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The mesoscale deformation structures in eastern Taiwan are considered to have recorded progressive defor-
mation during rapid convergence and uplift in response to arc-continent collision. However, detailed deforma-
tion mechanisms and kinematic history of faulting remained poorly known. The Chimei Fault in eastern Taiwan
thrusts the igneous forearc basement over the orogen-derived turbidites, and its outcrops provide opportunities
to understand deformation mechanisms of the fault rocks across a bi-material fault during the arc-continent
collision. To unravel the structural and mechanical architecture of the Chimei Fault, we performed field ob-
servations, paleostress analysis, and fold analysis. The Chimei Fault shows a fault core surrounded by damage
zones. The width of the damage zones across the fault core is asymmetric, with the footwall turbidites exhibiting
wider damage zone with higher fracture intensity than the hanging wall andesitic complex. Our paleostress
analysis reveals that the mechanically stronger hanging wall can accommodate larger differential stress than the
weaker footwall. Different deformation styles in the footwall damage zones, including pinch-and-swell struc-
tures, boudins, and postdating fractures, suggesting progressive deformation while sediment lithification in

response to the activities of the Chimei Fault.

1. Introduction

Fault zones play a key role in the deformation of the upper crust in
the Earth, controlling the mechanics and hydrological properties of the
crust and the architecture of sedimentary deposits in basins (e.g., Caine
et al., 1996; Faulkner et al., 2010). Field- and drilling-based observa-
tions have provided different structural features of fault zones in
different types of faulting regimes (Chester et al., 1993; Chester and
Chester, 1998; Berg and Skar, 2005; Rawling and Goodwin, 2006; Ma
et al., 2006; Mitchell et al., 2011; Li et al., 2013). For example, mature
strike-slip fault systems developed in crystalline and lithified rock units
have developed structural features with several components that have
been widely recognized: (1) a less deformed protolith as the host rock, (2)
damage zones containing fractures and fissures adjacent to the principal
slip zone in the hanging wall and the footwall, and (3) a fault core that
accommodates most of the displacement during fault movement and
consists of cataclasite or fault gouge (Sibson, 1977; Chester and Logan,
1986; Chester et al., 1993; Caine et al., 1996). Identification of damage

zone width is based on the presence of fractures and the associated
fracture density variation that mark the termination of the protolith,
with the development of subsidiary brittle faults, veins, joints, stylolites,
cleavages and folds (e.g., Mcgrath and Davison, 1995; Caine et al., 1996;
Kim et al., 2004; Song et al., 2007; Li et al., 2013; Cao et al., 2024).

In a bi-material fault zone with a fault core that juxtaposes crystalline
rocks onto sedimentary rocks with fabrics developed, the fracture den-
sity is greater in the crystalline rocks, while the sedimentary rocks with
fabrics developed is relatively undeformed (Mitchell et al., 2011; Aben
et al., 2017; Smith and Griffith, 2022; Li et al., 2013). On the other hand,
fault zone that develops across the same type of lithology has been
documented; for example, fracture density data of the Taiwan Che-
lungpu Fault Drilling Project (TCDP) reveals that even within the same
lithology, fracture density can vary significantly across the fault zone,
possibly related to the stress path that fault rock has experienced (Song
et al., 2007).

Fault-zone architecture in poorly lithified and siliciclastic rocks ex-
hibits a more complex structural feature, where the fault core is flanked
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by structurally and lithologically mixed zones (e.g., Rawling and
Goodwin, 2006; Nicol and Childs, 2018; Palladino et al., 2018; Pizzati
et al., 2023). Brittle and ductile processes coexist in the mixed zones, in
which macroscopically ductile structures formed by sediment disag-
gregation and penetrative particulate flow are crosscut by deformation
bands, indicating a temporal and mechanical shift in deformation
modes. For the growth of faults in clay-rich and fine-grained sediments
undergoing consolidation, progressive deformation generates dewater-
ing structures along the slip surfaces, as has been well documented in
drilling cores recovered from subduction zones (Moore and Byrne, 1987;
Maltman, 1998; Chester et al., 2013; Savage et al., 2021). The structural
features related to progressive deformation are controlled by (1)
early-stage soft-sediment deformation that expels excess pore-fluid
pressure, such as mud-filled veins asymmetric folds, and boudinages
and by (2) latter-stage localized brittle deformation after the sediments
have become overconsolidated (i.e., when the sediments are unloaded
from the maximum stress state that they have experienced), including
shear-induced fractures and disaggregation bands. It is worth noting
that the transition from ductile to brittle behavior in soft sediments
differs from the “brittle-ductile transition” (BDT) at crustal depth (e.g.,
Kohlstedt et al., 1995). In this research, we refer to deformation mech-
anisms that specifically focus on the progressive deformation of soft
sediments (Lundberg and Moore, 1986; Moore and Byrne, 1987; Malt-
man, 1998; Fagereng et al., 2019), and define “brittle” as exhibiting the
occurrence of discrete faults and fractures, and “ductile” as referring to
dismembered layering and stratal disruption such as (but not limited to)
asymmetric folds, boudins, mud-filled veins, and pinch-and-swell
structures.

Mesoscale structures in the turbidites in eastern Taiwan are consid-
ered to have experienced progressive deformation during the early
stages of lithification, coeval with the arc-continent collision (Teng
et al., 2002). However, detailed deformation mechanisms and kinematic
history of faulting in response to rapid convergence and uplift remained
poorly known (Lai et al., 2022). We present field observations, paleo-
stress analysis, and fold analysis of the Chimei Fault, which juxtaposes
crystalline igneous rocks and progressively deforming sedimentary
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rocks. The integration of field-based observations and paleostress anal-
ysis allows us not only to investigate kinematic history of the Chimei
Fault, but also to unravel the evolution of deformation mechanisms in
response to the arc-continent collision.

2. Geological background and outcrop location

The Taiwan Orogeny is the consequence of an active arc-continent
collision between the Philippine Sea Plate and the Eurasian Plate
(Chai, 1972; Teng, 1990) with a relative plate movement rate of 8
mm/yr (Yu et al., 1997) (Fig. 1). To the east of the onshore suture zone
(the Longitudinal Valley Fault; Fig. 1), the Coastal Range comprises of a
deformed collisional basin, a retro-foredeep, developed above the
forearc crust of Luzon Arc on the Philippine Sea Plate (Lundberg and
Dorsey, 1988; Lai et al., 2021a; Chen et al., 2023). Horizontal shortening
of the forearc basement and basin sequence creates a series of en échelon
faults (Fig. 1) (Barrier and Angelier, 1986; Hsieh et al., 2020).

The Chimei Fault, a major fault cutting across the Coastal Range in
eastern Taiwan (Hsu, 1956; Chen and Wang, 1996), accommodates a
dominant portion of the post-1 Ma crustal shortening of the overriding
plate (Philippine Sea Plate) during the arc-continent collision (Hsieh
et al., 2020). The Chimei Fault, striking NNE-SSW and dipping 80°SE,
juxtaposes the Miocene arc basement rocks with the Plio-Pleistocene
orogen-derived conglomerates and turbidites, and it bends to (N8O°E,
80°S) in the middle portion of the fault trace where the fault zone in-
tersects with the Hsiukuluan river at the Chimei village (Lai, 1995;
Cheng, 1996; Chen, 2005) (Fig. 2). The main fault core of the Chimei
Fault is well exposed due to erosion by the Hsiukuluan river (Figs. 2 and
3). No observable Holocene offset of the river terraces has been recorded
across the Chimei Fault in this area (Shyu et al., 2006). However,
geodetic measurements detect active vertical slip along the fault zone at
ca. 8-9 mm/yr in the last decade (Chen et al., 2021).

The hanging wall of the Chimei Fault is composed of andesite with an
intense network of gypsum veins in the host rock, as well as disaggre-
gation bands in the 50-m wide damage zone adjacent to the main fault
core. The general pattern and characteristics of the Chimei Fault zone
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Fig. 1. Tectonic setting and regional geology of the Chimei Fault (modified after Chen and Wang, 1996; Yu et al., 1997; Chang et al., 2001).
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Fig. 2. Regional geological map of the study area near Chimei village (modified after Lai et al., 2022).

have been previously reported (Chen, 2005; Teng et al., 2016). Clay
minerals in the altered hanging wall include kaolinite, smectite, and
chlorite. Along the lithological boundary, the Chimei Fault develops a
fault core with a width of 50 cm. Gouge within the fault core is mainly
composed of smectite, chlorite, kaolinite, and illite. The footwall of the
Chimei Fault is composed of interbedded siltstone and sandstone, with
well-developed folds and small-scale faults in the 800-m wide damage
zone. The dominant clay mineral composition includes kaolinite,
smectite, chlorite, and illite.

Previous paleostress analysis reveals that the fault movement of the
Chimei Fault has both reverse and strike-slip components (Barrier and
Angelier, 1986) without a clear crosscutting relationship (Lai, 1995;
Cheng, 1996). In this area, compression, as indicated by the averaged
axes of the maximum principal stress (61), is nearly perpendicular to the
main fault core of the Chimei Fault (Barrier and Angelier, 1986).
However, both recent seismicity and geodetic analysis revealed per-
mutation between reverse and strike-slip faulting regime, without sig-
nificant normal faulting component (Hsu et al., 2009; Chen et al., 2021).
In this study, we revisited the Hsiukuluan River section near the Chimei
Village (Figs. 1-3) to conduct field observations, paleostress analysis,
and fold analysis.

3. Methods
3.1. Fracture density

Fracture patterns and fracture space may reflect contrasts in me-
chanical properties of different lithologic units (Laubach et al., 2009).
To describe the extent of fault damage, we applied the damage zone/-
fault core model proposed by Chester and Logan (1986). Fault damage
zones in the hanging wall and footwall are defined by fracture density of
the rock therein, respectively, where both values deviate from back-
ground values. Fracture density (N/m) is defined by the number of
fractures (N) in a 1-m scanline. We also used fracture space that mea-
sures the distance between the two adjacent fractures, together with the
fracture space ratio (FSR; corresponding to the mean mechanical layer
thickness divided by the median joint spacing) (Gross, 1993), for com-
parison. We detailed the methodology of obtaining the FSR dataset and
the corresponding results in the supplementary material (Table S1-S3
and Fig. S1-S3). We present all datasets in Fig. 3.

3.2. Paleostress and fold analysis

We measured the slickensides on the faults in the hanging wall and
footwall damage zones (Figs. 4, 6 and 9) and conducted paleostress
analysis based on the multiple inverse method (MIM; Yamaji, 2000).
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MIM is built upon the Wallace-Bott hypothesis, which assumes that slip
is parallel to the maximum resolved shear stress (Wallace, 1951; Bott,
1959). We followed the workflow suggested by Yamaji (2000) and
Sippel et al. (2009): (1) the number of subsets, k, is assigned as 4 in the
command prompt window to group the slickenside datasets so that each
slickenside is combined with any other 3 slickensides, where CN/ [k!
(N—k)!] (N is the total number of the data); (2) the MIM software
processes all the subsets and calculates the corresponding reduced stress
tensor; (3) in the post-processing phase, the MIM software plots the
resolved directions of 6; and o3 in two respective lower hemispheric
stereonet, with cold to warm color codes representing stress ratio
ranging from O to 1 (the black box in Fig. 10). In MIM, the stress ratio, R,
is defined as (o2 — 03)/(01 — 03).

To unravel the kinematics of folding, we measured the attitudes of
the fold limbs in the footwall inner damage zone and obtained the fold
axial planes, fold axes, and fold interlimb angles based on the z-diagram
technique (e.g., Cardozo and Allmendinger, 2013). For comparison, we
also include the attitudes of the bedding planes in the footwall outer
damage zone and the footwall protolith (Fig. 11).

4. Results
4.1. Fracture density and fault zone architecture

The fracture density is generally less than 20 N/m in the crystalline
hanging wall, except in the fault rock <3 m from the main fault core,
where the fracture density jumps to 60 N/m (the maximum recognizable
numbers of fractures we could count at the mesoscale). The fracture
space, on the other hand, ranges from <10 cm to 45 cm and does not
show significant deviation in the available outcrops. Due to the limited
outcrop, the protolith is not recognized. Therefore, we define the

exposed hanging wall section of ~220 m width as a fault damage zone.

The fracture density in the footwall which is composed of turbidites
increases from 5 N/m to 60 N/m toward the main fault core. One abrupt
change in both fracture density and fracture space locates ~620 m from
the main fault core, marking the boundary between the protolith and
damage zone in the footwall. Another sharp change in fracture density
locates ~125 m from the main fault core, which also coincides with the
deviations of dip and dip direction in the footwall. With this distinct
boundary, we further divided the footwall damage zone into an inner
damage zone, adjacent to the fault core, and an outer damage zone,
between the inner damage zone and the footwall protolith (Fig. 3). On
the other hand, FSR increases from 0.2 in the footwall protolith to 8.0 in
the inner damage zone, except that FSR drastically drops around ~125
m from the principal slip zone. It should be noted that fracture space,
fracture density, and FSR in the footwall may come out some errors due
to the pinch-and-swell structures within the sedimentary beds (Narr and
Suppe, 1991; Gross, 1993).

The wall rock in the hanging wall damage zone is yellow to dark red
crystalline andesite. No clear layering was observed (Fig. 4a). The fault
rock exhibits well-developed anastomosed fractures, and gypsum-filled
slickenfiber that crosscut by posterior branch fractures (Fig. 4a) (bulk
XRD analysis based on Chen, 2005), and minor faults with fracture
density less than 20 N/m (Fig. 3). Approximately 3 m from the main
fault core, the hanging wall damage zone becomes a highly sheared dark
green body that is dominated by parallel disaggregation bands (Fig. 4b).

A ~0.5 m wide slip zone is distributed along the fault core of the
Chimei Fault, with development of 10-15 cm thick of ultracataclasite,
intervening gouge layers, cataclasite, and calcite veins (Teng et al.,
2016) (Fig. 5). Only a mesoscale description of the fault core is given
here, as the fault core and main slip zone are beyond the scope of this
study.
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Fig. 5. Mesoscale structure of the fault core.

Adjacent to the fault core of the Chimei Fault on the footwall side, the
footwall inner damage zone is composed of overturned interbedded
sandstones and mudstones (turbidites) (Figs. 2, 3 and 6). This division
exhibits asymmetric Z-folds with rotation within the hinge zone
(Fig. 6a), boudins and pinch-and-swell structures (Fig. 6b), fold limbs
with different interlimb angles (Fig. 6¢), and mud-filled veins (Fig. 7).
Bedding-parallel shear can be identified from the thickened sandstone
bed (Fig. 6a).

The boundary between the footwall inner and the footwall outer
damage zones is marked by a subsidiary fault (Fig. 8). Across the sub-
sidiary fault, dip angle, dip direction, and fracture density change
abruptly (Figs. 2 and 3), and this subsidiary fault is a sharp boundary
between different failure modes of the fault rocks. The overturned
footwall inner damage zone is dominated by ductile deformation be-
haviors with overprinting brittle deformation, whereas the deformation
mode in the footwall outer damage zone normal sequence is only
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isoclinal interlimb

Fig. 6. Fold occurrence in the footwall inner damage zone: (a) inferred rotation of an asymmetric fold. The blue box indicates layer-parallel rotation inferred by the
sandstone layer; (b) boudins, pinch-and-swell sandstone, and isoclinal interlimb angle of the fold; (c) open and tight interlimb angles of the folds. The red boxes
indicate two examples of different interlimb angles in Fig. 11. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Fig. 7. Mud-filled veins in the footwall inner damage zone at (a) outcrop scale and (b) microscale.

governed by brittle failure. The thicknesses of the sandstone and
mudstone beds in the footwall outer damage zone are generally uniform,
ranging from several centimeters to ~1 m, and the bedding planes are
normal sequence (Figs. 2 and 3). The bedding planes are crosscut by
branch faults (Fig. 9a) with fracture density up to 30 N/m (Fig. 3).

The boundary between the footwall outer damage zones and the
footwall protolith is marked by a fault-parallel asymmetric syncline,
where (1) the bedding trend suddenly changes, (2) the number of the
small-scale faults becomes zero, and (3) the background fracture density
drops below 5 N/m (Figs. 2 and 3). The footwall protolith is composed of
interbedded normal sequence of sandstone and siltstone, with maximum
thickness of the sandstone up to 1.5 m (Fig. 9b). The thickness within
each bed of sandstone and siltstone is uniform. Albeit without small-
scale faults, joints appear in the wall rock of the protolith.

4.2. Paleostress and fold analysis

We present the results of paleostress analysis in Fig. 10. In the
hanging wall damage zone, averaged orientations of o;- and o3-axes are
(048°, 11°) and (312°, 27°), respectively, showing an overall strike-slip
movement with some reverse component. The ¢1-axes concentrate near
the averaged orientation, whereas the o3-axes distribute along the great
circle perpendicular to the o;-axes. The R values in this division range
from 0.0 to 0.7, with an average of 0.1, indicating that there is a per-
mutation between 6, and o3.

In the footwall outer damage zone (Fig. 10), averaged orientations of

01- and o3-axes are (143°, 14°) and (278°, 70°), respectively, showing a
general reverse movement. Both ;- and os-axes concentrate with
respect to their average values in the lower-hemisphere projection. The
R values in this division range from 0.0 to 1.0, with an average of 0.4.

In the footwall inner damage zone (Fig. 10), averaged orientations of
01- and os-axes trend are (321°, 7°) and (216°, 88°), respectively,
showing a relatively pure reverse movement comparing to the footwall
outer damage zone. The o;-axes widely distribute at low angles in the
lower-hemisphere projection, whereas the o3-axes plunge relatively
concentrate near 90°. The R values in this division range from 0.5 to 1.0,
with an average of 0.9, indicating that there is a permutation between o,
and o,. Overall, the orientations of ¢;- and o3-axes are similar between
the footwall outer damage zone and the footwall inner damage zone.

We presented the results of fold analysis in Fig. 12. The pole axes of
the bedding planes exhibit a transition from protolith to the footwall
inner damage zone, with a rotation of nearly 90° (Figs. 2, 3 and 12). In
general, the poles to the fold axial planes in the footwall inner damage
zone are concentrated near the north and south poles of the lower-
hemisphere projection, suggesting that the compressional orientations
of the pure shear orient NW-SE. The compressional orientations are
consistent with the orientations of o, obtained from our paleostress
analysis (Fig. 10).
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5. Discussion
5.1. Uncertainties of fracturing density dataset

Compared to the areal and circular scanline techniques, we
acknowledge that a linear scanline has its weaknesses and limitations (e.
g., Ogata et al., 2017). To this end, we evaluate the uncertainties of the
data and address the effects of thickness on the fracture space by
obtaining the FSR and comparing the dataset with the original fracture
space. In addition, we noted that the normalized fracture space indices,
such as fracture space index (FSI) (Bai and Pollard, 2000) and FSR
(Gross, 1993), are proposed for joints (i.e., Mode I cracks). The fractures
in the footwall inner and outer damage zones of the Chimei Fault, on the
other hand, are dominated by shear fractures (Mode II or Mode III
cracks). Unlike the extensional/unloading joints which are parallel in
strike (Engelder, 1987), shear fractures can develop more complicated
structural features and do not necessarily grow perpendicularly to the
bedding planes, such as unparallel synthetic and antithetic forms (Kim
et al., 2004).

Moreover, bedding thicknesses become more non-uniform toward
the principal slip zone in the footwall. Based on our observations, the
structural features are dominated by soft-sediment deformation and
pinch-and-swell structures are pervasive, such as convoluted and
recumbent folds. The geological processes thus are not typical
comparing to the outcrops reported for joint spacing measurements.

Journal of Structural Geology 186 (2024) 105218
5.2. Brittle fractures

Across the Chimei Fault, the width of the damage zone in the foot-
wall is larger than that in the hanging wall (Figs. 2 and 3). Such asym-
metry in terms of the damage zone width may be a response to the
contrast in rock strength (Smith and Griffith, 2022). For a mechanically
stronger crystalline igneous rock (e.g., Paterson and Wong, 2005), a
larger differential stress is required to create new fractures in an intact
protolith or to reactivate the pre-existing faults. In contrast, a progres-
sively deforming footwall sedimentary sequence can accommodate less
differential stress until it fails or reactivates. In this study, we propose a
simplified scenario that considers stress-strain relationship of the fault
rock, the underlying mechanics would follow the fact that the sur-
rounding stress magnitude is capped by the strength of the rock (Kohl-
stedt et al., 1995). The published uniaxial compressive strength (UCS)
data collected in the Coastal Range revealed that the fracture strength of
the crystalline igneous rocks (>30 MPa) is higher than that of the tur-
bidites (<20 MPa) (Lai et al., 2021b). It is expected that the igneous
rocks can accommodate a larger magnitude of stress and thus require a
larger stress to generate permanent deformation over earthquake cycles
compared to the turbidites. Thus, during earthquake cycles when stress
drop is relatively small and only exceeds the strength of the turbidites,
deformation is confined within the footwall, whereas during coseismic
events when stress drop is relatively large and exceeds the strength of
both andesite and turbidites, deformation can propagate to the hanging
wall.

We acknowledge that in contrast to fault cores where structural
features can be dominated by shear-induced cataclasites, damage zones
that juxtapose crystalline rock and sedimentary rock may encounter
sudden extension and become pulverized, such that the crystalline rock
usually exhibits a higher degree of deformation than the sedimentary
rock with fabrics developed (Mitchell et al., 2011; Aben et al., 2017;
Smith and Griffith, 2022). These studies mainly focus on pulverization in
response to fracturing under high shot velocity (>5 m/s), and yet fault
rocks can host a wide range of slip rates and can thus develop various
deformation mechanisms over geological time scales in nature (Malt-
man, 1998; Fagereng et al., 2019; Belzer and French, 2022). According
to our field-based observations, the footwall and hanging wall damage
zone of the Chimei Fault are dominated by compressional shear-induced
fractures, which is consistent with our results of paleostress analysis
where orientations of 67 in both divisions are nearly horizontal (Fig. 10).
Our findings reveal that extension does not play a significant role in
either hanging wall or footwall damage zone, which could be a reason
why the andesitic hanging wall damage zone is not significantly more
deformed than the sedimentary footwall damage zones through
pulverization.

Our proposition is thus more inclined to the scenario that rock
damage across the fault core is likely controlled by deformation history
and stress path (e.g., Song et al., 2007).

Together with the stress ratios (R) based on our paleostress analysis,
we schematically illustrate our mechanical interpretation of the damage
zones of the Chimei Fault in Fig. 13. We first assume that the brittle
deformation within the hanging wall and footwall damage zones resides
in revers-faulting regime under the hydrostatic conditions at a similar
depth, such that the minimum effective principal stress (o3") is equal to
the effective overburden stress (oy'). We further assume that the inter-
mediate effective principal stress (c2") stays constant throughout the
brittle deformation. In the footwall, an increase in fracture density leads
to a decrease in shear strength toward the principal slip zone (e.g.,
Lockner et al., 2000). The footwall inner damage zone in turn can
accommodate less differential stress comparing to the footwall outer
damage zone, leading to a higher R in the footwall inner damage zone
(0.9) compared to the footwall outer damage zone (0.4). Further, the
mechanically stronger hanging wall damage zone accommodate a larger
differential stress, leading to a much smaller R of 0.1. Consequently,
among the damage zones, the hanging wall damage zone has the largest
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left part of the obtained MIM plot shows the calculated directions of axes of ¢; and the right part displays the directions of the axes of 65. The symbols for stress axes
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the reader is referred to the Web version of this article.)

coefficient of friction, followed by the footwall outer damage zone, and 5.3. Ductile mode structures

then the footwall inner damage zone. Future investigations on me-

chanical and frictional properties of the fault rock are required to verify In the footwall inner damage zone, small-scale faults postdate ductile
our interpretation. structures, which reveals a transition in deformation modes. Within the
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ductile folds, mud-filled veins are not associated with mineral recrys-
tallization (Fig. 7b). Such ductile structures, including folds, boudins,
and mud-filled veins, are typical products of progressive soft-sediment
deformation in poorly lithified sedimentary sequence due to expulsion
of pore-fluid pressure, resulting in a substantial decrease in porosity (e.
g., Moore and Byrne, 1987; Maltman, 1998; Nicol and Childs, 2018;
Palladino et al., 2018).

The fold axes in the footwall inner damage zone are consistent with
the pole of the fault core of the Chimei Fault (Fig. 12), which indicates
that the development of the folds in the footwall inner damage zone may
be related to the movement of the Chimei Fault activities. The deviation
of the fold axes from the z plane also indicates that the folds also involve
asymmetric simple shear in addition to pure shear. Such asymmetric
simple shear is also shown in our field observation (Fig. 6). In addition,
the poles to the fold axial planes are concentrated near the NW-SE poles
of the lower-hemisphere projection, and the inferred compressional axes
are consistent with the orientation of ¢; in the footwall inner damage
zone based on our paleostress analysis (Figs. 10 and 12).

Furthermore, the degree of deformation, as indicated by fold inter-
limb angles and wavelengths, significantly increases toward the
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principal slip zone of the Chimei Fault (Fig. 11). We thus interpret that
the ductile structures in the footwall inner damage zone are related to
the progressive deformation of the Chimei Fault and represent an initial
deformation that accommodates fault activities in the footwall.

5.4. Implications for the deformation evolution of the Chimei Fault

The development of the gypsum veins in the hanging wall protolith
has been interpreted as syn-volcanic fractures that can be dated back to
Miocene (Wang and Yang, 1974; Yang et al., 1988; Song and Lo, 2002;
Chen, 2005; Teng et al., 2016). Together with our observation that the
gypsum veins are cut by the branch faults (Fig. 4a), we thus consider the
gypsum veins to be the oldest mesoscale structure in our study area. The
footwall turbidite exhibits more complicated deformation modes than
the hanging wall andesite. The presence of boudins, pinch-and-swell
structures, and mud-filled veins implies that the footwall sedimentary
rocks were not fully lithified and remained mechanically weak during
the early activities of the Chimei Fault, thus deformation was primarily
accommodated by ductile structures. Such deformation behavior has
been well documented in the offshore drilling sites at active subduction
zones (e.g., Moore and Byrne, 1987; Maltman, 1998; Chester et al.,
2013; Savage et al., 2021). These ductile features were later crosscut by
brittle structures (e.g., faults, foliations), suggesting that the subsequent
mode of deformation transitioned to be brittle failure in the footwall as
turbidites were further lithified.

With an integration of our field-based constraints and evolution
based on tectonic stratigraphy (Lai et al., 2021a, 2022), we propose a
four-stage scenario to explain the transition in deformation modes
(Fig. 14). (1) Miocene rock damages developed in response to
syn-volcanic activities of the ancient Chimei Volcano of the Luzon Arc
(Lai et al., 2017), as shown by the gypsum-filled slickenfiber in the
hanging wall. (2) During ~4 to 0.8 Ma, the Taiwan arc-continent
collision has influenced the study area, developing a collisional basin
(retro-foredeep) on top of the forearc crust. The orogen-derived turbi-
dites and conglomerates deposited in this collisional basin,
eastward-onlapping onto of the arc basement rock. (3) Chimei Fault
accommodated tectonic strain as a part of the structural inversion of the
Coastal Range approximately between 0.8 and 0.5 Ma. Asymmetric
folding may have been developed in response to the initiation of the
Chimei fault, tilting the hanging wall rocks as well as forming a
fault-parallel syncline in the footwall. During this early development
stage of the Chimei Fault, the marine turbidites remained poorly
consolidated nor lithified. Thus the strain was primarily accommodated
by subsurface ductile deformation in the footwall. The deformation in
the hanging wall may only occur within a narrow range approximal to
the fault plane. (4) Since 0.8-0.5 Ma, the Chimei Fault facilitated
disaggregation in the hanging wall, and the footwall turbidites became
fully lithified and were able to accommodate brittle mode failure. A
subsidiary spay fault developed in the SE limb of the fault-parallel
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Fig. 12. Results of fold kinematic analysis. The contours indicate confidence interval of 2 standard deviations. The lower-hemisphere projections are plotted using

the Stereonet software developed by Cardozo and Allmendinger (2013).
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asymmetric syncline. This subsidiary fault further tilted the footwall
inner damage zone strata and cause overprinting brittle foliations. Later
in this stage, the Chimei Fault plane was steepened, and the Chimei Fault
rocks in turn hosted permutation between strike-slip and reverse
movement (Chen et al., 2021).

The steepening of the Chimei Fault dip may be a consequence of fault
imbrication of the en échelon fault system in the Coastal Range in eastern
Taiwan, this been implicitly proposed in some previous studies (e.g.,
Barrier and Angelier, 1986). The latter developed in-sequence reverse
fault and associated folds (e.g., the Longitudinal Valley Fault and the
Chimei Syncline) tilted and steepened the antecedent reverse fault and
folds (e.g., the Chimei Fault and the fault parallel syncline) due to
westward propagation of faulting (Shyu et al., 2006). As the fault core of
the Chimei Fault became steeper, it began to host both strike-slip and
reverse faulting movements because the dip angle of the main fault core
became highly misoriented from the optimal angle for reverse faulting
activity (Sibson, 1985). This is supported by recent seismicity and
leveling measurements (Hsu et al., 2009; Chen et al., 2021).

We also considered the possibility that fracturing and faulting in the
hanging wall in stages 3 and 4 predate shear localization along the
Chimei Fault. If this scenario holds, the development of the fault core
may be similar as that of the Punchbowl Fault, where comminution
reworked the deformed wall rock and facilitated layering of less cohe-
sive material (Chester and Chester, 1998).

It is worth noting that the footwall may have experienced asym-
metric uplift and the posterior exhumation induced by the activities of
the Chimei Fault and its subsidiary fault (Fig. 14), which leads to the
contrast in deformation mechanisms across the footwall inner and outer
damage zones. The sequence that has not yet exhumed beneath the
footwall outer damage zone thus may also exhibit ductile mode struc-
tures related to early-stage soft sediment deformation.

5.5. Implications for evolving mechanical characteristics within the
Coastal Range

Across the Chimei Fault core, the hanging wall damage zone exhibits
an averaged o7 -axes that is nearly perpendicular to the averaged o, -axes
in the footwall damage zones (Fig. 10). The discrepancy in the
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orientation of the o1-axes across the main fault core may be controlled
by the mechanical properties of the host rocks. As documented in
Faulkner et al. (2006), elastic moduli alter the orientation of ¢; as fault
rock approaches the fault core. The relative rock strength obtained from
Schmidt rebound hammer tests also reveals that the strength of the
crystalline andesite (>30 MPa) is larger than that of the turbidites (<20
MPa) in the Coastal Range (Lai et al., 2021b), supporting differences in
mechanical properties across the Chimei Fault.

During stage 4, a subsidiary fault developed at the frontal position
from the main fault core (Fig. 14), resulting in the brittle failure prop-
agating into the hanging wall if the differential stress exceeds the rock
strength therein (Fig. 13), and, in turn, generate fault damage in
response to the fault activity. Magnitude of strain across the Chimei
Fault and the subsidiary fault in the footwall can be inferred from the
results of the anisotropy of magnetic susceptibility (AMS) (Chu et al.,
2015). Strain intensity (Int) and degree of anisotropy (P) gradually in-
crease from the footwall inner damage zone to the fault core, as well as
from the footwall outer damage zone to the subsidiary fault. Both Int and
P abruptly decreases from the fault core to the hanging wall, also from
the subsidiary fault to the footwall inner damage zone. The AMS results
reveal that strain intensity induced by the Chimei Fault and the sub-
sidiary fault is asymmetric across different fault zone components.

There have been similar deformation structures as the Chimei Fault
rocks discovered in other regions of the Coastal Range (e.g., Teng et al.,
2002; Lai and Teng, 2016). The reported mechanical characteristics of
the Chimei Fault may exhibit as an exceptional example the asymmetric
deformation recorded in the Plio-Pleistocene turbidites in eastern
Taiwan (Lai et al., 2021a). Detailed studies on rock physics, such as
hydromechanical properties and frictional behaviors, are required to
more completely characterize mechanical evolution in response to rapid
convergence in eastern Taiwan suture zone.

6. Conclusions

We present field observation, paleostress analysis, and fold kine-
matic analysis of the Chimei Fault, which juxtaposes contrasting litho-
logical units with an andesitic complex thrusting over a turbidites. Fault
damage zone is asymmetric with respect to the fault core, where the
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damage zone width with fracture density approaching 60 N/m in the
footwall (125 m) is larger than in the hanging wall (3 m). Structural
characteristics of the hanging wall damage zone and the footwall outer
damage zone are dominated by brittle subsidiary faults, while those of
the footwall inner damage zone show their complexity with ductile folds
overprinted by the brittle subsidiary faults in the footwall inner damage
zone. Our paleostress analysis shows that the hanging wall damage zone
indicate NE-SW compression with stress ratio of 0.1. In contrast, o;
trends N40°W in the footwall damage zones with stress ratios of 0.4 and
0.9 in the footwall outer and inner damage zones, respectively. We
interpret the orientation and magnitude of o7, as well as the stress ratio,
depend on the lithology of the fault rocks, where the mechanically
stronger andesite can accommodate larger differential stresses than the
weaker turbidites. The orientation of the fold axial planes, together with
the interlimb angles and wavelengths of the folds, show that the ductile
structures in the footwall inner damage zone are the consequence of
progressive soft-sediment deformation and are fault-related. Based on
our field observations, we propose a four-stage evolution history to
explain the predating ductile folds and the overprinting brittle faults in
the Chimei area: (1) rock damages developed in response to Miocene
syn-volcanic activities; (2) the orogen-derived turbidites and conglom-
erates deposited in a retro-foredeep basin developed above of the Luzon
forearc crust; (3) Chimei Fault accommodated tectonic strain, facili-
tating the development of localized disaggregation in the hanging wall
andesite, together with progressive and ductile deformation in the
poorly lithified footwall turbidites; (4) as Chimei Fault activities
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progressed, the footwall turbidites became fully lithified and was able to
accommodate brittle mode failure; during this stage, a new subsidiary
fault formed associated with new fractures in the footwall, and the fault
also hosted strike-slip faulting movement as the Chimei Fault steepened
by proceeding in-sequence thrusting.
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