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Abstract: The Mesozoic Yanshanian Movement affected the tectonic evolution of the North China Craton (NCC). It is proposed that
Mesozoic cratonic destruction peaked ~125 Ma, possibly influenced by subduction of the western Pacific Plate beneath the Euro-Asian
Plate in the Early Cretaceous. The southern Jinzhou area in the eastern block of the NCC preserves clues about the tectonic events and
related geological resources. Studies of the regional stress field evolution from the Cretaceous to the Cenozoic can enhance our
understanding of the tectonics and dynamics of the NCC. Borehole image logging technology was used to identify and collect attitudes
of tensile fractures from 11 boreholes; these were subdivided into four groups according to dip direction, i.e., NNW-SSE, NWW-SEE, W-E
and NE-SW. The development of these fractures was controlled primarily by the regional tectonic stress field; temperature, lithology, and
depth contributed to some extent. In 136–125 Ma in the Early Cretaceous, the area was characterized by extension that was oriented
NNW-SSE and NWW-SEE; from 125–101 Ma the extension was oriented W-E; after 101 Ma it was NE-SW. This counterclockwise trend has
persisted to the present, probably related to oblique subduction of the Pacific Plate, and is characterized by ongoing extension that is
nearly N-S-oriented and NEE-SWW-oriented compression.
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1.  Introduction
The North China Craton (NCC) experienced a series of large-scale
Mesozoic tectonic events termed the “Yanshanian Movement” by
Wong WH (1927). These tectonic events were characterized by in-
tra-continental  extension  and  lithospheric  thinning,  with  mantle
uplift and a shift  in basin-and-range structures from W-E orienta-
tion to NNE-SSW (Wang GH et al., 2001; Zhang CH et al., 2001; Zhai
MG and Fan QC, 2002; Zhai MG et al., 2004; Shao JA et al., 2006; Liu
JL et al., 2008; Zhai MG, 2019) and with a short-term compression
in  100–67  Ma  that  was  oriented  NWW–SEE  (Liu  SF  et  al.,  2013,
2017).  Studies  completed  under  the  Major  Research  Plan  “De-
struction of  the  NCC”  have  proposed  that  Mesozoic  cratonic  de-
struction peaked ca. 125 Ma, possibly influenced by subduction of
the western Pacific Plate beneath the Euroasian Plate in the Early
Cretaceous  (Zhai  MG  et  al.,  2004; Shao  JA  et  al.,  2006; Li  Z  et  al.,

2007; Zheng TY et al., 2007; Liu JL et al., 2008; Tang QS and Chen L,

2008; Xu YG et al., 2009; Zhang ZJ et al., 2011; Zhu RX et al., 2011,

2012, 2015; Faure et al., 2012; Hou QL et al., 2012). Multi-stages of

tectonic stress fields affected the Yanshanian area in the Late Jur-

assic  and  Early  Cretaceous,  based  on  the  fault  slide  data  (Ma  Y,

2004; Lin  Y  et  al.,  2015; Gao  JW  et  al.,  2019).  The  Jinzhou  area  in

the  western  Liaoning  Province,  located  in  the  east  of  the  NCC

(Zhao GC et  al.,  2005; Figure  1),  hosts  abundant  mineral,  oil,  and

gas  resources.  Mineralization  occurred  mainly  in  the  Mesozoic

(Zhai MG, 2019), while oil- and gas-bearing layers were deposited

mainly during the Cenozoic (Li  W et al.,  2018, 2019; Hu ZW et al.,

2019a, b).  From  the  Cenozoic  onward,  the  area  has  experienced

continuous  basin  formation  and  uplift  due  to  coeval  fault  block

activity and regional tectonic uplift (Zhang J et al., 2017; He J et al.,

2018; Li  W  et  al.,  2018, 2019; Hu  ZW  et  al.,  2019a, b).  However,

there  are  not  many  detailed  studies  on  the  tectonic  stress  field

evolution in the NCC and Western Liaoning area.

As the main driver of tectonic events, the tectonic stress field is re-

lated to the evolution of the regional tectonic framework, as well
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as the  formation,  preservation,  and  exploration  of  geological  re-
sources. Accurate inversion of paleo-tectonic stress fields is critic-
al  to  reconstructions  of  regional  geological  history.  Fractures  are
generated by crustal  brittle deformation and their  attitudes have
special  relationships  with  the  principal  stress  directions  (σ1, σ2,
and σ3).  Because  fractures  are  excellent  indicators  of  paleostress
(Engelder  and Geiser,  1980; Seeburger  and Zoback,  1982; Pollard
and Aydin,  1988; Hancock and Engelder,  1989; Morin et al.,  1990;
Becker and Gross, 1996; Bai TX and Pollard, 2000; Eyal et al., 2001),
they  have  been  widely  used  for  paleostress  field  reconstructions
(Engelder  and  Geiser,  1980; Brereton  et  al.,  1991; Becker  and
Gross, 1996; Arlegui and Simón, 2001; Jiang L et al., 2016; Fang HH
et al., 2017; Shalaby, 2017; Carvalho, 2018).

Developments  in  deep-Earth  detection  technology  have  led  to
the  widespread  use  of  borehole  image  logging  technology  in
many fields, such as engineering investigations, civil engineering,
and mining engineering.  In  the field  of  Earth sciences,  data  from
this technology have several useful applications, including accur-
ate characterization  of  fractures  in  outcrops  and  cores  (to  evalu-
ate rock  quality),  identification  of  optimal  locations  for  installa-
tion of detectors based on instrument types, and identification of
the  maximum  principal  stress  direction,  etc.  (Clerke,  1989; Brere-
ton et al., 1991; Shi YY, 2010; Cui SX and Wang HL, 2011; Fang LP,
2015). Traditional fieldwork in structural geology has been limited
to  identifying  fractures  observable  in  outcrops,  which  has  made
structural  analysis  difficult  in  areas  containing  many  Quaternary
sediments.  However,  boreholes  allow  researchers  access  to  rock
and fracture  information  in  the  deep  crust,  even  in  areas  influ-
enced by complicated structures,  plutons,  and fluids  (Plumb and
Hickman,  1985; Clerke,  1989; MacLeod  et  al.,  1994; Shi  YY,  2010;
Cui  SX and Wang HL,  2011; Fang LP,  2015).  Therefore,  the use of

borehole  image  logging  technology  to  identify  crustal  fractures
and to analyze structures and stress fields is gradually gaining ac-
ceptance;  however  it  has  not  yet  found  widespread  use  (Plumb
and Hickman, 1985; MacLeod et al., 1994; Nie X et al., 2013).

In  this  paper,  the  southern  Jinzhou  area  in  the  western  Liaoning
Province  was  selected  to  conduct  structural  analysis  based  on
fracture information identified via borehole televiewer (Figure 1).
The aim of  this  investigation is  to study the evolution of  the tec-
tonic stress field in this region, from the Cretaceous to the Ceno-
zoic,  in  order  to  provide  a  base  of  reference  for  studies  on  the
formation,  preservation,  and  exploration  of  geological  resources,
crustal stress  status,  and  subsequent  tectonic  evolution  and  dy-
namics in this area. 

2.  Regional Geological Setting 

2.1  Sedimentary Sequence
In  the  study  area’s  172.85  km2, the  sediments  are  mainly  Creta-
ceous and Quaternary System (Table 1),  of  which the Quaternary
System covers 155 km2 (Yang et al., 2017; Figure 1). 

2.1.1  Yixian formation (K1y)
The Yixian formation occurs around the Wanjiatun and Gaoqiao in
the southwest, with area and thickness of 0.51 km2 and more than
172 m, respectively. From bottom to top, the Formation is domin-
ated by  rhyolitic  volcanic  breccias,  dacitic  volcanic  breccias,  vol-
canic agglomerates,  rhyolites,  rhyolitic  volcanic  breccias,  con-
glomerates, and rhyolites. 

2.1.2  Sunjiawan formation (K1s)
The  Sunjiawan  formation  occurs  around  the  Qiaoniao–Dong-
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Figure 1.   Regional geological map of the southern Jinzhou area (1-ZK22, 2-ZK30, 3-ZK38, 4-ZK17, 5-ZK27, 6-ZK35, 7-ZK24, 8-ZK40, 9-ZK21, 10-

ZK33, 11-ZK41, F1-Xinglongtun–Shangquanyan fault, F2-western Sunjiatun fault, F3-Liutun–Cuitun fault, F4-Dongfangzi–Shihuiyao fault, F5-

Xingshan fault, F6-Qiaoniao–Dongbajiazi fault).
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bajiazi  in  the  northwest,  with  area  and  thickness  of  1.78  km2

and  more  than  380  m,  respectively,  and  has  contact,  separated
by  a  fault,  with  the  Kongxintai  gneissic  complex.  This  formation
consists mainly of conglomerates with complicated compositions,
of which  the  gravels  are  andesites,  granites,  and  quartz  sand-
stones. 

2.1.3  Quaternary System (Q)
The Quaternary System contains Pleistocene Series diluvial depos-
its (Q3) and Holocene Series alluvial deposits (Q4). The Pleistocene
Series diluvial  deposits  are  found  along  the  edges  of  hilly  plat-
forms,  with  thicknesses  varying  from  5  m  to  more  than  24.11  m.
The  uppermost  sediments  are  characterized  by  yellowish-brown
and brownish-red clays or subclays while the lower parts are dom-
inated by sands and gravels.

The Holocene Series, comprising 90% of the Quaternary System, is
widespread  in  this  area  with  various  compositions,  i.e.,  marshes,
diluviums,  and  alluviums,  of  which  the  alluvial  deposits  are  the
most developed. 

2.2  Mesozoic Tectonics
The  study  region,  located  in  the  eastern  part  of  the  Yanshanian
orogenic belt in the NCC, has undergone two stages of major tec-
tonic  events.  First,  during  the  Early-Middle  Jurassic  to  the  Early
Cretaceous,  it  experienced compression related to  closure  of  the
Mongol–Okhotsk Ocean and subduction of the Pacific Plate; later,
following the Early Cretaceous, it experienced extension related to
subduction of the Pacific Plate, peaking at ~125 Ma (Zhao Y, 1990;
Zhao Y et al.,  1994, 2002; Wang Y, 1996; Shao J et al.,  2000, 2006;
Zheng YD et al.,  2000; Zhai MG and Fan QC, 2002; Zhai MG et al.,
2004; Li Z et al., 2007; Yang W, 2007; Zheng TY et al., 2007; Liu JL et
al.,  2008; Tang QS and Chen L, 2008; Xu YG et al.,  2009; Zhang ZJ
et al., 2011; Zhu RX et al., 2011, 2012, 2015; Faure et al., 2012; Hou
QL et  al.,  2012; Liu  SF  et  al.,  2013, 2021; Yang Z  et  al.,  2017; Zhai
MG, 2019). In particular,  tectonic analysis and “deep-time” recon-
struction  of  the  western  Pacific  subduction  and  deformation  in

northeast Asia since 200 Ma indicates a NW-SE-oriented shorten-

ing  from  200−137  Ma,  a  NWW-SEE-oriented  extension  from

136−101 Ma,  then  from  100−67  Ma  a  nearly  N-S-oriented  exten-

sion and uplift with a short-term NWW-SEE-oriented compression-

al  inversion  in  northeast  China,  ,  and  from  66  Ma  to  the  present

day  a  NW-SE-  and  nearly  N-S-oriented  extension  (Liu  SF  et  al.,

2017).

Major faults in this area are related to three stages of deformation,

defined according to their timing and strike (Yang W, 2007; Yang

Z et  al.,  2017; Figure 1).  The first  stage of  deformation generated

W-E-striking thrust faults, including the Xinglongtun–Shangquan-

yan, western Sunjiatun, and Liutun–Cuitun faults, resulting in Jur-

assic layers becoming covered by older layers during the Middle-

Late  Jurassic  N-S-oriented  compression  related  to  closure  of  the

Mongol–Okhotsk  Ocean  and  subduction  of  the  Pacific  Plate.  The

second  stage  of  deformation  is  characterized  by  NE-SW-striking

normal  and  strike-slip  faults,  e.g.,  the  Dongfangzi–Shihuiyao  and

Xingshan faults, caused in the Early-Middle Cretaceous by NW-SE-

oriented  extension,  along  with  NE-SW-striking  strike-slip  due  to

subduction of the Pacific Plate. The third stage of deformation, in

the Middle-Late Cretaceous and Cenozoic, related to Pacific Plate

subduction,  is  characterized by  some NW-SE-striking normal  and

strike-slip  faults,  e.g.,  the  Qiaoniao–Dongbajiazi  fault,  generated

by NE-SW-oriented extension and NW-SE-oriented strike-slip. The

deposition  and  distribution  of  Cretaceous  sedimentary  layers

were influenced  by  both  the  second  and  the  third  stages  of  de-

formation. Extension  and  strike-slip  activity  in  the  region  contin-

ued  until  the  Cenozoic  (Zhao  Y,  1990; Zhao  Y  et  al.,  1994, 2002;

Wang Y, 1996; Liu JZ et al., 2000; Zheng YD et al., 2000; Liu JL et al.,

2008; Liu JY et al., 2018; Zhai MG et al., 2004; Shao JA et al., 2000,

2006; Li  Z  et  al.,  2007; Yang W,  2007; Zheng TY et  al.,  2007; Tang

QS and Chen L, 2008; Yang W and Li SG, 2008; Xu YG et al.,  2009;

Zhang  ZJ  et  al.,  2011; Zhang  J  et  al.,  2017; Zhu  RX  et  al.,  2011,

2012, 2015; Faure et al., 2012; Hou QL et al., 2012; Li W et al., 2018,

2019; Xu XC et  al.,  2017; He J  et  al.,  2018; Hu ZW et  al.,  2019a,  b;

Zhai MG, 2019). 

Table 1.   Regional strata in the southern Jinzhou area.

Erathem System Formation/
Member Symbol Thickness (m) Fossil Lithology

Cenozoic Quaternary

Alluvium Q43al <5.0
Podozamites, Ginkgo,

Czeka-nows Kia,
Phoenicopsis

Gravel

Alluvium Q42al 5 　 Sand, gravel and mud

Alluvium Q42m+al 7 　 Subclay and subsand with mud

Diluvium Q41pal 9.2 　 Gravel-bearing subclay and gravel

Alluvium Q41m+al 3.8 　 Subclay and subsand

Marsh layer Q41f 4.2–19.2 　 Clay-bearing silt and pelitic subclay

Diluvium Q32apl >24.11 　
Brownish red clay/subclay,

sand and gravel

Mesozoic Cretaceous

Sunjiawan
formation

K1s >380 　
Gray and gray-purple siltstone,feldspar

sandstone, conglomerate

Yixian
formation

K1y >172 　
Volcanic breccia, agglomerate, rhyolite,

dacite, trachyteandesite, andesite
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2.3  Mesozoic Magmatic Rocks
The main Mesozoic magmatic rocks in the study area are the Tian-
qiao  granites,  which  are  oval-shaped  and  extend  for  an  area  of
7.6 km2 into the Bohai sea (Figure 1). Intruding into them are later
diabases, diorite porphyrite, and granitic aplite veins.

Biotite K-Ar dating by the Liaoning Bureau of Geology and Miner-
al exploration demonstrated that the Tianqiao granites were em-
placed at 107.5 ± 2.4 Ma, indicating that they are related to mag-
matic events in the Early Cretaceous. Petrogenetic and geochem-
ical  characteristics  indicate  that  they  are  S-type  granites  derived
from  crustal  thinning  and  mantle  uplift  in  an  extensional  setting
(Liu JZ et al., 2000; Xu XC et al., 2017).

The  Tianqiao  granites  are  light  red  with  a  moderately  coarse-
grained  texture  and  a  massive  structure.  The  dominant  minerals
are  K-feldspars  and  quartzs  with  minor  amphiboles  and  biotite.
They  are  strongly  weathered  on  the  surface  with  a  thickness  of
over 15 m, and are easily smashed. The original magmatic fabrics
cannot  be  observed  in  the  weathered  surface  outcrops,  but  are
evident in samples from the deeper crust below the surface.

The diabase veins intruding into the Tianqiao granites range from
light to dark gray in color and have diabasic texture and a massive
structure, with  a  mineralogy  of  mainly  pyroxenes  and  plagio-
clases with minor amphiboles and biotites. The diorite porphyrite
veins  occur  in  bands  within  the  Tianqiao  granites  and  are  light
gray-brown  in  color  with  banded,  porphyritic  textures  and  a
massive  structure.  The  phenocrysts  consist  of  amphiboles;  the
stromas  are  amphiboles  and  plagioclases.  Similarly,  the  granitic
aplite veins also occur as bands in the Tianqiao granites, are red in
color, and have aplitic texture and a massive structure with miner-
als consisting mainly of plagioclases, K-feldspars, and quartzs with
few dark minerals. 

3.  Methodology
The data and images in this paper were obtained by the borehole
televiewer  from  boreholes  in  the  southern  Jinzhou  area,  located
35 km from the downtown (Figure 1).  The existing stress  tensors
equal  the  sum  of  the  distant,  regional,  and  local  stress  tensors
from different sources (Jiang L et al., 2016). The chosen area is far
from major faults in the Jinzhou area, so that the attitudes of frac-
tures  in  this  area  are  mainly  controlled  by  distant  and  regional
stresses.  The  data  and  images  were  collected  from  11  boreholes
whose  identifiers  are  ZK17,  ZK21,  ZK22,  ZK24,  ZK27,  ZK30,  ZK33,
ZK35, ZK38,  ZK40,  and ZK41.  Data processing was conducted us-
ing the software WellCAD, which is capable of processing and in-
terpreting  live  data.  Patterns,  depths,  dip  directions  and  dips  of
fractures  are  presented  directly  (Figure  2). Then  the  tensile  frac-
tures can be identified and their dip directions can be obtained.

Tensile fractures are the result of brittle deformation. They corres-
pond to Mode I fractures that propagate normal to the minimum
principal stress σ3, in the plane containing σ1 and σ2, as a result of
true tension (σ3 <  0),  or,  at  deep levels  in  the Earth's  crust,  when
tensile effective stress conditions are reached (Figure 3; Pollar and
Aydin,  1988; Hancock  and  Engelder,  1989; Price  and  Cosgrove,
1990; Brereton et al.,  1991; Eyal et al.,  2001; Bai TX et al.,  2002; Ji-
ang  L  et  al.,  2016; Carvalho,  2018). The  azimuths  of  tensile  frac-

tures  therefore  represent  the horizontal  direction of  the regional
tensile  stresses,  according  to  which  the  regional  tectonic  stress
field evolution can be inferred. Furthermore, tensile fractures with
opposite azimuths are treated as one group because they can be
generated in an identical extensional tectonic event. 

4.  Borehole Data Interpretation
One hundred and ninety-three tensile fractures were identified by
the  borehole  televiewer  and  interpreted  by  the  software
WELLCAD  from  the  11  boreholes  (Table  2).  The  details  of  every
tensile fracture can be found at our online dataset; see Data avail-
ability, below.

All the azimuths of tensile fractures were counted to plot rose dia-
grams and Wulff net projections (Figure 4). The rose diagrams in-
dicate  the  presence  of  three  preferential  fracture  dip  directions,
i.e., NWW, SWW, and SSE. The Wulff net projection displays the ori-
entations of lines normal to the tensile fracture planes rather than
the  planes  themselves  in  a  lower  hemisphere  projection  so  that
the fracture azimuths are presented as points. Three groups of ori-
entations occur with greater frequency in these projections, indic-
ating directions of NNW, NEE, and SEE. Cluster analysis performed
on  these  points  highlighted  three  cluster  centers,  i.e.,
95.69°∠53.34° (n=97), 335.50°∠4.03° (n=43), and 306.30°∠76.56°
(n=53),  which  represent  fractures  with  attitudes  of  275.69°
∠26.66°, 155.50°∠85.97°, and 126.30°∠13.44°, respectively. 

5.  Discussion
Conventionally, a single tectonic event or a united tectonic stress
field  is  assumed  to  generate  tensile  fractures  with  identical  or
nearly identical  directions.  However,  the fractures investigated in
this paper commonly exhibit two or three distinct directions. Fur-
thermore, the fractures are present in diverse rock types that vary
in age, indicating that the fractures may have resulted from mul-
tiple stages of tectonic events. Thus, the studied fractures should
be further  analyzed in  the context  of  their  time period of  forma-
tion. 

5.1  Geochronological Frameworks of Intrusions
As  the  tensile  fractures  studied  here  occur  in  magmatic  rocks  of
various types, it is important to understand the timing of magmat-
ic  activity  to  constrain  the  ages  of  the  fracturing.  As  mentioned
above, biotite K-Ar dating by the Liaoning Bureau of Geology and
Mineral  exploration  is  the  basis  for  concluding  that  the  Tianqiao
granites were emplaced at 107.5 ± 2.4 Ma, indicating that they are
related  to  Early  Cretaceous  magmatic  events.  No  subsequent
studies of the Tianquo granites have been reported. However, de-
tailed studies have been conducted on the geochronology of vol-
canic  rocks  in  the  western  Liaoning Province  (Yang W and Li  SG,
2008; Xu XC et al., 2017), from which Wu FY et al. (2006) have con-
cluded  that  the  geochronological  frameworks  of  intrusions  and
extrusions in the western Liaoning Province are incompatible with
data from volcanic rocks, which thus cannot be used to constrain
the geochronology of the intrusions. In the western Liaoning area,
granites  become  younger  toward  the  west  (Wu  F  et  al.,  2006).
Yangjiazhangzi,  Shishan,  and  Haitangshan  plutons  of  189–182,
123, and 176–152 Ma are adjacent to the Tianqiao pluton (Wu FY
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et al.,  2006). The Shishan granites are light red with a moderately

coarse-grained  texture  and  a  massive  structure.  The  dominant

minerals  are  K-feldspars  and quartzs  with  minor  amphiboles  and

biotites, which pattern is identical to the Tianqiao granites. In ad-

dition,  the  Tianqiao  granites  intrude  into  the  Archean  gneisses.

The above characteristics  are consistent  with Cretaceous plutons

 
Figure 2.   Typical borehole images of the borehole ZK17.
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(Jiang SE et al., 2010). Therefore, the Tianqiao granites were likely

emplaced in the Early Cretaceous. Notably the intermediate-basic

and fine-grained granitic  veins in the Haitangshan pluton,  north-

east of the Jinzhou area, are similar to those in the Tianqiao gran-

ites. LA-ICP-MS  zircon  U-Pb  dating  indicates  that  the  intermedi-

ate-basic  veins  were  emplaced at  ~125 Ma.  Additionally,  magma

mixing occurred  among  the  basic  and  granitic  veins,  which  sug-

gests  that  they  were  generated  simultaneously  (Wu  FY  et  al.,

2006). Therefore,  the diabase,  diorite porphyrite,  and granitic  ap-

lite veins were likely emplaced at ~125 Ma in the Early Cretaceous.

Zircon U-Pb ages represent the time at which the temperature of

the U-Pb isotopic system cooled through the closure temperature
(~900°C). At 900°C, basic magmas have solidified to a state that is
susceptible to brittle deformation while acid magmas may still be
molten.  Additionally,  when  basic  and  acid  magmas  come  into
contact,  the  relatively  high  temperature  difference  between  the
two  magma  types  can  result  in  a  loss  of  heat  from  the  basic
magma to  the  acid  magma,  increasing  its  cooling  and  solidifica-
tion rate.  Simultaneously,  the  heat  absorbed by  the  acid  magma
causes  it  to  solidify  more  slowly.  Furthermore,  diabase  veins  can
be  seen  to  crosscut  granitic  aplite  veins  on  the  geological  map
(Figure 1). Thus, we suggest that the magmatic veins follow a se-
quence  of  diabase,  diorite  porphyrite,  and  granitic  aplite,  from
oldest to youngest. 

5.2  Periodization of Tensile Fractures
When tensile fracture counts are compiled according to rock type,
three groups of preferred fracture dip directions are evident in the
Tianqiao granites: NNW-SSE, NWW-SEE, and near W-E. Two groups
of preferred dip directions, NWW-SEE and W-E, are evident in the
diabase; the group with dip direction of NWW-SEE appears in the
diorite  porphyrite,  the  group  with  dip  direction  of  NE-SW  occurs
in the granitic aplite veins (Figure 5).

Conventionally, time sequence can be identified if there are mul-
tiple groups of foliation in a pluton with veins (Figure 6). The S1 fo-
liation is developed only in the pluton, indicating that it was gen-
erated earlier than the vein but later than the pluton. The S2 foli-
ation is developed in both the pluton and the vein, revealing that
it was generated later than the pluton and vein. Therefore, the S2

Table 2.   Distribution of tensile fractures from each of the eleven boreholes, in terms of count, depth, and lithology.

Borehole Count Depth (m) Lithology

ZK17 20 34.459, 34.459, 36.391, 36.510, 36.570, 36.655, 36.779, 37.113, 37.211, 37.558,
37.879, 38.036, 38.234, 42.987, 42.993, 43.077, 43.110, 43.152, 78.278, 78.398

Granite and
diabase vein

ZK21 56

24.858, 24.913, 25.056, 25.150, 27.794, 27.943, 28.009, 28.088, 28.392, 28.453, 33.038, 34.244,
34.397, 34.401, 36.763, 36.791, 38.245, 38.654, 38.812, 38.853, 39.263, 39.369, 39.758,
39.762, 39.872, 39.978, 41.160, 41.417, 41.680, 42.144, 42.336, 42.599, 42.719, 42.825,
42.980, 43.153, 43.242, 43.301, 43.384, 72.483, 72.521, 72.563, 72.592, 72.670, 72.824,
72.892, 72.926, 72.975, 73.079, 73.153, 73.287, 73.446, 73.894, 73.960, 95.142, 95.180

Granite, diabase
and diorite

porphyrite vein

ZK22 12 55.576, 55.637, 55.677, 55.768, 55.808, 55.845, 55.890, 55.917, 55.942, 55.982, 56.024, 56.067 Granite

ZK24 24 15.055, 15.149, 15.606, 15.693, 17.019, 17.072, 18.076, 18.115, 18.519, 18.577, 21.100, 21.200,
21.320, 22.958, 22.987, 23.027, 27.768, 27.812, 41.575, 41.660, 42.399, 42.452, 42.497, 42.577

Granite and
diabase vein

ZK27 18 26.884, 26.938, 28.583, 28.616, 28.657, 31.149, 31.203, 31.248, 40.720,
40.802, 64.491, 64.517, 81.854, 82.858, 83.406, 83.816, 93.975, 94.028

Granite and
granitic aplite vein

ZK30 6 66.590, 67.390, 89.270, 108.040, 108.300, 108.350
Granite and

diorite porphyrite
vein

ZK33 2 40.650,40.730 Granite

ZK35 32
20.955, 20.975, 34.256, 34.313, 37.934, 38.150, 38.389, 40.567, 40.589, 51.310, 51.410,
53.532, 53.584, 57.849, 58.027, 58.654, 58.728, 60.185, 60.263, 60.315, 60.407, 62.885,

62.930, 63.082, 67.566, 67.637, 67.683, 67.758, 67.819, 67.917, 67.974, 67.996

Granite and
diorite porphyrite

vein

ZK38 2 20.410, 20.430 Granitic aplite vein

ZK40 14 14.326, 14.346, 15.362, 15.386, 40.790, 40.943, 55.039,
55.108, 55.502, 55.646, 95.971, 96.066, 109.994, 110.043

Granite and
diorite porphyrite

vein

ZK41 6 36.930, 36.980, 36.990, 37.040, 37.080, 37.220 Granite

σ
1

σ
3

 
Figure 3.   Relationships between attitudes of tensile fractures and

directions of stress axes in the extensional setting.
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foliation is younger than the S1 foliation.

NNW-SSE-dipping  tensile  fractures  occur  only  in  the  Tianqiao

granites and are absent in the other three rock types (Figure 5a),

suggesting  that  the  NNW-SSE-dipping  tensile  fractures  are  the

earliest  to  have  formed.  The  NWW-SEE-dipping  tensile  fractures

are  present  in  all  rock  types  except  for  granitic  aplite  veins

(Figure 5a, b, c), indicating they are younger than the diabase and

diorite  porphyrite  veins  but  older  than  the  granitic  aplite  veins.

Therefore,  they  are  younger  than  the  NNW-SSE-dipping  tensile

fractures. The W-E- and NE-SW-dipping tensile fractures are inter-

preted to have formed relatively late and to be younger than the

granitic  aplite  veins  because  W-E-dipping  tensile  fractures  are

present  in  all  rock  types  (Figure  5),  as  are  NE-SW-dipping  tensile

fractures (Figure 5a, b, d) with the exception of diorite porphyrite

veins.  However,  it  is  difficult  to  define  their  order  of  formation

solely according to their presence in various magmatic rocks. Not-
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Figure 4.   Rose diagram and lower hemisphere projection of all the tensile fractures.
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Figure 5.   Rose diagrams of tensile fractures in different types of rock. (a) Tianqian Granite; (b) Diabase vein; (c) Diorite porphyrite vein; (d)

Granitic aplite vein.

Pluton V
ei
n

S
1

S
2

 
Figure 6.   Concept diagram for time sequence of foliations in a

pluton with veins.
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ably, two groups of tensile fracture intersect in the Tianqiao gran-
ites. In borehole ZK17 (Figure 2), two sets of tensile fractures with
attitudes  of  53.15°∠3.59°  (NE)  and  254.56°∠59.69° (near  W)  oc-
cur at depths of 43.11 and 43.152 m, respectively. The W-dipping
fractures appear clearly to have been transformed and crosscut by
the  NE-dipping  fractures  in  borehole  images,  indicating  that  the
W-E-dipping fractures are older than NE-SW-dipping fractures. Ad-
ditionally,  SEE-  and  W-dipping  fractures  intersect  one  another  in
the diabase  veins.  In  borehole  ZK17,  two sets  of  tensile  fractures
with  attitudes  of  261°∠31.91°  (W)  and  112.05°∠35.08° (SEE)  oc-
cur  at  a  depth  of  34.459  m  (Figure  2).  The  SEE-dipping  fractures
clearly  appear  to  have been transformed and crosscut  by the W-
dipping  fracture  in  borehole  images.  Similarly,  in  borehole  ZK17
are two sets of tensile fractures with attitudes of 293.34°∠65.11°
(NWW) and 257.38°∠53.12° (W) at depths of 41.074 and 41.160 m,
respectively  (Figure  2).  The  NWW-dipping  fractures  appear  to
have  been  transformed  and  crosscut  by  the  W-dipping  fractures
in borehole  images.  The  two  lines  of  evidence  above  demon-
strate  that  the  NWW-SEE-dipping  tensile  fractures  are  older  than
those dipping to  W or  E.  From this,  it  can be concluded that  the
order of fracture formation, from earliest to latest,  are those with
NNW-SSE, NWW-SEE, W-E, and NE-SW dip directions. 

5.3  Factors Affecting the Development of Tensile
Fractures

The  development  of  tensile  fractures  in  rocks  is  controlled  not
only  by  the  regional  tectonic  stress  field  but  also  by  lithology,
temperature,  and  depth.  Diorite  porphyrite,  granite,  and  granitic
aplite  have  similar  mineral  and  geochemical  compositions  and
have  massive  structures.  In  an  identical  geological  setting,  they
have  similar  tensile  strengths,  which  are  significantly  lower  than
that  of  diabase  (Caristan,  1982; Stone  et  al.,  1989; Juhlin  and
Stephens, 2006; Abdelmalak et al., 2012).

NNW-SSE-dipping tensile  fractures  are  present  only  in  the  Tian-
qiao granites because the stress field that produced them was act-
ive later than the emplacement of the Tianqiao granites and earli-
er than the emplacement of veins, which suggests that the devel-
opment of this group of tensile fracture was controlled by the re-
gional tectonic stress field.

Similarly, the  reason  that  NWW-SEE-dipping  tensile  fractures  oc-

cur  in  all  rock  types  except  for  granitic  aplite  veins  is  that  the

stress  field  related to  the formation of  these  fractures  was  active

later  than  the  emplacement  of  the  Tianqiao  granites  and  the

diabase and  diorite  porphyrite  veins,  and  earlier  than  the  em-

placement of granitic aplite veins. Therefore, the development of

this group of tensile fractures was also controlled by the regional

tectonic stress field.

W-E-dipping  tensile  fractures  are  present  in  all  rocks  types;

however,  they  are  the  most  common  fracture  orientation  in  the

Tianqiao granites and diabase veins, while being relatively rare in

other rock types. The tensile strength of diabase is notably higher

than  any  of  the  other  three  rock  types,  indicating  that  brittle

tensile deformation can occur more easily in the other rock types

than in the diabase.

In the Early Cretaceous, W-E-dipping tensile fractures formed later

than  the  granitic  aplite  veins.  Emplacement  of  the  granitic  veins

was associated with  a  significant  amount  of  heat.  Melting points

and  the  brittle-ductile  deformation  transition  temperature  of

diabase are  sufficiently  high  that  the  diabase  veins  were  not  af-

fected by the additional  heat and continued to deform by brittle

mechanisms. Although  the  melting  point  and  brittle-ductile  de-

formation  transition  temperature  in  granite  are  not  as  high  as

those of the diabase, the Tianqiao granites comprise a large rock

body. Thus, the Tianqiao granites underwent a relatively small in-

crease in  temperature  due  to  heating,  and  consequently  de-

veloped abundant W-E brittle tensile fractures. However, the dior-

ite porphyrite veins underwent heating and were near the brittle-

to-ductile transition while the granitic aplite veins had not yet so-

lidified, resulting in few brittle W-E tensile fractures in these litho-

logies. It is concluded that this group of tensile fractures resulted

from the regional tectonic stress field, temperature, and lithology.

NE-SW-dipping tensile  fractures  are  present  in  all  rock  types  ex-

cept  for  diorite  porphyrite  veins.  It  is  notable  that  nearly  all  NE-

SW-dipping  tensile  fractures  occur  at  a  depth  of  0–60  m,  while

most diorite porphyrite veins exist at depths of greater than 60 m

(Figure 7).  The absence of  NE-SW-dipping tensile  fractures  in  the

diorite porphyrite  veins  indicates  a  late  stage  of  deformation  re-

lated to  NE-SW-dipping  tensile  fractures  that  only  partially  influ-

enced  rocks  in  relatively  shallow  crust.  It  is  concluded  that  this
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Figure 7.   Relationships between tensile fractures and depths.
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group of tensile fracture is controlled primarily by regional tecton-

ic stress field and depth.

In conclusion, we suggest that the development of all  the tensile

fractures  can  be  attributed  to  the  influence  of  regional  tectonic

stress fields.
 

5.4  Regional Tectonic Stress Field Evolution
Previous studies  of  the  tectonics,  magmatic  activity,  and  sedi-

mentary  records  show  that  the  western  Liaoning  Province  was

mainly  in  the  extension  and  extension-strike-slip  settings  during

the  Cretaceous  and  Cenozoic  with  a  short-term  compression

(Zhao Y, 1990; Zhao Y et al., 1994, 2002; Wang Y, 1996; Shao JA et

al., 2000, 2006; Zheng YD et al., 2000; Zhai MG and Fan QC, 2002;

Zhai MG et al., 2004; Li Z et al., 2007; Yang W, 2007; Zheng TY et al.,

2007; Liu  JL  et  al.,  2008; Tang QS and Chen L,  2008; Xu YG et  al.,

2009; Zhang ZJ et al., 2011; Zhu RX et al., 2011, 2012, 2015; Faure

et  al.,  2012; Hou  QL  et  al.,  2012; Liu  SF  et  al.,  2013, 2017, 2021;

Yang  Z  et  al.,  2017; Zhai  MG,  2019).  From  the  Cretaceous  to

present,  the  northeast  of  Asia  has  undergone  a  NWW-SEE-ori-

ented extension  from  136–101  Ma,  a  nearly  N-S-oriented  exten-

sion and uplift with a short-term NWW-SEE-oriented compression-

al inversion in northeast China from 100–67 Ma, and a NW-SE- and

nearly N-S-oriented extension from 66 Ma to the present day (Liu

SF et al., 2017).

Our findings indicate that the regional tectonic stress field evolu-

tion in the southern Jinzhou area was driven by subduction of the
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Figure 8.   Regional tectonic stress field evolution from the Cretaceous to Cenozoic.
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Pacific Plate and can be subdivided into four stages (Figure 8).

The first  stage (136–125 Ma) is  characterized by the formation of
tensile fractures dipping NNW-SSE solely in the Tiaoqiao granites,
driven  by  regional  NNW-SSE-oriented  extension.  The  second
stage (ca. 125 Ma) is characterized by the formation of tensile frac-
tures dipping to NWW and SEE in the Tianqiao granites,  diabase,
and  diorite  porphyrite  veins,  driven  by  regional  NWW-SEE-ori-
ented extension  at  ~125  Ma.  The  above  two  stages  of  deforma-
tion  were  responsible  for  regional  NE-SW-striking  normal  faults.
The third stage (125–101 Ma) is characterized by the formation of
tensile fractures dipping to nearly W or E in the Tianqiao granites,
diabase, diorite porphyrite, and granitic aplite veins and was driv-
en  by  regional  W-E-oriented  extension,  though  there  are  few
faults  or  folds  related  to  this  deformation  stage.  The  final  stage
(after 101 Ma) has been characterized by the formation of tensile
fractures dipping to NE and SW in the Tianqiao granites, diabase,
and granitic  aplite  veins,  driven  by  regional  NE-SW-oriented  ex-
tension, which is responsible for the formation of regional NW-SE-
striking normal faults.

Additionally, Dai  YL  et  al.  (2020)  have  suggested,  based  on  ear-
thquake  focal  mechanism  solutions  from  Liaoning  Province
(Figure  9),  that  the  western  Liaoning  Province  is  presently  in  an
extensional  setting,  with  nearly  N-S-oriented  extension  and  NEE-
SWW-oriented  compression;  this  characterization  is  consistent
with  the  world  stress  map  (Zoback,  1992)  and  the  crustal  stress
pattern  in  China  (Hu XP et  al.,  2017). Therefore,  the  regional  tec-
tonic  stress  field  in  the  southern  Jinzhou  area  has  undergone  a
counterclockwise  evolution  since  the  Early  Cretaceous  to  the
present that  may  be  related  to  rotation  of  the  subduction  direc-
tion of the Pacific Ocean Plate. 

6.  Conclusions
(1)  This  study,  based  on  borehole  image  logging  technology,
demonstrates  that  tensile  fractures  occur  widely  throughout
Cretaceous  magmatic  rocks  in  the  southern  Jinzhou  area.  These
fractures can  be  subdivided  into  four  groups  according  to  azi-
muth  and  rock  type,  i.e.,  NNW-SSE-dipping  tensile  fractures
present only in the Tianqiao granites, NWW-SEE-dipping fractures
that  occur  in  all  rock  types  except  for  granitic  aplite  veins,  W-E-
dipping fractures that occur in all  rock types, and NE-SW-dipping
fractures  present  in  all  rock  types  except  for  diorite  porphyrite
veins.  We conclude that formation of all  the tensile fractures was

controlled primarily by the regional tectonic stress field.

(2) The  southern  Jinzhou  area  was  mainly  in  an  extensional  set-

ting  that  has  undergone  regional  tectonic  stress  field  evolution,

with successive stages of NNW-SSE-, NWW-SEE-, W-E-, and NE-SW-

oriented  extension  in  136–125  Ma,  ca.  125  Ma,  125–101  Ma  and

after 101 Ma, respectively, from the Cretaceous to the Cenozoic.

(3)  The  counterclockwise  trend  of  direction  of  extensional  stress

has persisted to the present time, which is characterized by ongo-

ing nearly  N-S-oriented  extension  and  NEE-SWW-oriented  com-

pression in this area. 
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