ANNALS OF GEOPHYSICS, VOL. 50, N. 4, August 2007

The nexus of soil radon
and hydrogen dynamics and seismicity
of the northern flank
of the Kuril-Kamchatka subduction zone

Pavel P. Firstov ('), Valentina S. Yakovleva (*), Vladimir A. Shirokov ('), Oleg P. Rulenko ('),
Yury A. Filippov (') and Olga P. Malysheva (')
(") Institute of Volcanology and Seismology FEB RAS, Petropavlovsk-Kamchatsky, Russia
(®) Tomsk Polytechnic University, Tomsk, Russia

Abstract

The comparison of kinematics and dynamic parameters of radon and molecular hydrogen concentration in sub-
soil air on the stations network at the Petropavlovsk-Kamchatsky geodynamic proving ground with seismicity
of the northern flank of the Kuril-Kamchatka subduction zone was fulfilled in the period from July till August
2004. On the basis of correlation analysis of the regional seismicity and variations of radon flux density calcu-
lated using the data of gas-discharge counters of STS-6 type and SSNTDs it was shown that the radon mass
transfer abnormal variations are conditioned by both regional seismicity in total and the subduction zone of prov-
ing ground. The azimuths of «geodeformation waves» coming to the registration points are calculated during
clearly expressed anomaly beginnings, which coincide with directions to earthquake epicenters taking place at
the same time. The geochemical anomalies recorded are presumptively deformative by nature and can be condi-
tioned by processes of «quasi-viscous» flow of the lithosphere during rearrangement of tectonic stress fields of
the subduction zone. The short-term (predicted time T<14 days) precursor of the earthquakes swarm was re-
vealed in hydrogen dynamics on August, 4-5 (four earthquakes had M =5.3 and epicentral distance about 130 km
from the Paratunka base station).

Key words radon — hydrogen — seismicity — geode- Therefore, further development and perfection of
Jormation wave — earthquake this method, both in methodical (Steinitz ef al.,
1999, 2003; Utkin, 2000) and technical (Kim
etal., 1997) aspects, is an essential goal for earth-

1. Introduction quake forecasting purposes.
A network for subsoil radon monitoring was
For half a century work on soil radon record- created at the Petropavlovsk-Kamchatsky geo-
ing was carried out in different geological struc- dynamic proving ground in 1997-2000 with the
tures using different equipment and showed the purpose to search for the precursors of the
benefits of the seismic-emanation method (Du- Avacha Gulf strong earthquakes (Firstov, 1999;

binchuk, 1991; King, 1991; Rudakov, 2003). Firstov and Rudakov, 2003). The network was
extended and modernized in the following years.

This report analyses the features of the soil

radon mass transfer response to changes in
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for the purpose of revealing short-term strong
earthquake precursors.

2. Space-time seismic characteristics
of research areas and observation
techniques

The network consisting of 4 monitoring sta-
tions functioned in the examination period, its
coordinates and conditions of detector place-
ment are given in table I. The scheme of location
of the monitoring stations is shown in fig. 1.
Two stations were located in the northern part of
Paratunka hydrothermal system, which struc-
turally refers to the graben of the southern part
of Nachikinskaya fold-blocky zone. A structural
feature of the examined area is blocky tectonics
(Serezhnikov and Zimin, 1976). The block mo-

saic is caused by a combination of motions
along long-standing ruptures. The majority of
faults are reflected on a relief. Some faults locat-
ed at the valley of Paratunka River under loose
sediments were traced by geophysical methods.
The faults divide the whole structure into four
main blocks.

The base station «Paratunka» (PRT) is lo-
cated on the terrace of the Korkina stream,
which traces a sublatitude fault of the Paratun-
ka graben. A well developed network of hydro-
thermal groundwater reservoirs refers to Para-
tunka graben. Shows of thermal waters with the
radon concentration up to 1500 Bq m™ were
found in 700 m away from the PRT station
downstream.

The annual radon-hydrogen measurements
were conducted across the valley of Korkina
stream. Figure 2 shows the schematic profile of

Table I. Coordinates of soil radon monitoring stations of Petropavlovsk-Kamchatsky geodynamic proving

ground (July-August, 2004).

Name of work station Abbreviation Coordinates

Short description of locality and measurement conditions
Lat (N) Long (E)

Paratunka PRT 52.90

(base station)

Institute of IKR
Cosmophysical
Researches
and Radio Wave
Propagation

Left Avacha

LVCh 53.50

Institute of INS 53.07 158.61

Volcanology
and Seismology

158.26 Hydrothermal system, zone of dynamic influencing of

the fault, which is traced by the Korkina stream.
Radon measurements were made by radiometer <KREVAR»

with

2 gas-filled counter tubes (STS-6 type). Two depths

of radon measurements (point 1 - zone of aeration; point 2 -
zone of the full water saturation).

Terrace of the Paratunka River (2 km from a bank).

Two

depths of radon measurements (point 1 - 0.8 m and

point 2 - 1.35 m).

158.19 Left Avacha River fluvial terrace (150 m from bank).

A fissile fault, two variable-depth points in a zone of
aeration (point 1 - 0.9 and point 2 - 1.9 M).

Geology: sediments of old pyroclastic streams.

Radon measurements were made in:

Point 1 - inside the basement of the Institute building.
Point 2 - inside a bunker of drilled hole at point 1, zone of
aeration.

Point 3 - inside a casing pipe of a drilled hole on depth of

5m.

Point 4 - measurement of radon flux from the earth surface
in a bunker.
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56°

Pacific Ocean

arthquake swarm
4 - 6 August

52° Legend:

Earthquake, M=6.2

159°

Fig. 1. The scheme of location of radon monitoring
stations over the period of July-August 2004 and earth-
quake’s epicenters for the period of July 12-September
1, 2004, with energy class (K): 1 —11;2-12;3 - 13;
4 — 14, and a focal depth: 5§ — 0-19; 6 — 20-39; 7 — 40-
59; 8 — 60-100 km; 9 — monitoring stations; 10 — azi-
muth to the epicenter.

the stream valley, radon-hydrogenous monitor-
ing results and placement of measure points on
the PRT station. The concentration of molecu-
lar hydrogen in soil air was measured by a hy-
drogen geophysical signaling device model
VSG-2, in relative units (mV), and radon con-
centration was measured by a radiometer mod-
el «<RGA-1».

High values of radon concentration and hy-
drogen concentration were recorded at two sites
of the profile: on the left-hand slope and at the
bottom of the valley. These sites should be at-
tributed to disjunctive ruptures characterized by

165°

162°
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high permeability. The gas-filled counter tubes
for continuous radon measurement were placed
on those sites of the profile where the back-
ground level was observed, which proved to be
evidence of the quasi-homogeneity of the medi-
um.

The second station (IKR) is located in the
territory of the Institute of Cosmophysical Re-
searches and Radio Wave Propagation. Another
two stations are located in the region of Pe-
tropavlovsky horst. The station «Left Avacha»
(LVCh) is located at the bank of the Left
Avacha River within the fault zone, traced by a
river-bed. The fourth station (INS) is located in
the territory of Institute of Volcanology and
Seismology.

All stations are equipped with REVAR ra-
diometers. Passive measurements will be used
on the basis of a chamber with an electrostatic
field, in which the sensor is the gas-discharge
Geiger counter registering -radiation decom-
position product *’Rn. It allows autonomous
long-time observations to be performed with
duration of a time period of accumulation from
10 s to 99 h with a step of 1 s. The stored data
are saved in a plug-in module of a storage and
are then transferred in the PC through a serial
port RS-232. At the PRT station the Rn concen-
tration was measured in alluvial-sandy sedi-
ments at a depth of one meter from the surface
at two points: aeration zone (point 1, fig. 2) and
total water saturation zone (point 2, fig. 2). Two
gas-filled counter tubes of the REVAR ra-
diometer were put in alluvial-clay sediments on
2 depths (table I).

In addition to standard radon measurements
by instantaneous method, radon measurements
by an integrated method with SSNTDs at point
3 (fig. 2) were carried out at different depths for
the period from July 12 till August 26, 2004.
Two holes spaced 0.5 m apart were drilled by a
customized soil auger; one hole was 50 cm
deep, and the other was 100 cm deep. A plastic
pipe casing with diameter 5.5 cm was inserted
into the hole. Radon radiometers with track-
etch detectors of LR-115 type III-b (Nikolaev
and Ili¢, 1999) were placed in the holes. Then,
the holes were covered to be air-tight and left
for 96 h. The soil gas radon concentration was
determined for the AIST-TRAL complex by the
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Fig. 2. Schematic structural map of the PRT station’s area and results of radon-hydrogen measurements across

the valley of Korkina stream.

method described elsewhere (Yakovleva, 2005).
The etching and track counting methodology
are described elsewhere (Nikolaev et al., 1993).

The space-time characteristics of seismicity
were studied using the operative catalogue of
Kamchatka Experimental-Methodical Seismo-
logical Department of Geophysical Service,
RAS.

3. Results of observation for radon concen-
tration and hydrogen concentration in
subsoil air

The results of radon monitoring for the pe-
riod from July 12 to September 1, 2004 are giv-
en in fig. 3a-c. Solid lines mark the moments of
strong earthquakes which occurred on south
Kamchatka (4th and 30th August) and the time
of stepwise radon anomaly observed on August
16. The temporal dynamics of air temperature,
pressure and precipitations are given in fig. 3d.

Figure 3a shows the dynamics of radon con-
centration at the PRT base station at two points.
Triangles mark the phase correlation between
the signals of 4th and 16th August. Firstov and
Rudakov (2003) found that synchronous in-
creasing of radon concentration at both zones of
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full water saturation and the aeration zone (like
that on August 4; fig. 3a) testifies the increase
in convective soil gas velocity resulting from
changes in stressed-deformed state of the geo-
logical medium. It should be noted that the pos-
itive anomaly of August 4-6 was also observed
at both points of the station IKR (fig. 3b) locat-
ed within Paratunsky graben. At two other sta-
tions (INS and LVCh) the anomalies were not
observed with an abrupt front (fig. 3b).

The weaker anomalies, which were qualita-
tively similar to previous ones in their forms,
were recorded at all stations on August 12. The
anomaly of 16th August represents a synchro-
nous decrease of radon concentration at both
points of Station PRT and nearly stepwise de-
crease at other Stations (fig. 3b). Anomalies of
4th and 16th August were also observed in the
data obtained by SSNTDs (fig. 3c¢).

Figure 4a,b shows detailed dynamics of
radon concentration at the stations IKR, INS and
LVCh, forming a triangle with an aperture of
about 70 km for the periods of August 3-6 (a)
and 15-17 (b). It is conditionally possible to sep-
arate the moments of the beginning anomalies
and to determine the time of their delay compar-
atively to the Station INS. Assuming that the
front of the incoming wave is plane, the azimuths
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of its arrival were calculated accounting for the
differences in the coming delay for the Stations
IKR and LVCh and it was 105°«15° in the first
case and 72°+13° in the second (fig. 1).

For those stations where the radon concentra-
tion was observed at two different depths, the
values of radon flux density from the Earth’s sur-
face were calculated by the formula (Yakovle-

va, 2005):
A1 [ 1
S A ln(Az 1) G.h

q@)|,_,=Dny-

-4

A

where A; and A; are the radon concentrations at
depths h; and ho=2h; D, is the radon diffusion
coefficient; 7 is the soil porosity. For poorly hu-
midified alluvial sediments with a porosity of
about 23% the diffusion coefficient 0.0055 cm* s™
was considered (Novikov, 1989). The values of
radon flux density were calculated with the use of
eq. (3.1) for the IKR and LVCh stations (fig. Sa)
and the PRT station (fig. 3c).

To reveal the common tendencies in behav-
ior of radon concentration within Paratunka
graben the aggregated signals were constructed
on the basis of a four-dimensional data se-
quence (2 measure points of Stations PRT and
IKR) with the use of Ljubushin’s methods
(Ljubushin, 1998). Aggregated signals clearly
reveal the anomaly of 4th August and weaker
disturbances of 11th and 16th August that are
marked by triangles (fig. 5a).

Figure 5b shows the temporal dynamics of
molecular hydrogen concentration in subsoil air
(dashed line). A clearly defined positive corre-
lation between hydrogen concentration and air
temperature is observed (the correlation coeffi-
cient, r=0.4). The hydrogen concentration
compensated for temperature by Ljubushin’s
methods and averaged by moving mean on 24
points is marked by a full line. Two months’ av-
erage value was found to be 6440 mV. In the
period from July 27th till August 4th the meas-
ured values exceed 100 mV (the average value
plus standard deviation), therefore, as a first ap-
proximation, this period can be counted as ab-
normal.

Due to the deep origin the response to
changes in the stressed-deformed state of the
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lithosphere would be observed in hydrogen dy-
namics much earlier than in soil radon dynam-
ics. Therefore, it is possible to consider the
marked excess of hydrogen concentration as a
short-term precursor of the earthquake swarm
of August 4-5 with Mpn.=5.6 and epicentral
distance of 130 km from the registration point.

4. Seismicity of the northern flank of the
Kuril-Kamchatka subduction zone

The earthquakes which occurred in the
Kuril-Kamchatka region reflect the time reor-
ganization of seismotectonic stress fields con-
nected with interaction processes between Pa-
cific and Eurasian tectonic plates. From 10th
July till 31st August 2004 an investigation of
space-time seismicity characteristics of the
northern flank of the Kuril-Kamchatka subduc-
tion zone stretching from Commodore Islands
in the north up to Paramushir Island in the south
was carried out.

Figure 1 shows the map of earthquake epi-
centers constructed on the basis of operative da-
ta of Kamchatkan Experimental and Methodi-
cal Seismological Department, Geophysical
Service, RAS. The map indicates the earth-
quakes with energy class K=10.5 (K=IlogE, J)
for cross waves and hypocenter depth h<100
km occurred on the northern flank of the Kuril-
Kamchatka subduction zone. The time distribu-
tion of these earthquakes is shown in fig. 6b.

The value of seismotectonic movement ve-
locity depends mainly on the number of seis-
mic events (N) per unit of time and much less
on other parameters of a seismic mode. At first,
the value of seismotectonic movement velocity
can be estimated by a density of events with K=
=10.5 per unit of time (n=N/f) within an exam-
ined seismoactive volume (Riznichenko, 1977).
The velocity determines a slope of the earth-
quakes cumulative number plot. The size of
seismotectonic movement velocity determines
four phases of seismic activity on (fig. 6a): I —
July, 12-August, 3; II — the earthquake swarm
in Avachinsky gulf on August, 4-6; III — August
7-15; IV — August, 16-30.

In the first phase, the value n was close to
the background value. In phases II and IV the
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Fig. 6a,b. Events of earthquakes a) with energy class K=10.5 per a day; b) maximal energy class.

value n considerably exceeds the background
value. However, if in phase II the seismic
process was located in a small area of Avachin-
sky gulf, the earthquakes of phase IV occurred
within all examined territory covering the Ko-
mandor islands in the North up to Paramushir
Island in the South (fig. 1). The last circum-
stance denotes the regional effect of increase in
seismotectonic movement velocity, which may
possibly be caused by an increase in the speed
of the moving Pacific Plate.

4.1. Results analysis

Let us compare the data of radon-hydrogen
monitoring with the denoted phases of seismic
activity. Phase I is apparently connected with
relaxation of tectonic stress field after last
year’s strongest earthquake in Kamchatka on
10th June, 2004. This earthquake had K=14.0
(M=6.4), h=200 km and occurred at the Kro-
notsky Cape area. Due to relaxation processes
which developed 16 days after this earthquake, a
swarm of shallow-focus earthquakes (Kmax=
=11.6) took place in the same area on June 26-
27th and the following more powerful swarm of
earthquakes (Kmax=13.0) took place on August
4-6 in the adjacent Avachinskaya «key».

Apparently increasing seismotectonic de-
formations preceded this swarm in the Avachin-
skaja «key» area which triggered an appropriate
decrease of radon flux density at the Paratunka
graben area (stations PRT and IKR) and an 8
day anomaly in a hydrogen concentration at the
PRT station (fig. 5a,b).

In recent years many researchers have focused
on the rheological properties of a geological ma-
terial and have devised a model of earthquake
preparation process. Morgunov (2001) in his
work showed that in a focal zone a stage of qua-
si-viscous rock flow results from creep preceding
a brittle rupture or an earthquake. The minimal
time of this stage is estimated at not less than 10 h
before a seismic event. Let us consider the radon
anomaly of August 4-5 in more detail. We will
presumably consider the anomaly as a reaction of
a soil radon field on the rock deformation result-
ing from guasi-viscous flow of geological materi-
al (in other words «a geodeformation wave»).
This assumption is supported by the fact that the
azimuth of the anomaly incoming to the radon
monitoring stations is close to the direction to-
wards the epicenter area of the earthquakes swarm
of August 4 (fig. 1). This anomaly had started to
shape (in aggregated signal) 11 h before the be-
ginning of the earthquake swarm (fig. 5a) which
allows it to be considered a short-term precursor.
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As shown in Ljubushin’s experimental work
(Ljubushin, 1993) the «geodeformation waves»
influencing radon field and anomalies have var-
ious shapes depending on a location of meas-
urement points relative to borders of different
blocks.

In phase III a speed of seismotectonic move-
ment was much lower than the background val-
ue which, in our opinion, reflects a stage of qua-
si-viscous creep within the whole seismic zone.
At the final stage of this phase (August 15-16) a
speed of plastic deformations caused by quasi-
viscous flow was increased and resulted in gen-
eration of a «geodeformation wave» owing to
dislocation of blocks. It was reflected in a radon
field as an anomaly. Azimuth of its incoming is
close to a direction on epicenter of the first earth-
quake (K=10.9) of phase IV which occurred on
August 16 in the south of Kronotsky gulf (fig. 1).

Researchers at the Institute of Volcanology
and Seismology at Kamchatka also revealed
anomalies on August 15-16 in other geophysi-
cal fields.

5. Conclusions

On the basis of our analysis the following
conclusions were derived:

1) The network of radon monitoring Sta-
tions of Petropavlovsk-Kamchatsky geodynam-
ic proving ground during the period June-Au-
gust recorded abnormal behavior on August 4-5
and 16, which was interpreted as the reaction of
a soil radon field to «geodeformation waves»
caused by plastic deformations in a subduction
zone.

2) On the basis of the analysis of space-
time seismic characteristics the four phases of
seismic activity were defined on the northern
flank of Kuril-Kamchatka islands line.

3) A satisfactory correlation was found
between temporal dynamics of radon concen-
tration and space-time characteristics of seis-
micity was found. Moreover, the abrupt in-
crease in the amplitude of the aggregated signal
11 h before a swarm of earthquakes on August
4-5 can be considered a short-term precursor.

4) The increase in molecular hydrogen
concentration in subsoil air recorded at Station
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PRT before a swarm of earthquakes (Mmax=5.6
and h=130 km) on August 4-5 exceeds the aver-
age value by two, which could be considered a
short-term precursor.
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