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Abstract—The paper presents the results of retrospective and tectonophysical analysis of the Tokachi-Oki
earthquake source area on the September 25, 2003 (Mw = 8.3). Particular attention is paid to the Hidaka tec-
tonic belt, the structures of which were affected by the Tokachi-Oki earthquake. The load–unload response
ratio (LURR) method was applied at sufficient spatial (a square with a side of about 400 km) and temporal
(continuous 20-year period) intervals to consider the results reliable. The forerunners of the Tokachi-Oki
earthquake on the September 25, 2003, were revealed (on average, two years before the seismic event), which
strictly determined the earthquake location. The data obtained with The method of cataclastic analysis
(MCA), together with LURR data, made it possible to establish the stages of instability development in the
Hidaka collision zone. The Hidaka tectonic belt became outlined by destruction zones (mainly horizontal
compression) from 1997 to 2003 (up to the Tokachi-Oki earthquake). LURR anomalies were detected along
the belt a couple of years before the earthquake. The prediction of the Tokachi-Oki earthquake by the LURR
method is one of the most reliable in our practice.
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INTRODUCTION
On September 25, 2003, at 19:50 UTC, an earth-

quake with a moment magnitude Mw = 8.3 occurred
near Hokkaido, Japan [55]. The earthquake caused
extensive damage and landslides. The height of tsu-
nami waves reached 4 m [27]. The event was subse-
quently called the Tokachi-Oki earthquake.

Like any event of this magnitude, the Tokachi-Oki
earthquake is mentioned in many studies on forecast-
ing earthquakes, either directly or indirectly. In [34,
45], this earthquake was predicted 6 months before its
manifestation. The Reverse Tracing of Precursors
(RTP) method was used for forecasting. The authors
of [34, 45] suggest that the forerunner is a dense
sequence of small earthquakes that rapidly propagate
over long distances. According to their opinion, a
strong earthquake is expected within 9 months after
the formation of such a sequence within a formally
defined setting.

Microseismic vibrations within periods of a few
minutes recorded before the Tokachi-Oki earthquake
were analyzed in [47]. A series of asymmetric pulses
occurring several days before the earthquakes was
revealed. In [54], an ionospheric anomaly was

detected based on variations in the total electron con-
tent derived from GPS measurements. The anomaly
was detected several days before the main event near
the epicenter. According to data obtained from micro-
barographs [48], a change in atmospheric pressure
before the Tokachi-Oki earthquake was recorded. The
pressure change began with the arrival of a body wave
and reached the maximum amplitude with the arrival
of a surface Rayleigh wave, which allowed the authors
of [48] to suggest that the observed change was caused
by ground motion produced by seismic waves.

According to [38], strong “shallow” earthquakes
along subduction zones sometimes precede the occur-
rence of strong deep-focus earthquakes. The Tokachi-
Oki earthquake (2003) was preceded by noticeable
deep seismicity in the subduction slab, including a
(Mw = 6.8) deep-focus earthquake. According to [39],
a change in the temporal parameter of the fractal
dimension (D) can be considered another precursor.
This study revealed that parameter D began to
decrease in 1998 and became very small approximately
1 year before the main shock. Moreover, the decrease
in the D value before the main shock is characteristic
of some large earthquakes. Hence it follows that this
decrease may be an earthquake precursor.
383
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Fig. 1. Possible boundaries of lithospheric plates in north-
eastern Japan. I, boundary proposed by Nakamura [40]
and Kobayashi [36]; II, boundary proposed in (Chapman
and Solomon [30], (from [33]).
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In general, a review of previous studies shows that
number of signs of preparation of the 2003 earthquake
occurred according to various observations and mod-
els. Verification of the LURR method in a retrospec-
tive analysis of seismic data on the 2003 Tokachi-Oki
earthquake could well complement earlier results. To
bolster the tectonophysical component of the study,
we propose to evaluate the dynamics of the stress–
strain state of the medium at all evolutionary stages of
the earthquake source (the emergence and develop-
ment of the anomalous state of the medium according
to the LURR method) using the method of cataclastic
analysis (MCA) [20].

STRUCTURAL FEATURES OF HOKKAIDO 
AND THE NATURE OF THE HIDAKA 

TECTONIC BELT

Hokkaido is located in the active transition zone
between the Eurasian continent and the Pacific
Ocean, in the geodynamic junction zone of three
lithospheric plates: the Pacific, Eurasian (Amur), and
Okhotsk (Fig. 1). Such a location of the island governs
its tectonic, seismic, and volcanic activity.
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It should be noted that the current state of the
problem of the boundary between the Eurasian and
North American plates is very controversial [25]. In
some studies, the Amur and Okhotsk microplates are
distinguished at the junction of these plates [24], while
in others, they are not [32, 44]. As well, the North
American Plate is shown in different ways. According
to Ismail-Zadeh et al. [32], the Okhotsk plate is a part
of the North American Plate. Its western boundary
runs entirely along the axial part of the Tatar Strait,
and its southern part covers half of Hokkaido. Accord-
ing to [2], the Japan–Korean block is distinguished
between the Amur and Okhotsk microplates. This
block should border the Okhotsk block in the east and
the Amur Plate in the west. The diffuse boundary
between the Eurasian and North American plates is
drawn arbitrarily, and there is still no strict substantia-
tion of the position of this boundary.

Within northern Japan, the issue of the position of
the boundary between the Eurasian (Amur) and
North American (Okhotsk) plates is also ambiguous.
In [30], the authors considered the position of the
boundary between plates along the central part of
Hokkaido (Fig. 1, I). However, in the early 1980s,
Nakamura [40] and Kobayashi [36] suggested that the
plate boundary shifted to the eastern Sea of Japan
(Fig. 1, II) 1–2 Ma [40] or 0.5 Ma [43] ago.

The convergence of adjacent lithospheric plates
occurs over a wide range of diffuse zone. One of the
important characteristics of the collisional process is
the collision deformation rate, i.e., the lateral contrac-
tion rate of Earth’s crust in the collision zone. Its max-
imum value cannot exceed the tangential component
of the oceanic plate velocity; the actual value shows
what part of the total relative motion is transferred to
the convergence of island arcs and their deformation
in the collision zone [10]. The studies [33] showed that
the crustal contraction rate in the central part of Hok-
kaido has been relatively constant since the Pliocene.
As well, about 50% convergence at the relative motion
of the plates still occur in the central part of Hokkaido
(Hidaka collision zone) and the position of the plate
boundary in Northern Japan cannot be marked by a
single line.

The present-day structure of Hokkaido was formed
in the Middle Miocene due to the oblique collision of
the Eurasian and North American plates, accompa-
nied by NS-trending shear and EW-trending thrust
movements. As evidenced by the location of active
faults and ore veins, these movements continued in the
Quaternary and are still ongoing [3].

The Hidaka and East Sakhalin terranes were
moved considerable distances not only in meridional
direction but also westward along thrust planes during
the Cenozoic. This is explained by the location of
Island of Hokkaido at the junction of right-lateral
Sakhalin thrusts and the same thrusts of the Kuril
Islands formed due to oblique subduction of the
NAL OF PACIFIC GEOLOGY  Vol. 18  No. 4  2024
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Pacific plate as it moved in the sublatitudinal direc-
tion. The interaction of the above right-lateral shear
systems led to the formation of the Hidaka collision
zone in the Late Miocene [35]. As a result, the crust
up to 39 km thick (Hidaka zone) was formed [28].
Right-lateral shear displacements on Sakhalin and the
Kuril Islands in combination with complex move-
ments of the Oshima terrane caused by the opening of
the Sea of Japan, were obviously transformed in Cen-
tral and Eastern Hokkaido into thrusts of submeridio-
nal strike.

According to the geological features, Island of
Hokkaido can be divided into three parts: Western
(Japanese (Tohoku-Honshu) island-arc system),
Central (Hokkaido–Sakhalin folded uplift, arc–arc
collision zone), and Eastern (Kuril–Kamchatka
island-arc system). All major block systems of Hok-
kaido are oriented across the strike of the trench and a
seismic focal zone. This is rarely observed in island-
arc settings. The Kamchatka, Kronotsky, and Shipun-
sky peninsulas in Kamchatka, near which earthquakes
are concentrated, can be considered an analog of such
relationships. In a less distinct form, the same is
observed in Hokkaido.

The Hidaka–Central Hokkaido Zone is character-
ized by the most complex geological structure. This
zone does not belong to the Japanese or Kuril island
arcs in terms of geological structure and covers the
area from the eastern border of the Ishikari lowland to
the Abashiri tectonic line, crossing the Hidaka Moun-
tains. The formations of the Hidaka zone, which are
characterized by western vergence of folded and fault
dislocations, are thrust over rock complexes of the
eastern part of the pre-Neogene Japan volcanic arc.
Structurally, the Hidaka Belt represents a thick right-
lateral thrust zone developed along a series of regional
faults that caused multiple twinning of sections even
before their faulting.

SEISMICITY OF HOKKAIDO

The high seismicity of the Hokkaido block is man-
ifested as a large-number of shallow earthquakes in the
upper layers of the seismic focal zone. The main zone
of strong earthquakes is confined to the subduction
zone of the Pacific oceanic plate beneath the Okhotsk
Plate. Earthquake epicenters are located on the ocean
floor between the deep-sea trench and eastern banks
of Hokkaido. Earthquakes with epicenters located on
the island itself and in the Sea of Japan are relatively
rare. The seismicity of Hokkaido is heterogeneous
even along the subduction zone. Two zones can be dis-
tinguished: the Nemuro (the continuation of the
Kuril–Kamchatka island arc) and the Hidaka, taking
into account its continuation under the ocean f loor
[1].

A higher seismicity, thrust movements parallel to
the trench, and sinistral strike-slip faults observed in
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 18 
the Hidaka collision zone, are associated with uplift at
the frontal edge of the Kuril arc. Based on the distri-
bution of earthquake hypocenters along Hokkaido,
the angle of inclination of the upper boundary of the
seismic focal zone varies from 20° to 30° from the
Japan arc and further to 40° and 50° to the north along
the Kuril arc (143°–144° E). The significant curvature
of the surface of the seismic focal zone due to the con-
junction of the two arcs may be related to extension or
rupture of the subducting plate with depth [12].

The block structures transverse to the seismic focal
zone affect the distribution of earthquake sources.
This is particularly clear with the example of the Kit-
ami–Hidaka horst-anticlinorium. Catastrophic
earthquakes with epicenters in the ocean near the
Hokkaido coast are associated with the latter. These
are the shallow earthquakes of January 4, 1912 (М =
8.0), March 4, 1952 (М = 8.3), and March 21, 1982
(М = 7.2).

The Tokachi-Oki earthquake on September 2003,
Mw = 8.3 continued the succession of strong earth-
quakes associated with the Hidaka zone and its seismic
activity. The earthquake on September 25, 2003 was
accompanied by a large series of aftershocks. The
source parameters obtained from P- and S-wave anal-
ysis data are as follows: seismic moment 1.0 × 1021 H
m, stress release 50 TPa, onset of rupture at depth of
25 km, rupture duration 40 s, maximum displacement
5.8 m, average displacement 2.6 m, rupture area 90 ×
70 km2 [49]. According to bottom seismographs, a sea-
floor uplift of 37 ± 5 cm was recorded directly in the
hypocentral zone [46].

It should be noted that the same section of the fault
was ruptured as during the earthquake with M = 8.3 in
1952. An earthquake source was located on the shelf
near Cape Erimo and had a length of 100 km. The
shaking intensity was 8 MSK. Earthquakes on March
4, 1952, and September 25, 2003, are associated with
megathrusts, which occurred as a result of segmental
rupture of the Pacific Plate beneath the Hokkaido–
Tohoku accretionary wedge [41]. The source area of
the Tokachi-Oki earthquake is ∼1.4 × 104 km2 and
partially coincides with the seafloor deformation area
(∼2.52 × 104 km2) associated with the 1952 earthquake
[49].

There was NE-trending subvertical overthrusting
(with left-lateral shear components) or an ENE-
trending thrusting (with right-lateral shear compo-
nents).

The motion in the main shock source on Septem-
ber 25, 2003, occurred predominantly under the
action of SE-trending compression stresses. The type
of motion in the source is NE-trending low-angle
thrusting (with right-lateral shear components).
According to geological and tectonic data, the earth-
quake source (September 25, 2003) was located south-
east of the Erimo Peninsula on the continental slope in
the transform zone of the Hidaka submarine uplift, at
 No. 4  2024
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the boundary between the Japan and Kuril–Kam-
chatka segments of the deep-water trough [9]. The
rupture line of the Tokachi-Oki earthquake is local-
ized at the boundary between the highly anisotropic
setting (the Hidaka Mountains) and the low-anisotro-
pic setting (the Tokachi Plain).

INITIAL DATA

For calculations, we used data on earthquakes
(including focal mechanism solutions for the MCA) of
the NIED Catalog (National Research Institute for
Earth Science and Disaster) [56]). For calculation
using the LURR method, we chose samples of earth-
quakes from this catalog with magnitudes from 3.3 to
5.0 in nine circular areas. An average number of earth-
quakes in each working sample was about 1000 earth-
quakes for the 20-year calculation period. Also, a
working catalog was created based on the NIED cata-
log data for the study region following the MCA. The
catalog included 362 events with a magnitude range of
3.1 ≤ Mw ≤ 6.9 over a period from January 1, 1997 to
September 25, 2003. The depth interval for recon-
struction was 0–30 km (the depth of the GCMT cen-
troid forming the earthquake on September 25, 2003,
h = 28.2 km). No depth limitation was applied for
LURR calculations. The most representative magni-
tude ranges are from 3.1 to 3.9 (178 events) and from
4.1 to 4.9 (153 events). Earthquake mechanisms in the
magnitude range of 3.1 ≤ Мw ≤ 5.9 were identified for
reconstruction. As well, four events with Mw ≥ 6.0 were
excluded. The use of a difference of more than 2.5–3
units in the magnitude ranges leads to overestimation
of the role of strong earthquakes, since the mecha-
nisms of these strong events begin to participate in
determining the stresses of most domains, signifi-
cantly averaging the results of calculations [22].

We analyzed the working catalog by kinematic type
of focal mechanisms before the Tokachi-Oki earth-
quake on September 25, 2003 (362 events) and in the
aftershock period (324 events). The classification was
proposed by M.I. Streltsov [16] based on the angles of
inclination to the horizon of nodal planes (DP1, DP2)
and angle (Pl) of the N axis: from January 1, 1997 to
September 25, 2003: reverse faults, 253 events (70, the
percentage of the number of earthquakes in this group);
thrust faults, 21 events (6); normal faults, 67 events
(21); oblique faults, 4 events (1); strike-slip faults,
21 events (6). In the period from September 26, 2003
to September 26, 2004: reverse faults, 198 events (61);
thrust faults, 11 events (3); normal faults, 67 events
(21); oblique faults, 6 events (2); strike-slip faults,
42 events (13). The focal mechanisms of the strongest
earthquakes (12 events) Mw ≥ 6.0 (not participating in
the reconstruction) are reverse and thrust faults.

The processing of initial seismic data was per-
formed in long-period (January 1, 1997–September
25, 2003) and short-period (1997–1999; 2000–2001;
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2002–2003; 2003–2004) regimes of reconstruction
using the MCA in 0.1° × 0.1° grid nodes in the lateral
direction. The procedures of forming uniform samples
of earthquake focal mechanisms were performed for
188 (1997–1999); 73 (2000–2001); 101 (2002–2003)
439 (1997–2003); and 267 (2003–2004) quasi-homo-
geneous domains. The average stress tensor parame-
ters for the entire observation period were calculated
for each of the domains.

In total, 12 earthquakes with Mw ≥ 6.0 occurred in
the studied region over the considered time interval:
February 20, 1997 (Mw = 6.0, h = 47 km), October 8,
1997 (Mw = 6.0, h = 8 кm), November 15, 1997 (Mw =
6.0, h = 157 кm), May 30, 1998 (Mw = 6.1, h = 15 km),
May 12, 1999 (Mw = 6.2, h = 96.2 кm), October 3,
2000 (Mw = 6.2, h = 15 km), August 13, 2001 (Mw =
6.4, h = 44 km), December 2, 2001 (Mw = 6.4, h =
123.7 km), October 14, 2002 (Mw = 6.1, h = 48 km),
November 3, 2002 (Mw = 6.4, h = 44 km), May 26,
2003 (Mw = 7.0, h = 61 km), July 25, 2003 (Mw = 6.0,
h = 15 km).

RESEARCH METHODS
The LURR method was developed by Chinese

seismologists in the 1990s [51]. When justifying the
method, it was assumed that the prediction sign of
approaching failure of a continuum in the earthquake
focal zone is an increase in some parameter character-
izing the difference between the load curve σ = f(ε) of
Hooke’s law. The authors of [50] imply that the load
curve for the principal stress and strain (one of the
components of these tensor values) can describe the
behavior of the material of the medium in a region that
is much larger than the preparing source, under the
influence of lunisolar tides.

Independently of the Chinese seismologists,
A.V. Nikolaev [14, 15] also considered the relationship
between earthquakes and the phases of tidal distur-
bances. Despite insignificant differences in the statis-
tical analysis method, both Chinese and Russian stud-
ies yielded similar results. In case of the LURR
method, attention was paid to the difference of defor-
mation responses of the medium at different tidal
phases. A necessary condition for the appearance of
such a difference is the nonlinearity of the dependence
σ(ε), the appearance of which is associated with the
process of damage accumulation:

(1)
where σ is the the principal principal stress stress; ε is
the corresponding elastic component; E0 is the elastic
modulus; D is the measure of material damage intro-
duced according to [37]. The parameter D increases
with increasing ε from 0 to 1. In some studies, e.g.,
[13], the time dependence of parameter D is linked to
the concentration of microcracks. The inelasticity of
the medium determines the difference of deformation

σ εε = ε0 1( ) – ,[ ( )]E D
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variations δε+, δε– (plus and minus indicate the direc-
tion of the tidal gradient). If the stress increases and
decreases by the same magnitude δσ, the absolute
magnitudes of all variations are considered. The ratio
of strain responses to load and unloading Rε can serve
as a quantitative characterization of the inelasticity of
deformation at this stage of process:

(2)

The Rε ratio can be expressed in terms of the values
entering into expression (1) using the following for-
mula (intermediate calculations are omitted):

(3)

In the lack of accumulation of defects with increas-
ing strain (or stress), the derivative dD/dε = 0 and Rε =
1. Expression (3) shows that the Rε values can differ
significantly from unity only at the plastic deformation
site, when the slope of the tangent to the strain curve
decreases significantly. In addition, the strain itself ε =
σ/[E0(1 – D)] is finite. In terms of recent work [11],
this condition can be rephrased as a decrease in the
effective stiffness of the host medium. At the point of
transition to the superlimiting deformation, where
dσ/dε = 0, the expression for Rε loses correctness, but
the failure in the medium (earthquake) occurs already
at the superlimiting section of deformation. This pre-
determines that the strain response Rε (a sign of
increasing plastic deformation) can be informative as a
mid-term precursor (weeks-months), but not as a
short-term precursor of a strong earthquake (hours-
days).

It was proposed in [50, 51] to consider the LURR
parameter Ym instead of the strain response ratio Rε.
This parameter is the ratio of responses of a sequence
of seismic events to test loading and unloading.
Lunisolar tides were chosen as test stress changes. The
LURR parameter was introduced for additive quanti-
ties: seismic energy, Benioff strain and seismic event
accumulation using the relation

(4)

In expression (4), Ei denotes the seismic energy of
event numbered i, which can be calculated by energy
class (E = 10 K, [17]). The latter, in turn, is related to
magnitude (K = 1.8 M + 4). The “+” sign indicates
events that occurred during the load increment period;
the “–” sign indicates events during unloading. The
degree index m takes the values m = 1, 1/2, 0. When m
= 1, the parameter Y1 = YE represents the ratio of the
released seismic energy during the periods of stress
increase and decrease, respectively, due to tides. At m
= 1/2, this parameter describes the ratio of the Benioff
strain response at the same tidal phases, Y1/2 = YB.
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When m = 0, it reduces to the ratio of the number of
N+, N–, events that occurred during loading and
unloading, respectively (Y0 = YN = N+ = N–). Tidal
perturbations are considered positive at the phase of
the tide when the shear stress acting along the surface
increases. According to the Coulomb–Mohr law, slip-
page along this surface occurs the most easily [31]. It
should be noted that, when constructing the ratio of
the number of N+/N– events in the periods of load and
unloading growth [14, 15], these periods were chosen
somewhat differently: by perturbations of the vertical
stress component (the addition to the lithostatic pres-
sure corresponds to the positive phase).

To process the data using the LURR method, the
Seis-ASZ software package, developed at the Institute
of Geology and Geophysics, Far Eastern Branch,
Russian Academy of Sciences was used [4]. To per-
form calculations, we have developed methods that
are universal in the choice of processing parameters
and make it possible to replicate the results [6]. In con-
trast to earlier studies by our colleagues (see, e.g.,
review [53]), in which the evaluation parameters are
changed for each forecast, this approach makes cannot
be used for operational forecasting. In our studies,
these parameters have fixed values: the magnitude
range in the working sample is 3.3–5.0, the moving
window is 360 days, and the computational domain is
a circle with a radius of 1°. Using the above parameters
in LURR calculations, we performed successful retro-
spective earthquake forecasting for different parts of
Sakhalin Island [5–8].

At the first stage of the calculation, the compo-
nents of tidal displacements formed due to the gravita-
tional potential during the interaction of the three-
body system Earth–Sun–Moon are calculated for the
epicenter of each earthquake. Tidal calculations are
performed in accordance with the algorithm imple-
mented in Berger’s ERTID software [29]. The stress
tensor components are calculated based on a rigid and
elastic Earth model (with three elastic constants). The
stresses are calculated at several points before, during,
and after the earthquake so as to determine the
dynamics of the tidal component. The resulting
stresses are used to calculate the Mohr–Coulomb fail-
ure criterion and to determine the dynamics of the
effective shear stress. As a result, a role, which tidal
disturbances played at the time of failure (or move-
ment), is determined for each earthquake, whether
they decreased or increased the effective shear stress.
The first-type earthquakes become conditionally
“negative” and the second-type earthquakes—“posi-
tive”. The equations of continuum mechanics for the
above calculations are fully consistent with those used
by the authors of the method [52], but this calculation
has a series of restrictions. In particular, the peculiari-
ties of the earthquake focal mechanism and the influ-
ence of the ocean tide are not fully taken into account
[23].
 No. 4  2024
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At the final step, the LURR parameter (Eq. 4) is
calculated. Different researchers may come to variant
results at this stage, as they depend on the choice of
parameters of the computational model, including the
base parameter for Eq. 4 (we use the Benioff deforma-
tion; in Eq. 4 the parameter m = 0.5). The size of the
summation window is 360 days. The window is moved
in 30-day increments over the calculation period. It is
important to remember that the point on the graph
corresponds to the middle of the averaging window,
i.e., the actual data are used in the calculation six
months ahead. The discrimination level (threshold for
anomaly detection) in the LURR parameter distribu-
tion plots is set to 3. Exceedances of the threshold of
impulse character (exceedance in one point at a step of
30 days) are not considered anomalies. We accepted
such a condition when processing on the basis of the
previously analyzed statistics. Most of such outbursts
were not relevant to the forecasting issues. In [8], the
alarm period (the time interval after the appearance of
an anomaly, the period when an earthquake should be
expected) is defined. A 3-year period was chosen as
the maximum alarm period.

To study the stress state before and after the Toka-
chi-Oki earthquake (September 25(26), 2003), the
MCA was used [18–23, 42].

The main MCA algorithms are presented in mono-
graph [20]. An important feature of the method is the
selection of quasi-uniformly deformable domains,
within which a uniform sample of earthquake focal
mechanisms is formed. The MCA algorithm includes
procedures for selecting such earthquakes based on the
energy principles of plasticity theory (elastic strain
energy dissipation at fault displacements).

The selected sets of earthquakes satisfying the con-
dition of positive dissipation of elastic energy are
called homogeneous earthquake samples. They are
used to determine the parameters of the ellipsoid of
stress tensors and seismotectonic deformation incre-
ments (principal stresses and type of ellipsoid) nor-
malized to the value of the shear intensity, and to char-
acterize the quasi-homogeneously deformed section
of the Earth’s crust (domain) to which the results of
stress calculation are attributed.

The stress–strain state parameters are calculated in
the lateral direction in grid nodes. Based on the spatial
proximity criterion, the earthquakes with elastic
unloading domains, which have a mutually intersect-
ing zone including the calculation node, are selected.
The earthquake sample created on the basis of this cri-
terion is called the initial sample of earthquake focal
mechanisms. Further, the creation of uniform samples
is carried out by successive time scale-based searching
of events from the initial sample. The uniform sam-
pling with a sufficient number of events is followed by
the calculation of parameters of stress tensors and seis-
motectonic strain increments. Several uniform sam-
ples of earthquake focal mechanisms can correspond
RUSSIAN JOUR
to each calculation node. This approach allows us to
distinguish several phases of quasi-homogeneous
deformation for a single microvolume.

When determining the orientation of the principal
stress axes of the stress tensor and the Lode-Nadai
coefficient value, we select such a stress state from all
possible ones, for which the set of earthquake focal
mechanisms being analyzed provides the maximum
dissipation of energy accumulated in elastic deforma-
tions [20].

In recent years, major advances have been noted in
studying natural stress state (shear fractures or earth-
quake focal mechanisms) of seismically active regions
on the basis of MCA [19–21]. Thus, this method is
applicable both for estimating the parameters of the
present-day stress state from data on earthquake focal
mechanisms and for reconstructing paleostresses
based on the slip planes in natural outcrops [42].

One of the directions of application of tectonic
stress parameter data is also seismic zoning of the ter-
ritory, according to which it is possible to divide the
fault zones by degree of their preparation for the reali-
zation of large earthquakes. At the same time, the zon-
ing pattern changes, requiring ongoing monitoring of
the tectonic situation. The detail of zoning is deter-
mined by a scale level of the reconstructed stress field
and by the most representative magnitude range of the
catalog of focal mechanisms used for reconstruction
[20].

RESULTS
The LURR analysis was conducted in the scanning

mode over an area sufficient to cover the activation
volume corresponding to the level of the studied
earthquake. For this, the earthquake epicenter was
surrounded by nine calculation circular domains
within the zone with coordinates: 40° N–44° N, 142°
E–146° E (map in Fig. 2a). The centers of the circular
domains were placed at one-degree intervals in lati-
tude and longitude. The calculation circular domains
with a one-degree radius were placed arbitrarily
regardless of the Tokachi-Oki earthquake epicenter. In
addition, for comparison (the scan mode off), calcula-
tion was also performed in a circular domain centered
at the epicenter. Over a 20-year period, 1170 earth-
quakes with Mw = 3.3–5.0 (the working sample for
calculating the LURR parameter) were recorded. Fig-
ure 2b shows the graph of LURR variation from 2000
to 2020 in the calculation domain centered at the
earthquake epicenter. One anomaly per 20 years is
observed in the calculation circular domain. Exceed-
ing the threshold equal to three (the divisions on the
graph correspond to the middle of the smoothing win-
dow) occurred 21 months before the Tokachi-Oki
earthquake (December 2001).

Let us consider the results in nine arbitrary regions.
Figures 3a–3i show the plots of the LURR parameter
NAL OF PACIFIC GEOLOGY  Vol. 18  No. 4  2024
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Fig. 2. Nine computational circular domains with selection of two domains in which forerunners are marked (a); graph of behav-
ior of LURR parameter from 2000 to 2020 for epicentral zone of Tokachi-Oki earthquake (b).
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variation in the nine regions over the period from 2000
to 2020. The scan mode in the retrospective analysis
implies a hypothetical ability to make real-time pre-
dictions. Here, the areas are not correlated with the
epicenter of the earthquake being tested. Three anom-
alies exceed the threshold. The anomalies have thresh-
old crossing points: in June 2002 (Fig. 3b), in Decem-
ber 2001 (Fig. 3c), and in July 2017 (Fig. 3h). Two
pulselike exceedances (exceedance at a single point at
a step of 30 days) in the area shown in Figs. 3c and 3e
cannot been considered anomalies according to our
previously established rules (for a specific step). No
anomalies were recorded in the other six domains.
Additionally, the second, not the first, points of
threshold exceedance are indicated. This was done
taking into account that it is necessary to identify a
possible pulse anomaly, as well as to accurately deter-
mine the real anomaly. For this purpose, one more
point is required.

According to the previously adopted methodology,
anomalies that are observed under the scan mode in
neighboring areas and registered in time with a differ-
ence of no more than 6 months (half of the smoothing
window) form a single alarm area with a waiting time
of up to two years [8]. Thus, we can conclude that the
calculated circular domains with centers 41° N, 144° E
and 41° N, 145° E are the predicted zone for the earth-
quake in the period from December 2001 to December
2003. This zone fully corresponds to the spatial and
temporal characteristics of the Tokachi-Oki earth-
quake. The first anomaly appeared in the east (145°
E). Then, the area finally formed, capturing the calcu-
lated domain to the west (144° E).

Apart from the Tokachi-Oki earthquake, many
other earthquakes occurred over the last 20 years. In
such studies, a boundary is usually set on the magni-
tude of the target earthquakes. For this, in the calcula-
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 18 
tion zone, including all nine calculation circular
domains, the catalog was declustered following the
method described in [26]. The result of declustering
showed that magnitudes below six are unsuitable to be
considered as target magnitudes in mid-term assess-
ments. For example, there are 87 earthquakes left in
the range Mw = 5.0–6.0, and this number is too high
to apply the LURR method. There are only three
earthquakes with magnitudes Mw > 7.0: (September
26, 2003 (Mw = 8.3; 41.778° N, 144.079° E); January
29, 2004, Mw = 7.1 (42.946° N, 145.275° E); Septem-
ber 11, 2008, Mw = 7.1, (41.776° N, 144.152° E).

There is no evidence that the 2004 earthquake is
not an aftershock of the Tokachi-Oki earthquake,
especially since its magnitude indicates that it is prob-
ably a continuation of the earthquake rupture caused
by the main shock in the western direction, where the
fault zones closest to the epicenter extend. Moreover,
it occurred a year later, which also testifies in favor of
mutual dependence. In fact, out of the three listed
strong earthquakes, only the 2008 earthquake
remains. No precursor to this earthquake was found.
Thus, when setting the lower threshold of earthquake
forecasting with Mw = 7.0, we get a good result with
one false alarm (July 2017; 43° N, 144° E), one missed
target (September 2008), and one successful retro-
spective forecast for the Tokachi-Oki earthquake on
September 25, 2003. This is a good result for a 20-year
time interval with an estimated realization time of
about two years.

Processing of the catalog of earthquake focal
mechanisms in accordance with the MCA algorithm
allowed us to compile maps of the orientation of the
principal stress axes of the stress tensor (Figs. 4, 5, 8a,
8b), as well as to divide the crust by type of stress tensor
 No. 4  2024
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Fig. 3. Results for all computational domains. Discrimination threshold for highlighting anomalies is shown by red line.
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Fig. 4. Orientation of projections of plunging principal stress axes σ1 on horizontal plane before Tokachi-Oki earthquake on Sep-
tember 25(26), 2003. (a) 1997–1999; (b) 2000–2001; (c) 2002–2003; (d) 1997–2003.
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(ellipsoid) (Figs. 6, 8d) and the geodynamic regime
(Figs. 7, 8c) determined by the type of stress state.

Figures 4, 5, 8a, and 8b show projections of the
principal stress axes on the horizontal plane σ1
(Figs. 4, 8a) and σ3 (Figs. 5, 8b), before and after the
Tokachi-Oki earthquake on September 25(26), 2003
over different time intervals (four time intervals before
the earthquake—1997–1999; 2000–2001; 2002–Sep-
tember 25, 2003; January 1, 1997–September 25,
2003; aftershock period—September 25, 2003–Sep-
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 18 
tember 25, 2004 (Figs. 8a, 8b). The orientations of the
principal stress axes of the stress tensor in the crust of
the Japan island arc experience a number of changes
(Figs. 4, 5). Two types of stress state are combined
here: those characteristic of subduction zones of the
oceanic crust and those characteristic of the continen-
tal crust. Near the Japan Trench axis, the projections
of the axes of maximum deviatoric extension σ1 and
compression σ3 are oriented almost orthogonally to its
strike, dipping, respectively, beneath the continental
 No. 4  2024
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Fig. 5. Orientation of projections of plunging principal stress axes σ3 on horizontal plane before Tokachi-Oki earthquake on Sep-
tember 25(26), 2003. (a) 1997–1999; (b) 2000–2001; (c) 2002–2003; (d) 1997–2003.
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(extension axes) and oceanic (compression axes)
plates.

In the majority of the study area, gentle dipping of
the σ3 axes is observed, while the axes of maximum
deviatoric extension σ1 have a steeper dip with a wide
variation of the dip angle. The intermediate principal
stress axis σ2 is oriented along the strike of the Japan
Trench. This orientation of the principal stress axes is
characteristic of subduction regions and determines
RUSSIAN JOUR
the underthrust tangential stresses acting at the litho-
spheric basement as active forces.

The only exceptions are local areas located near
Hokkaido and Honshu, where the orientation of the
principal stress has significant deviations.

Type of Geodynamic Regime and Type of Stress Tensor
Based on the analysis of data on the orientation of

the principal stress axes, the geodynamic zoning of the
studied region by the type of stress field (geodynamic
NAL OF PACIFIC GEOLOGY  Vol. 18  No. 4  2024
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Fig. 6. Type of stress state (geodynamic regime) before the Tokachi-Oki earthquake on September 25(26), 2003. (1) extension,
(2) extension-shear, (3) shear, (4) compression-shear, (5) compression, (6) oblique; (a) 1997–1999; (b) 2000–2001; (c) 2002–
2003; (d) 1997–2003.
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regime), which eventually determines the character of
movement along the existing fault system, is pre-
sented. To determine the type of stress state, we used a
scheme of division into six geodynamic types,
obtained by analyzing the position of the zenith vector
with respect to the principal stress axes [20]. The spec-
trum of possible states ranges from horizontal com-
pression (σ1 axis is subvertical) and shear (σ2 axis is
subvertical) to extension (σ3 axis is subvertical).
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 18 
The predominant geodynamic state of the studied
area for all time intervals is the horizontal compression
delete (Fig. 6). In the reconstructions for the periods
from 1997 to September 25, 2003 (Fig. 6) and from
September 25, 2003 to September 25, 2004 (Fig. 8c),
the stress state is more fractional. Almost all sets of
stress states occur here. In the conjunction zone of the
Japan and South Kuril seismic focal zones, the hori-
zontal compression environment changes to a hori-
zontal shear environment combined with horizontal
 No. 4  2024
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Fig. 7. Type of stress tensor—Lode–Nadai coefficient. (a) 1997–1999; (b) 2000–2001; (c) 2002–2003; (d) 1997–2003.
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extension. An extensive area of extension is noted in
the vicinity of the oceanic trench.

After the first step, the Lode-Nadai coefficient
(Fig. 7), which determines the type of stress ellipsoid
and, consequently, the type of stress tensor, is also cal-
culated. The peak values of this parameter (+1 and –1)
correspond to uniaxial compression and extension.
The Lode-Nadai coefficient values, close to zero,
determine the pure shear state, when the intermediate
RUSSIAN JOUR
principal deviatoric stress is zero and the other two are
equal in magnitude but opposite in sign.

The main types of stress tensor of the studied area
before the Tokachi-Oki earthquake are pure shear
(near the axis of the Japan Trench) and its combina-
tions with uniaxial compression (near Hokkaido)
(Fig. 7). At the same time, regions with stressed areas
close to uniaxial extension were noted in the crust of
Hokkaido and Honshu. However, after the earth-
quake, estimations corresponding to the tensor near
NAL OF PACIFIC GEOLOGY  Vol. 18  No. 4  2024
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Fig. 8. Reconstruction of stress state in aftershock period. Orientation of projections of plunging principal stress axes σ1 (a) and
σ3 (b) on horizontal plane. Type of stress state (c): (1) extension, (2) extension-shear, (3) shear, (4) compression-shear, (5) com-
pression, (6) oblique. Type of stress tensor—Lode–Nadai coefficient (d).

1
2
3
4
5
6

–1.0–0.6
–0.6–0.2
–0.2–0.2
0.2–0.6
0.6–1.0

Hokkaido(a)
45�

40�

140� 145�

Honshu Ja
pa

n 
Tr

en
ch

Hokkaido(b)
45�

40�

140� 145�

Honshu Ja
pa

n 
Tr

en
ch

Hokkaido(c)
45�

40�

140� 145�

Honshu Ja
pa

n 
Tr

en
ch

Hokkaido(d)
45�

40�

140� 145�

Honshu Ja
pa

n 
Tr

en
ch

N

W E

S

0

90
40

3
1 9 16

37

12

53
19

0

90

40

21

22

1
2

32

354
uniaxial compression appeared in a sufficiently large
number of reconstructed domains (Fig. 8d).

DISCUSSION

According to the MCA data, active interaction was
observed on both fronts from the Hidaka zone in the
period from 1997 to 2003 (before the Tokachi-Oki
earthquake). From the south, the Hidaka block struc-
tures are subjected to intense arc compression from
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 18 
the Amur and Pacific plates; from the north, the
Okhotsk and Pacific plates actively interact at the
boundary with the Hidaka zone. As well, horizontal
extension areas are observed in the southeast in the
zone of the Kuril–Kamchatka Deep Trench junction
with the Japan Trench and further south along the
Japan Trench.

Fault movements in deep trenches can occur due to
various geologic and geodynamic processes. Deep
trenches are adjacent to the margins of lithospheric
 No. 4  2024
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plates and are located at the junction of different
structural blocks. The marginal fault zones may occur
here. The accumulation of stresses in the fault zone
can lead to subsurface shear and ground movement,
which in turn can cause the formation of fault move-
ments, especially in areas with unstable ground condi-
tions.

Under this type of interaction in the Hidaka zone,
which includes mechanically weakened blocks, the
scenario of the development of a strong seismic event
and movements along the belt with a predominant
position of shear mechanisms are likely to occur. This
is also indicated by the fact that the rupture of the
strong Tokachi-Oki earthquake was localized at the
boundary between the Hidaka mountains and Tokachi
plain, in the contact zone between media with differ-
ent rheological properties. This is confirmed by the
study results [12], which show the zoning of the distri-
bution of anisotropic properties of the medium along
the eastern part of Hokkaido Island and with depth.
This indicates the difference in the pattern of defor-
mation of the medium.

The areas above the Tokachi and Kushiro plains are
characterized by rather stable behavior of wave param-
eters in time and low anisotropy coefficients. The rea-
son for this may be the situation when the strengthen-
ing of mechanical properties of the medium occurred
under the plains. Shear deformations (discontinuous
slippage) develop and accumulate in the downward
plane according to the thrust (Tokachi) and normal
fault (Kushiro) kinematics. These ideas are confirmed
by MCA results in the aftershock period. These results
show that to the north of the Hidaka zone an intensive
process of destruction was realized in compression
zones; to the south a small zone of compression in the
contact zone of Hidaka with the Amur lithosphere
plate is distinguished. However, in the Hidaka belt
itself there is a zone in the northwestern direction
where the destruction is characterized by shear and
extension zones.

The Tokachi-Oki earthquake induced fault move-
ments, which could have been the result of various fac-
tors related to both the earthquake itself and geologic
conditions. One of the main factors was intense seis-
mic activity induced by the Tokachi-Oki earthquake.
The latter, with a moment magnitude of 8.3, resulted
in significant subsurface displacements and faults in
the crust, the disruption of structures and ground lay-
ers, and triggering of fault movements. Another factor
is the character of the ground and geologic conditions.
If the ground has an unstable texture or contains a
large number of ruptures and cracks, it may be suscep-
tible to displacements and rockfalls due to seismic
forces, especially during an intense earthquake. All of
these factors combined to create the conditions for
ground shaking after the 2003 Tokachi-Oki earth-
quake.
RUSSIAN JOUR
It is interesting that the LURR anomaly, first iden-
tified in June 2001 in the computational domain cen-
tered at 41° N, 145° E, is actually located in the place
where the Hidaka zone wedges into the Pacific Plate.
Moreover, based on the distribution of seismic events
in the study region, the western part of the calculation
circular domain probably influenced the results.

In fact, the calculation circular domain centered at
41° N, 144° E, in which the anomaly is fixed after 6
months, takes up the anomaly from the neighboring
area. It is possible mathematically, as 6 months is half
of the sliding window. It is probable that this circular
domain is strengthened by the earthquake calculations
in its northwestern part also along the Hidaka moun-
tain belt. This idea is impossible to verify. Seismic
activity before the Tokachi-Oki earthquake along the
belt was low-level and there was lack of data for CAM
reconstruction, but the emerging instability of the
zone was reflected in the LURR anomalies.

The results of this study show the LURR method in
a new light and reveals the peculiarities of the “sensi-
tivity” of this method to zones with different deforma-
tion conditions. At the same time, our results only
confirm the previously announced schemes. Thus, in
[23] the theoretical issues of influence of tidal forces
on the triggering of earthquakes within the framework
of the LURR approach are considered. It is shown that
the increase in Coulomb stress arising from this phe-
nomenon is not characteristic of all stress state regimes
operating in the studied region.

Earth tides have a selective effect on faults, and this
selectivity depends on their kinematic type of a rup-
ture. The different phases of Earth tides may be load-
ing and unloading phases under different types of
stress state (horizontal compression, horizontal exten-
sion or horizontal shear). The possibility of the mani-
festation of trigger effects depends on the kinematic
type of seismogenic faults, i.e., the geodynamic type of
the present-day stress state. In addition to the direct
influence of land tides on deformations in the solid
earth, island arcs and coastal crustal areas are also
characterized by an indirect factor in the form of addi-
tional pressure caused by sea tides. For the ocean
floor, it is an additional vertical pressure; for the island
arc and shelf crust—a lateral pressure. Indirect factors
significantly complicate the effect of the impact of
land tides on the Earth’s crust, in some cases com-
pletely levelling out the influence of the direct factor.

The normal faults and strike-slip faults are signifi-
cantly more dangerous for the realization of the trigger
effect of land tides. During the realization of these tec-
tonic motions, they are possible to approach the limit
state at the moments of their being in the phase of
uplift. The realization of the trigger effect for reverse
and strike-slip faults at the trough phase is less proba-
ble. Anyway, it can possible because of the signifi-
cantly smaller increment of Coulomb stresses. It is
important to note here that strike-slip faults that can
NAL OF PACIFIC GEOLOGY  Vol. 18  No. 4  2024
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be activated by land tides at the phase of uplifting or at
the phase of subsidence, at the phases of subsidence or
uplifting, respectively, are characterized by a decrease
in Coulomb stresses.

Since the maximum extension is manifested in the
submeridional direction, the greatest impact will be
during development of the sublatitudinal normal fault.
Accordingly, additional compression stress in the sub-
sidence region occurs submeridionally and sublatitu-
dinally, resulting in a greater probability of activation
of overthrust faults. Thus, faults in seismogenic zones
of the Earth’s crust are constantly in a precritical state
and respond differently to loading and unloading. The
occurrence of a strong earthquake dissipates part of
the accumulated elastic energy and removes the fault
from the critical state. Subsequently, tectonic loading
returns the fault back to the critical state.

CONCLUSIONS

The present paper proposes an original approach to
the LURR method, which was applied to analyze seis-
micity of Hokkaido. To process the data, we used the
Seis-ASZ program complex developed at the Institute
of Marine Geology and Geophysics FEB RAS
(Yuzhno-Sakhalinsk) and the authors' methods for
determining the processing parameters and computa-
tional samples. In particular, it concerns the definition
of parameters for calculating the LURR parameter in
time, the rules for detecting LURR anomalies, the
conditions for scanning an area that is many times
larger than the calculated area, and the selection of
forecast objects. The study was carried out using seis-
mic data from the part of Hokkaido where one of the
recent strongest earthquakes in the world occurred:
the Tokachi-Oki earthquake (September 25, 2003,
Mw = 8.3).

The calculations showed satisfactory results in
detecting LURR anomalies before strong earthquakes.
The active seismicity of Hokkaido island is definitely
characterized by suppression of anomalies before
moderate earthquakes, which generally improved the
result. In case of a large number of earthquakes in the
sample, the moving-average filter always suppresses
perturbations. In particular, the presence of variations
before events with Mw = 6.0 or Mw = 7.0 can be consid-
ered a perturbation for anomaly detection before
strong earthquakes. In the calculations, there are no
evident anomalies in the determination of a precursor
before the Tokachi-Oki earthquake. As a result, with a
minimum level of false alarms (one), we obtained one
retrospective forecast for the 20-year period, which by
all characteristics fits only the strongest earthquake
from the sample, i.e., the Tokachi-Oki earthquake.
For the first time in our practice, the results of LURR
analysis were compared with the results of MCA
reconstruction. The main task was to show the
dynamics of the earthquake preparation process in its
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 18 
final part: from the appearance of the LURR anomaly
to the earthquake. The period before the appearance
of the anomaly (a time interval of about 5 years) was
also taken into consideration. The results met expecta-
tions. Despite the small periods (1997–1999; 2000–
2001; 2002–2003; 1997–2003; 2003–2004) the MCA
revealed the characteristic stages of instability devel-
opment in the area of the Hidaka tectonic belt, which
completely agrees with the geological and tectonic
ideas about this territory. Moreover, the LURR anom-
alies, which appeared at the final stage (when the main
areas of compression along the belt were worked out),
determine the structures of the Hidaka tectonic belt as
a zone of the future catastrophe, from the place of belt
wedging into the Pacific Plate with the earthquake
forerunner moving in time to the northwest along the
belt. In the future, it is of interest to develop the com-
bination of the two methods (LURR and MCA).
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