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Abstract—The changes in volcanic seismicity regimes by the example of the 2006 eruption of Augustine Vol-
cano in Alaska are analyzed. During the long-term volcanic swarm preceding the eruption, two processes
with different seismicity regimes were identified. The first can be associated with general radial deformations
caused by an increase in pressure in the underground magma chamber; such a regime has a high value of the
slope of the magnitude—frequency distribution and a low degree of clustering. The second process can pre-
sumably be associated with an dike intrusion and local destruction of rocks under the pressure of the dike.
This process has a slope parameter of the magnitude—frequency distribution close to one and shows a high
level of clustering before the most significant events, which are followed by quiescence.
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INTRODUCTION

This work focuses on the study of endogenous and
exogenous factors in volcanic seismicity, particularly
volcanic swarms. From this point of view, earthquakes
of any nature can be divided into two groups. The first
group includes background events that occur inde-
pendently of one another. These events are caused by
external influences, such as the movement of tectonic
plates. The second group consists of clustered events,
earthquakes that are statistically related with other
earthquakes and are hypothetically initiated by them.
Such events are determined by endogenous factors,
i.e., the internal state of the system [1]. Studying the
grouping of events allows the recognition of statistical
relationships among earthquakes and clustering
events, e.g., series of aftershocks following major
events. It is interesting to analyze how volcanic seis-
micity behaves from this perspective, since it is likely
to have a different mechanism of initiation compared
to tectonic seismicity. Thus, this may shed light on
both the nature of volcanic swarms and the mecha-
nism of earthquake triggering in general. Attempts to
conduct such a study have already been made. For
example, an analysis of distributions of time intervals
among events was used in [2] to study the processes of
dike intrusions at the Etna and Vesuvius volcanoes.
These processes were found to differ significantly from
tectonic seismicity processes.

DATA

This work focuses on volcanic swarms observed
prior to the 2006 eruption of Augustine Volcano in
Alaska, which occurred from January 11, 2006, to
March 16, 2006. At the onset of the eruption, from
January 11, 2006, to January 28, 2006, explosive vol-
canic activity was observed, and after January 28,
2006, the continuous eruption phase (on-going ash
ejection) began, which then smoothly changed to the
effusive phase (lava outflow) during the first week of
February; the eruption was terminated by an extrusive
phase starting on March 3, 2006 [3]. Two swarms of
events were observed prior to the eruption: a long
swarm (from April 30, 2005, to January 10, 2006) and a
short swarm (for 13 hours before January 11, 2006) [4].

For this analysis, we use the data from the Alaska
Volcano Observatory (AVO) earthquake catalog [5],
which covers the period from 1989 to 2018. During this
time, only one eruption occurred at the volcano. The
events of the long and short swarms under consider-
ation are shown in Fig. 1. The long swarm is divided
into two phases. The second phase approximately cor-
responds to the onset of magma intrusion through a
dike [6]. November 21, 2005, was chosen as the sepa-
ration date based on homogeneity of the seismicity,
while according to surface deformation measurement,
magma intrusion started on November 17, 2005. In
this study, we consider events occurring directly
beneath the volcanic edifice, within an area bounded
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Table 1. Parameters of sequences of seismic events during the three intervals considered

Number _
k 1
Phase Interval of events b k 1 ki Mo | M
First phase of the long swarm Apr. 30, 2005—Nov. 21, 2005 145 1.822 | 0.90 | 0.87 | 0.94 1 0.2766
Second phase of the long swarm | Nov. 21, 2005—Jan. 10, 2006| 296 1.456 | 0.64 | 0.72 | 0.85 1.5 |0.3412
Short swarm Jan. 10, 2006—Jan. 12, 2006 | 510 0.869 | 0.99 — 0.98 2.3 10.5998

by longitude —153.48 to —153.40 and latitude 59.34 to
59.38. Thus, we analyzed three time intervals within
these boundaries: the two phases of the long swarm
and the period of the short swarm.

METHODS

The grouping of seismic events is analyzed by the
nearest neighbor method proposed by Zaliapin [7, 8].
This method makes it possible to identify unambigu-
ously the relationships between seismic events. For
this purpose, we use the proximity function intro-
duced in [9]:

dy 1 n—bm;
0 = {t,,r,, 107, 4,0 "

too, 1; <0,

where z; is the time interval between events i and j; r;

is the spatial distance between their epicenters, m; is
the magnitude of the event /; b is the parameter of the

Gutenberg—Richter law [10]; and d, is the fractal
dimension of the distribution of earthquake epicen-
ters. In fact, this function determines the probability
of a random occurrence of a second event at a given
distance in space and time from the first event on the
assumption that all events are independent. The
smaller the value of the function, the less likely such a
pair of events occurs randomly, and the more likely
they are connected. Clustered and independent events

can be determined by the threshold value of no: the
events are clustered if for a pair of events 1; < no.

For an arbitrary event, we find its “nearest neighbor”
preceding in time by the minimum of function (1). The

threshold no is calculated by the distribution of the
values of function (1) calculated for each event and its
respective nearest neighbor. These distributions are
usually bimodal [8, 11], and the threshold value can be
found using the method from [8] where the distribu-
tion is approximated by the sum of two lognormal dis-
tributions or by the method from [11] where the distri-
bution for independent events is modeled by random
shuffling of event times relative to the epicenter coor-
dinates and magnitude, while the distribution for con-
nected events is modeled by the difference between the
actual distribution and the obtained distribution with
factor k that provides the best match of two curves on

the right side. In both methods, the threshold no is

DOKLADY EARTH SCIENCES  Vol. 520:45 2025

estimated by balancing the proportions of errors when
independent pairs of events were assigned to clustered
events and vice versa.

The cases of unimodal distributions can also occur
[12]. Unimodal distributions may correspond to the
cases when the catalog has a small proportion of clus-
tered events and to the cases when the density of inde-
pendent events is very high. In the second case, the
mode of distribution associated with independent
events shifts towards smaller values, and the two distri-
butions merge into a unimodal shape. Using the

method in [11], threshold no can be determined and
independent and clustered events can be distinguished
in such cases [12]. We also use this method in our
work. It is described in detail in [13]. However, when
the quantity of data is small, the results of modeling
the distribution for independent events by shuffling
their event times can vary significantly; therefore,
20 shuffling procedures are performed, and the best
option is selected in terms of the approximation of the
right slope of the actual distribution.

For visual control of determining the threshold no,
it is convenient to use 2D representation of function (1)
[8] in a double logarithmic scale. Function (1) is sep-

arated into two factors: rescaled time 7 = tUlO’O‘Sb’”"

and rescaled distance R = r;;i 107%™ The 2D distri-
bution of the 7" and R values for the pairs of all events
and their respective “nearest neighbors” usually
demonstrates a good separation between independent

and clustered events. The threshold no is represented
on the diagram as a straight line defined by the equa-
tion logT + logR = logn’. The alternative value of the
threshold can be determined on the diagram by the
line log7 + logR = logn' which visually best separates
the two groups of values.

To analyze the data, we need to determine the
completeness magnitude Mc in the catalog. The
MAXC (Maximum Curvature) method [14] was used
to do that. For all time intervals, we obtained consis-
tent estimates of Mc = 0.1. The parameters b and d,
are present in (1). To estimate parameter b, we use
Bender’s method [15]. The fractal dimension d, was
calculated using the Grassberger—Procaccia algo-
rithm [16] once for all events in the catalog, and one
value of d, = 1.93 is used for all intervals.



45 Page 4 of 8

GREKOV et al.

30 Apr 2005-21 Nov 2005

0.40
> %‘D 0F
Z 035 &-0.5¢
8 0.30 g —1-(5)-
g —Lor
.5 0.25 g 201
E 0.20 g -25F
= 0.15 E _g(S) -
4 Q TOIr
A 0.10 2 4.0t
0.05 &" 45}
0 -5.0
2
log minj(n,]-)
21 Nov 2006-10 Jan 2006
5, 0301 e OF 10
= 2-0.5¢ -9
Z 0.25F ~-1.0} 18
5} o i
2 020¢ g-15 ¥
2 015F g£-201 6
= £-2.5 5
2 010F <-3.0} 4
2 0.05F S-3.5¢ 3
a 2-4.0r 2
or Ml ‘ 1
—0.05 I I 1 I I ; =5.0t . . . . . . . \ 0
-10 -8 -6 -4 -2 0 2 -6 -5 -4 -3 -2 -1 0 1
log min,(n;) Rescaled time, log min,(n;)
10 Jan 2006—12 Jan 2006
[
. 0.5 §° 0 | 712
@ 0.4 qé—l i 11 10
S 0.3 g m 8
= @22t ~
g 02 g 6
2 01 831 4
7 2-4l
A K 2
-0 -5 0

log min,(n ,]-)

6 5 4 3 -
Rescaled time, log miny(n;)

-7

Fig. 2. Analysis of grouping of seismic events. Three intervals are considered: the two phases of the long swarm (a, b and c, d),
and the short swarm (e, f). One-dimensional distributions of function (1) for each event relative to its “nearest neighbor,” and the

results of threshold no determination are presented on the left (a, c, e). Blue bars designate the actual histograms; the red outline
marks the histogram of the shuffled catalog with a k factor that provides the best match of the distributions on the right side; and
the yellow bars denote the difference between the two histograms, modeling the distribution of clustered events. The vertical line

indicates the determined value of threshold no . Joint unnormalized distributions of rescaled distances R and times 7 are provided

on the right (b, d, f). Red lines designate the threshold no , and green lines, the threshold nl .

The goal of this work is to compare the degree of
grouping of seismic events in the different stages of
preparation for the 2006 eruption of Augustine Vol-
cano. Using the method described for determination

of threshold no , the degree of grouping is estimated by
the k factor, which determines the proportion of inde-
pendent events in the total number. Another approach
to determine the degree of grouping is to calculate the
proportion of events for which the value of function (1)

with the “nearest neighbor” exceeds the threshold no.
We denote this parameter as k,. The values of k£, and k
may differ slightly, as k is independent of the threshold

no , while k, is dependent. The grouping of events into
those that are independent and those connected by

threshold no implies errors in assigning one-type
events to another type and vice versa. In this case it is
not the number but the proportions of errors on either
Vol. 520:45
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side estimated by the distribution that are balanced.
Therefore, as a result, factors k; and k should align
closely only when k£ = 0.5. With the alternative, visu-

ally determined threshold n' , k cannot be calculated,
but the proportion of independent events based on the

threshold nl can still be calculated. We denote this
value as kl1 .

RESULTS

Figure 2 shows the results of grouping the events
into independent events and those connected for the
three time intervals analyzed; Table 1 provides the cor-
responding values and estimates of the parameter.

Table 1 also presents the magnitude M ,, of the larg-
est event in the given interval and the average magni-

tude M.

For all three intervals, the one-dimensional distri-
butions are unimodal. Nevertheless, as a result of the
analysis, both variants, one-dimensional (Figs. 2a, 2c,
2e) and two-dimensional (Figs. 2b, 2d, 2f), demon-
strate a predominant proportion of independent
events in the first phase of the long swarm and during
the short swarm. In contrast, in the second phase of
the long swarm, which corresponds to dike intrusion
[6], a relatively high proportion of clustered events is
observed. For the short swarm events (Fig. 2¢), the

threshold no value cannot be determined, since after
shuffling the catalog, the distribution of the values of
function (1) closely match the original distribution;
thereby almost all events can be considered indepen-
dent.

We studied the second phase of the long swarm, the
period of intrusion, in more detail (Figs. 2c, 2d).
Despite the relatively high proportion of clustered
events, even the two-dimensional distribution (Fig. 2d)
does not clearly distinguish between the two types of
events as in [8], which more likely resembles the case
of randomization of event times in the catalog relative
to the epicenter coordinates and magnitude. It is pos-
sible that the study area is so small that the errors in
determining the coordinates lead to a distorted distri-
bution, hiding the grouping. This is indirectly implied
by the fractal dimension value, which is close to two.
Therefore, as an additional variant of function (1), we
use the proximity function without distances between
epicenters:

L {z,.,lo ' 1, >0 &

T, 1y <0,

where c is a coefficient. At ¢ = b/2, expression (2) cor-
responds to the rescaled time 7. Then we used the
value of ¢ = 0.3 [17, 11]. However, the results differ lit-
tle if we use ¢ = b/2. The distribution of the values of
function (2) for events relative to “nearest neighbors”
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Fig. 3. Analysis of grouping of seismic events using the
proximity function (2) for the second phase of the long
swarm. The blue histogram shows the actual distribution
of function (2) values for all events relative to their respec-
tive “nearest neighbors.” The red histogram marks the
approximation of the right group of events, and the yellow
histogram designates the obtained distribution of clustered
events.

and its decomposition into the distribution for the
independent and clustered events are shown in Fig. 3.
The distribution has a clear bimodal shape. In this
case, the procedure of shuffling is useless; therefore,
for decomposition this procedure was changed to sim-
ple redetermination of the nearest neighbors after the
removal of a priori connected events from the catalog.
Similar to [11], a priori connected events are consid-
ered events for which the proximity function value is
below the threshold determined as the half-height of
the right maximum on the left slope (Fig. 3).

The estimation of k = 0.6 using the proximity func-
tion (2) differs slightly from the original value of k =
0.64 (Table 1). For further study, we select an alterna-
tive variant, as a case with the most pronounced bimo-
dality of the distribution. Using this procedure, we
identify 42 clusters; they are shown in Fig. 4. In each
cluster, we define the strongest event, as the main
shock, and the events prior to and after it, as fore-
shocks and aftershocks, respectively. Each cluster con-
tains 37 aftershocks and 58 foreshocks. Table 2 pres-
ents the parameters of the independent and clustered
events in the second phase of the long swarm. The
slope parameter of the magnitude-frequency distribu-

tion b, maximum magnitude M, , and the average
magnitude M are determined.

ax»’

Table 2. Parameters of independent and clustered events in
the second phase of the long swarm

b Mmax M
Clustered 0.989 1.5 0.4401
Independent 1.906 1.1 0.2726
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DISCUSSION

We analyzed the features of the seismic regime on
the three intervals prior to the eruption of Augustine
Volcano. The first interval, which is the first phase of
the long swarm, is characterized by radial deforma-
tions, which can be approximated by a point-source
spherical model approximately at the sea level depth
[6]. This effect may be caused by increasing pressure in
the magma chamber. The second interval, which is the
second phase of the long swarm, corresponds to the
process of magma dike intrusion [6]. The short swarm
is hypothetically related to the final breakthrough of
the conduit to the surface [3].

M
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Fig. 5. Time distribution of clusters in the second phase of
the long swarm. Blue circles designate the average time
positions of events in each cluster, and the values along the
vertical line correspond to the sequence number of clus-
ters. Purple circles mark cluster events, and gray circles
show the remaining independent events. Purple stars rep-
resent the strongest events in cluster sequences. The red
arrow depicts a sequence that is inconsistent with the com-

mon pattern.

It turned out that the first and third intervals are char-
acterized by a low level of event grouping (Table 1). In
contrast, the second interval (the period of dike intru-
sion) showed a significant degree of event grouping.
Here, if only the independent events are considered,
the values of the slope parameter of the magnitude—
frequency distribution and the average and maximum
magnitudes (Table 2) are similar to the values
observed during the first phase of the long swarm prior
to the onset of the intrusion process (Table 1). This
indicates the occurrence of only one process, which is
pressure of the spherical source, during the long
swarm. This process has a high slope of the magni-
tude-frequency distribution and relatively low maxi-
mum magnitudes, i.e., many small-scale failures
occur. The increase in the maximum magnitude
during the second phase of the long swarm is likely
caused by a different process, dike intrusion, which
induces localized destruction of the medium. This
process has the slope of the magnitude-frequency dis-
tribution close to the “classical” value for tectonic
seismicity. This fact also partly explains the significant
variations in the b parameter observed prior to the
eruption: first, pressure increases in the magma cham-
ber leading to an abnormally high b-value, then closer
to the eruption, the process of intrusion begins, b-
value decreases, and the degree of clustering increases.

We examined this process in more detail (Fig. 5). It
is possible to trace the following tendency: first, a
sequence of clusters occurs, terminated by the largest
event in the sequence. Then a period of quiescence is
observed before the onset of the next sequence of clus-
ters. An exception is only the fourth sequence (marked
with a red arrow in Fig. 5), in which the largest event
was the first in the sequence.

If we group the clusters into sequences, we obtain a
total of 98 foreshocks and 32 aftershocks. Thus, fore-
shock activity predominates over aftershock activity,
which differs from what is usually observed in tectonic
seismicity. This could be due to the fact that, in this

DOKLADY EARTH SCIENCES
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age magnitude of foreshocks, and (c) duration of the foreshock sequence.

situation, a medium that has not yet been prepared
fails under the impact of an intense external source,
while the aftershocks are formed depending on the
state of the medium and the developed fracture sys-
tem [18].

We also identify several quality trends:

(1) The larger the magnitude of the main event, the
greater the number of foreshocks and the higher their
magnitudes (Figs. 6a, 6b).

(2) The larger the magnitude of the main event, the
longer the sequence of foreshocks (Fig. 6¢).

We suggest one of the possible interpretations. The
process of intrusion itself is inhomogeneous: some
segments are passed through without resistance; oth-
ers have “plugs.” An obstruction can be removed by
sufficient accumulated stress, which depends on the
conventional strength of this obstruction (the quies-
cence between the sequences). When the accumulated
stress reaches a certain threshold value, the destruc-
tion process begins, occurring gradually rather than
instantaneously. This mechanism corresponds, for
example, to the avalanche unstable fracturing forma-
tion model [19]. The maximum shock magnitude
probably depends on the obstruction strength, which
affects the duration of the destruction process and the
number and strength of foreshocks. The relationship
between the number and strength of foreshocks is
likely to be trivial and follows from the Gutenberg—
Richter law [10]. The relationship with the duration of
the process might be characterized by the rate of stress
accumulation and the properties of the medium. Some
of the described tendencies in foreshock activity have
already been described, e.g., in [20].

CONCLUSIONS

The seismicity of Augustine Volcano in Alaska
prior to the 2006 eruption was analyzed [4].

Based on the changes in the activity and surface
deformations [6], this period covers two processes:
first, radial deformation and uplift of the volcanic edi-
fice, then dike intrusion. The initial period is charac-

DOKLADY EARTH SCIENCES
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terized by a high slope parameter of the magnitude—
frequency distribution. The phase of intrusion is asso-
ciated with strong anomalies and time variations in the
slope of the magnitude-frequency distribution [4].
Using the nearest neighbor method, time clustering of
events in this phase was distinguished. With clusters
being removed during the period of intrusion, the seis-
micity shows a regime similar to that observed during
the initial phase of the long swarm. This suggests that
this phase continues the seismic activity initiated by
radial deformations. The seismicity of the grouped
events during the intrusion phase differs significantly
(parameter b is close to 1, which is typical of tectonic
seismicity). This process is likely to correspond to
local destruction of the stress-state medium with the
developed system of fractures. The superposition of
two processes with different regimes of seismicity also
partly explains the observed variations in the parame-
ter b during this period.

The analysis of seismic event clusters shows that
the clusters themselves are grouped into sequences.
There is a tendency that a sequence of clusters is ter-
minated by the strongest event, followed by a period of
quiescence and a new sequence of clusters. This pat-
tern corresponds to a model of earthquake prepara-
tion, where stresses accumulate and are released
through destruction that starts from a small scale. In
this case, the mechanism of stress accumulation is an
intense external action, which is the magma pressure.
This is likely to cause the predominance of the fore-
shock activity over the aftershock activity compared to
the tectonic seismicity.
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