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ABSTRACT. The May 27, 1995 Mw=7.0 Neftegorsk earthquake occurred in the north of Sakhalin Island, rupturing the
Upper Piltun fault, a secondary feature of the main Hokkaido-Sakhalin regional fault zone. The fault geometry, coseismic
slip model, and Coulomb stress changes in the earthquake focal area were calculated based on a finite fault modeling. We
used near-field coseismic offsets at 24 points obtained by comparison between predating triangulation and GPS obser-
vations, which were collected before and after the earthquake. Our slip distribution model shows two major slip patches.
Larger slip asperity (amplitude up to 6.36 m) was characterized by right-lateral strike-slip movements, which correspond
to focal mechanism of the earthquake, whereas the northern segment has reverse fault mechanism with maximum slip
of 2.64 m. The fault length and width, average slip and stress drop values are estimated at 78 km, 28 km, 1.91 m and
11.3 MPa, respectively. The estimated release moment is approximately 7.49x10' N-m equal to Mw=7.2, which is larger
than that reported by the USGS and GCMT but consistent with the values reported by other researchers. The coseismic
Coulomb stress changes enhanced the stress by more than 10 MPa on the southern segment of the Gyrgylaninsky fault
and middle section of the Hokkaido-Sakhalin fault. Seismic risks on the nearest faults cannot be ignored in the future
despite the fact that the earthquake with a magnitude of 5.8 occurred in 2010 near the Gyrgylaninsky fault. The recent
GPS rates in the surroundings of the Neftegorsk surface rupture mean that the recurrence interval for similar earthquakes
may be more than a thousand years.
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MOJEJ/Ib OYATA HE®@TETOPCKOI'O 3EMJIETPACEHUA 1995 I'OJIA (CEBEPHBIN CAXAJIMH)
HA OCHOBE IrEOJE3UYECKUX JAHHBIX

A.C. IIpbITKOB, H.®. Bacunenko
HHcTuTyT Mopckoii reosioruu U reopusnku [ABO PAH, 693022, 10xxHo-CaxanuHck, yia. Hayky, 1B, Poccus

AHHOTAILIUA. 27 mas 1995 roza Ha ceBepe ocTpoBa Caxa/lMH NPOU30LLIO0 3eMJeTpsiceHue Mw=7.0, B pe3ysibTaTe
KOTOPOTO BCKPblJICS BepxXxHeNUIbTYHCKUI celicMOpa3pblB — BTOPUYHBIMA CeTMEHT IVIaBHOM X0KKai10-CaxaJMHCKON
pa3JIOMHOM 30HbI pernoHa. ['eoMeTpus celicMopasprIBa, KOCEHCMHUYeCKHe CMellleHUsl U MU3MeHeHHe KyJIOHOBCKUX Ha-
NpsHKeHUH B 04aroBOoM 06J1aCTH pacCUUTaHbl HA OCHOBE MOJe/Id KOHEUHOI'0 UCTOYHHUKA. [IJ11 MOZle ITMPOBAaHUS UCIOJIb-
30BaJINCh KOCeMCMUYEeCKHe CMellleHUs 24 MYHKTOB, KOTOPbIe NOJIy4YeHbl IyTeM CpaBHeHUS JaHHBIX TPUAHTYJIALUA U
GPS-nabutofeHuii 1o ¥ nocJie 3eMjeTpsiceHUs. MoJieTMpoBaHUEM YCTaHOBJIEHBI [jBa OCHOBHBIX y4yacTKa pa3pbIBHbIX
HapylleHUH ¢ pa3/IMYHbIM pacnpejie/leHNeM cMellleHuH. BosibInH y4acTok (C aMIIMTYZA0H 6.36 M) xapaKTepusyeT-
Csl NIPaBOCTOPOHHUMMU CABUTOBBIMU CMelleHUSIMH, HallpaBJleHHe KOTOPbIX COOTBETCTBYeT MeXaHU3My o4ara 3emJe-
TPsICEHUs, B TO BpeMs KaK CeBEpPHbIH CerMeHT celicCMopaspbiBa HMeJl IPOTHUBOIOJIOKHYI0 NOABUXKKY C JIOKaJIbHOW aM-
IJINTYAON cMellleHus 2.64 M. /IMHa ¥ LIMPHHA pas/oMa, CpeiHMe 3HAaYeHUs CMelleHUH U cOpOoIIeHHbIX HalpPsXKeHU I
coctaBuau 78 kM, 28 kM, 1.91 M 1 11.3 MIla coorBeTcTBeHHO. PacueTHbIN ceicMuyeckui MoMeHT 7.49x10% H-Mm co-
OTBETCTBYeT Maruutyae Mw=7.2 u HeckoJibKo 60Jblie onieHOK USGS 1 GCMT, ofHako coryiacyeTcs ¢ JaHHbIMU JPYTUX
ncciaesoBaHui. KocelicMuyeckoe npupaljeHue KyJOHOBCKOI0 HanpshkeHUs 6oJiee yeM Ha 10 MIla BbIsIBJIEHO B 10XK-
HOM cerMeHTe ['bIprblIaHbUHCKOTO U LleHTPa/bHOM YacTH X0KKaiJo0-CaxaJuHCKoro pasjaoMa. HecMoTps Ha To, 4To Ha
['bIprelIaHbMHCKOM passioMe B 2010 r. mpou3o11I0 3eMJIeTpsICeHUe MarHUTYZA,04 5.8, celicMHUYeCcKyto 0NacHOCTb B pano-
He MCCJIe[JOBaHUI HeJslb3s1 UTHOPUPOBATh B OyAylieM. BeTM4MHBI cOBpeMeHHBIX cKopocTell GPS-yHKTOB B OKpecTHO-
ctu Hedreropckoro celficMopaspbiBa CBU/IeTEJbCTBYIOT O TOM, YTO [TIePUOJ, TOBTOPSIEMOCTH NOJ00HBIX 3eMJIETPACEHUN
MOKeT COCTaBJATh 60Jjiee ThICAYH JIET.

KJ/IFOYEBBIE CJIOBA: HedTeropckoe 3eMjieTpsiCEHUE; KOCEHCMUYECKHE CMeLeHUsT; MO/ie/Ib KOHEUHOTO UCTOYHHUKA;
WHBepCUs

®UHAHCUPOBAHME: VccnenoBaHue BbINOJHEHO B paMKax rocygapctBenHoro 3aganusg UMIT IBO PAH npu noga-

Jepxxkke MuHo6pHayku PO (Tema N2 121022000085-9).

1. INTRODUCTION

On May 27, 1995, a large earthquake with the moment
magnitude of Mw=7.0 occurred in the north of Sakhalin
Island (Russia). The epicenter was located at 52.629 °N
and 142.827 °E, about 40 km southwest of the Neftegorsk
city, with the hypocenter depth of 11 km [USGS..., 2022]
(Fig. 1). The earthquake caused severe damages in the
Neftegorsk city. Many houses were destroyed, and the num-
ber of earthquake victims exceeded 2000.

This earthquake was the largest seismic event for
the instrumental period of seismological observations on
Sakhalin Island. Since 1905, earthquakes in this area had a
magnitude no more than 5.6. The mainshock was located
at the junction of the Eurasian and North American plates
which stretches along Sakhalin Island from north to south.
In this area, the Eurasian plate moves eastward relative to
stable North America at a rate of 6 mm/yr [DeMets et al,,
2010]. The earthquake focal mechanism estimated by the
Global Centroid Moment Tensor Database [Global CMT...,
2022] has a nodal plane with a south strike of 196°and a
dip angle of 82°, and another nodal plane with a northwest
strike of 287°and a dip angle of 79°. The focal mechanism
of the event indicates a steeply dipping right-lateral fault if
the N-S nodal plane is considered as working plane.

Coseismic surface ruptures are associated with the Up-
per Piltun fault, a secondary feature joining the Hokkaido-
Sakhalin fault, which is one of the main tectonic elements
of the region. The Upper Piltun fault has been moving right-
laterally during the late Quaternary time at the average
rate of 3-5 mm/yr. Trenching of the fault as well as radio-
carbon dating of the faulted strata and landscape features
showed that fault-related strong earthquakes took place
with an interval of several hundred to one or two thousand
years interval [Kozhurin, 2004]. According to the field in-
vestigation, the length of the surface rupture is approxi-
mately 35 km [Shimamoto et al.,, 1996]. [Rogozhin, 1995]
described the branch rupture to the north of the Neftegorsk
city and adopted that the rupture reaches 46 km in length.
The maximum right-lateral displacement along the fault
reached 8.1 m in its northern part, at 52.88 °N, and the
maximum vertical offset was 1.8 m. The average lateral dis-
placement on the Earth's surface was 3.8 m [Shimamoto et
al., 1996].

The largest aftershock Mw=5.6 occurred half a year af-
ter the mainshock. Most of the aftershocks were located at
a depth less than 15 km. The length of the aftershock area
was approximately 60 km [Arefiev et al., 2000; Katsumata
et al.,, 2004], which is significantly longer than the lengths
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of the surface rupture. The western part of the aftershocks
area included more epicenters than the eastern part of the
surface rupture. It indicates that the main nodal plane is
dipping to the west.

Several researchers studied the slip distribution during
the earthquake by inversion of coseismic crustal defor-
mations. In work [Takahashi et al.,, 1996] determined the
parameters of the simple rectangular fault plane by com-
parison between predating triangulation and position of

12 GPS observation points. The length of rectangular dis-
location fault model was 35 km, width was 15 km. The an-
gles of strike, dip and slip were 17°, 78° and 165°, respec-
tively. Slip rupture was estimated at 5.5 m. In [Tobita et al,,
1998] estimated optimal coseismic slip parameter for 12
subfaults using SAR interferograms. The inversion showed
that the total rupture area extends to 48.1 km, and slip
varies from 0.2 to 7.1 m from the south to the north of the
fault plane. They also suggested that a hidden fault may
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Fig. 1. The tectonic setting of the 1995 Neftegorsk earthquake.

Black thin lines are active faults from [Kharakhinov, 2010]: 1 - Hokkaido-Sakhalin, 2 - Gyrgylaninsky, 3 - Western Baikal. Blue line is
the Neftegorsk surface rupture. Red and yellow circles represent earthquakes M=3 in 1906-1994 from the Geophysical Survey of the
Russian Academy of Sciences [GS RAS..., 2022]. Insert: the rectangle shows the study area. The mainshock epicenter (asterisk) and its
mechanism are from [USGS..., 2022]; the focal mechanisms (lower hemisphere) of strong earthquakes along the boundary (black bold
line) of the Okhotsk plate (OK) and the Eurasian plate (EU) are from [Katsumata et al., 2004]. PA - Pacific plate; NA - North American
plate. Arrows indicate the motion of the Eurasian plate relative to the stable North America plate by based on MORVEL model [DeMets
etal, 2010].

Puc. 1. TekToHu4deckoe noJioxkenue Hedpreropckoro semaerpsicenus 1995 r.

YepHbIMU JIMHUSIMU [TOKa3aHbl aKTUBHBIE pasyioMbl [Kharakhinov, 2010]: 1 - Xokkaiizo-CaxaiuHCKuH, 2 - [bIprblIaHbUHCKUN, 3 —
3amagHo-balikanbckuil. CuHSAS JUHUSA — celicMopa3pbiB HedTeropckoro 3emMseTpsiceHUs. JNULEHTPbI 3eMyeTpsiceHud M23 ¢ 1906
no 1994 r. npuBesensl o JaHHbIM QUL «Eannas reopusudeckas cayxx6a PAH» [GS RAS..., 2022]. Ha Bpe3ke: npsiMOyTOJIbHUKOM
MOoKa3aH paloH UCcleL0BaHUN. JNULEHTP IJIAaBHOTO TOJTYKA (3Be3/j04Ka) U MEXaHU3M ouara lpuBeieHbl no AaHHbIM [USGS..., 2022],
MeXaHU3Mbl 0YaroB CUJIbHbBIX 3eMJIETPSICEHUN (B MpOeKLUU HIKHEN noycdepsrl) BAob rpaHunsl Oxotrckoi (OK) u EBpasuiickoit
mauThl (EU) (uepHast »)kupHas uHus) - no [Katsumata et al.,, 2004]. PA - TuxookeaHckas minuTa; NA - CeBepoaMepuKaHCKasl MJIUTA.
CTpesikaMu 0603HaYeHO HaNpaBJeHUe U CKOPOCTb ABWkKeHUs EBpasuiickol INTBI OTHOCUTebHO CeBepoaMeprKaHCKOM COTJIacCHO
mozenr MORVEL [DeMets et al.,, 2010].
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be existing in the northern end of the seismic fault, which
moved right-laterally after the mainshock. This source
model is finer than the model derived from GPS observa-
tions [Takahashi et al., 1996] because SAR interferograms
yielded much more information. In [Polets, Zlobin, 2017]
estimated the rupture process and the slip distribution by
teleseismic waveform inversion. They identified the fault
plane which is 80 km long and 30 km wide. Inversion re-
sults indicated that a seismic rupture was initiated at the
southern part of the source area and propagated to NNE.
The duration of the rupture process was ~27 s and had
two main peaks with the maximum slip values to 6.62 m.
The seismic moment totaled 7.7x10'° N-m, which is equal
to Mw=7.19.

In this study, the rupture of the Neftegorsk earthquake
is estimated by the finite fault source inversion method.
Finite fault rupture models provide a valuable resource to
investigate and better understand earthquake source pro-
cesses, which is more reliable for regional seismic hazard
analysis. A slip model is calculated from the near-field co-
seismic displacements. Geodetic data provide better con-
straints on the rupture area, maximum slip and surface
rupture as compared with the inversion results from tele-
seismic body waves. Furthermore, the Coulomb stress
changes were also calculated using the model coseismic

slip distribution in order to better understand earthquake
source process.

2. DATA AND METHODS

Crustal deformations caused by the Neftegorsk earth-
quake were detected by the GPS network [Takahashi et
al., 1995]. In this study, we used the near-field static co-
seismic displacements obtained by comparison between
the predating triangulation data and positions of 24 GPS
observation points collected before and after the earth-
quake [Vasilenko et al., 2015]. Making amendments be-
tween triangulation data and GPS observations allowed
us to achieve average errors in the horizontal and verti-
cal components of displacements up to 15 cm and 10 cm,
respectively. Fig. 2 shows horizontal and vertical compo-
nents of coseismic displacements. The distribution of the
geodetic points is not uniform, but they cover the immedi-
ate surroundings bounding the eastern and western sides
of surface rupture. The maximum displacements of geo-
detic points were found to be 2.15 m in horizontal and
1.02 m in vertical direction. In the northwestern research
area, coseismic displacements show almost north offsets
and uplift of the earth surface. In the southeast, coseismic
displacements show offsets in the southwest direction,
the vertical displacements have small values. Although
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Fig. 2. Observed (black) and model (red) coseismic horizontal (a) and vertical (b) displacements of 24 GPS points used in the study.
There is shown the slip model of the Neftegorsk earthquake (yellow to red). Blue line shows the surface rupture.

Puc. 2. UsMepeHHble (UepHble) U MOJe/ibHbIe (KpacHble) KOCEHCMUYECKUE TOPU30HTa/NIbHbIE (a) U BepTUKaIbHbIe (b) cMelleHUs
24 GPS-nyHKTOB, UCNIOJIb30BAaHHBIX B UccaejoBaHUU. [loka3aHa Mozenb HedTeropckoro semnerpsiceHus: (LLBET OT XKEJITOTO K

KpacHoMy). CHHSS JIMHUS - TOBEPXHOCTHBINA CEHCMOPA3PHIB.
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Fig. 3. Trade-off curve between the data misfit and slip roughness of model. The optimal smoothing factor is marked by asterisk.

Puc. 3. KpI/IBaH COIylaCOBaHHA MO/J€JIbHBIX HEBA3O0K. OnTuMaNbHbBIN KOBQ)q)I/IL[I/IEHT CIVIa’KMBAHUA OTMEY€EH 3B63AOWKOﬁ.

the postseismic effects following the mainshock may be
included in the estimated coseismic displacements, their
values should be small in comparison with the coseismic
components. All three components of the revealed coseis-
mic displacements were used to model the rupture source
of the earthquake.

Based on the aftershock distribution [Katsumata et al.,
2004] and field geological investigations [Shimamoto et
al,, 1995], at first we outlined the fault trace striking north-
south in the range from 200° to 196°. We determined the
source parameters using analytical solutions of a rectangu-
lar dislocation in a homogeneous elastic half-space [Okada,
1985] and assuming Poisson ratio of 0.25. In this study,
the optimization procedure was realized using the steepest
descent method (SDM) incorporated layered crust struc-
ture and curved fault geometry [Wang et al., 2013]. We
evaluated the slip model according to data-fitting quality
of the residuals between observed and modeled displace-
ments by root mean square errors (RMSE). A priori con-
straint of the model included upper limit 10 m of a slip.
The constraints are needed to obtain a smooth slip model,
which can be realized through a factor minimizing data
misfit. The optimal smoothing model was obtained through
adjusting the normalized smoothing factor, which was de-
termined by using a trade-off value between model rough-
ness and data misfit. Higher roughness corresponding to
lower smoothing factor provides lower misfit, while lower
roughness, corresponding to high smoothness, provides
higher misfit [Segall, Harris, 1987]. We chose 0.15 as the
best slip distribution smoothing factor at the inflection
point of the trade-off curve (Fig. 3). During coseismic slip
modeling, we tested different fault dip angles and the fault
length and width by many trial computations. The fault
length and width were set to 78 km and 28 km, respec-
tively. The fault plane was divided into 20x7 subfaults of

3.9x4 km along the strike and dip directions. Optimal dip
angle was assumed to be 79°.

3. RESULTS

The obtained solution is characterized by high correla-
tion coefficient 0.979, indicating excellent consistency be-
tween the observed and model data. Overall, the compar-
isons between the observed and modeled displacements
demonstrate small misfits (see Fig. 2). According to re-
sidual distributions, the solution for horizontal displace-
ments is better than that for vertical. The directions of the
modeled horizontal displacements are consistent with the
observed values. The average square residual between the
measured and modeled values for northern and eastern
components is 0.03 and 0.04, respectively. The average
square residual between the observed and modeled ver-
tical displacements is 0.13. Some local misfits eastward
from the rupture may be related to heterogeneity, unac-
counted for by our elastic half-space model, as well as post-
seismic effects, which may exist in the observed coseismic
displacements.

The slip model of the Neftegorsk earthquake inverted
from the geodetic data is shown in Fig. 4. The slip shows
mainly right-lateral strike-slip motions. The slip model in-
dicates that the earthquake rupture reached the earth sur-
face. The model dipping plane suggests two asperities.
The first patch is concentrated at a shallow depth and ex-
tends ~40 km along the strike. This larger slip asperity
has maximum slip of 6.36 m near the surface (at 52.87 °N,
142.91 °E) and an average rake of 165°. The secondary
slip asperity of 12x12 km in size, with a local peak slip of
2.64 m at a depth of ~15 km, is found in the northern seg-
ment of the fault at 53.12 °N, 142.95 °E. This asperity is
mainly characterized by the southwestwards thrust slip
(maximum of 2.64 m) with a rake of ~50-60°.

https://www.gt-crust.ru
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Fig. 4. The slip distribution of the Neftegorsk earthquake model. The slips in meters are shown by color below the model. The slip

directions are indicated by blue arrows.

Puc. 4. Pacnpe,qeﬂel—me CMELLIEHI/lﬁ B MOJeJId o4ara HE(I)TeI‘OpCKOFO 3eMJIeTpsACeHHU. CMeu.leHI/Ie B MeTpax NOKa3aHOo BETOM IOJ
MO/JeJIbIO. Hal'[paBJIEHI/Ie CMeLU,EHI/Iﬁ 0003HAY€HO CUHUMH CTpeJIKaMHu.

The average model slip rake is 165.7°. The average mod-
el slip on the fault plane is approximately 1.91 m. An earth-
quake stress drop estimate, Dr, was 11.3 MPa. Assuming a
shear modulus of 30 GPa, the model has a total moment of
7.49x10" N'm equal to a moment magnitude of 7.2, slight-
ly larger than the [USGS..., 2022] and [Global CMT..., 2022]
solutions.

4. DISCUSSION

The Neftegorsk earthquake was the first recorded seis-
mic event with M ~7.0 that occurred at the northern part
of junction between the Eurasian and the North American
(Okhotsk) plates. The earthquake had a strike-slip faulting
focal mechanism, which did not agree with the recent re-
gional geodynamic situation, and differed from the earlier
M>7.0 events which had thrust faulting mechanisms and
occurred at the boundary of the lithospheric plates (see
Fig. 1, inset).

The results of teleseismic body wave inversion allowed
estimating the rupture process and suggesting that the
earthquake included several subevents. [Katsumata et al,,
2004; Polets, Zlobin, 2017] concluded that the Neftegorsk
earthquake corresponded to two subevents having al-
most the same mechanism. [Arefiev et al., 2000] concluded
that the earthquake consisted of four subevents, with the
northern one had a reverse slip distribution differing from
the others. Our geodetic slip model suggests two asperi-
ties with different slip distributions. Larger slip asperity is
characterized by the right-lateral strike-slip motion corre-
sponding to the earthquake focal mechanism, whereas the
northern asperity has reverse fault mechanism. The geo-
detic moment of our slip model is similar to other geodetic
solutions, though it is considerably larger (~50 %), than the
seismic moment of the earthquake point source. The GPS
and InSAR data obtained 2 months and 2 weeks after the

event, respectively, may include postseismic deformations
and thus resulting in some overestimation. On the other
hand, our results are close to the seismic moment derived
by finite fault modeling based on the teleseismic waveform
data. It is possible that [Polets, Zlobin, 2017] developed
the finite fault model with a longer (~23 s) energy release
than was estimated by the point source models.

The slip models from geodetic and teleseismic inver-
sions are generally consistent with each other (Table 1).
The main discrepancy lies in geometric parameters of the
source (fault length and width) and average slip. To com-
pare the models, we calculated the coseismic displacements
at near-field GPS points. The teleseismic slip model differs
from the geodetic results. It has a worse agreement with
the measured coseismic displacements. RMSE for the tele-
seismic slip model is 0.89 whereas in the geodetic models
it does not exceed the value of 0.58. We found that the ob-
served near-field coseismic displacements, especially at
some stations close to the surface rupture, do not fit well
with the slip model [Polets, Zlobin, 2017] in terms of both
amplitude and direction. This incongruity primarily relates
to the location of the model earthquake source, with the
epicenter (latitude = 52.629°; longitude = 142.827°) about
4 km south of the surface fault [USGS..., 2022].

There are also some differences in the patterns of the
slip distributions, although both seismological and geo-
detic models show close values of the maximum slip in
two areas of finite fault model: ~6.5 m and ~2.5 m. The
discrepancy lies in the location of the peak slip, which oc-
curs at a much shallower depth in our model (~2 km) than
in the model of [Polets, Zlobin, 2017] (~14 km). Joint in-
versions of the geodetic and teleseismic waveform data for
other large earthquakes show that the slip depth is usually
constrained better by the geodetic data, at least for depths
shallower than 20 km [Pritchard, Fielding, 2008].

https://www.gt-crust.ru
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The estimated surface coseismic slip agrees well with
the measured displacements in the surface rupture [Shi-
mamoto etal., 1996] (Fig. 5). However, there are certain dif-
ferences of the slip distributions. The maximum observed
value of surface slip (8.1 m) is larger than the modeled val-
ue (6.36 m) and unusually large for an event of such mag-
nitude [Arefiev et al.,, 2000]. Besides, the fragments of the

surface rupture may include significant non-linear local ef-
fects, which could cause these differences.

According to the seismic stress trigger theory, the occur-
rence of earthquake event will lead to stress redistribution
at the epicenter and its surroundings. The stress change
field is not only correlates highly with the aftershock dis-
tribution but also affects seismic risk of the surrounding

Table 1. Source parameters of the Neftegorsk earthquake from different data sources
Ta6suua 1. [TapameTtpsl oyara Hegpreropckoro 3eMsieTpsiCeHHUst 10 Pa3/IMYHbIM JJaHHBIM

Global Centroid

United States

Moment Tensor [Polets, Zlobin, [Katsumata [Arefiev etal.,, [Takahashietal,

[Tobita et al.,

Source Geological Survey = o1 oM., 2017]  etal,2004]  2000] 1995] 199g]x  Thisstudy
[USGS..., 2022]
2022]
Dataset Teleseismic Teleseismic, aftershock GPS InSAR GPS
Latitude (N°) 52.629 53.03 52.629 52.64 - - - 52.87
Longitude (E°) 142.827 142.65 142.827 142.83 - - - 14291
Strike (°) 107/197 287/196 196 196 196 197 194 200-194
Dip (°) 88/89 79/82 82 79 71 78 84 79
Rake (°) -1/-178 8/169 171.8 -174 188 165 - 166
Focal depth (km) 11.5 23.6 11 9 6.7 - - -
Fault length (km) - - 80 30-60 46 35 48.1 78
Fault width (km) - - 36 15 12 15 14.5 28
Average slip (m) - - 1.45 2.3 3.9 5.5 3.4 191
Maximum slip (m) - - 6.62 - - - 7.1 6.36
Dr (bars) - - - 4-11 - - - 11.3
Mox10' (N-m) 3.728 4.32 7.7 4.2 4.24 8.66 7.11 7.49
Mw 6.98 7.0 7.2 7.0 6.9 7.2 - 7.2
RMSE (m) - - 0.89 - - 0.58 0.56 0.45
Note. * - there are presented the calculated average strike and dip values.
[IpumMeyaHue. * - IpUBe/IEHbI BLIYMCJIEHHbBIE CPE/IHUE 3HAYEHUS IPOCTUPAHUS U NA/[EHUS.
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Fig. 5. Comparison between the modeled and measured displacements [Shimamoto et al., 1996] along surface rupture.
The black solid line is the surface rupture displacements and the black dashed line is the modeled fault displacements. Distance along

the rupture from its southern end.

Puc. 5. CpaBHeHHe MO/Ie/IbHBIX U U3MepeHHbIX cMelleHnH [Shimamoto et al.,, 1996] Bgosb ceiicMopaspbiBa.
YepHasi CI/IOIIHAs JIMHUS — U3MepPEHHbIE, YepHasi MyHKTHPHAs — MOJieJIbHble CMellleHusl. PaccTosiHKe B/0JIb CEHCMOpasphIBa OT €ro

HO?KHOTI'0O KOHIIa.
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faults [Tabrez et al., 2008]. Based on the failure criterion,
Coulomb stress changes are defined as follows:

ACFS=At+uAo,

where At is the change in shear stress on the fault plane
(positive when sheared in the direction of fault slip); Ao is
the change in normal stress (the tension direction of the
fault is positive); and y is the effective friction coefficient
on the fault plane (the value involved here is equal to of 0.4,
which was commonly used for Earth crust faulting [King
et al,, 1994]). We used the Coulomb 3.4 software package
[Todaetal.,, 2011] to calculate the coseismic Coulomb stress
changes resulting from the Neftegorsk earthquake.

The western part of the aftershock area bounded by the
surface rupture includes more epicenters than the eastern
part. The focal mechanism solutions of a large number of
aftershocks are not clear. There were only determined five
focal mechanisms of the aftershocks with a magnitude

M=5.0-5.6, corresponding to a thrust fault or thrust fault
with an insignificant lateral component and different from
the mainshock [USGS..., 2022]. The Coulomb stress changes
of the optimal rupture plane can effectively explain the pat-
tern of aftershock distributions [Shan et al.,, 2011, 2017].
Our results show that the coseismic Coulomb stress distri-
bution resulting from the earthquake at an 11 km depth
(depth of the mainshock from [USGS..., 2022]) is in good
agreement with the aftershock distribution (Fig. 6).

The coseismic effect of the Neftegorsk earthquake caused
a significant (more than 10 MPa) increase in stresses in
the central segments of the Gyrgylaninsky and Hokkaido-
Sakhalin faults and a decrease in stress in the northern
part of the Gyrgylaninsky fault and in the Western Baikal
fault. Most of the aftershocks are located in the areas where
the Coulomb stress increased. So, the earthquake with a
magnitude of 5.8 occurred in 2010 near the Gyrgylaninsky
fault, where the Coulomb stress increased to 1 MPa (Fig. 7).
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Fig. 6. Coseismic Coulomb stress changes from the Neftegorsk earthquake at a depth of 11 km.
The focal mechanisms (lower hemisphere) and aftershocks M>5.0 for the period from May 28, 1995 to December, 1997 are shown after
[USGS..., 2022]. Black dots are aftershocks from June 10 to July 8, 1995 [Arefiev et al., 2000; Katsumata et al., 2004]. Asterisk is the

epicenter of the Neftegorsk mainshock. Faults are the same as in

Fig. 1.

Puc. 6. iaMeHeHUs KyJIOHOBCKHX HanpsikeHUU B pe3ysibTaTe HedTeropckoro semiieTpsiceHust Ha riy6uHe 11 kM.

MexaHU3MbI 04aroB (B MPOEKIUU HIKHEH nosycdepsl) U adpTepiioku ¢ MarHuTyzon M>5.0 3a nepuoj ¢ 28 mas 1995 r. o geka6pb
1997 r. npuBefeHsbl o AaHHbIM [USGS...,, 2022]. YepHble Touku - adpTepuioku ¢ 10 uroHda no 8 urwsa 1995 r. [Arefiev et al,, 2000;
Katsumata et al., 2004]. 3Be3g0uKko#i noka3aH snuueHTp HedTeropckoro semsetrpsicenus1. PaziomMbl aHaIOTM4HBI puc. 1.
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Fig. 7. Interseismic GPS velocities of the North Sakhalin relative to the stable Eurasian Plate for the period 2003-2013.
The velocity error ellipses correspond to 95 % confidence interval. The circles are earthquake epicenters for the period 1997-2021
from [GS RAS...,, 2022]. The focal mechanism of the 2010 Mw=5.8 earthquake is shown after [USGS..., 2022]. Faults are the same

as in Fig. 1.

Puc. 7. MexceiicMudeckue ckopocTd GPS-nyHKTOB ceBepHOM yacTu 0. Caxa/IuH OTHOCUTENbHO EBpasuiickoil MJIUTHI 32 NEPUOZ,

2003-2013 rr.

JJLIUICBI OIIKUGOK CKOPOCTeH COOTBETCTBYIOT 95 %-HOMY J0BepUTebHOMY UHTepBaJy. [lokazaHbl 3MULEHTPB] 3eMJIeTPsICEHUH 3a
nepuog 1997-2021 rr. no fanHbIM [GS RAS..., 2022]. MexaHu3M o4ara 3emsieTpsiceHust 2010 r. Mw=5.8 npuBeseH no ganHubiM [USGS...,

2022]. Pa3sioMbl aHaJIOTUYHBI puc. 1.

This is the strongest event ever occurred in this area since
1906.

Trenching of the Hokkaido - Sakhalin fault as well as
radiocarbon dating of the faulted strata and landscape fea-
tures showed that fault-related strong earthquakes took
place with intervals from several hundred to one or two
thousand years [Kozhurin, 2004]. The seismic risk in this
area increases due to the stress increase caused by the
Neftegorsk earthquake. Although recent seismicity of this
fault is weak, it is able to accumulate the strain energy suf-
ficient for M=7.0-7.5 earthquakes.

Geodynamic GPS observations at points in the northern
part of Sakhalin Island, started in 2003, have revealed the
character of deformation of the earth surface after the
Neftegorsk earthquake [Prytkov, Vasilenko, 2018]. The lat-
itudinal components of the interseismic velocities grad-
ually increase from the west (0.6 mm/year) to the east
(3.7 mm/year) relative to the Eurasian Plate (Fig. 7). To

the east of the Neftegorsk surface rupture, the velocities
change their sublatitudinal directions to the southwestern
ones while the displacement rate reaches 5.4 mm/year
(the average uncertainty 1 o is 1.1 mm). The strain accu-
mulations in the surroundings of the surface rupture with
rates of ~4 mm/year implies that a recurrence time for an
event like the Neftegorsk earthquake may be very long, at
least a thousand years, though this is very uncertain due to
the short GPS observation period. As compared with our
results, trenching of the surface rupture [Rogozhin, 1995]
yielded a shorter, about 400-year long recurrence interval
between strong fault-related earthquakes.

5. CONCLUSION
The geodetic data was used to invert the source param-
eters and fault slip distribution of the May 28, 1995 earth-
quake in North Sakhalin. Based on the aftershock distribu-
tion and field investigations, we identified the fault trace,
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which strikes 200° in the northern part and 196° in the
southern part. We determined the source parameters us-
ing the optimization procedure, which was realized by the
steepest descent method incorporating the layered crust
structure.

The inversion denotes that a significant slip area ex-
tends to 78 km along the strike and dips down at 28 km. Our
model suggests two asperities with different slip distribu-
tions. Larger slip asperity is characterized by the right-lat-
eral strike-slip motions with a maximum slip of 6.36 m
near the surface and corresponds to the earthquake fo-
cal mechanism, whereas northern asperity has a reverse
fault mechanism with a local peak of 2.64 m at a depth
of 15 km.

The value of estimated geodetic moment released by
the slip model of Neftegorsk earthquake is 7.49x10' N-m
and equivalent to an event of Mw=7.2. The Coulomb stress
distribution resulting from the earthquake is in a good
agreement with the aftershock distribution, most of which
occurred in the area where the stress was increased. A
large slip value and the absence of strong aftershocks could
indicate that the strain, accumulated over a long time, was
almost totally released during the mainshock. In the near
future, according to the Coulomb stress change, more at-
tention should be paid to the potential strong earthquakes
at the surrounding faults. The recent GPS velocities in the
surface rupture surroundings mean that the recurrence
time for an event like the Neftegorsk earthquake may be
more than a thousand years.
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