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Deep and shallow long-period volcanic seismicity
linked by fluid-pressure transfer

N. M. Shapiro"?*, D. V. Droznin3, S. Ya. Droznina3, S. L. Senyukov?, A. A. Gusev?® and E. |. Gordeev??3

Volcanic long-period earthquakes are attributed to pressure fluctuations that result from unsteady mass transport in the
plumbing system of volcanoes. Whereas most of the long-period seismicity is located close to the surface, the volcanic deep
long-period earthquakes that occur in the lower crust and uppermost mantle reflect the activity in the deep parts of magmatic
systems. Here, we present observations of long-period earthquakes that occurred in 2011-2012 within the Klyuchevskoy
volcano group in Kamchatka, Russia. We show two distinct groups of long-period sources: events that occurred just below
the active volcanoes, and deep long-period events at depths of ~30km in the vicinity of a deep magmatic reservoir. We
report systematic increases of the long-period seismicity levels prior to volcanic eruptions with the initial activation of the
deep long-period sources that reflects pressurization of the deep reservoir and consequent transfer of the activity towards the
surface. The relatively fast migration of the long-period activity suggests that a hydraulic connection is maintained between
deep and shallow magmatic reservoirs. The reported observations provide evidence for the pre-eruptive reload of the shallow
magmatic reservoirs from depth, and suggest that the deep long-period earthquakes could be used as a reliable early precursor

of eruptions.

agmatic and hydrothermal volcanic systems generate
I\/\ earthquakes and tremors with periods that are longer than

those for typical tectonic earthquakes of similar sizes' ™.
The mechanisms involved in the generation of this long-period
(LP) seismicity are also believed to be different from those of
tectonic earthquakes’. It is most often interpreted as reflecting
pressure fluctuations within magmatic and hydrothermal fluids,
and is considered as a reliable precursor of volcanic eruptions*™.
Most reported volcanic LP seismicity has been observed close to the
surface and reflects the activity within shallow magmatic reservoirs
and hydrothermal systems. In this context, volcanic deep long-
period (DLP) earthquakes’ " that occur in the lower crust and
the uppermost mantle are particularly interesting, because they
can reflect the pressurization of deep-seated parts of the magmatic
systems and the magma and pressure transfer towards the surface.
Alternatively, DLP generation has been attributed to the cooling
of the magma diapirs that stagnate near the Moho'. A possible
relation between the source properties of the DLP seismicity and
the tectonic tremors and low-frequency earthquakes' ™ has also
been suggested®. For the latter the fluid pressure is one of the main
controlling parameters'"'*'"*. Changes in fluid pressure may also be
involved in seismic triggering of the volcanic unrest'®. One of the
main difficulties in studies of DLP events is that their numbers
reported to date are small, from a few to a few hundred reported
for individual volcanoes, which is marginal compared to the huge
catalogues of tectonic and shallow volcanic LP seismicity.

Klyuchevskoy volcano group

Here, we present observations of the abundant deep and shallow
LP seismicity within the Klyuchevskoy volcano group (KVG) in
Kamchatka, Russia. The KVG is one of the largest and most active
clusters of subduction-zone volcanoes in the world, and is composed
of 13 closely located stratovolcanoes (Fig. 1). The 4,750-m-high
Klyuchevskoy volcano is the most prominent of this cluster, and
has had a mean eruptive rate of 1m’s™" over the past 10kyr

(ref. 17). Bezymianny and Tolbachik volcanoes have also produced
strong eruptions over recent decades'>. The KVG is located in a
unique tectonic setting (Fig. 1), above the edge of the Pacific plate
at the Kamchatka-Aleutian junction where the Hawaii-Emperor
Seamount chain is subducted. Geodynamic models that have been
proposed to explain the exceptional activity of the KVG include fluid
being released from the thick, highly hydrated Hawaii-Emperor
Seamount crust, mantle flow around the corner of the Pacific
plate”, and recent detachment of a portion of the subducting slab®.

Detection of long-period volcano earthquakes

The KVG is monitored by a seismic network that is operated by
the Kamchatka Branch of the Geophysical Survey of the Russian
Academy of Sciences'®”. The positions of the 12 stations used
in the present study are shown in Fig. 1. The abundant seismic
activity of the KVG volcanoes includes long periods of sustained
tremors™ and numerous volcano tectonic'®* and LP'**"*"** events.
The latter mostly occur at two depth ranges': above 5km and close
to 30 km. The magnitudes (see Methods) of shallow and deep LP
events are comparable and most of the time do not exceed 2.5,
with the strongest shallow event reaching M = 3.1 during days
preceding volcanic eruptions'®. An example is shown in Fig. 2a,
which illustrates two hours of continuous records (that is, the N
component) from station KMN on 26 June 2012. A close inspection
of this record reveals that most of its weak signals are LP events (Sup-
plementary Fig. 1). Moreover, the waveforms of many of these events
are very similar to each other, which suggests that they are generated
by repetitive sources. To classify these events into multiplet fami-
lies, we analysed the continuous records from 2012, and identified
templates that had great similarity across all of these events (see
Methods). These templates (Supplementary Fig. 1) were used for
initial matched-filter detection of the repeated events, based on the
vertical-component records of the single stations. The waveforms
for all of these recorded channels were stacked using their initial
detection times, to form the final templates (Supplementary Fig. 2)
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Figure 1| Map of the Klyuchevskoy volcano group. The inset shows the
general geographical and tectonic settings. Triangles show the positions of
the seismic stations. The recently active volcanoes are indicated with blue
arrows. The green star shows the location of three Bezymianny eruptions
that occurred in 2011-2012. The red star shows the eruptive centre of the
2012-2013 Tolbachik eruption. The yellow dashed line indicates the
location of the profile shown in Fig. 3a.

that were used to pick the arrival times of P-waves and S-waves and
to locate the positions of the multiplet family sources (Supplemen-
tary Fig. 3). We finally proceeded with the matched-filter detection
based on these multi-component templates (Fig. 2b-d).

Overall, we used 12 templates that were regrouped into four
source regions (Supplementary Table 1 and Fig. 3a). The DLP
source region was located at ~30km in depth, above the assumed
subcrustal magma reservoir®, and the remaining sources are located
near the surface, below the active volcanoes. The DLP events below
Klyuchevskoy volcano have been systematically reported since
initiation of the regular seismological monitoring of the KVG”,
and it has been suggested that they are related to the eruptions of
Klyuchevskoy volcano®.

A network-based matched-filter approach (see Methods)
resulted in a large number of robust detections (Supplementary
Table 1) that we used here to follow the evolution of the different
LP sources with time. These detections were regrouped into
catalogues that correspond to four source regions (Fig. 3a), and
are shown in Fig. 3b,c. We have considered here the years 2011
and 2012, which preceded the Tolbachik eruption that started on
27 November 2011*"**, with VEI = 4. This volcano had remained
quiet since 1976, and its reactivation in 2012 resulted in the
largest KVG eruption of the past two decades. During the period
considered, Klyuchevskoy volcano did not undergo any eruption,
while Bezymianny volcano had three short explosive eruptions, on
13 April 2011, 8 March 2012, and 1 September 2012.

Long-period seismicity and eruptions

We observed clear correlation between the shallow LP activity and
the eruptions of the corresponding volcanoes (Fig. 3c). The Bezymi-
anny volcano LP sources were systematically activated more than
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one month prior to its three eruptions. The activity for the Tolbachik
volcano LP source region showed remarkable progressive activation
that started seven months before the November 2012 eruption.

The DLP source activity increased on average from the
beginning of 2011, and reached its maximum level in June-July
2012 (Fig. 3b). This increase in activity was not steady, as it showed
numerous bursts that lasted a few days at a time. We also clearly
distinguished three episodes when the DLP activity remained
elevated for more than a month: in April 2011, November 2011
to February 2012, and April to October 2012. The first of these
episodes coincided approximately with the 2011 Bezymianny
volcano eruptions, while the second and third episodes preceded
two other Bezymianny volcano eruptions. The beginning of the
last, and the strongest, of the surges of the DLP activity coincided
approximately with pronounced activation of the Tolbachik volcano
LP source region (Fig. 3c). Meanwhile, the average level of DLP
activity started to diminish approximately five months before the
Tolbachik eruption.

The activities of the shallow LP sources were interrelated. The
last Bezimianny volcano eruption was followed by approximately
ten days of LP quiescence below Tolbachik volcano (Supplementary
Fig. 4), after which this activity started to grow more rapidly,
while the Klychevskoy volcano LP source was activated at the
same time. The LP event rates below Tolbachik and Klychevskoy
volcanoes increased simultaneously, until October 2012, and then
another change occurred in the system (simultaneous with the
strong decrease in DLP events), when the Tolbachik volcano LP
activity intensified even more, while the Klyuchevskoy volcano
activity started to diminish.

Long-period seismicity and fluid-pressure transfer

The similarity of the waveforms from many thousands of individual
LP events (including the DLP events) suggested that they were
generated by repetitive excitation of stationary sources in a non-
destructive process. In a volcanic environment, such sources are
most likely related to sudden pressure fluctuations within the
plumbing system™’. Consequently, the surges in LP activity appear
to be related to elevated flux and pressurization of the fluids within
the conduit system.

We interpret the observed time evolution of the long-lived LP
sources as reflecting the activity of the KVG plumbing system
over the two years preceding the 2012 Tolbachik volcano eruption.
The KVG magma is supplied from the subcrustal magma source”
and rises into shallow reservoirs below the main active volcanoes
through the complex plumbing system'’, whose structure is only
partially constrained with seismic tomography”>* (Fig. 3a). From
the beginning of 2011, on average, the activity in the deep reservoir
has been growing. The first two surges of this deep LP activity
were accompanied by activation of the shallow reservoir beneath
Bezymianny volcano, and the cumulated pressure is likely to have
been partially released during the eruptions of Bezymianny volcano
in April 2011 and March 2012. The last and strongest activation
of the subcrustal reservoir started in April 2012, and this was then
transferred to the shallow reservoir beneath Tolbachik volcano.
When the activity in the deep part reached its maximum level in
June-July 2012, the Bezimianny volcano shallow reservoir was
activated again, leading to an eruption on 1 September 2012,
approximately two months after the maximum DLP rate was
reached. This partially released the pressure within the shallow part
of the conduit (as seen by the 10-day quiescent period). This event
modified the plumbing system, which resulted in simultaneous
acceleration of the activity beneath Tolbachik and Klyuchevskoy
volcanoes. At this point, the activity within the deep part of the
plumbing system started to decrease. In October 2012, the activity
was channelled towards Tolbachik volcano, which resulted in its
eruption on 27 November 2012.
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Figure 2 | Detection of repeating long-period events. a, Two hours of records (N component, station KMN, 26 June 2012) bandpass-filtered between 1and
5Hz. b, Matched-filter detection with template 1 (DLP source region; Supplementary Table 1). The scanned records and the template waveforms are shown
with grey and blue lines, respectively. ¢, Similar to b, but for template 6 (Tolbachik LP region) shown with red lines. d, Results of the application of the
matched filter based on templates 1 (blue line) and 6 (red line). Average correlation coefficients were computed from three-component records (see

Methods) at ten and six stations for templates 1and 6, respectively.
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Figure 3 | Activity of the repeating long-period events. a, Cross-section along the profile indicated in Fig. 1, showing the schematic configuration of the
KVG plumbing system, including three shallow reservoirs'’ and the deep reservoir?®, and the schematic locations of four groups of LP sources. b, Evolution
of the DLP activity. Daily event numbers are shown with the grey dashed line. The solid blue line shows the activity, averaged through a sliding 41-day-long
window. ¢, Daily numbers of LP events generated by shallow LP sources. The onsets of the Bezymianny and Tolbachik eruptions are indicated in b and ¢

with the green and red arrows, respectively.

Assuming that the fluid-pressure propagation below volcanoes
is governed by the diffusion equation (see Methods), we use the
delay between the observed maximum of the last surge of the DLP
activity and the onset of the Tolbachick eruption (five months)
to approximately estimate the average hydraulic diffusivity of the
feeding system as ~10°m’s~". This diffusivity, in turn, is related
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to the permeability of the media and to the properties of the trans-
ported fluid®**. The pressure can be transmitted both by magmas
and by the volatile fluids. The latter can be abundant in the shal-
low hydrothermal system. However, at depths of 30 km, where the
DLP activity is observed, most of volatiles remain dissolved in the
magma***. Therefore, we use physical properties of the andesitic
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basalts®™ (average composition of the KVG magmas) to estimate the
transport properties of the KVG feeding system between the deep
and the shallow magmatic reservoirs. By applying the equivalent
channel model for the permeability of the media®™", we estimate
the average size of pores as being of the order of a few centimetres
(see Methods), which is consistent with possible dimensions of
channels filled with the liquid magma in partially molten zones
below volcanoes. This result shows that the observed migration of
the LP activity probably reflects the pre-eruptive transfer of the
fluid pressure from the deep-seated parts of the magmatic system
towards shallow magmatic reservoirs through a system of vertically
connected channels, and supports the open hydraulic connection
models of the dynamics of volcano-magmatic systems®*. Our find-
ings also confirm that the DLP seismicity is related to deep volcanic
fluid transport’, and can be used as reliable evidence of activation of
deep parts of magmatic systems prior to major eruptions.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

The main goal of this data analysis was to detect repeatable long-period (LP) events
generated by different sources. For this detection, we first identified potential
templates, to form multiplet families based on analysis of waveform similarities of
the detected impulsive events. To limit the amount of computation, the initial
template search was based on analysis of single-component records. As we were
mainly interested in the LP activity that preceded the 2012 Tolbachik volcano
eruption, the initial template search used vertical-component records from the
stations located near to this volcano (that is, KIR, BZW, BZG, KMN), in 2012.

Identification of potential one-component templates from the daily records. We
started with an analysis of the daily vertical-component records from the individual
stations, which were bandpass-filtered between 1 Hz and 5 Hz, as a typical
frequency range for LP signals. We computed signal envelopes and smoothed these
within a 10-s sliding window. We used the smoothed envelopes to detect all of the
maxima with signal-to-noise ratios above two. Then, we retained 37.5-s-long
waveforms that were centred at the positions of the detected maxima, as the
impulsive signals. We computed the normalized cross-correlation functions
between all of the pairs of detected impulsive signals, and used their maxima for
estimations of the correlation coefficients (CCs). The matrix of these CCs was used
to regroup the detected impulsive signals into families of similar events. At this
step, we considered CCs below 0.44 as not significant, and the corresponding
elements of the CC matrix were set to zero. For every impulsive signal, we
computed the sum of its CCs (CCsum) with all of the other events (the sum of the
non-diagonal elements of the corresponding raw data of the CC matrix). We then
selected the signal with the largest CCsum as the master event, and grouped into a
multiplet family all of the other signals with CCs between them and the master
event of above 0.44. This procedure was iteratively repeated for the remaining
impulsive signals, to identify all of the possible multiplet families. We then retained
the master events from the multiplets with more than five members for use in the
following steps of the analysis.

Identification of potential one-component templates in 2012. The procedure
described above was applied to the vertical-component records from every day in
2012. The ensemble of selected master events was classified, in turn, into multiplet
families based on their CCs, with the same criteria as described in the previous
section. Similarly, the master events from multiplets with more than five members
were retained for use in the following steps of the analysis.

Matched-filter detection based on the one-component templates. The selected
master events were used as templates for the matched-filter detection. This
detection was based on computing the CCs between the template waveforms and
the scanned continuous records in a sliding window of the same length as the
template (37.5s). We considered CCs above 0.44 as the detection threshold. Also,
we considered that the approach used could not resolve detections in time that
were separated by less the one quarter of the template length (that is, 9.375s).
Therefore, when such closely located detections were found, we retained only those
with the highest CCs. We then rejected the templates that resulted in less than 250
detections and those that mostly produced detections dominated by instrumental
noise. The remaining catalogues were compared, to group together those with
redundant sets of detections". After this processing, we retained the 12 templates
listed in Supplementary Table 1, with their typical waveforms and spectra
illustrated in Supplementary Fig. 1.

Multi-component templates. For the retained templates, we stacked all of the
waveforms that corresponded to detections with CCs above 0.65. This stacking was
performed not only at the station and the component where the template was
initially identified, but also at all of the stations and all of the three components. As
a result, multi-station templates were constructed (Supplementary Fig. 2). These
stacked waveforms with high signal-to-noise ratios were used to measure the travel
times of P-waves and S-waves, and to locate the hypocentres of the template
sources (Supplementary Fig. 3). These hypocentres formed four groups (Fig. 3a).
Then, the multi-station templates were used to perform the final LP event
detections for 2011 and 2012, according to the network-based matched-filter
approach®. For the DLP events and the events below Klyuchevskoy and
Bezymianny volcanoes, we used ten stations (30 components): KRS, CIR, LGN,
ZLN, KPT, KIR, BZW, BZM, BZG and KMN. For the events below Tolbachik
volcano, we used only the six stations (18 components) that were relatively close to
this volcano: KPT, KIR, BZW, BZM, BZG and KMN. As the detection threshold, we
set the value of the average multi-station correlation coefficient above 0.12, which
was approximately sevenfold greater than the root mean square level during the
periods without LP activity. Finally, we combined the detections for the templates
from the same source group. Again, we considered that the matched-filter method
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used cannot resolve detections separated by less than one quarter of the template
length in time (9.375s). Therefore, when such closely located detections were
found, we retained only those with the highest CCs.

Fluid-pressure pulse propagation through porous rocks. Evolution of pressure P
of a fluid filtrating through a homogeneous porous medium is governed by a
diffusion equation®*:

dp 9°P

=D
dt dax?*

where ¢ is time, x is distance, and D is hydraulic diffusivity. We approximate the
problem of propagation of pressure pulse in the following way. At time ¢ =0 the
pressure perturbation of size P, is created at depths x < 0, while P =0 for x > 0. We
then solve the diffusion equation for x > 0 with the above described initial
condition and the boundary condition P(x =0) = P,. The solution is obtained as:

P(x,t)=P, <1—erf<\/%>>

where erf is the error function. At a given location, the pressure approximately
reaches the level of P,/2 when the argument of the error function becomes 0.5. The
characteristic time of propagation of pressure pulse over distance / becomes:

12

We estimate the time #; as approximately equal to five months from the delay
between the observed maximum of the last surge of the DLP activity and the onset
of the Tolbachick eruption. / is estimated from the distance between the DLP and
the Tolbachick LP sources as 40 km, resulting in DA210* m* s~". The hydraulic
diffusivity is related to the permeability of the media and to the properties of the
transported fluid*"**:

kK

D=—
]

where k and ¢ are the permeability and the porosity of the media and K and 1 are
the bulk modulus and the viscosity of the fluid. Finally, we use the equivalent
channel model**” to express the media permeability in terms of the average
effective size of pores. Assuming the cylindrical shape of the pores, this
theory gives:
2 2

¢r D Kr®

T8 81
where r is the hydraulic radius (average effective radius of pores) and 7 is the
average channel tortuosity, defined as the square of the ratio between the effective
channel length due to the tortuous path and the length through which the fluid was
transported in the media. For the andesitic basalt™: K ~ 10" Pa and n ~ 10’ Pa. We
consider that for a system of well-connected pores the tortuosity is close to 1 and
obtain r 210> m.

Estimation of earthquake magnitudes. The Kamchatka Branch of Russian
Geophysical Survey uses the modified regional magnitude scale**:

M=log,,U+f(ts»)

= 1.42log,, (tsp) +0.72,
fltn) = 2.44log, (ts5) —0.14,

tsp<7s
tsp =78

where U is the maximum S-wave ground velocity between 0.5 and 10 Hz in ps™"

and tgp is the arrival time difference between S- and P-waves.

Data availability. The seismological time series used for the analysis are available
from the Kamchatka Branch of the Geophysical Survey of Russian Academy of
Sciences (http://www.emsd.ru) on request.
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