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Abstract: Calculating the strike-slip component of fault displacement is challenging,



making quantitative determination of the kinematic properties of a fault zone difficult.
This study introduces a novel fault zone model to offer improved opportunities to
reconstruct the history of fault evolution. We provide a new quantitative calculation
method of fault geometry that can identify piercing points where branch faults are offset
by a master fault. This method is based on the geometric relationships between the
attitude of a master fault and its branch faults. From these observations, it is possible to
quantitatively calculate the displacement components and kinematic properties of a
fault zone. Additionally, the existing stereographic projection method is adapted by
considering the attitude of fault planes to provide an alternative approach to solve the
problem of fault kinematics. This method can be used to derive the pitch angle of a fault
with the new model by analyzing the intersection attitudes of a master fault and its
branch faults through intersecting planes. Applied to 3D seismic data with well control
from the Jiyang Depression, results show higher strike-slip intensity near principal
displacement zones adjacent to the Tan-Lu and Lan-Liao fault zones, whereas
extensional deformation dominates the central sector. Moreover, both methods yield
consistent results in reconstructing the structural history of fault zones. This
demonstrates the practical application of the new model and demonstrates that methods
employed for the model can be used in the kinematic analysis of fault zones more

generally, which has previously been challenging in subsurface studies.
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angle, fault geometry



1. Introduction

The nature and direction of the principal stress of a fault is commonly determined in
two ways: (1) via the attitude of slickensides and steps preserved on exposed fault planes
at outcrop to reveal the orientation of slip; (i1) via examination of the geometric features
of faults and the thickness variations of stratal units preserved on either side of a fault
to identify stress properties, such as flower structures indicating strike-slip property and
thickness differences between the two walls of growth faults (Biddle and Christie-Blick,
1985; Woodcock and Rickards, 2003; Le Guerroué¢ and Cobbold, 2006; Zhang et al.,
2017; Fletcher et al., 2020; Jia et al., 2022). Since the 1970s, investigations of the
history of fault activity have become increasingly detailed, enabling to more accurate
reconstructions of fault evolution (Molnar and Tapponnier, 1977; Fu et al., 2015;
Dimmen et al., 2017; Zhou et al., 2019; Ma et al., 2023). To quantitatively study the
evolutionary history of faults, numerous methods have been proposed: (i) determination
of the strike-slip and dip displacement components of faults to identify the history of
fault motion (Mansinha and Smylie, 1971; Marrett et al., 1990; Peacock, 1991;Yu et al.,
2008; Hughes, 2012; Lu et al., 2018a; Walker et al., 2021; Yu et al., 2021); (ii)
examination of the interaction and displacement transfer between active intersecting
strike-slip (or transform) and extensional fault systems by establishing a vertical
intersection model (Garfunkel and Ron et al., 1985; Mouslopoulou et al., 2007); (iii)
analysis of 3D and 4D geological relationships via sandbox analogue modelling or 3D

numerical modelling (Dooley et al., 1999; Gogonenkov and Timurziev, 2012; Lindsay



et al., 2012; Stefanov and Bakeev, 2014; Fedorik et al., 2019), and (iv) application of
the fracture development index (Fossen and Rotevatn, 2016; Jolly et al., 2016; Sangar
et al., 2020). These works have not only advanced the development of quantitative
analytical methods in structural geology, but have also helped to demonstrate the

influence of faulting on sedimentation in considerable detail (Morley, 2007; Dooley and

Schreurs, 2012; Gou et al., 2020; Liu et al., 2020; Hu et al., 2022).

Although the aforementioned methods for the calculation of fault activity displacement,
for characterizing fault-slip direction, and for the quantification of fault kinematic
properties have been established for many years, several persistent challenges remain.
Notably, to calculate the strike-slip displacement component of a fault, it is necessary
to identify and locate piercing points consisting of paired linear features occurring on
either side of a fault plane. Distinctive features, such as river channels (or channel-fills),
fold axes, or matched igneous rocks are commonly used as reference points (Benesh et
al., 2014; Waldron et al., 2015; Ma et al., 2018). However, it is often challenging to
identify such features in faulted geological settings, particularly in the subsurface where
seismic reflection data are the principal data available. Therefore, it is important to
address the following two challenges: (i) how to improve existing methods employed
to locate fault piercing points and thereby to make models more accurate and
universally applicable; and (i1) how to develop novel, simpler methods that may be

applied more widely? Addressing these two research questions provides opportunities



to quantitatively and more accurately determine fault kinematic properties.

The aim of this study is to develop a novel model to investigate the properties of
subsurface fault kinematics within sedimentary basins. This model considers different
combinations of fault zone geometries, specifically describing two different styles of
branch fault interaction with a master fault. Firstly, where a branch fault intersects a
master fault tip. Secondly, where a branch fault intersects a master fault in its lateral
part. Specific research objectives are as follows: (i) to establish a novel fault zone model
for which piercing points can be more broadly identified and located than is possible
when relying only on single distinctive geological bodies as piercing points; (ii) to
develop a mathematical method to identify the kinematic properties of a fault zone
using a quantitative calculation method, based on geometric relationships of the fault
zone that combines the recognition of piercing points and the geometric features of fault
planes in a fault zone model; (iii) to identify the kinematic property of a fault zone from
a geological perspective by developing an adapted application of the stereographic
projection method; (iv) to test the new model and methods in different fault zones using
3D seismic data and well data, where branch faults intersect a master fault at its tip and
elsewhere along the master fault. This new model permits a more accurate

reconstruction of fault zone evolution across a range of fault combinations.



2. Geologic setting

The Jiyang Depression (JYD) is situated in the southeastern region of the Bohai Bay
Basin (BBB) in eastern China. The Bohai Bay Basin is a continental rift basin, which
has undergone two stages of tectonic evolution: (i) a rifting stage during the Paleogene
(65-24.6 Ma); (ii) a post-rifting stage during the Neogene-Quaternary (24.6 Ma-present)

(Teng et al., 2019; Li et al., 2024).

The JYD is flanked by the Tan-Lu fault zone to the east and the Lan-Liao fault zone to
the west. Its southern boundary is defined by the Luxi Uplift, and it is separated from
the BBB by the Chengning Uplift to the north (Fig. 1). The depression formed during
Mesozoic and Cenozoic on the Archean and Paleozoic basement of the North China
platform, and serves as a typical example of a series of linked continental fault-bounded
lacustrine-dominated sub-basins in China, characterized by a half-graben with northern
faults and southern slopes (Zhang et al., 2014; Zuo et al., 2015; Zhang et al., 2017,
Song, 2018; Zhou et al., 2019; Li et al., 2021; Yuan et al., 2022). The JYD is comprised
of four sub-depressions; the Dongying, Zhuanghua, Chezhen and Huimin sags, which

are separated by the Chenjiazhuang, Yihezhuang, Linfanjia uplifts (Fig. 1c).

The tectonic pattern of JYD results from the dual effects of both strike-slip and
extension (Liu et al., 2018; Song, 2018). During the early Paleogene (Eiks - Ezs4), the

depression experienced strong N-S extension, leading to the formation of numerous



normal faults (Yuan et al., 2022; Hu et al., 2022). Subsequently, in the late Paleogene
(E2s3 - Esdi), right-lateral strike-slip dominated along the Tan-Lu fault zone,
reactivating pre-existing faults (Yuan et al., 2022; Li et al., 2024). This shift coincided
with increased Pacific Plate subduction rate, transitioning the basin from extension to
differential compression (Liang et al., 2016). The Es3 member (~42.0-38.0 Max)
recorded peak strike-slip activity related to the shift in the direction and rate of the
Pacific Plate subduction from NW to NWW, while the E3s> member (~38-36 Ma) was
tectonically quiescent (Cheng et al., 2018; Hu et al., 2019). Cumulative multi-stage
processes generated extensive fault zones and unconformities (Zhang et al., 2014; Zhao

et al., 2014; Liang et al., 2016; Yu et al., 2020; Li et al., 2021).
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Fig. 1. Outline fault map of Jiyang Depression.

(a) Location of the Tan-Lu fault zone, Lan-Liao fault zone and the Jiyang Depression in the Bohai



Bay Basin. (b) Simple structural map of the Jiyang Depression during the Cenozoic, showing the

major faults, uplifts and sags.

Following a discontinuity in deposition, an unconformity developed separating
Mesozoic strata from the overlying Cenozoic sedimentary succession in JYD, which
itself can be divided into six lithostratigraphic units: the Paleogene Kongdian (E1k3 -
Exk1), Shahejie (E2ss - E3s1) and Dongying (Eszdi) formations, as well as the Neogene
Guantao (Ng), Minghuazhen (Nm) formations and the Quaternary Pingyuan (Qp)
Formation (Fig. 2). Syn-rift sequences (E1ks - E3d) exhibit progressive tectonic control.
The interval bounded by reflectors Te (base of Eas3") and T» (base of E3s1) encompasses
the E»s3 and Ess> members. The Ezs3 member comprises two distinct sub-members: a
lower sub-member characterized by fan delta deposits and an upper sub-member
dominated by turbidite deposits. Concurrently, the Ezs» member exhibits fan delta
sedimentation. Collectively, these units record lacustrine-deltaic sedimentation during
the late Eocene-early Oligocene (Liang et al., 2016; Chen et al., 2017; Xu et al., 2019;

Zhu et al., 2021).
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Fig. 2. Evolution process and generalized stratigraphy of the Dongying sag (modified from Su et
al., 2009; Teng et al., 2019; Yuan et al., 2022). Fm = Formation.

3. Models and methods

Fault zones with diverse structural styles commonly develop in the same basin, notably

in response to complex tectonic geological activities under varying stress regimes

(Zoback et al., 1993; Ferrill et al., 2021). This is especially true in areas subject to two

or more overlapping regional stresses, where the resultant stress combinations can vary,

giving rise to features such as en echelon faults, broom-shaped faults (and variants

thereof), and domino faults, as well as flower structures (Fu et al, 2015; Hu et al., 2019).



The slip line of a fault plane can accurately represent the kinematic properties of both
the hanging wall and footwall of a fault. Projecting the slip line onto the horizontal
plane can serve as a measurement of apparent displacement, which is different from the
true displacement of the slip line in a 3D model (Tapponnier abd Molnar , 1976;
Williams and Vann, 1987; Shaanan et al., 2014; Zielke et al., 2015; Fossen and Rotevatn,
2016). To reduce the influence of this difference, we must convert the true displacement
from the apparent displacement of the slip line of two intersecting faults, and then
calculate its true pitch angle according to the geometric relationship between the two

faults.

Branch faults commonly develop on both sides of a master fault in both extensional and
strike-slip settings (Harding, 1974; Benesh et al., 2014). The Riedel shear model
describes a characteristic pattern of secondary fractures (e.g. R, R', P shears) that
develop in a brittle medium under simple shear stress, mimicking the geometry of
natural strike-slip fault zones (Riedel, 1929; Dooley and Schreurs, 2012; Fossen, 2016).
Concurrently, the strike-slip strain ellipse model proposed by Harding explains the
systematic distribution of extensional, contractional, and strike-slip structures around a
master fault based on the rotation of the principal stress axes (Harding, 1974). Noting
the above observations, this study analyzes the geometric characteristics of these branch
faults within the framework of the Riedel shear model, adopting its fundamental

geometric and kinematic framework where secondary faults form at predictable angles



to the master fault under a regional simple shear regime. At the same time, the right-
lateral strike-slip strain ellipse model is introduced as a constraint for the regional
geological background. This model's framework, which partitions deformation into
specific quadrants of extension and transcurrent motion, provides the foundational
stress state for establishing our new geometric model in the JYD. By analyzing the
attitudes of the fault zones in the regional extension-strike-slip composite stress field,
we can simplify and establish a fault zone model under the condition that the
homogeneous fault-blocks undergo rigid body motion along the fault. Given this, the
intersection points on both walls of intersecting faults at the studied horizon (or a certain
reflection interface) are taken as piercing points according to the idea of matching facies
or other distinctive geological features (Fig. 3a, b; Chen et al., 2024). In Fig. 3b, the
slip line (green line) is that made by the intersection of two faults (master and branch),
and the two ends of the green line are the intersections of the line and a certain
stratigraphic surface on the hanging wall and the footwall. These two points at either
end of the slip line are what define the all-important piercing points. Ideally,
quantitative determination of the kinematic properties of such faults can be achieved
with detailed data of fault displacement components, allowing calculation of the pitch
angles of these faults and the geometric relationships between master faults and branch
faults. Alternatively, if it is not possible to calculate the displacement components via
piercing points, stereographic projection analysis can be used for quantitative analysis,

as long as the strike and dip angle of each fault is known (Fig. 3c).
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3.1. A novel geometric model for combinations of fault zones

In structural belts with lateral branch faults, where the principal displacement zone
(PDZ) developed in an extension-strike-slip area bends along its strike, a series of
oblique, scattered lateral, or horsetail secondary faults commonly develop at the tip of
the master fault (Dooley and Schreurs, 2012). In a fault zone that has experienced
multiple stages in the evolution of stress, the dip displacement component of the master
fault generally reflects superposition of extension and compression in this area, and the
sum of the dip displacement components of the branch faults on each side of the master
fault reflects the strike displacement component of the master fault, that is, the strike-
slip displacement component of the fault zone. Accordingly, this model divides the
branch faults into two cases, which are respectively located at the end and in the lateral
part of the master fault (Fig. 4a, ¢), with their corresponding 2D plane projection modes
(Fig. 4b, d). In summary, the principle of modelling a fault zone is actually to combine
these two conditions according to the actual development of the fault zone. The simplest
model is that two branch faults develop, one at each tip of the master fault. Otherwise,
in addition to these two branch faults, one or more branch faults may also develop in

the lateral part of the master fault.
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MN - the fault slip line at the intersection between the branch fault and F (on 3D model); M'N —
the fault slip line’s horizontal projection (on 2D model); /sy - the true length of M'N; Dy - the
horizontal component of dip slip of MN along F; D; - the horizontal component of strike slip of
MN along F; 1 - the apparent pitch angle between F and M'N; MiN; - the fault slip line at the
intersection between the corresponding branch fault (Fi) and F (on 3D model); Mi'N; - the fault
slip line’s horizontal projection of M;N; (on 2D model); Dj; - the dip slip component of M;N; along
F; Dis - the strike slip of MiN; along F.



According to the fault coherence principle (Mouslopoulou et al., 2007), the azimuth
and magnitude of the strike and dip-slip of a particular fault vary continuously with the
strike direction, but their vector sum remains constant, meaning that the horizontal slip
vector remains unchanged. Assuming brittle deformation and rigid body motion, the
total slip distance of the piercing point at any position along the fault remains constant.
This consideration disregards the plastic deformation of the strata and the energy
absorbed during fault fracture. It is acknowledged that the causes and mechanisms of
rock plastic deformation are complex, requiring detailed analysis of the dynamic
mechanisms and calculations. However, deformation induced by complex shear stress
fields exhibits multi-solution nature. Given the difficulty in ensuring calculation
accuracy under such deformation conditions, reliable quantification of deformation
effects requires detailed constraints on stress orientation and intensity. Specifically,
without these constraints, assessing fault-block deformation's impact on strike-slip and
dip displacement components becomes unreliable, thus amplifying errors in the
displacement calculated through piercing points. Based on this theoretical framework,
the kinematically relevant parameters obtained from the structure plan or other related
diagrams like the ant-tracking attribute volume can be converted into three-dimensional
space. This approach significantly streamlining the research process while preserving
critical characteristics of fault zone development, Thus, the true total displacement of
the master fault in various cases can be approximately calculated based on this theory,

and then the kinematic property of the fault zone can be identified quantitatively.



3.2. Quantitative calculation method of fault geometry

In cases where the piercing points of the hanging wall and footwall of the fault can be
established, kinematic parameters related to the projection of the fault slip line can be
computed in the structural plane (i.e., the plan view of the fault) of a 2D model. These
parameters enable the conversion of the true pitch angle (6) in 3D space, facilitating the

precise identification of the kinematic properties of the fault.

3.2.1. Calculation of pitch angle

Dd = lMIN - sind Eq (1)

Dy = ly;,n - cosA Eq. (2)

Where one end of the master fault (F) intersects with only one branch fault (Fi) on the
same plane (Fig. 4a), the piercing points M and N on the footwall and hanging wall,
respectively, are where branch faults F; and F intersect. Connecting these points forms
the slip line (MN), with its horizontal projection being the component of the slip line
(M'N) (Fig. 4b). Notably, several parameters in Eq. (1) and (2) are involved in
determining apparent displacement components: /yn, represents the true length (/) of
M'N; Dy, indicating the dip-slip component of MN along F; Dy, denoting the strike-slip

of MN along F; and /, signifying the apparent pitch angle between F and M'N. In the



plane projection of the model, obtaining the dip-slip and strike-slip components of the
fault are straightforward, and calculating the 4 of the M'N through Eq. (3) facilitates the

identification of its apparent kinematic properties (Fig. 4c, d).

Dgy
A = arctan— Eq. (3)
Ds
Although apparent pitch angle (1) may not precisely represent the true kinematic
property of the fault, the true pitch angle (6) between MN and F can be derived from
the 3D model (Fig. 5, Eq. (4)). In the following Eq. (4), a represents the dip angle of F.
tand D,

D,
6 = arctan— = arctan = arctan ——
Dy cosa cosa - D, Eq. (4)

When true pitch angle (6, Eq. (5)) falls within the range of 0°<6<45°, F is characterized
by strike-slip dominance. Conversely, when it ranges from 45°<6<90°, F indicates dip-
slip dominance. As depicted in Fig. 4a and 5, in cases where F is a strike-slip fault or a

normal strike-slip fault, certain conditions must be met:
D,
tanf = . <1 Eq. (5)

In the model depicted in Fig. 4c, one end of F intersects multiple branch faults. MiN;

represents the fault slip line at the intersection between the corresponding branch fault



(Fi) and F, and its horizontal projection slip line is Mi'N; (Fig. 4d). Similarly, the
relationship between the apparent pitch angle (4;, Eq. (6)) and slip of M;N; along F can

be determined.

Dgy;
A; = arctan— Eq. (6)
Dsi

As shown in Fig. 4d, Dy; is the dip-slip component of M;Nj along F and Dy; is the strike-

slip component of M;N;j along F.
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Owing to the variations in the strike, dip (a, Fig. 5), and scale of each branch fault, the
pitch angle (0, Fig. 5) of a single branch can only represent the local kinematic property
of the fault at that piercing point. To more comprehensively characterize the properties
of the whole (e.g. a certain point P in Fig. 4d) of the master fault, defining the
comprehensive apparent pitch angle (A1) as the characterization parameter of the
cumulative strike-slip and dip-slip distances of the activity of a series of branch faults
at one end of the master fault on the horizontal projection, and the comprehensive true
pitch angle () is required. Therefore, it is essential to calculate the cumulative
displacement components (D4 and Ds at point P) of F; in Eq. (7) and (8), considering its

movement along both the dip and strike of F.

. q.
Dy = Z Dy = Z Imini - SInA;
1 1

Dy = z Dy; = Z Imirni * cOSA; &
1 1

Among these, /yii is the true length of Mi'N;.

Substituting cumulative strike-slip displacement component (D) and cumulative dip
displacement component (D) into Eq. (3) yields the comprehensive apparent pitch
angle (1) of F. Subsequently, 8 can be calculated using Eq. (4) to identify the kinematic

properties of F. By introducing the concept of cumulative displacement components,



this method can consider the differences in the contribution of branch faults to the
tectonic activities of a fault zone, thereby reducing the potential errors caused by the

weight allocation for each branch fault.

3.2.2. Calculation of fault dip angle

As depicted in Fig. 6, this work presents two methods for calculating the fault dip angle.
In the cross-section of the depth domain parallel to the fault dip (Fig. 6a), the angle o
can be directly measured at the corresponding reflector (stratigraphic horizon) (Fig. 6b),
or by determining the horizontal separation (/;) and vertical separation (/,) of the fault
at a specific reflector (stratigraphic horizon) in the depth domain. It is noteworthy that
this can only be done accurately if the seismic data are available in the depth domain
and if the applied velocity model used for time to depth conversion is reliable.
Furthermore, in the structural plane corresponding to the reflector (stratigraphic
horizon), two contours intersecting the fault-plane are located, and their intersection
points are connected (Fig. 6¢). Subtracting the elevations of the two points yields the
value of /, from which /, can be calculated. Finally, a can be determined using Eq. (9).

l

a = acrtan— Eq. (9)
Iy
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Fig. 6. Schematic diagram of the calculation method of fault dip angle in depth domain seismic
data.

3.3. Stereographic projection method

The stereographic projection method is commonly employed in structural geology to
analyze fault attitude and slip distances (Koons et al., 2003; Benesh et al., 2014).
Additionally, this method can analyze plunge angle (y) and true pitch angle (6) of MN
by projecting the attitudes of both the master fault and branch faults. Each projection
result precisely reflects the kinematic properties of F at its intersection with the
analyzed branch fault (£) in Fig. 4a. Notably, branch faults that develop simultaneously
in each fault zone commonly exhibit a certain regularity in size and attitude, indicated
by the proximity (or a difference of 180°) in their attitudes. Consequently, the attitude
of fault slip lines where branch faults intersect F are similar. Where multiple branch
faults are present, the fault attitudes of the master fault and each branch fault may be
individually measured and projected onto a projection sphere. Analyzing the plunge

angle (y;) of each fault slip line allows the identification of the local or global kinematic



properties of the fault zone based on the corresponding value of ; or regionally based
on the average 0; of several branch faults in a certain area (usually at one end of the
master fault), respectively. Alternatively, we can stipulate that the pitch angle of the
branch fault with the largest scale or displacement on the same side of the master fault

is taken as the representative value.

The projection method may use either a Wulff net, a Lambertian equatorial net, or a
Schmidt equal-area net; however, a Wulff net is most commonly used (Howarth, 1996).
In this study, a Wulff net was employed in the analysis with the stereographic projection
method. Initially, the stratigraphic horizon under analysis was determined, followed by
plotting the attitudes of intersecting faults (both master and branch faults) on this
horizon using the Wulff net. Subsequently, the two arcs representing the cross-section
attitudes intersect at point (O’) on the sphere (Fig. 3c). By connecting the centre of the
Wulft net (O) with point O’, the value of the line OO’ projected on the longitudinal line
of the Wulff net represents the strike of the fault slip line (MN), and the value of it
projected on the latitude line denotes the dip angle of MN, which is defined as the
plunge angle (y). Finally, this method provides two approaches to determine the pitch
angle (6) of MN on the master fault. (1) Directly reading the angular distance of the
dark yellow dashed arc in Fig. 3¢ - stereographic projection, which is the pitch angle.

This is achieved by rotating the arc AO'B around the Wullf net centre until its

endpoints coincide with the north and south poles; the latitude reading at point O’ then



gives the angular distance. (2) In addition, the true pitch angle () of MN can be

calculated using Eq. (10) and (11).

cosf = cosA - cosy Eq. (10)
g = siny
SY = Sina Eq. (11)

The results derived through the stereographic projection method yield the kinematic
characteristics of the fault at a specific location along the master fault. The local
kinematic properties of F may be different due to the heterogeneity of lithology and
stress. Where multiple branch faults are developed on one end of F, the local kinematic
properties that intersect with the branch faults can be varied. Therefore, to accurately
depict the stress and development characteristics of a master fault, it may be essential
to analyze the attitudes (including y;) of fault slip lines related to all branch faults at one

end of F.

3.4. Identification of kinematic properties

For simplicity, the apparent strike-slip property can be determined based on the attitude
of the horizontal component of slip line at the intersection of F and a branch fault in the
structural plane. However, the true strike-slip property of the fault is identified using 6.
Based on the criteria in Eq. (5), it can be further classified as follows: A fault with

0°<6<10° is categorized as a strike-slip fault; 10°<f<45° is a normal strike-slip fault;



45°<6<80° is a strike-slip normal fault; and 80°<6<90° is a normal fault (Liu, 1993;

Chen et al., 2022).

Notwithstanding, the results of the algorithm reflect the comprehensive kinematic
properties of cumulative tectonic activity over a certain period from the beginning of
fault activity to the target horizon. However, they may not directly capture kinematic
properties over short geological timeframes, which requires simultaneous calculation
and comparison of fault kinematic properties at the top and bottom interfaces over this
depositional period. The kinematic properties of a fault zone over a brief period can be
depicted more accurately if its corresponding displacement components in the two sets

of reflectors (horizons) can be acquired.

3.5. Data

The study utilized three-dimensional (3D) seismic data provided by the Shengli Oilfield
Company, Sinopec, which covers an area of 2.55x10* km?. Inline, crossline and vertical
geometric sample intervals were 30 m, 35 m and 2 ms, respectively. The dominant
frequency of the seismic data is about 35 Hz. The original time-domain seismic data

was converted into depth-domain seismic data using 2DMove software.

Horizon standardization and systematic interpretation of 3D seismic data were

conducted using Petrel. Specifically, eight key Cenozoic stratigraphic horizons (Fig. 2,



T, T7, Te, T4, T3, T2, T1, To) were interpreted, and the presence of key fault zones of the
JYD were identified. According to the structural plane, the reflection interface of T
and Te were locked, and correspond to true geological horizons at the base of the Ess;
and Ezsst sub-members, respectively. In addition, 3D seismic cross-sections were used

to explain the presence of faults in the formation.

4. Results

4.1. Method 1: quantitative calculation method of geometry

4.1.1. Changdi fault zone: The pattern of a single branch fault at one end

Using the kinematic properties of the Changdi fault zone (F>) as an illustration (Fig. 1),
the fault extends in an S-shape at the base of Exss™ (Fig. 7a). Adjacent to F, only one
branch fault develops on each side, sequentially labeled as sections Fi and F;' from east

to west (Fig. 7b).

At the intersection of F and F; (Fig. 7¢), the true length of M'N measures 1.13 km with
an apparent pitch angle (1) of 24.12°. Utilizing Eq. (1), (2), and (9), Ds and Dy of M'N
along F, alongside the dip (@) of F, are calculated as 1.03 km, 0.46 km, and 56.06°,
respectively. By substituting these parameters into Eq. (3), (4), it can be concluded that
A and @ of the fault slip line MN on the master fault were 24.12° and 38.72°, respectively
(Table 1). Thus, F is identified as a normal strike-slip fault, with the strike-slip

movement predominantly influencing the fault evolution since the Ezs3" depositional



period.
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Fig. 7. Uninterpreted coherence slice (a), interpreted fault plane (b) and local magnification model

at the intersection (c) of the Changdi fault zone at the base of Exs3"

Table 1 Statistical table of kinematic property identification results of key fault zones in Jiyang

Depression at the base of Ezs3 by Method 1

Strike slip  Oblique slip . Apparent . .
Num Tendency/°  Dip/° True 6/° Kinematic property
Dy/km D,/km A°

1 1.14 0.88 222.19 56.06 23.28 37.60 Extension-strike-slip
2 1.03 0.82 270.01 56.04 24.12 38.72 Extension-strike-slip
3 0.92 0.78 276.08 60.16 21.37 38.18 Extension-strike-slip
4 1.73 1.07 294.40 52.63 20.57 31.72 Extension-strike-slip
5 0.75 1.86 237.89 59.73 51.50 68.00 Strike-slip-extension
6 0.76 1.49 137.78 64.10 40.73 63.10 Strike-slip-extension
7 1.80 3.83 119.30 72.95 31.91 64.79 Strike-slip-extension
8 0.69 1.02 112.18 70.02 26.90 56.03 Strike-slip-extension
9 0.37 0.44 123.95 44.75 39.76 51.52 Strike-slip-extension
10 2.18 2.16 300.21 66.88 21.26 44.79 Extension-strike-slip
11 3.52 3.36 142.64 62.85 23.55 43.69 Extension-strike-slip




4.1.2. Linshang fault zone: The pattern of multiple branch faults at one end

The Linshang fault zone (Fi1) exemplifies this pattern (Fig. 8a). At the base of Eassh,
four branch faults emerge on the east side and two on the west side of F. The
northernmost branch fault on the east side is labeled Fi, followed by three successive
branch faults (F>—F4) to the south of F; (Fig. 8b). These three are all secondary branch
faults likely resulting from tension during fault activity, intersecting with F but are one-

third the size of Fi.

From the structural plane and seismic profile at the base of Ezsst, the strike and dip of
F were 52.64° and 142.64°, respectively. The a registers at 62.85°, with Mi'N; at the F-
Fi intersection spanning 3.84 km (Fig. 8c, d). Utilizing Eq. (7), (8), and (11), the
cumulative strike-slip (Ds) and cumulative horizontal component of dip-slip (Da) of the
northern F section are 3.52 km and 1.53 km, respectively. By applying these parameters
to Eq. (3) and (4), 4 and 8 of MN were computed as 23.55° and 43.69°, respectively
(Table 1), indicating that the Linshang fault zone is a normal strike-slip fault. Notably,
the cumulative displacement components (D;") and (D4") of the two western branch
faults of F are consistent with the equivalent values of the branch faults on the east side,
registering at 3.57 km and 1.51 km, respectively. This final identification demonstrates

the Linshang fault zone classification as a normal strike-slip fault zone.
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Fig. 8. Uninterpreted coherence slice (a), interpreted coherence slice (b), local magnification
model at the intersection (c) and interpreted fault plane cross-section (d) of the Linshang fault

zone at the base of Es3-

However, when evaluating the comprehensive kinematics of the master fault, spatial
heterogeneity should be considered as the local kinematic properties may vary. For
example, at the F-F; intersection (M2'N2 in Fig. 8), A2 is 28.82° and 6: calculated from
Eq. (4) is 50.33°. This indicates a local strike-slip-normal fault kinematic character at
F2, which is inconsistent with the comprehensive characteristics of the fault zone and
suggests segmented activity along the fault. In practical research, the choice between
using the comprehensive pitch angle representing the entire master fault or the value
representing a local segment should be based on the specific research objectives and

requirements.
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4.1.3. The calculation results of Method 1
Eleven major fault zones across the JYD were investigated. The relevant parameters of
the two reflectors (T2 and Te) of the master fault zones can be calculated by interpreting

the 3D seismic data in the depth domain (Fig. 9) through geometric relationships



between the master fault and brunch faults. According to the approach, we derived
statistical Tables 1 and 2 to delineate the kinematic property identification results for
the primary tectonic zones within the JYD at the base of the Ezss" (Ts reflector) and

Essi (T> reflector).

Table 2 Statistical table of kinematic property identification results of key fault zones in Jiyang
Depression at the base of Ezs; by Method 1

Strike slip  Oblique slip . Apparent . .
Num Tendency/°  Dip/° True 6/° Kinematic property
Dy/km Do/km A°
1 0.63 0.52 236.56 54.77 25.46 39.54 Extension-strike-slip
2 0.42 0.36 270.00 56.98 24.86 40.38 Extension-strike-slip
3 0.41 0.39 279.85 57.52 27.12 43.65 Extension-strike-slip
4 0.69 0.62 293.65 62.26 22.45 41.60 Extension-strike-slip
5 0.52 1.94 242.45 68.46 53.81 75.00 Strike-slip-extension
6 0.29 1.10 137.78 66.00 57.28 75.36 Strike-slip-extension
7 1.40 3.64 119.30 72.96 37.33 68.97 Strike-slip-extension
8 0.27 0.38 112.18 59.00 35.58 54.25 Strike-slip-extension
9 0.11 0.20 126.56 44.82 51.32 60.41 Strike-slip-extension
10 1.05 1.03 337.23 63.06 23.97 44.38 Extension-strike-slip
11 1.20 1.17 142.49 61.38 24.98 4420  Extension-strike-slip

4.2. Method 2: stereographic projection method

4.2.1 Changdi fault zone: The pattern of a single branch fault at one end

Taking the Changdi fault zone (Fig. 7a) as an example, the attitudes of Fi and F were
324.13° £ 32.06° and 270.00° £ 56.04°, respectively. These data were projected
sequentially onto a Wulff net to obtain arcs AO'B and CO'D (Fig. 10). The point O’
represents their intersection, whereas the attitude of the OO’ denotes the plunge of the

syncline and its plunge angle (y) on the MN, measuring 335.66° £ 31.47°. By



employing Eq. (11), 8 of MN was determined to be 39.01°. Alternatively, the pitch angle
6 also can be read directly from the angular distance of point O’ on CcO'D (the dark
yellow dashed arc in Fig. 10) as 39.08° (Table 3). Consequently, the northern segment
of the Changdi fault zone is interpreted as a normal strike-slip fault, at least since the
E»sst sedimentary stage, corroborating the results obtained through quantitative

geometric analysis.

Fig. 10. Stereographic projection of master and branch faults of the Changdi fault zone at the base
of E2S 3L_

The red arc line shows the projection of dip and dip angle of the master fault, black and dark blue
arc lines indicate the projection of dip and dip angle of branch faults, and the green line (OO")
represents the dip and dip angle of the intersection line between branch fault and the master fault,
that is, the value of its latitude line is the local plunge angle (y) of the master fault, which can be

converted from Eq. (11) to get true pitch angle (¢). Same in Fig. 11.

4.2.2. Linshang fault zone: The pattern of multiple branch faults at one end

In the Linshang fault zone (Fig. 8a, 11), the branch faults on the same side of F typically



exhibit similar fault morphologies and developmental scales. Analyzing the attitude of
the fault slip line at the juncture of F and each branch fault on the north end (F1—Fa, Fig.
8b) facilitated the determination of their average pitch angle, serving as a representation

of the kinematic attributes of the northern segment of the Linshang fault zone.

Fig. 11. Stereographic projection of master and branch faults of the Linshang fault zone at the base

of EzS3L,

The orientations of Fi and F at the base of Eas3" were 179.03°./34.22° and 142.64° /
62.85°, respectively. Subsequently, two fault-planes were successively projected onto a
Wulff net, yielding arcs AO'B and COD (Fig. 11). This process enabled the
determination of the attitude of the OO’, representing the plunge of the syncline and its
plunge angle (y;) along the fault-slip line (MiN1), which measured 210.00° and 37.00°,
respectively. The pitch angle (6;) of MiN; was computed to be 42.56° (Table 3). Using

the same methodology as in Section 4.2.1, the pitch angles (62-64) of F»—F4 were



determined as 45.63°, 42.83°, and 43.97°, respectively. Consequently, the average pitch
angle (average value) of the northern segment of F was 43.75°, indicating that this
section of the Linshang fault has functioned as a normal strike-slip fault since the Eas3®

deposition stage, which is consistent with the findings obtained through quantitative

geometric analysis.

4.2.3. The analytical result of Method 2

The attitude of the master faults and their associated branch faults within various
tectonic zones in the JYD were individually projected onto the Wulff net. The analytical
outcomes of the stereographic projection at the bases of E2s3™ and E3s; for each tectonic
zone in the JYD are illustrated in Fig. 12, Table 3 and Table 4, demonstrating that the

attitude of the branch faults in most tectonic zones are similar.
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Fig. 12. Stereographic projection on Ezs3 base and Ess; base of fault zones in Jiyang Depression.
The red arc line shows the projection of dip and dip angle of the master fault, black arc lines

indicate the projection of dip and dip angle of branch faults
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Fig. 12. Stereographic projection on Ezs3 base and Ess; base of fault zones in Jiyang Depression.
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Table 3 Statistical table of kinematic property identification results of key fault zones in Jiyang

Depression at the base of Ezs3™ by Method 2 and the errors of true pitch angles between Method 1

(M1) and Method 2 (M2)
Tendency ) Plunge 0 by 0 by . . Error/

um Dip/° Kinematic property
/° angle y/° M1/° M2/° %
1 222.19 56.06 33.27 41.40 41.43 Extension-strike-slip 4.22
2 270.01 56.04 31.47 39.01 39.08 Extension-strike-slip 0.32
3 276.08 60.16 29.76 33.89 33.90 Extension-strike-slip 4.77
4 294.40 52.63 22.46 29.53 29.50 Extension-strike-slip 2.43
5 237.89 59.73 51.26 64.57 64.59 Strike-slip-extension 3.81
6 137.78 64.10 57.61 69.84 69.85 Strike-slip-extension 7.49
7 119.30 72.95 59.76 64.64 64.67 Strike-slip-extension 0.16
8 112.18 70.02 48.00 52.25 52.25 Strike-slip-extension 4.20
9 123.95 44.75 37.43 59.69 56.70 Strike-slip-extension 9.08
10 300.21 66.88 43.16 44.06 44.10 Extension-strike-slip 0.82
11 142.64 62.85 37.00 42.56 42.60 Extension-strike-slip 1.25

Table 4 Statistical table of kinematic property identification results of key fault zones in Jiyang

Depression at the base of Ess; by Method 2 and the errors of true pitch angles between Method 1

(M1) and Method 2 (M2)

Tendency ) Plunge 0 by 0 by . i Error/
Num Dip/° Kinematic property

/° angle y/° M1/° M2/° %

1 236.56 54.77 33.27 37.08 37.10 Extension-strike-slip 2.73
2 270.00 56.98 31.47 43.75 43.75 Extension-strike-slip 3.74
3 279.85 57.52 29.76 41.39 41.40 Extension-strike-slip 2.51
4 293.65 62.26 22.46 45.48 45.47 Strike-slip-extension 431
5 242.45 68.46 51.26 72.42 72.40 Strike-slip-extension 2.87
6 137.78 66.00 57.61 79.84 79.85 Strike-slip-extension 5.04
7 119.30 72.96 59.76 65.26 65.30 Strike-slip-extension 4.13
8 112.18 59.00 48.00 46.19 49.20 Strike-slip-extension 8.96
9 126.56 44.82 37.43 60.11 60.10 Strike-slip-extension 0.33
10 337.23 63.06 43.16 43.31 43.30 Extension-strike-slip 1.19
11 142.49 61.38 37.00 40.29 40.30 Extension-strike-slip 4.34




5. Discussion: Methods and regional geological analysis

5.1. Statistics and analysis of kinematic parameters

Based on the above quantitative results and considering studies of en echelon strike-
slip faults in the Dongying Sag, such as the Wangjiagang fault zone (WJG in Fig. 9;
Yuan et al., 2022), the JYD can be divided into three regions (Fig. 13): Region A in the
eastern sector of the depression, constitutes a normal strike-slip tectonic system close
to the Tan-Lu fault zone, encompassing the northeastern Zhanhua Sag and the eastern
Dongying Sag; Region B located in the central area of the JYD forms a strike-slip
normal fault tectonic system flanked by two fault zones, comprising the entire Chezhen
Sag, as well as the western portions of the Zhanhua and Dongying sags; and Region C,
represented by the Huimin Sag in the western sector, constitutes a normal strike-slip

tectonic system proximal to the Lan-Liao fault zone.

Most of the faults in Region A are NNE-striking, and their true pitch angle (6) values
of fault zones at the base of Es3™ and Essi ranged from 35° to 45°, except for Fs in
Table 1, 2. The fault Fs shows more normal fault characteristics, which may be related
to the connection of the regulating faults in the northeast of F and the Centre Rift Zone
(CRZ in Fig. 9). Whereas in Region C, 6 ranges from 40° to 45°. Therefore, the primary
faults within these zones were identified as normal strike-slip faults. In contrast, the
values for the fault zones in Region B range from 45° to 80°, all exceeding 45°,

indicating their classification as strike-slip normal faults.
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Fig. 13. Tectonic system division map of Jiyang Depression.

5.2. Analysis of tectonic activity during the Ess>-Es3" sedimentary period

The strike-slip displacement components of T> and Ts reflectors were selected for
kinematic analysis due to their optimal quality and regional continuity in seismic data
across the JYD. Movement between these reflectors captures the Essy - Easst
sedimentary period, a critical phase of right-lateral strike-slip in the Bohai Bay Basin
during the late Eocene to early Oligocene (Yuan et al., 2022). Kinematic characteristics
during this interval are summarized as follows. (a) Region A, situated near the Tan-Lu

fault zone (Fig. 13), comprises 6 fault zones (including WJG and BMH) with a strike

similar to that of the Tan-Lu fault zone, along with the NW-striking Fs fault. During the



Es3 sedimentary period (~42 Ma), the Pacific Plate subduction direction changed
significantly from NW to NWW, generating a right-lateral stress field in the Bohai Bay
Basin. Here, the pre-existing Tan-Lu fault zone acted as a key right-lateral strike-slip
fault zone. Under simple shear stress, Riedel shear fractures formed (Lu et al., 2018b;
Soumaya et al., 2020; Yuan et al., 2024), such as WJG (Yuan et al., 2022), alongside
numerous normal strike-slip faults (#=35°-45°). NNE-SSW normal strike-slip faults
were developed with low growth rates, exhibiting displacements typically within 0.30
- 0.55 km during this period. (b) Region B, located between the Tan-Lu and Lan-Liao
fault zones but away from them (Fig. 13), exhibited significant variability in the strike
of the 4 master faults (110° - 200°), while the strike of the branch faults remained
relatively constant (140° - 150°). Here, the simple shear effect weakened while pure
shear became dominant (Yuan et al., 2022; Chu et al., 2024), manifesting as NW-SE
extension. Faults primarily exhibited normal faulting characteristics; meanwhile, faults
with other orientations, particularly NE-striking ones, displayed dextral strike-slip
motion. The overall activity was therefore dominated by extension with a subordinate
strike-slip component, leading to the prevalence of strike-slip normal faults (6=45°-
80°). This occurred due to buffering from the distant boundary faults, with extension
primarily controlled by asthenospheric upwelling beneath the central depression. (c)
Region C experienced the combined effects of early right-lateral strike-slip action from
deep faults, such as the Lan-Liao fault zone (Fig. 13), and late NNW extensional action.

Normal strike-slip faults (6=40°-45°) formed due to transmitted right-lateral shear from



the Lan-Liao fault zone, though, unlike in Region A, this effect was weakened by
greater distance from the Pacific subduction front. This combination resulted in
significant strike-slip and extensional displacement components (Wu et al., 2012),

leading to the evolution of normal strike-slip faults.

5.3. Error analysis between the quantitative calculation and stereographic projection
methods

Adopting eleven primary fault zones in the JYD as case studies, the error between the
results of true pitch angle (€) obtained by the two methods is mostly less than 5% (Table
3, 4). This does not significantly affect the final interpretation of the fault kinematic
properties (unless the calculation happens to straddle both criteria). This indicates the
efficacy of the pitch angle calculation in characterizing the kinematic attributes of fault

Zzones.

As for the error between the two methods, there are four possible factors. (a) Error in
rock mass inelastic deformation. This study neglects the influence of complex plastic
deformation, modelling fault-blocks as undergoing rigid bodies motion in a brittle
deformation state. This assumption ensures that the displacement of piercing point pairs
represents the entire fault-block's motion, significantly simplifying the problem while
introducing a notable source of error However, minor displacements of branch faults

and fault-block movements within the depression scale (e.g., Fig. 9 b, ¢, d) demonstrate



rigid-body characteristics. Thus, the rigid-body approximation remains adequate for
this study. (b) Error in the acquisition of original data. The data used by the two methods
are not the same, and considering that the shape of the actual fault is not changed,
reading the relevant data and applying it in the theoretical model may lead to
mismatches after the conversion of parameters. (¢) The results obtained by the two
methods are different on time scales. Theoretically, the quantitative calculation method
of geometry based on parameters such as the strike-slip component of a tectonic zone
reflects the cumulative effects from the sediment deposition until the present, whereas
the stereographic projection method is the analysis of the state of a specific horizon. (d)
The contribution of each branch fault to the deformation of the fault zone is different.
The stereographic projection method is a direct average calculation of the local analytic
results of each branch fault. When there is a branch fault with a small displacement and
its dip and dip angle are very different from other branch faults, even if it does not
contribute much to the deformation, it is still weighted equally in the final calculation.
Notably, the calculated results of Fg at the bottom of E3si have a larger error (8.96%,
Table 4), then we can see from the stereographic projection (Fig. 12q) that the
intersection points of branch faults and master faults are distributed over a large range,
and the average value of analytical results cannot accurately reflect their actual
contribution to deformation. To mitigate such errors, the solutions will focus on: (1)
utilizing higher-precision geological and seismic data; (2) targeting identification of

minor-displacement branch faults; and (3) developing weight-balancing approaches for



displacement contributions of individual branch faults based on geological significance.

5.4. Innovativeness of the new model

The novel model for analysis of kinematic properties of faults presented here is based
on the principle of dividing the development of branch faults into two cases, which are
located at the tip and the lateral part of the master fault, so as to adapt to the actual
development characteristics of different fault zones. There are two main advantages of

this model; these are considered next.

In one respect, this model reduces the difficulty of relying solely on the identification
of piercing points from physical geological bodies or those imaged in seismic data, and
expands the opportunity for application of this analytical approach. Previous analyses
relied heavily on finding faulted gravel layers, river channels, etc., as piercing points to
calculate the strike-slip displacement components of fault zones. This model simplifies
the characteristics of a fault zone. The intersection points of the master fault and each
branch fault on the footwall and hanging wall on the same horizon are widely defined
as the piercing points, which greatly expands the application of this quantitative
calculation method. In other words, this model can be applied to almost all fault zones

except for en echelon fault zones that lack a master fault.

In a second respect, the local and global developmental characteristics of fault zones



can be compared by this model. When employing the aforementioned methods to
analyze the kinematic properties of fault zones in the JYD, it was found that the fault
zone was not only heterogeneous in the Eas;- sedimentary period (Yao et al. 2023), but
also demonstrates inconsistent properties of activity of the fault slip lines of the branch
faults located on the same side of a master fault (Fig. 12q). It is shown that the fault
zone has the heterogeneity of segmental activity and local kinematics in space and time
(Hanetal., 2017). For instance, F11, namely the Linshang fault zone, contains the master
fault (F), with a horsetail structure in the north (Fi-F4 in Fig. 8b). According to the true
pitch angle (44.20°) calculated by Eq. (3), (4), (7) and (8). F1 is identified as an R-type
right-lateral strike-slip fault zone (44.20°). Meanwhile, the stereographic projection
method yielded a result suggesting a normal strike-slip fault (40.29°). However, on a
smaller scale, the pitch angle of sharp intersection angles between F and branch faults
calculated by Eq. (6) range from 42° to 47°, the kinematic properties of one of the
branch faults F> indicated a strike-slip normal fault with 6>45°. Quantitative geometric
analysis of F11 shows that the middle section of the master fault (F) has a larger dip slip
component than the branch faults, but for F itself, the cumulative dip slip distances at
both ends exceed the corresponding data in the middle. In general, F11 is dominated by
NE-SW strike-slip faults, which also develop EW-, NS- and NEE-striking branching
faults and regulating faults, suggesting a multi-phase activity history for this tectonic
pattern (Liu et al., 2018; Hu et al., 2019). These faults have a complex tectonic origin,

some of which are derived from strike-slip activities, while others are related faults



formed due to the difference of displacement during extension.

5.5. Analysis of the two methods combined in the new model

Both methods can effectively identify the kinematic properties of fault zones
quantitatively, including those of local branch faults. Combined with error analysis, the
quantitative calculation method of fault geometry requires calculation of a
comprehensive 6 value after summing the displacement components of each branch
fault, which may provide a more accurate result, but requires higher quality data. These
precise geological and seismic datasets help identify all branch faults as
comprehensively as possible and accurately reflect their geometric relationships with
the master fault, thereby improving the accuracy of the calculation method. Conversely,
lower-resolution data may miss minor faults that contribute to fault activity, leading to
potential errors. For example, 3D seismometers or other data are needed to confirm the
displacement of all faults. Therefore, when the data in the study area is insufficient to
enable implementation of the specific and accurate calculation method, the projection
method may still be applied as a valuable and worthwhile alternative method for
quantitative analysis. In addition, the projection method can also be used to analyze the
kinematic characteristics of local branch faults. The most notable advantage of the
projection method is that it derives results directly through projection on a Wulff net,
requiring fewer specific data and avoiding complex statistical and computational steps.

A current limitation of this method is that when multiple branch faults are present, the



results for each are independently derived, and the reliability of the outcome depends
on the rationale for selecting representative faults. In this regard, comparing averaged,
weighted-averaged, or median values of the pitch angle with results from geometric
calculations—while considering practical geological significance—could be a direction

for future improvement.

6. Conclusions

(1) A new fault zone model is proposed to greatly reduce the difficulty of identifying
piercing points and calculating the strike-slip displacement of components. This new
model significantly expands the application of kinematic analysis based on the fault
slip lines of fault zones. Moreover, the kinematic properties of any point on the master
fault can be calculated to conduct localized or overall research on the fault zone, making

the theoretical model highly adaptable.

(2) The quantitative calculation method of fault geometry requires identifying the fault
slip line between intersecting faults and calculating displacement components and key
kinematic parameters of a fault zone through the geometric relationship in mathematics,
such as the true pitch angle (¢). Although this method yields precise results, its accurate

implementation requires high-quality data

(3) A new application of the stereographic projection method is introduced for the



quantitative analysis of fault kinematic properties. It uses the Wulff net and the principle
of stereoscopic projection to analyze the values of related parameters from the
perspective of geology. This approach can avoid extensive statistical and computational
work; however, in cases with multiple branch faults, the accuracy of the results depends

on the rationale for selecting representative branch faults.

(4) The application of the model in the Jiyang Depression yielded satisfactory results.
Through the analysis of quantitative calculation results, the evolution of fault zones of
the Jiyang Depression during the Ezss" period (about 42.0 — 38.0 Ma) reveal different
characteristics, but was overall dominated by right-lateral strike-slip. Extension-strike-
slip areas developed in the eastern and western parts of the depression, influenced by
the adjacent pre-existing Tan-Lu and Lan-Liao fault zones, respectively. The middle
part is an area of overlap between pre-existing fault zones, which was dominated by
extensional action. This structural pattern resulted from a right-lateral stress field

generated by a significant change in the Pacific Plate subduction direction.
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Appendices: Equations

Dy = ly,y - sind Eq. (1)
D¢ = ly,y * cosA Eq. (2)
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cosf = cosA - cosy Eq. (10)
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siny
sina Eq. (11)

The detailed derivation processes of key equations (4), (10) and (11):

(a) The derivation process of Eq. (4) is as follows:
After obtaining the dip (a), strike-slip (D;) and dip-slip (D4) displacement components
of the master fault, the true pitch angle (6) can be obtained from Eq. (4).

As can be easily seen from Fig. 5,

Dq4

D. =
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Dqy
47 tana

Therefore,

D, tanA
0= arctanD— = arctan

Eq. (4.1
s cosa q- (4.1

Furthermore, by combining Eq. (3), the latter part of Eq. (4) can be obtained:

tand " Dy Ea. (4.2
cosa N s - Dy 9. (4.2)

0 = arctan

(b) The derivation process of Eq. (10) is as follows:

As can be easily seen from Fig. 5,

Luin
cosy

MN =
Therefore, by combining Eq. (2), Eq. (10) can be obtained:

D
cos = — = cosA - cosy Eq. (10)
lMN



(c) The derivation process of Eq. (11) is as follows:

As can be easily seen from Fig. 5,

1" sina
L
MN-— siny
Therefore, Eq. (11) can be obtained:
D sin
sinf = —L = 27 Eq. (11)
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