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Abstract: Tectonophysical experiments show that the evolution of the Fen-Wei Rift is controlled by oblique rifting.
A key characteristic of the model in our study is that the western and eastern borders of the transfer zone between
the adjacent NEE-striking extensional basins tend to form right-lateral strike-slip faults with slight normal slip as a
result of the interaction between the adjacent NEE-striking extensional basins under oblique rifting. The current de-
formation of the Fen-Wei Rift can be clarified by testing this predicted deformation characteristic. Our analysis of the
relocation and focal mechanism solutions of the 1989 M 6.1 Datong-Yanggao earthquake swarm, which was the
largest earthquake that occurred in the Fen-Wei Rift in the last 200 years, suggests that the transfer zone between the
Yangyuan and Hunyuan basins is bounded by the NNE-striking right-lateral strike-slip faults with slight normal slip at
its eastern and western edges. This consistency between the model and the current tectonic activity in the study area
indicates that oblique rifting still plays an important role in the current deformation of the northern Fen-Wei Rift.
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CPABHEHME MO/IEJTU KOCOT'O PUGTHUHTA U IE@OPMALIMA
TPAHC®EPHOM 30HbI, PACIIOJIOKEHHOW B CEBEPHOM CETMEHTE
PUPTA PEH-BEI: MOC/IEACTBUA POA 3EMJIETPACEHU

1989 rojA B PAUOHE JIATYH- AHITAO (KUTAH)

fu-loub Yxo01, Anmyan I'ol, C. A. BopHsikoB?, 1lI3unb Mal

1 [ocydapcmeeHHas 1a6opamopusi OUHAMUKU 3emaempsiceHull, MTHcmumym zeos02uu,
AdmuHucmpayus no semaempsicenuam Kumas, llekun, Kumaii
2 HHcmumym 3emHoll kopwsl CO PAH, Hpkymck, Poccus

AHHoTanus: dBosonus pudprta Pen-Bel mpoucXoAUT NOA BAUSHUEM KOCOTO PUPTHHIA, KAK MOKA3bIBAIOT TEKTOHO-
¢dusnyecKkre 3KCcIepUMeHThI. B JaHHOM HccleloBaHUM OCHOBHAsi 0COOEHHOCTb MOJEJIU COCTOUT B TOM, YTO 3amaj-
Hble U BOCTOYHbIE TPAHUIIbI TpaHCHEpPHOH 30HBI MeXAY coceAHUMHU BragrHaMu CBB mpoctupanus, o6pa3oBaBLIu-
MHCSl BCJIeJICTBUE PACTSXKeHHs, UMeIOT TeHJeHLIMI0 K 06pa30BaHUI0 IPAaBOCTOPOHHHUX CABUIOB C He3HAYUTEJbHOU
cO6pOCOBOM KOMIIOHEHTOM KaK pe3yJibTaT B3aUMOJAEHCTBUSA MeXAy yKa3aHHbBIMU BIAJWHAMHU 110/J] BAUSHUEM KOCOTO
pudTtunHra. CoBpemenHas Aedpopmanusa pudpTta Pen-Beil MoxkeT GbITh yCTaHOBJIEHA yTEM NPOBEPKH XapaKTEPUCTH-
KH, NTpe/iCKa3aHHON 3KCIepuMeHTa bHO. HaMu 6bLIM pOaHAIM3UPOBAaHbI PelleHUs 110 CMeIleHUsIM U MeXaHU3MaM
ouara 3emseTpsicenust M=6.1 1989 roga B paiione /JlaTyH-fHrrao - cuibHelero 3emuetpsceHus B pudprte Pen-Beit
3a nocieanue 200 seT. AHa/nM3 nokasal, YTo TpaHCPepHas 30Ha Mex Ay 6accelitHaMu fIHbI0aHb U XyHbIOAHb OIPaHU-
yeHa cguramMu CCB npocTupaHust ¢ He3HAYUTeNbHON C6POCOBON KOMIIOHEHTOM Ha BOCTOYHOM M 3amaJHON OKpau-
Hax JaHHOW 30HBIL. YCTAHOBJIEHHOe B HallleM HCCJeJJOBAaHUM COOTBETCTBHE MEX/y U3yYeHHOW MOJesiblo U COBpe-
MeHHOU TEKTOHMYeCKON aKTUBHOCTBIO B M3yYyaeMOM palioHe NOATBepKAaeT, YTO KOCOH PUPTUHT NO-NpeKHEMY UT-

paeT BaXKHY0 pOJib B COBpeMEHHbIX JedopMalusax ceBepHoi yactu pudpta PeH-Beit.

KioueBble cioBa: MoJeJib KOCoro pI/I(l)TI/IHFa; COBpeMEHHAaA TEKTOHHYECKadAd aKTUBHOCTb, Tpchd)epHaﬂ 30Ha;
pelmeHrnd MEXaHU3MOB 04aroB 3eMJIeTpHCeHPIﬁ,‘ nepeMeunieHue 3€MJ'IETpHC9HI/I171

1. INTRODUCTION

Tectonophysical experiments play an important role
in the analysis of the mechanisms of rift formation and
evolution [Aanyu, Koehn, 2011; Agostini et al.,, 2009; Bel-
lahsen, Daniel, 2005; Chang, Zhong, 1977; Chang et al,
1975; Chemenda et al, 2002; Clifton et al, 2000; Corti,
2008, 2012; McClay et al, 2002; McClay, White, 1995;
Smith, Durney, 1992; Tron, Brun, 1991; Withjack, Jami-
son, 1986]. However, since the time scales in the tecto-
nophysical experiments are quite large, it is necessary
to test whether the mechanisms derived from the tec-
tonophysical models are consistent with the actual
mechanisms that control the current deformation of
the rift. On the other hand, studying the present defor-
mation mechanism of rifting is of great significance for
understanding the seismogenic structures as well as
oil and gas exploration within the rift area. Therefore,
testing the results of tectonophysical experiments by
using the available current tectonic deformation data
can help to understand the current tectonic defor-
mation mechanism.

The Fen-Wei Rift marks the boundary between the
Ordos and North China Plain blocks and is constrained
by the South China and Yinshan-Yanshan blocks in
North China [Deng et al, 2003; Zhang et al, 2003]
(Fig. 1). This S-shaped structure consists of the south-
ern and northern extension segments and the central
right-lateral shear segment [Xu, Ma, 1992; Xu et al,
1993]. Each segment of the Fen-Wei Rift is composed of
the NEE-striking extensional basins and transfer zones
between the adjacent NEE-striking extensional basins.
The Fen-Wei Rift was a reactivated NNE-striking com-
pressive belt formed in the late Mesozoic, which began
to develop as a rift in Eocene, according to [Deng et al,
1973; Liu, 1985; Zhang et al, 1983]. Three models were
proposed to explain the origin of the Fen-Wei Rift: (1)
the oblique rifting model attributed the alternative ar-
rangement of the NEE- and NNE-striking segments of
the Fen-Wei Rift to the NW extension between the Or-
dos and North China Plain blocks [Chang, Zhong, 1977;
Chang et al, 1975]. Furthermore, a segmented oblique
rifting model was proposed to further explain the dif-
ferences of basin distributions, transfer zones and the
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Fig. 1. Tectonic setting of the Fen-Wei Rift, and seismic activity in its northern segment.

(a) - the area within the red dashed curves represents the Fen-Wei Rift. The red zigzag line denotes the basic segmentation of the Fen-Wei
Rift. The black star represents the epicenter of the 1989 M 6.1 Datong-Yanggao earthquake. The black rectangular area is shown in Fig. 1
(b) and Fig. 2 in detail. The dark green bands denote the boundaries of the four active blocks in China [Deng et al, 2003; Zhang et al,
2003]. Y-YB, the Yinshan-Yanshan active block; OB, the Ordos active block; NCPB, the North China Plain active block; SCB, the South China
active block; NS, the northern segment; CS, the central segment; SS, the southern segment. (b) - the seismic activity in the northern Fen-
Wei Rift from 1966 to November 2018. The red circles of different sizes represent different magnitudes. The data are provided by China
Earthquake Data Center (http://data.earthquake.cn).

Puc. 1. TekToHnveckas o6craHoBKa pudTa PeH-Beli u ceficMuyeckass akTUBHOCTb B €I'0 CEBEPHOM CEIMEHTe.

(a) - xpacHasi MyHKTHUPHAs JUHUSA OKOHTYpUBaeT pasyioM PeH-Beil. KpacHbIM 3ur3arom o603HadyeHbl OCHOBHBIE 4acTH pa3yioma PeH-
Beii. 3Be3/j0uKa 4epHOro 1BeTa — 3NULEHTp 3eMyeTpsaceHuss M=6.1 B Jlatyn-flHrrao 1989 roga. 30Ha, OKOHTypeHHas 4epHOH JINHUEH,
IIOKa3aHa ZieTaJbHO Ha puc. 1 (b) u puc. 2. TeMHo-3eJieHble INUPOKYE JUHUU — TPAHULBI YeThIpeX aKTUBHBIX 6;10K0B B Kutae [Deng et al,
2003; Zhang et al, 2003]. Y-YB - akTuBHbIN 610Kk UHbmaHb-fHbIIanp; OB - akTuBHBIN 610K Opgoc; NCPB - akTuBHBIN 6710k CeBepo-
Kuraiickoit paBuuHbI; SCB - H0xHO-KuTalickuii akTuBHBIN 6J10K; NS - ceBepHbIN cerMeHT; CS - IeHTpa/IbHbIN CETMEHT; SS — HOXKHBIN
cerMeHT. (b) - ceficMuYecKkasi akTUBHOCTb ceBepHOM yacTH passioma PeH-Beil B neprog ¢ 1966 r. no Hoss6pb 2018 r. KpacHble Kpy»KKH
pPa3HBIX pa3MepoB - 3eMJIETPSICEHHS pa3HbIX MarHuTyA. [laHHble mpejocTaBjeHbl KHTaWCKUM LEHTPOM CEMCMHYECKHX JaHHBIX

(http://data.earthquake.cn).

chronology of the basins within the three segments of
the rift [Zhuo et al.,, 2016]. (2) The block rotation model
held that the Fen-Wei Rift is derived from the counter-
clockwise rotation of the North China Plain block rela-
tive to the Ordos block. Specifically, the block rotation
was considered to result in the right-lateral shear of
the central segment, which induces the extension of the
southern and northern segments [Xu, Ma, 1992; Xu et
al, 1993], or to cause the decreasing extension and
clockwise rotation in the extension direction from the
southern to northern segments [Zhang et al, 1998]. (3)
The lateral heterogeneous crustal rheology model as-
cribed the extension of the Fen-Wei Rift to the gravita-
tional potential energy arising from the preexisting
crustal weak zone [He et al, 2003, 2004].

The NNE-striking right-lateral strike-slip border
faults of the transfer zones between the adjacent NEE-
striking extensional basins were emphasized in the
oblique rifting models [Chang, Zhong, 1977; Chang et

al, 1975; Zhuo et al, 2016]. The formation of the trans-
fer zones was attributed to the interactions between
the adjacent NEE-striking extensional basins [Zhuo et
al, 2016]. Furthermore, geological surveys show that at
least eight paleoearthquakes of M>7 occurred along the
Fen-Wei Rift, the majority of which were associated
with the motions of the NNE-striking right-lateral
strike-slip border faults of the transfer zones in the rift
area [Huan et al, 2003; Xie et al, 2004; Xu, Deng, 1990;
Xu et al, 1992]. This implies that studying the current
deformation mechanism of the transfer zones may shed
some light on the seismogenic structures of strong
earthquakes in the Fen-Wei Rift.

Although the experimental results showed in accord
with the main structure architecture of the Fen-Wei
Rift, the validity of the deformation of the transfer
zones derived from the oblique-rifting models remains
to be tested with respect to the current tectonic acti-
vities of the rift. As the current seismic activity is an
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Fig. 2. Architecture of the transfer zone between the Yangyuan and Hunyuan basins. Tectonic setting of a part of the north-
ern segment of the Fen-Wei Rift. The area in the red box is shown in Fig. 4 in detail. The focal mechanism solution and relo-
cation of earthquakes are from previous studies [Wang et al, 2012; Xu, 1992; Zhao et al,, 1992]. The digital elevation model

data are from CIAT-CSI SRTM [Jarvis et al, 2008].

Puc. 2. CTpykTypa TpaHCPepHOH 30HBI, PACION0KEeHHOM MexAy BHaZuHaMu fHbioaHb U XyHbloaHb. TeKTOHUYECKas 00-
CTAaHOBKa YaCTH ceBepHOro cerMmeHTa pudpTa PeH-Bel. 30Ha, OKOHTYypeHHas1 KpAacCHOH JIMHUEH, OKa3aHa JeTaJbHO Ha pHUC.
4. PelieHHs1 MeXaHU3MOB 04aroB 3eMJIeTPsICEHUU U NlepeMellleHUl 3eMaeTpsiceHuit no [Wang et al, 2012; Xu, 1992; Zhao et
al, 1992]. Januble iudpoBoi Moaesnu pesbeda no CIAT-CSI SRTM [Jarvis et al., 2008].

important aspect representing the current tectonic ac-
tivity, deformation on the transfer zones described in
the oblique-rifting models can be tested using the data
of the current seismic activity. The 1989 M 6.1 Datong-
Yanggao earthquake swarm, which is the only earth-
quake of M=>6 within the Fen-Wei Rift in the last
200 years, occurred at the eastern border of the trans-
fer zone between the Yangyuan and Hunyuan basins
(referred to as the Y-H transfer zone hereafter, Figs. 1
and 2) in the northern Fen-Wei Rift. In this study, we
refer to the relocation and focal mechanism solution
data of this earthquake swarm [Wang et al, 2012] to
test if the oblique-rifting models are consistent with
the current deformation of the Y-H transfer zone.
Therefore, whether the eastern and western border
faults of the Y-H transfer zone are NNE-striking right-
lateral strike-slip faults with slight normal slip is the
key issue for this verification.

2.THE 1989 M 6.1 DATONG-YANGGAO EARTHQUAKE
SWARM, AND ITS IMPLICATIONS FOR THE CURRENT
DEFORMATION OF THE Y-H TRANSFER ZONE

The Yangyuan and Hunyuan NEE-striking exten-
sional basins, which strike NE50°~70°, are bounded on

the south by the North Liulengshan and North Heng-
shan faults, respectively (see Fig. 2). The two faults are
of mainly normal slip, according to field studies [Cheng,
Yang, 1996; Deng et al, 1994; Xu, 1998; Xu et al, 1996q,
1996b]. The western tip of the North Liulengshan fault
connects with a right-lateral strike-slip fault that
strikes ~NE30° and has an outcropping length of ~12
km (see Fig. 2). The geological survey along the right-
lateral strike-slip fault showed that a series of gullies
were offset at a mean right-lateral slip rate of ~1.26
mm/a and a normal slip rate of ~0.03 mm/a since the
last 12 ka [Xu et al, 1996a]. This indicates that the
western border fault of the Y-H transfer zone is a right-
lateral strike-slip fault with slight normal slip since the
last 12 ka.

According to the current focal mechanism solution,
the azimuth of the principal tensile stress in the north-
ern segment of the Fen-Wei Rift is NW20°~40° (Fig. 3),
which is consistent with the NW15°~40° extension of
the southern and northern segments of the Fen-Wei
Rift since the late Cenozoic derived from satellite SPOT
images [Zhang et al, 1998]. This consistency indicates
that the regional stress field controlling the defor-
mation in the northern segment of the Fen-Wei Rift has
been stable from the late Cenozoic to the present day,
and that the deformations of the transfer zones, which
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I Puc. 3. Ocu r/1aBHbIX HaNpsDKeHUH B ceBepHOM cerMeHTe pudTa PeH-Bel, nosiydeHHbIe N0 pelieHUsIM MEXaHU3MOB 04aroB

3eMJIeTpsICEHUH (CM. puc. 2).

are derived from both the geological survey data and
the available seismic data, are comparable.

The relocation of earthquakes from 1966 to 2010
shows that the epicenters (including the 1989 M 6.1
and 1991 M 5.8 earthquakes [Wang et al, 2012]) oc-
curred mainly in the NNE-striking zone from the east-
ern tip of the Hunyuan basin to the central Yangyuan
basin and formed a flat oval distribution (see Figs. 2
and 4, a). The major axis of the oval distribution of the
epicenters strikes at ~NE22.5° which is in accordance
with the distribution in the meizoseismal area obtained
by macroscopic earthquake damage observations of
the 1989 M 6.1 and 1991 M 5.8 earthquakes in this area
[An et al, 1991; Liu et al, 1992; Wang et al., 1992; Xu et
al, 1991]. Furthermore, we selected the earthquakes
within the oval area shown in Fig. 4, g, to analyze the
distribution of their nodal plane strikes via their focal
mechanism solutions. The upper diagram in Fig. 4, b,
shows that these earthquakes have a dominant nodal
plane strike of NE 17.6°-24.7°, which is consistent with
the strike of the oval distribution of the epicenters.
Thus, the Y-H transfer zone is bounded by a ~NE22.5°
striking buried fault at its eastern edge.

To explore the motion of the buried fault, we ana-
lyzed the distribution of the rake of slip vectors on the
nodal planes as shown in the upper diagram in Fig. 4, b.
A nodal plane gets a left- or right-lateral strike-slip
component when the absolute value of the rake of slip
vector on it is less or more than 90°, respectively. How-
ever, a nodal plane gets a normal or reversed slip com-
ponent when the rake of slip vector on it is less or more
than zero, respectively. As shown in the bottom dia-
gram in Fig. 4, b, most of the rake of slip vectors have
absolute values larger than 90°. Moreover, most of the
rake of slip vectors are close to +180°, which indicates
that the buried fault has a slight dip-slip component.
Therefore, the buried fault is of mainly right-lateral
strike-slip with slight normal slip (Fig. 4, b). This is also
consistent with the focal mechanism solutions of the
1989 Ms 6.1 and 1991 Ms 5.8 earthquakes (Fig. 4, a)
which both had right-lateral strike-slip with a slight
normal slip component [Wang, Wang, 1992; Wang et
al, 1994; Wei et al, 1992; Xu, 1992; Zhao et al, 1992;
Zhu et al, 1999; Qiu, Liu, 2005; Feng et al, 2016]. Thus,
the eastern border fault of the Y-H transfer zone is a
right-lateral strike-slip fault with a slight normal slip.
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(a) - the flat oval distribution of epicenters in the eastern border of the Y-H transfer zone. (b) - strikes (upper) and rakes of slip vectors
(bottom) of nodal planes derived from the focal mechanism solutions within the red oval in Fig. 4 (a). A nodal plane gets a left- or right-
lateral strike-slip component when the absolute value of the rake of slip vector on it is less or more than 90°, respectively. A nodal plane
gets a normal or reversed slip component when the rake of slip vector on it is less or more than zero, respectively. (c) - sketch diagram of
the architecture of the Y-H transfer zone. NHSF, North Hengshan fault; NLLSF, North Liulingshan fault; DWCF, assumed Dawangcun fault
(buried fault, according to [Su, Cheng, 1992]); TBF, assumed Tuanbao fault (buried fault, according to [Su, Cheng, 1992]). See other sym-
bols in Fig. 2.

Puc. 4. lebopmanuu B TpaHchepHOH 30HE, paCNoIOKEHHON MeX/Ay BIaJJMHaMU S HbI0aHb U XyYHbIOAHb.

(a) - pacupezesieHre SMUIEHTPOB 3eMJIeTPsICEHUH (IIJIOCKUH 0BaJI) HA BOCTOYHOM IrpaHuIle TpaHCcHepHOU 30HbI, PACIOI0OXKEHHOH MeX 1y
BNaJUHaMU fIHbI0aHb U XyHbloaHb. (b) - mpocTUpaHus (BBepxy) U BEKTOPbI CJBUTa (BHU3Y) HOAAIbHBIX IIJIOCKOCTEH, TOJyYeHHBIX MO
pellleHUsIM MeXaHW3MOB OYaroB 3eMJIETPSICEHUH BHYTPHU KpPAacHOTO OBaJia, MOKa3aHHOro Ha puc. 4 (a). HojanbHas MI0CKOCTb MMeeT
KOMIIOHEHTY JIeBO- WJIM PAaBOCTOPOHHEro CABUTa, eCJM abCOIOTHOE 3HaueHHe BEeKTOpa CABHUTra MO JAaHHOM IVIOCKOCTH MeHbIle WJIH
6oJibLIe 90°, cooTBeTCcTBeHHO. HoZja/IbHAs MJIOCKOCTb HMeeT COPOCOBYIO MM B3GPOCOBYI0 KOMIIOHEHTY, €CJIM BEKTOpP C/BUTa 10 JAaHHOU
IJIOCKOCTH MeHbllle WM G0JIblie HYJIS, COOTBETCTBEHHO. (€) — cXeMa, [T0Ka3blBalollasi CTPYKTYpY TpaHCPepHOU 30HBI, pacnooKeHHOH
Mex/Jy BhnaauHaMu fIHbloaHb U XyHbloaHb. NHSF - pasnom CeBepHbiii XsHuianb; NLLSF - passom CeBepHbiil JlronuHmanb; DWCF -
npejoJiaraeMblii passioM JlaBaHrKyH (morpe6eHHbIH passioM no [Su, Cheng, 1992]); TBF - npeznnosiaraemsblii pasyiom Tyan6ao (morpe-
GeHHbIH passioM 1o [Su, Cheng, 1992]). OcTasibHble YCJIOBHBIE 0603HAYEHUS CM. HA pUC. 2.

The deformations in the Y-H transfer zone are schema-
tically shown in Fig. 4, c. The current azimuths of the
principal tensile and compressive stress in Fig. 4, c, are
derived from Fig. 3. Fig. 4, ¢, shows that both of the
eastern and western border faults of the Y-H transfer
zone are the NNE-striking right-lateral strike-slip faults
with slight normal slip in the regional stress field
shown in Fig. 3, which is the key characteristic of the
transfer zone deformation predicted in the oblique-
rifting models [Chang, Zhong, 1977; Chang et al, 1975;
Zhuo et al,, 2016].

3. DISCUSSION AND CONCLUSION

Similar to the results of our study, it was found that
the 1989 M 6.1 earthquake main shock and aftershock
as well as the main shock of the 1991 M 5.8 earthquake
ruptured the same NNE-striking right-lateral strike-slip
faults with steep dip and slight normal slip, based on
the studies of focal mechanism solution and earth-
quake relocation [Wang, Wang, 1992; Wang et al., 1994;
Wei et al, 1992; Xu, 1992; Zhao et al., 1992; Zhu et al,
1999; Qiu, Liu, 2005; Feng et al, 2016]. The foreshock of



the 1989 M 6.1 earthquake was considered to rupture a
NW-striking left-lateral strike-slip fault [Xu, 1992; Qiu,
Liu, 2005; Feng et al, 2016]. These findings are con-
sistent with the distribution of the meizoseismal area
obtained by the macroscopic earthquake damage ob-
servations of these earthquakes [An et al, 1991; Ding et
al, 2000; Liu et al, 1992; Wang et al, 1992]. The field
geological survey data suggested that no obvious sur-
face ruptures can be identified associated with these
earthquakes although they took place near the junction
of the North Liulengshan, Dawangcun and Tuanbao
faults [Su, Cheng, 1992]. The NNE-striking Dawangcun
fault and the NW-striking Tuanbao fault (shown in Fig.
4, a) were considered to be the NNE-striking and NW-
striking buried faults where the main shock and fore-
shock of the 1989 M6.1 earthquake occurred, respec-
tively, according to the data of the geological survey
and seismicity studies [Su, Cheng, 1992; Feng et al,
2016], which support the existence of the NNE-striking
right-lateral strike-slip buried fault inferred from our
data shown in Fig. 4. Therefore, the deformation of the
NNE-striking transfer zone between the adjacent NEE-
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striking extensional basins predicted by the oblique-
rifting models [Chang, Zhong, 1977; Chang et al., 1975;
Zhuo et al, 2016] is consistent with the current defor-
mation of the Y-H transfer zone. This consistency be-
tween the model and the current tectonic activity indi-
cates that oblique rifting still plays an important role in
the current deformation of the northern Fen-Wei Rift.
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