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A B S T R A C T

The fault three-dimensional (3D) structure and growth pattern are fundamental features of an active fault, which
provide basic parameters for seismic hazard analysis. The Longquan Shan Fault Zone (LQFZ) is a major active
fault, stretching for 200 km in the Sichuan Basin, southwestern China. In this study, we obtain a new, detailed 3D
structure model of the LQFZ based on 43 high-resolution seismic reflection profiles. We further quantify the fault
heave distribution along the entire LQFZ to understand its growth pattern. We find that the LQFZ contains four
major thrust faults and a shallow detachment layer. We obtain 106 displacement values from the seismic profiles
and 1963 heave values from the 3D structure model. The heave distribution of the LQFZ contains multiple peaks,
indicating that the LQFZ is formed through the linkage of multiple fault segments. The cumulative heave profile
of the four faults seems like an isolation fault, which implies the LQFZ has grown coherently since its formation.
The maximum displacement and fault length of the four thrust faults show a linear scaling relation, suggesting
that the faults grow in a self-similar manner. We also analyze the potential earthquakes on the LQFZ based on the
3D fault model and the fault growth pattern.

1. Introduction

The fault growth through increasing its length and displacement is a
fundamental process of crustal deformation (e.g., Scholz, 1990; Elliott,
1976; Cowie and Scholz, 1992a; Schultz et al., 2008). Thus, under-
standing the fault length and displacement distribution of an active
fault provides an insight into the fault growth pattern (e.g., Dawers and
Anders, 1995; Ellis and Dunlap, 1988; Nicol et al., 2010; Peacock, 2002;
Scholz et al., 1993; Willemse et al., 1996; Bergen and Shaw, 2010; S.
Wang et al., 2022), which can be further used to analyze the potential
for earthquakes on the fault.

Three fault growth models are always invoked to characterize a
fault's growth pattern, i.e., propagating fault model, constant length
model, and fault linkage model (e.g., Kim et al., 2000; Nicol et al.,
2020a; Walsh et al., 2002): (1) The propagating fault model requires a
fault to grow isolated and its displacement and length to grow concur-
rently (Childs et al., 1995; Walsh et al., 2003; Ze and Alves, 2016,
2017). (2) The constant length model delineates a fault rapidly growing

to its final length at the early stage and subsequently remains a constant
length as the displacement accumulates (Walsh et al., 2002; Cartwright
et al., 1995; Jackson and Rotevatn, 2013; Rotevatn et al., 2019). (3)
The fault linkage model suggests that each fault in the fault zone grows
in isolation at the early stage, and its length increases abruptly through
fault connection at the later stage (Kim et al., 2000; Kim and Sanderson,
2005; Peacock and Sanderson, 1991). Additionally, faults from a fault
array may grow in the “coherent fault model”, in which the individual
fault's growth represents a portion of the fault array's growth (Walsh et
al., 2003; Nicol et al., 2010). Constraining the fault displacement distri-
bution along the fault length allows us to analyze the fault growth pat-
tern (e.g., Childs et al., 2003; Baudon and Cartwright, 2008).

The Longquan Shan (“Shan” means Mountains) Fault Zone (LQFZ) is
a large active tectonic thrust belt in the Sichuan Basin, on the eastern
margin of the Tibetan Plateau (Fig. 1). Densely distributed industrial
seismic reflection profiles have been acquired over the entire LQFZ
(Fig. 1b). These data allow us to obtain the 3D geometric structure and
the displacement distribution of the LQFZ in detail and to further ana-
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Fig. 1. Topographic and geological map of the Longquan Shan Fault Zone (LQFZ) and its surrounding areas. (a) Regional topographic and neotectonic map of the
Sichuan Basin in the eastern margin of the Tibetan Plateau. The Inset map shows the location of Fig. 1a. (b) Geological map of the LQFZ, modified from 1:200000
Sichuan geological maps, including H-48-XX (1971), H-48-9 (1981), H-48-15 (1981), H-48-21 (1981). Black lines denote the locations of the 43 seismic reflection
profiles used to construct the 3D structural model of the LQFZ in this study. Bold black lines denote the locations of the seismic profiles A-H that are presented in
Figs. 4–7. (c) Oblique topography and the structural cross-section from the southern Longmen Shan Fault Zone to the LQFZ. See the yellow line in Fig. 1a for the sec-
tion location. Abbreviations: DYF: Dayi fault; GAF: Guanxian-Anxian fault; LDF: Longdong fault; LMFZ: Longmen Shan Fault Zone; QXF: Qiongxi fault; RFBT: Range
Front blind thrust; SDF: Shuangshi-Dachuan fault; SSCF: Sansuchang fault; WLF: Wulong fault; WMF: Wenchuan-Maowen fault; XGZF: Xiaoguanzi fault; XKDF:
Xinkaidian fault; XPF: Xiongpo fault; YBF: Yingxiu-Beichuan fault; YJGF: Yanjinggou fault. Legends: 1: Cenozoic; 2. Cretaceous; 3: Upper Jurassic; 4: Middle Juras-
sic; 5: Lower Jurassic; 6: Drainage system; 7: Thrust fault; 8: Location of seismic reflection profiles; 9: City; 10: Well; Q: Quaternary; K: Cretaceous; J: Jurassic; T3:
Upper Triassic; T1-2: Middle-Lower Triassic; P: Permian. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

lyze the growth pattern of the thrusting fault zone. Moreover, the LQFZ
is close to (∼30 km away) the highly populated Chengdu City and is lo-
cated east of the Longmen Shan Fault Zone (LMFZ), which hosted the
devastating 2008 Mw 7.9 Wenchuan earthquake (Fig. 1a) (D. Jia et al.,
2010; Xu et al., 2009). The 2008 Mw 7.9 Wenchuan earthquake signifi-
cantly increased the Coulomb stress in the LQFZ region (K. Jia, 2021;
Liu-Zeng et al., 2009; Qian and Han, 2011). Thus, understanding the
fault growth pattern of the LQFZ will help to analyze its potential seis-
mic hazard.

Previous studies have preliminarily characterized the fault geome-
try of LQFZ with the help of two-dimensional industrial seismic reflec-
tion profiles: the northern segment consists of two thrust faults with op-
posite dips, but its geometry was regarded to be a Y-shape by Z. Li et al.
(2018) and a herringbone shape by W. Wang et al. (2008); the central
segment was regarded as a structural wedge consisting of a SE-dipping
thrust fault rooted in the detachment layer (Lu et al., 2010; M. Wang et
al., 2016); the southern segment was considered to consist of either two
fore-thrust faults and a back-thrust fault (Z. Li et al., 2013) or a fore-
thrust fault (W. Wang et al., 2008). There is still some debate regarding

the geometry of this fault zone. Furthermore, there is currently a lack of
research on the fault growth of the LQFZ.

In this study, we build a new, detailed 3D structural model of the
LQFZ using 43 seismic reflection profiles. We further obtained the
heave distribution along the fault zone, aiming to identify the different
fault sub-segments, the location of inter-segments, as well as the growth
and linkage history of the LQFZ. We then analyze the relationship be-
tween the maximum displacement and length of the LQFZ and compare
our results for the LQFZ with the global thrust fault dataset and the the-
oretical models to understand its growth history. The subsurface 3D
structural characteristics, combined with the analysis of the fault
growth pattern and fault segmentation of the LQFZ, provide a new in-
sight into the potential seismic hazards in this area.

2. Tectonic setting

The LQFZ is a prominent fault zone in the Sichuan Basin, which has
been regarded as the deformation front of the central and southern
LMFZ on the eastern margin of the Tibetan Plateau (Fig. 1a) (Hubbard
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et al., 2010; Z. Li et al., 2019; Richardson et al., 2008; Tapponnier and
Molnar, 1977; C. Wang et al., 2014). The LMFZ contains numerous
Mesozoic and Cenozoic thrust faults and nappes (Z. Chen et al., 2005;
Luo, 1991; Lu et al., 2014). Pre-Cambrian rocks are involved in the
Cenozoic deformation of the LMFZ (D. Jia et al., 2010). The Sichuan
Basin is a superimposed basin developed on the western Upper Yangtze
Craton and has experienced multi-stage tectonic evolutions (He et al.,
2011; Tapponnier et al., 2001; Z. Li et al., 2019). The Sichuan Basin
contains multiple detachment layers (Fig. 1c) (L. Tang et al., 2008). The
compressional deformation is transmitted from the LMFZ to the
Sichuan Basin on the detachment layers (D. Jia et al., 2010; Hubbard et
al., 2010; Yan et al., 2011; Y. Liu et al., 2020), resulting in a series of
foreland fold-and-thrust belts, such as the Dayi Fault, Xiongpo Fault,
and LQFZ (Fig. 1a and c) (S. Liu et al., 1995, 2009). The LQFZ separates
the Sichuan Basin into the large deformation domain in the west and
the relatively stable area in the east (Fig. 1a) (S. Chen et al., 1994; Deng
et al., 1994). The eastern Sichuan Basin has had little to no upper
crustal shortening since the late Miocene (Z. Li et al., 2019).

The LQFZ consists of a series of folds and thrust faults, with a total
length of ∼200 km and a width of ∼15–20 km, striking NNE (Fig. 1). W.
Wang et al. (2008) separated the LQFZ into three segments mainly
based on its surface geometry (Fig. 1b). The western and eastern fault
branches bound the Longquan Shan anticline (S. Xu et al., 2006b) (Fig.
1c). The period of formation of the LQFZ is still under dispute, but most
believe it occurred during the Quaternary or the Oligocene-Miocene
(Richardson et al., 2008; Z. Li et al., 2011). In the LQFZ area, the Pre-
Proterozoic basement is capped by Proterozoic-Middle Triassic (or early
Late Triassic) marine sediments, which are further overlain by Triassic-
Quaternary terrestrial sediments (He et al., 2011; S. Liu et al., 2021; Su
et al., 2020). Quaternary, Cretaceous, Jurassic, Triassic, Permian, Cam-
brian, and Sinian strata are exposed in the LQFZ. Neogene, Paleogene,
Carboniferous, Devonian, Silurian, and Ordovician strata are absent in
this area. The Permian and Cambrian are in disconformity contact (Fig.
2). Five mechanically weak detachment layers exist in the western
Sichuan Basin, i.e., the Middle Jurassic shale detachment layer, the Up-
per Triassic Coal detachment layer, the gypsum salt detachment layer
of the Middle-Lower Triassic, the Cambrian shale detachment layer,
and the Precambrian basement detachment layer (Z. Chen et al., 2020;
L. Tang et al., 2008), which facilitate the upper crustal deformation in
this area. Among them, the Middle-Lower Triassic detachment layer is
the main structure that controls the deformation of the Longquan anti-
cline (Z. Li et al., 2013).

3. Data and methods

3.1. Constrainting 2D structural cross-sections

We first interpret the 2D structural cross-sections along the LQFZ us-
ing 43 well-imaged seismic profiles, which record the structural and
stratigraphic information from the near surface to an approximate
depth of 8 km. We use two marker horizons to analyze the fault growth,
i.e., the bottoms of the Upper Triassic and the Jurassic. We adopt an av-
erage velocity of 4000 m s−1 for time-depth conversion based on the 3D
velocity model of the Sichuan Basin (two-way travel time * average ve-
locity/2) (M. Wang et al., 2016), which is derived from 1166 oil wells,
more than 600 seismic reflection profiles, 14 industrial isopach maps,
and topographic data. The geological constraints include 1:200,000 ge-
ological maps and stratigraphic columns from 3 wells in the Longquan
Shan area. Stratigraphic interpretations are constrained by seismic-
reflection characteristics and regional interpretations (Z. Li et al., 2013,
2018; Lu et al., 2010; M. Wang et al., 2014; W. Wang et al., 2008). The
seismic profile interpretation technique is based on the fault-related
fold theory (J. Shaw et al., 2005; Suppe, 1983).

3.2. Building 3D structural model

We then build the 3D structural model of the LQFZ based on the ob-
tained 2D cross sections. The 3D model is established using the SKUA-
GOCAD platform. To create the 3D surfaces of the stratum interfaces
and faults, we use the “structure & stratigraphy” module based on the
discrete smooth interpolation (DSI) technique (Mallet, 1989, 1992;
Lévy and Mallet, 1999; Caumon et al., 2009). We finally obtain the 3D
stratum interfaces and faults of the LQFZ, which allow us to quantify
the fault displacements along the faults.

3.3. Fault heave measurement

To analyze the growth pattern of the faults, we measure the kine-
matic parameter of the fault heave value (Fig. 3) as the longitudinal
stretching of the seismic profiles caused by the time-depth conversion
does not affect the horizontal component of the displacement. The Up-
per Triassic and Jurassic strata are two characteristic formations in the
Longquan Shan region, with their basal interfaces displaying distinct re-
flections in seismic profiles. Additionally, drilling data in the region
have strictly calibrated the depths of these two strata. This allows us to
accurately depict their geometric shapes, thereby minimizing errors in
our measurements of heave and displacement. Consequently, we mea-
sured the fault heave values of these two key markers from each con-
strained 2D structural cross-section and the 3D model of the LQFZ. For
some seismic profiles angled at α to the fault strike, we project the mea-
sured values to the direction perpendicular to the fault strike (Fig. 3b).
Measurements from the 3D model are taken at 200-m intervals along
the fault to obtain the detailed fault heave distribution along the entire
fault zone.

4. 2D structure of the LQFZ

Previous works show that there are some controversies regarding
the fault geometry of this fault zone. Therefore, we constrained the
structural styles of different segments of the fault zone, as defined by W.
Wang et al. (2008), by interpreting multiple seismic reflection profiles.
Three representative seismic profiles were selected for demonstration
here.

4.1. Northern segment of the LQFZ

Seismic profile B-B′ shows the general structures of the northern
LQFZ (Figs. 1b and 4 and S1a). The Longquan Shan anticline in this seg-
ment shows symmetrical geometry. The Jurassic strata are exposed in
the core of the anticline. The residual Cretaceous strata crop out on
both limbs of the anticline. The Quaternary is only presented on its
western limb. The Permian strata and Cambrian strata are in disconfor-
mity contact. The Triassic and Jurassic strata progressively thin south-
eastward, whereas the thicknesses of the Permian and Cambrian strata
are nearly constant (Fig. 4).

In the eastern limb of the anticline, there exists a relatively poorly
imaged area at 0–5 km depth, the strata on both sides of this area have
obviously different burial depths, with a displacement of about 700 m.
We thus interpret this area as the eastern branch fault f1 of the LQFZ.
The fault f1 roots into the Middle-Lower Triassic gypsum and salt de-
tachment layer, cutting through the Middle-Upper Triassic, Jurassic,
and Cretaceous units. Under the western limb of the anticline, the dis-
continuous reflection wave group indicates the location of the western
fault branch f2 of the LQFZ, with a cumulative displacement of ca.
800 m. The seismic profile clearly images the interface of the Triassic
strata. The Upper Triassic T3 and the upper part of the Middle-Lower
Triassic T1-2, are offseted by the fault f2.
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Fig. 2. Stratigraphic column in the Longquan Shan area (Modified from 1:200000 Sichuan geological maps, including H-48-XX (1971), H-48-9 (1981), H-48-15
(1981), H-48-21 (1981)).

4.2. Central segment of the LQFZ

Profiles D-D′ represents the structures in the central LQFZ (Figs. 1c
and 5 and S1b). The Longquan Shan anticline on this profile shows an
asymmetric morphology, with a wide, gentle western limb and a nar-
row, steep eastern limb (Fig. 5). Stratigraphy along this profile is simi-
lar to that along the profile B-B′ to the north, but the overall burial
depth becomes shallower. The Triassic strata also show a characteristic
wedge shape, i.e., thicker in the west and thinner in the east, but the de-
gree of thinning is smaller than that of the profile B-B'.

The fault plane reflection and the offset of the in-phase axis indicate
the location of the SE-dipping thrust fault f2, whose cumulative dis-
placement is ca. 2300 m (Fig. 5). The fault f2 cuts the Cretaceous, Juras-
sic, and Middle-Upper Triassic, and then soles into the detachment in
the Middle-Upper Triassic.

The fault f2 connects the detachment, forming a wedge-shaped fault
block in the footwall of f2 (Fig. 5). The movement of the wedge-shaped

fault block causes folding deformation in the hanging wall of the fault
f2. The position of the wedge tip is concordant with the intersection of
the eastern synclinal axial plane and the detachment. Furthermore, the
fault f2 is largely planar in this section, and the strata in its kink bands
are nearly parallel to the fault. This geometric pattern suggests that the
LQFZ in this segment is controlled by the classic fault-bend fold-
structural wedge (J. Shaw et al., 2005; Suppe, 1983) (Fig. 5b). Our in-
terpretation of the “structural wedge” fold of this segment is consistent
with the interpretation by Lu et al. (2010) and M. Wang et al. (2022).

4.3. Southern segment of the LQFZ

The key structural characteristics in the southern LQFZ can be repre-
sented by the seismic profile G-G' (Figs. 1c and 6 and S1c). The strati-
graphic framework of the profile G-G' (Fig. 6) is largely identical to that
of the northern and central segments (Figs. 4 and 5).
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Fig. 3. Diagrams show the fault heave and displacement measured in this study. Heave and displacement measurement on the profile perpendicular(a) or oblique(b)
to the fault strike. α is the angle between the two sections that are perpendicular and oblique to the fault strike respectively.

Fig. 4. Seismic profile B-B′ across the northern segment of the LQFZ. (a) Uninterpreted seismic profile. The red triangles mark the locations of the thrust faults, and
the green triangles mark the detachment location. (b) Interpreted seismic profile. The dashed red line denotes the detachment layer, and the dashed black line de-
notes the disconformity contact. Abbreviations: Q: Quaternary; K: Cretaceous; J: Jurassic; T3: Upper Triassic; T1-2: Middle-Lower Triassic; P: Permian; Є: Cambrian.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

The change of the dip and depth of the Upper Triassic and Jurassic
strata in the Longquan Shan anticline indicates the presence of an NW-
dipping thrust fault (i.e., f3) beneath the eastern limb of the anticline
(Fig. 6). The fault f3 has a cumulative displacement of ca. 1800 m. It
originates from the detachment layer and cuts the overlying Upper Tri-
assic and Jurassic strata, which is characterized by the breakthrough of
the fault-propagation fold (J. Shaw et al., 2005; Suppe, 1983) (Fig. 6b).
We also interpret a minor synthetic fault f4 in the Jurassic strata in the
western limb. The back-thrust fault that was suggested by Z. Li et al.
(2013) cannot be identified on any seismic profiles in this area, and
based on our interpretation, only two faults f3 and f4 exist in the south-
ern segment.

5. 3D structural model of the LQFZ

We interpret 43 seismic profiles and construct the 3D structural
model of the LQFZ (Figs. 7 and 8, and Supplementary Movie S1). Over-
all, the LQFZ comprises the four major faults f1-f4.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.jsg.2025.105388

The north part of the LQFZ is dominated by the pop-up structure de-
fined by the two opposite-dipping thrust faults f1 and f2 (Figs. 4, 7A and
7B, and 8). Both faults sole into the Middle-Lower Triassic detachment.
The fault f2 terminates near Jintang County, and the fault f1, a NW-
dipping thrust fault, extends further to the north (Figs. 1c–8). South-
ward, the SE-dipping thrust fault f2 extends and forms a “structural
wedge” with the detachment layer (Figs. 5, 7C and 7D, and 8). The NW-
dipping thrust fault f3 is present in the south. The f3 gradually deepens
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Fig. 5. Seismic profile D-D′ across the central segment of the LQFZ. (a) Uninterpreted seismic profile. (b) Interpreted seismic profile. The dotted black curve repre-
sents the eroded contact between the Jurassic and Cretaceous. Refer to Fig. 4 for the marker descriptions and the abbreviations.

Fig. 6. Seismic profile G-G′ across the southern segment of the LQFZ. (a) Uninterpreted seismic profile; (b) Interpreted seismic profile. Refer to Figs. 4 and 5 for the
marker descriptions and the abbreviations.

southward, which connects the SE-dipping thrust fault f2 in its northern
portion and soles into the Middle-Lower Triassic detachment in its mid-
dle and southern portions (Fig. 7E and F, and 8). Further to the south,
the NW-dipping thrust faults f4 appears, which gradually deepens
southward and finally soles into the Middle-Lower Triassic detachment
(Figs. 6, 7G and 7H, and 8). The faults f3 and f4 extend a short distance
further south (Fig. 1b), but we do not have data to constrain their struc-
tures.

The 3D model shows that faults f1 and f4 are nearly planar with rela-
tively uniform dips of 40°∼60° and 20°∼30°, respectively (Fig. 8a). In
contrast, the faults f2 and f3 are non-planar. The fault f2's dip angles in-
crease southward. The fault f3 has a S-shaped surface trace and can be
divided into two parts. The southern part is listric with gentle dips up to

∼25°, whereas the northern part is relatively planar with larger dips of
50°∼60°.

The detachment shallows southeastward in the Longquan Shan re-
gion, which is ∼5.8 km in depth near Qingbaijiang and ∼1.8 km to the
east of Leshan (Fig. 8). Such a systematic variation is consistent with
the thickness variation of the detachment-bearing Middle-Lower Trias-
sic strata (Figs. 4–7).

6. Fault heave distribution of the LQFZ

The fault heave distribution profiles allow us to analyze the growth
patterns of each fault and the whole LQFZ (Fig. 9) (Song et al., 2019;
Totake et al., 2018). The fault heave value distribution obtained from
the 3D model is highly consistent with that measured from the seismic

6



CO
RR

EC
TE

D
PR

OO
F

F. Xu et al. Journal of Structural Geology xxx (xxxx) 105388

Fig. 7. The representative interpreted seismic profiles (A–H) that are used to construct the 3D model of the LQFZ. The location of A-H is shown in Fig. 1c.

reflection profiles, despite the DSI interpolation method prioritizing the
preservation of overall surface continuity over precisely matching each
original data point (Fig. 9). The fault heave distribution profiles have
multiple peaks and exhibit an asymmetrical feature. These peaks corre-
spond to the nucleation sites of the main fault segments, and the
troughs reflect the linkage regions between the adjacent fault sub-
segments (Davis et al., 2005; Nicol et al., 2010; Peacock and Sanderson,
1991; Soliva and Benedicto, 2004; Ferrill et al., 2016). This fault heave
distribution pattern indicates that each of the four faults f1-f4 in the
LQFZ is formed via the linkage of fault sub-segments. Moreover, the
larger the heave value at the linkage zone, the earlier the linkage may
have started (S. Wang et al., 2022). Therefore, the fault heave distribu-
tion profile may also imply the linkage process among fault sub-
segments (Bergen and Shaw, 2010). Secondary peaks can be seen at the
fault heave distribution profiles of the faults f3-1, f3-2, f2-2, and f2-5, indi-
cating the presence of more secondary fault segments.

Existing data of fault f1 show that the maximum heave value is
about 0.6 km, and no obvious trough has been identified (Fig. 9b). We
simply speculate that the growth of fault f1 did not involve linkage be-
tween sub-segments. Fault f4 is the shortest in the LQFZ, and the heave
value of the limited seismic profiles and the model heave curve still
shows obvious fluctuations (Fig. 9e). We infer that this fault consists of
at least three fault segments, with the third fault sub-segment to the
south not being constrained by seismic reflection profiles and possibly-
being longer. The identifiable highest peak of the Jurassic marker can
reach ∼450 m, and the lowest trough is ∼120 m (Fig. 9e). Seismic re-
flection profiles are sparsely distributed for these two faults, and thus
they will not be discuss further in this work.

Six prominent heave peaks can be recognized along the fault f2's
heave distribution profile (Fig. 9c). This suggests that the fault f2 was
formed via the linkage of at least six fault sub-segments. The highest
peak in the heave distribution profile constrained by the Upper Triassic
marker reaches ∼3.5 km, whereas the lowest trough shows a heave

value of ∼0.3 km. The smallest heave distribution gradient along the
fault is between sub-segments f2-1 and f2-2. These two sub-segments may
be more tightly linked compared to the other sub-segments being part
of this fault.

Similar to the f2, the fault f3 has at least four peaks in its heave distri-
bution profile (Fig. 9d), indicating at least four fault sub-segments. The
highest peak of the fault heave distribution constrained by the Upper
Triassic marker reaches up to ∼2.3 km, whereas the lowest trough is
∼0.1 km (Fig. 9d). A large heave gradient exists between each heave
peak and trough and the deficit at each heave trough indicates that the
fault is in the early stage of linkage and the intersegment that has not
yet received heave compensation.

7. Discussion

7.1. The growth pattern of the LQFZ

The heave profiles of the four faults in LQFZ mostly presents a multi-
peak distribution (Fig. 9), which indicates that multiple sub-segments
are involved in the fault growth process. The faults, f2-f4, are formed by
linking 6, 4, and 3 sub-segments respectively. They may have initiated
separately, propagated laterally until they overlapped to coalesce, and
finally formed a new fault, which has also been observed previously (El-
lis and Dunlap, 1988; Walsh et al., 2003; Higgins et al., 2009). After the
fault sub-segments linked, the area between the fault sub-segment tips
will exibit a deficit in the total heave. Previous studies have shown that
the mirror-image relationship between fault heave and fold strains indi-
cates strain transfer between folds and faults (Elliott., 1976; S. Liu and
Dixon, 1991; Higgins et al., 2009). We can see that the heave trough of-
ten corresponds to a smaller fold interlimb angle which represents a
higher fold strain (Fig. S2). Therefore, deformation such as folds and
strata rotation in the area of the LQFZ will compensate for the heave
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Fig. 8. Three-dimensional display of the LQFZ and the Triassic evaporite detachment. (a) Three-dimensional display of the detachment depth isocline and fault dip
isocline in the LQFZ region. (b) Three-dimensional display of the LQFZ with the 2020 Qingbaijiang Ms 5.1 and the 1967 Renshou Ms 5.5 earthquakes. The fault
surfaces f1-f4 are shown in different colors. The yellow surface denotes the Triassic detachment layer. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

deficit shown in the curve, as also observed in previous work (Nicol et
al., 2020a; Totake et al., 2018).

We then normalize each fault's heave distribution profile of the
LQFZ on the same graph, and considering the maximum value of Dis-
placement/Length (D/L) is 0.1 (Nicol et al., 2020b), we enlarged the
normalized heave value by 100 times and the normalized length value
by 1000 times (Fig. 10a and b). Their curves do not follow any single
pattern and are quite different from the heave profile of an individual
isolated fault which is characterized by smooth and uniform aggregate
heave distribution (Bergen and Shaw, 2010; Walsh et al., 2003). We
also obtained the total fault heave distributions of the entire LQFZ and
similarly normalized and enlarged them (Fig. 10c). The total heave pro-
file is less variable than the heave profiles of the single fault. It shows a
relatively smooth and regular total heave distribution, similar to the
heave distribution profiles of an individual isolated fault (Walsh et al.,
2002). This indicates a significant increase in system stability from a
larger spatial scale (Nicol et al., 2010). Also considering that the ratio of
(distance between the faults) over (displacement) is less than 10 on the
fault zone (Barnett et al., 1987; Childs et al., 2003; Nicol et al., 1996,
2020a; Rippon, 1984), we propose that the four faults of the LQFZ have
been kinematically related since the beginning of their formation

(Childs et al., 2017) and have jointly accommodated the strain. This
growth pattern, characterized by the jointly accommodation of faults to
strain and the transfer of strain between faults and folds, is analogous to
that observed in the Tibetan Plateau, notable examples include the Al-
tyn fault zone in the northern plateau (Meyer et al., 1998) and the
Qiongxi thrust fault system in the Sichuan Basin (Song et al., 2019).
Taking the f2 and f3 as an example (Fig. 9f), the northern part of f3 over-
laps with the southern part of f2, and the strain in this area may be pref-
erentially accommodated by fault f2, thus resulting in a larger heave on
f2 and a smaller heave on f3. Nevertheless, we cannot rule out the possi-
bility that they may grow in isolation for a short period of their geologi-
cal history.

High displacement gradients can be observed across the fault
boundaries of the LQFZ (Fig. 9). This may be attributed to the tendency
for a new fault to increase heave and decrease heave deficit first after
fault sub-segment linkage. The occurrence of the next fault lateral prop-
agation will happen when the Dmax/L ratio reaches the characteristic
value of this area (Kim and Sanderson, 2005; Song et al., 2019). An-
other possible contributing factor is that the interaction between coher-
ent faults/fault sub-segments also leads to the slowdown of lateral
propagation of the existing faults, and the length of the faults is basi-
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Fig. 9. Fault heave distribution profiles of the LQFZ. (a) Fault surface traces of the LQFZ obtained from the 3D fault model. (b–e) Heave distribution profiles of the
faults f1, f2, f3, and f4. Each fault contains multiple sub-segments. (f) The heave distribution profiles of the entire LQFZ. Purple arrows point out some locations with
high heave gradients as examples. The heave values from 3D model used in the figure can be found in Table S1. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

cally unchanged as heave increases (Peacock and Sanderson, 1996;
Willemse, 1997; Nixon et al., 2014).

7.2. Scaling relationships between Dmax and L of the LQFZ

The relationship between the fault maximum displacement (Dmax)
and the fault length (L) has been widely investigated based on a large
amount of fault data worldwide (Bailey et al., 2005; Fossen and
Hesthammer, 1997; ; Nicol et al., 2017; Schlische et al., 1996). A con-
sensus on this relationship is:

Dmax = cLn

where c, called scale factor or characteristic shear strain, is a constant re-
lated to the material properties of the host rocks and is an expression of
the fault displacement per unit length (Bailey et al., 2005; Cowie and
Scholz, 1992b; Watterson, 1986; S. Xu et al., 2006a). The index value n
ranges from 0.5 to 2, with n = 1 indicating that the fault follows a lin-
ear scale, i.e., self-similar growth, and n ≠ 1 indicating a scale-
dependent geometry (Cowie and Scholz, 1992c; Fossen and

Hesthammer, 1997; Gillespie et al., 1992; Scholz et al., 1993; Walsh
and Watterson, 1988).

We plot the eight pairs of the fault maximum displacements and
fault lengths of the four faults cutting the Jurassic and Upper Triassic in
the LQFZ. Both linear and power-law regressions can describe the Dmax-
L relationship well: the regression yields a best-fit index n of 1.26 and a
coefficient of determination (R2) of 0.98 for the power-law scaling rela-
tionship (Fig. 11a). Considering the n and R2 values are close to 1, we
also conduct a linear regression of the observed data (Fig. 11b), which
yields a scale factor of 0.03 and an R2 of 0.97. Since the R2 value of the
two regressions are very close, we thus consider the more simpler one,
i.e. linear Dmax-L theoretical model (n = 1 and Dmax = cL), can well
characterize the fault growth in the LQFZ, which is characterized by a
self-similar growth (Kim and Sanderson, 2005; Meyer et al., 1998;
Walsh et al., 2002).

The scaling relationship between Dmax and L depends on several fac-
tors, including but not limited to sampling bias, mechanical properties
of the rock, tectonic setting, age of the fault, and fault interactions
(Bailey et al., 2005; Cartwright et al., 1995; Dawers and Anders, 1995;
Mouslopoulou et al., 2009; Nicol et al., 2010, 2020a; Poulimenos, 2000;
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Fig. 10. Normalized displacement distribution profiles of the LQFZ. (a)The fault heave distribution profiles of the faults f1-f4 constrained by the Jurassic marker. (b)
The fault heave distribution profiles of the faults f1-f4 constrained by the upper Triassic marker. (c)Cumulative heave distribution profiles of the entire LQFZ con-
strained by the Jurassic and the Upper Triassic markers. The gray line represents the smooth and regular total heave distribution profile of an individual isolated
fault.

Fig. 11. Maximum fault displacement (Dmax) versus maximum fault length (L) of fault f1-f4 in the LQFZ. (a) Fitting the Dmax and L data with a power function. (b) Fit-
ting the Dmax and L with a linear function. The displacement value measured from the seismic profiles can be found in Table S2.

Walsh et al., 2002; Wojtal, 1994). Our data do not show a great scatter,
and even fit well with the linear function. Therefore, the influencing
factors mentioned above may be less variable over a long geological
history period since the formation of the LQFZ. Moreover, the Dmax and
L data of the LQFZ fall in the trend of the global thrust fault data (Fig.
12). This adds new and valuable data to the under-investigated data-
base.

7.3. Potential seismic hazard for the LQFZ

Considering that the LQFZ is seismically active, as it hosted a Ms 5.1
Qingbaijiang earthquakes in 2020 (Lei et al., 2020; F. Xu et al., 2022),
and that it is close to the highly populated Chengdu metropolitan area,
its seismic hazard deserves evaluation (Fig. 1). We particularly focus on
the potential seismic hazard caused by the rupture of the fault f3 of the
LQFZ since M > 5 earthquakes have occurred in both the central and
northern segments (Huang and Jiang, 2012; S. Xu et al., 2006b).

Most earthquakes either rupture a fault segment or multiple fault
segments (DePolo et al., 1991; Machette et al., 1991; Oglesby, 2008;

10
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Fig. 12. Plot of maximum displacements versus lengths of thrust faults (modi-
fied from Wei et al., 2020 and references therein).

Schwartz and Coppersmith, 1984; Yue et al., 2005; P. Zhang et al.,
1991, 1999), or fail in a cascade rupture behavior (Kaneda et al., 2008;
Kase, 2010; Oglesby, 2005; B. Shaw and Dieterich, 2007; Wesnousky,
2006; Yu et al., 2010). Active fault's geometric complexity depends on
segmentation and partially controls potential earthquake magnitudes
(Deng and Wen, 2008; Guyonnet-Benaize et al., 2015; Klinger, 2010; J.
Wang et al., 2020). It also affects the earthquake nucleation, dynamic
rupture, stress triggering, and seismic wave propagation (Mildon et al.,
2019; Ross et al., 2020). The obtained new 3D structural model and the
fault growth pattern help to estimate the potential seismic magnitude of
the LQFZ.

Fault grows through the superposition of earthquake rupture
(Watterson, 1986; Dawers et al., 1993; Walsh et al., 2002; Fossen,
2020). For an active fault that grows in the propagating model or the
constant length model, the static stress distribution is usually concen-
trated at the fault tip (Fig. 13a and b) (Schlagenhauf et al., 2008). For
an active fault that ruptures in the fault linkage model, e.g., the LQFZ,

the static stress distribution is more non-uniform and concentrated at
the edges of fault sub-segments (Fig. 13c) (Manighetti et al., 2007;
Wilson et al., 2003). Such areas accommodate strains in a plastic man-
ner and thus act as structural barriers to seismic rupture propagation
(Fig. 13c) (Black and Jackson, 2008; Manighetti et al., 2009, 2015).
Therefore, the earthquake on the LQFZ may rupture a sub-segment or
overcome the structural barrier and cause a greater rupture (Machette
et al., 1991; P. Zhang et al., 1991, 1999). In addition, the earthquake on
the LQFZ may rupture in a cascading way since the fault surfaces inter-
sect at depth or sole into the detachment layer at a very small distance
though some areas present oppositely inclined fault planes (Wesnousky,
2006), like during the 2013 Mw 6.7 Lushan earthquake in the Longmen
Shan area of Sichuan (Fig. 1a) (e.g., Lu et al., 2017) or the 1999 Mw7.6
Chichi earthquake in Taiwan (Lee et al., 2002).

We test a hypothetical rupture on fault f3 (Table S3). When only one
fault sub-segment ruptures, the maximum magnitude of the earthquake
that can be induced is estimated to be Mw 6.4. When multiple fault sub-
segments are ruptured, based on the heave distribution profile of f3
(Fig. 9d), f3-1 and f3-2 may rupture together considering the small heave
gradient between the two sub-segments. In this case, the rupture of the
two sub-segments can produce an Mw 6.5 earthquake. Furthermore,
cascading ruptures of all four faults of the LQFZ could produce a maxi-
mum Mw 7.1 earthquake. Considering the shallow fault depth in the
southern segment of the fault zone, and because the empirical formulae
are usually based on plate boundaries or intra-continental seismically
active orogenic zones (e.g. Henry and Das, 2001; Leonard, 2010; Wells
and Coppersmith, 1994), there may be certain biases in the magnitude
estimation of intra-basin earthquakes. Therefore, the estimated magni-
tudes should be used with caution.

8. Conclusions

We interpret 43 seismic reflection profiles across the Longquan Shan
fault zone (LQFZ) in the eastern Tibetan Plateau margin and establish a
new, detailed 3D fault model of the LQFZ. We have extracted the heave
distributions of the four faults based on the model and quantitatively
analyzed the fault growth pattern of the LQFZ. We have further as-
sessed the potential earthquake magnitude of the LQFZ by combining
the 3D geological model and the fault growth pattern.

Fig. 13. An active fault rupture model for the three end-member growth models. Modified from Kim and Sanderson (2005), Manighetti et al. (2015) and
Schlagenhauf et al. (2008).
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(1) The LQFZ contains four major faults, termed f1-f4, forming a pop-
up structure in the northern, a structural wedge in the central, and
a fault-propagation fold in the southern segment of the Longquan
Shan. Along-strike variations characterize the geometry of these
faults. Faults f1 and f4 have relatively uniform dip angles. The dip
angle of fault f2 increases southward, and f3 exhibits S-shaped
characteristics, with the northern dip angle being larger than that
of the south part. The detachment layer in this area is about
1.8–5.8 km deep and it deepens southeastward.

(2) Fault f1-f4 developed by linking a series of fault sub-segments.
The whole fault zone may have been kinematically related since
its formation. The maximum displacement (Dmax) and fault length
(L) data of the faults show a linear positive correlation, which is
consistent with the trend of the global thrust fault dataset.

(3) Considering the barrier effect of inter-segments on earthquake
rupture, we propose that an Mw 6.5 earthquake could occur on
the LQFZ when multiple fault sub-segments of fault f3 are
ruptured, and the LQFZ has the potential for strong earthquakes.
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