When the volcanic vents are clogged (b), long-period earthquake bursts migrate from the vents in the direction of the
caldera wall. When the volcano overcomes the clogging stress and the vents are cracked open (c), there is mass transfer of fluids and ash into the atmosphere and very
few earthquakes are observed. Right panel: (d) the end of the eruption is marked by a burst of long-period earthquakes that is accompanied and followed by a cascade of
VT earthquakes, distributed in the south of the caldera. At this stage there was injection of magma into the shallow magma reservoir that increased the stress regime but
that resulted in a failed intrusion. After this the volcano remained closed.

The clog-and-crack scenario presented above resembles the valve opening/closing mechanism by Farge
et al. (2021). This mechanism was proposed to explain low-frequency seismicity in subduction zones as bursts of
tremor migrate along channels that experience abrupt changes in permeability when they get clogged by particles
(closed valve) and unclogged by flow-induced stresses (open valve). The model by Farge et al. (2021) shows the
emergence of the bursty and migratory behavior of low-frequency earthquakes, which is exactly what we observe
for the co-eruptive LPs at Okmok Volcano.

The climatic middle sequence culminated as LPs gave way to a migrating high amplitude tremor at the vents
(Haney, 2014) and the last large, ash-rich plumes of the eruption. The volcano seemed to have lost most of its
eruptive power during these cycles of LPs and plumes events, and the eruption began to abate until the last emis-
sion was observed on August 19.

The last burst of LP events, which occurred after the last plume emissions, likely indicates the filling of available
cracks with magmatic fluids and gasses as the system remained permanently clogged and the shallow reservoir
started to refill again (Figure 10d). This observation is supported by the relocation depth of the post-eruptive
earthquakes' hypocenters (Figure 8), which coincides with the depths of the magma reservoir suggested by other
authors.

The clog-and-crack model presented here differs from the more general discussions of the significance of open
and closed vent systems. The term “open system” is often used for degassing behavior and is used to highlight
how degassing behavior can be distinct from magma discharge behavior (e.g., Edmonds et al., 2022). Here, we
only constrain the existence or not of plumes and have no direct constraints on the degassing and its relationship to
magmatic processes. Furthermore, open volcanic systems in the degassing sense have been associated with high
LP rates (Roman et al., 2019), whereas our “unclogged” system has a low LP rate during magmatic discharge.
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In principle, another possibility is that one mechanism creates the LPs directly underneath the vents and a differ-
ent one creates those close to the caldera wall and other intra-caldera cones (A and C). The LPs underneath the
vent could be signaling strain-induced changes in fragmentation as magma batches migrate toward the surface
(Gonnermann, 2015; Papale, 1999), whereas the LPs close to the caldera wall could be the manifestation of
slow slip in patches of the ring fault structure. Such complexity cannot be ruled out, but the binary classification
scheme used here does not find any distinction between the waveforms of the caldera wall and intra-caldera
populations and the more complicated explanation is not favored for the migrating bursts simply because of the
relationship to the plume emissions.

5.2. VTs Mechanism: Brittle Failure as Stress Gauges

Whether they are triggered by magmatic intrusions or not, VT earthquakes are the signature of brittle failure
in the rocks that make a volcano and its surroundings. Physically, they are not different from earthquakes that
occur in non-volcanic media, and even their ability to trigger aftershocks is the same as non-volcanic earthquakes
(Garza-Gir6n et al., 2018). Thus, they must also obey elastic and friction laws that depend on stressing rate changes
in the medium (Dieterich, 1994; Kanamori & Brodsky, 2004). It is well known that the stress increase induced
by the emplacement of dykes can cause large changes in seismicity rate of VT earthquakes, which are commonly
matched by observations of crustal deformation (Dieterich et al., 2000; Rivalta et al., 2015; Segall, 2013). Conse-
quently, analysis of VT earthquakes has become instrumental in forecasting eruptions (Roman et al., 2006;
Ruppert et al., 2011; White & McCausland, 2016). However, little is known about the behavior of VTs during the
extraction that takes place while the volcano is erupting. The observations presented here, based on seismicity
rates, spatio-temporal patterns and changes in b-values, provide insight into the response of the rocks before,
during and after the eruption as the volcanic system experienced injection, extraction and re-injection.

The largest changes in seismicity rate for the VTs are before and after the eruption (Figure 4). The runup seismic-
ity is an example of earthquakes induced by stress changes likely caused by the injection of the dyke that triggered
the eruption, and VTs are thought to display different spatio-temporal patterns depending on the triggering mech-
anism related to the magma migration, which can vary from one eruption to another (Roman & Cashman, 2006).
The pre-eruptive earthquakes observed here do not show a clear upward trend (i.e., vertical migration). Instead,
they were distributed around the dyke, although they may have concentrated at ~4 km of depth about an hour
before the eruption (Figures 6b and 6¢). Therefore, we infer that, for this eruption, VTs were not predominantly
triggered at the tip of the propagating dyke where one might expect the local elastic stress changes to be highest.
Rather, the stress changes, promoted by the intrusion, induced slip on pre-stressed faults, as has been previously
inferred for other dike intrusions (Roman, 2005; Rubin & Gillard, 1998).

The clog-and-crack systematics are manifested in the LP rate. However, the VTs that we measured do offer
additional insight into the opening and closing of the system over a longer timescale. If high b-values indicate
low stresses as suggested in prior work (Scholz, 1968, 2015), then the time variation of b* values of VT events
(Figure 7) indicates that the elastic stresses in the edifice and surrounding rock were lower during the eruption
than before and after. Evidently, the pre-eruptive sequence was triggered by an intrusion, so the VT generation is
an indication of the stress accumulated in the subsurface as a closed system (low b*) became highly pressurized
due to the injection of magma (Figure 10a). Following the first blasts, the volcano became an open system, and
the rocks experienced a reduction in deviatoric stresses (high b*) as the eruption extracted material (middle panel
in Figure 10). An increase in b-values after the onset of the eruption has also been observed in other eruptions
(Shakirova & Firstov, 2022), but other eruptions have shown an opposite pattern with lower b-values after the
onset of the eruption (Ibéafiez et al., 2012). During the co-eruptive stage, VTs showed a steadier rate than the LPs
and they did not follow the GPS deflation rate, implying that reservoir deflation was not the main source of stress
during the eruption. Finally, for the post-eruptive phase (Figure 10d), the steadily decaying cascade of VT earth-
quakes immediately after the last emission, which were initially accompanied by a prominent burst of LPs that
decayed quickly, are indicative of a large change in the stressing regime and faults being able to accumulate and
release elastic strain again. Since the GPS station OKCE located inside the caldera (Cone E) showed a re-inflation
signal when it was fixed by AVO staff shortly after the eruption ended, we interpret this as the seismic signature
of a closed system (low b*) which was stressed by an immediate reservoir replenishment process (i.e., an intru-
sion drawn into low-pressure pockets without overcoming the final clogging stress).
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6. Conclusions

We analyzed an enhanced, relocated and frequency-classified (VT and LP) earthquake catalog during an explo-
sive volcanic eruption. The analysis shows that with such advanced data processing, we can illuminate the struc-
ture of the volcano with high resolution and gain information on fundamental dynamic interactions between the
solid and fluid media during the eruption. The co-eruptive LP and VT events demonstrate distinct behavior, likely
caused by and therefore diagnostic of different eruptive processes. LPs are strongly localized in space and time
and directly precede or follow mass ejection, contrasting with the steady, widely distributed VTs.

Together, the seismicity defined how the eruption began, evolved, and ended, which is a major goal for volcano-
logy (National Academies of Sciences, 2017). The 2008 explosive eruption started with the injection of magma
from a deep reservoir which triggered a swarm of VTs that were randomly distributed about the dyke. Minutes
before the eruption, VTs migrated toward the geodetic center of deformation shown by other authors. The erup-
tion then evolved through at least three opening and closing cycles that showed a distinctive pattern of seismicity
that we term clog-and-crack. A high seismicity rate half-way through the eruption discloses a series of migratory
LP earthquakes that started with a burst directly beneath the eruptive vent, followed by ash-rich plumes, and
continued to the east and southeast with two other main bursts that were also followed by dark (ash-rich) plumes.
The eruption also involved a distinct population of VT earthquakes that maintain a steadier rate over a large region
of the caldera. These co-eruptive VTs have a higher b-value than before or after the eruption, suggesting that the
extraction process induced lower levels of stress in the caldera than the pre- and post-eruptive injection. The end
of the eruptive activity is marked by a sudden burst of LP earthquakes which are accompanied and followed by a
steady stream of small VT earthquakes that occur south (and therefore distinct) from the previous concentration
of seismicity. Given the association of LP events with the previous pressurization episodes, it is possible that the
end of the eruption was marked by another intrusion that failed to reach the surface and thus sealed the system.

An overriding theme is the repeated closure with clogged vents, as signaled by the localized LPs and subsequent
opening with eruptive plumes. Even the closure of the eruption appears to have been a variation of this cycle.
The high-speed evolution of the vent and pressurization of the rock can be illuminated through these previously
inaccessible observations and has provided new clarity into the stages of the 2008 Okmok Volcano eruption.
In the future, advanced seismic processing pipelines may allow for a similar analysis which could help volcano
observatories gain more insight into the eruptive dynamics in near real-time and allow decision makers during
volcanic crises to benefit from seeing the eruptions clearly.

Data Availability Statement
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