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Abstract

Taiwan is an active orogen where a west-verging fold-and-thrust belt deforms a Plio-Pleistocene foreland
basin sequence. In southwestern Taiwan, the 3—4 km thick Gutingkeng mudstone, Late Miocene to Early Pleis-
tocene in age, has characteristics similar to mobile shales, such as overpressure conditions and sourcing mud
volcanoes. Present uplift rates as fast as 2 cm/year are observed mainly on the footwall of steep thrusts, in-
cluding the Gutingkeng Fault, which features several mud volcanoes. We integrate surface observations near
this fault with regional subsurface data to construct an upper crustal cross section and evaluate the roles of the
competing models of fault-related folding and shale tectonics in deforming the region. Field observations in-
dicate steep and well-preserved bedding on the hanging wall and footwall and a wide reverse fault zone with
penetrative shearing corresponding to the Gutingkeng Fault. No distinct structure explaining footwall uplift is
found in the outcrops. At the cross-section scale, surface geology and subsurface data point to a structural style
with fairly narrow anticlines with steep limbs growing above a relatively deep detachment. This geometry is not
easily explained using classical fault-related fold models. We infer that folding on the Gutingkeng Fault footwall
and in the core of a frontal anticline occurs through layer thickening (pure shear) facilitated by weak mudstone
rheology. The increase in pore-fluid pressure under burial and tectonic compression within the fold cores can
lead the mudstone to mobilize and undergo plastic flow, causing the inflation of the fold cores. Fold growth,
possibly aided by shale tectonics, will have progressively increased the dip of the Gutingkeng thrust, eventually
leading to thrust inactivity and uplift mainly occurring on the footwall. Our study area offers a unique oppor-
tunity to study an active shale-dominated fold-thrust belt exposed on-land and highlights the importance of
combining geodetic observations to investigate ongoing deformations in these settings.

Introduction

Tectonic processes involving mobile shales are collec-
tively called “shale tectonics” (e.g., Vendeville and
Jackson, 1992; Soto et al., 2010, Wood, 2010). Shale tec-
tonics is an important problem as it has implications for
the petroleum industry and hazard studies. Mobile shale
structures consist of mud volcanoes, shale diapirs, and
subsurface folds characterized by inflated fold cores
(Soto et al., 2021a). The term mobile shale was defined
by Morley and Guerin (1996) as “any shales deforming via

a combination of ductile deformation and brittle failure in
the presence of fluid.” This term was previously used by
others (e.g., Skeryanc and Kolodny, 1983; Cohen and
McClay, 1996). Using soil mechanics concepts, Soto
et al. (2021a) redefine mobile shales as “clay-rich sedi-
ments or rocks undergoing penetrative, (visco-) plastic
deformation at the critical state.” Regions with thick mo-
bile shale sequences deforming complexly under brittle
and ductile conditions and showing evidence for flow
have been studied worldwide (e.g., Morley and Guerin,
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1996; Sandal, 1996; Soto et al., 2010; Morley et al., 2017),
with insights into their overpressure conditions (e.g., Mor-
ley, 1992, 2003; Tingay et al., 2007, 2009, 2013; Morley
et al., 2011; Fernandez-Ibafiez and Soto, 2017; Tingay,
2017) and structural styles (Morley et al., 1998, 2017,
2018; Hudec and Soto, 2021; Soto and Hudec, 2023).
Other processes that could produce shale mobilization
are due to hydrofracturing, as extensively documented
by Brown (1990), Morley et al. (1998, 2014, 2023), and
Morley (2003).

The mobility of shales remains debated. For example,
Day-Stirrat et al. (2010) suggest that it is highly unlikely
for deep-seated shales to be mobilized and flow even in
high-overpressure conditions due to the cementation as-
sociated with their chemical compaction. However, in a
recent review, Soto et al. (2021a) propose that shales
become mobile upon reaching their critical state. Fluid
content in shales could increase with burial (due to the
diagenetic transformation of clays and organic matter
into different types of hydrocarbons), as well as due
to compression (including shear-induced or tectonic
overpressure; e.g., Yue and Suppe, 2014; Soto et al.,
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2021b). When the shale peak strength is surpassed,
the development of fractures and overpressure condi-
tions will lead to achieving the critical state, at which
the previous shale fabric is completely destroyed, and
the consolidated sedimentary rock can flow. With this
model, it is plausible to have mobile shales with the abil-
ity to flow and form inflated fold cores and diapirs under
deep burial conditions, as well as fluidized mud forming
extrusive mud volcanoes at the surface.

In the southwestern Taiwan fold-and-thrust-belt,
rapid compression (—1 p strain/year) is associated with
extremely limited seismicity (Hsu et al., 2009; Ching
et al., 2016). This raises questions about the mechanism
of the deformation in the upper crust and the mode of the
slip of active faults in the region, where the subsurface is
dominated by the Gutingkeng mudstone, a significantly
thick (34 km) Late Miocene to Early Pleistocene clay-
rich sequence. This formation is presumably involved in
shale tectonic processes, as it has been demonstrated to
be a source layer for mud volcanoes (Sun et al., 2010)
(Figure 1), indicating overpressured mudstone in the
subsurface. Overpressure conditions were also reported
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Figure 1. Geologic map of southwestern Taiwan, superimposed on topography (20 m digital earth model [DEM]) (modified after
Chinese Petroleum Corporation [CPC] [1989] and Le Béon et al. [2017]). The study area is located within the black rectangle outlined
in the inset map. Inset map: the colors indicate the strain rates over Taiwan island (Hsu et al., 2009) with —1 p strain/year (com-
pression) in red and 1 p strain/year (extension) in blue. Information about lithostratigraphy is summarized in Figure 3a. Well records

are shown in Figure 4.
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from deep boreholes within the Gutingkeng Formation
and other clay-rich formations of similar age (Yuan et al.,
1987). Regionally, mud volcanoes erupt fluidized muddy
sediments rich in methane (Chao et al., 2010; Sun et al.,
2010). The high CI content (reflecting the marine origin
of the pore water), thermogenic methane, and nannofos-
sil assemblages attest to a deep source, mainly in the
Late Miocene to Pleistocene formations (You et al.,
2004; Liu et al., 2009; Chao et al., 2010, 2013; Sun et al.,
2010). Using seismic reflection profiles offshore, Chen
et al. (2014) identify numerous mud volcanoes that occur
along the culmination of interpreted mud diapirs and
shale-cored anticlines. It was proposed that onshore anti-
clines are formed similarly and simultaneously to the off-
shore mud diapirs (Sun and Liu, 1993; Huang, 1995; Liu
et al., 1997; Huang et al., 2004; Chuang, 2006; Chen et al.,
2020). However, the seismic expression of this thick
mudstone sequence in seismic profiles is relatively poor
and contains abundant seismic noise and lateral diffrac-
tions (e.g., Hsieh, 1972; Huang et al., 2004).

Peculiar ongoing deformation patterns were observed
in southwestern Taiwan thanks to Geodesy global navi-
gation satellite system (GNSS), precise leveling, and in-
terferometric synthetic aperture radar (InSAR) line-of-
sight velocities), such as aseismic sharp vertical or hori-
zontal deformation gradients and increased deformation
rates following regional earthquakes (Pathier et al., 2014;
Ching et al., 2016, 2018; Lu et al., 2024). In particular, up-
lift occurs on the footwall of several west-verging thrust
faults, where the Gutingkeng mudstone is involved (Fig-
ure 2), whereas the uplifting side of a reverse fault is
expected to be its hanging wall (e.g., Fossen, 2016).
An example of footwall deformation is seen along the
Lungchuan Fault, where interseismic uplift as well as
aseismic transient deformation after the Meinong earth-
quake (2016/02; Mw 6.4) have been documented (Huang
et al,, 2016; Le Béon et al., 2017, Yi et al., 2023). Le Béon
et al. (2017) suggest the activation of a bedding-parallel
backthrust within the Gutingkeng mudstone to account
for this phenomenon. In addition, subsequent to the Mei-
nong event, minor deformations were noted in the Kuan-
miao area, attributed to the aseismic creep on other
faults and bending-moment faults activated during short-
ening and folding within the Gutingkeng mudstone (Le
Béon et al.,, 2017; Yi et al., 2023). Another example of
footwall deformation is documented along the Chishan
Fault, where rapid geodetic uplift rates were measured
and are difficult to reproduce using an elastic dislocation
model involving thrusts ramping up from a detachment
(Ching et al., 2016). In addition, steep normal shear zones
were found on the footwall in the Gutingkeng mudstone,
suggesting the need for alternative structural and rheo-
logical models. Active mud diapirism was proposed to
account for the observed uplift rates. Finally, interseis-
mic uplift was also reported on the footwall of the
Gutingkeng Fault (Ching et al., 2016) (Figure 2), corrobo-
rated by the Late Holocene river incision rates of
2-2.5 cm/year derived from “C-dated fluvial terraces
of the Erhjen River (Hsieh and Knuepfer, 2001). A
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doming or anticline structure was proposed to cause
the uplift and progressive tilting of the terraces.

In this study, we focus on various contractional
structures within the Gutingkeng mudstone in the
southwestern Taiwan fold-and-thrust belt. Our main ob-
Jjectives are to understand the structures responsible for
the active uplift on the thrust footwalls, focusing on the
Gutingkeng Fault, and to evaluate whether shale tec-
tonic concepts can be used to address some of the lim-
itations of the thrust fault-related folding mechanisms.
With this intention, we conducted field investigations
on the Gutingkeng Fault hanging wall and footwall
and generated a regional geologic cross section that in-
tegrates observations of active uplift with surface geol-
ogy and subsurface data, such as the well data and
seismic reflection profiles. Determining the geometries
of the thrustrelated structures and understanding the
possible contributions of mobile shales would contrib-
ute to the assessment of seismic and surface deforma-
tion hazards in the region.

Regional geology and tectonics
Precollision rifting and modern tectonic setting

The formation of the Taiwan orogen is a conse-
quence of the ongoing collision, started in the Late Mio-
cene, between the Luzon Arc situated on the Philippine
Sea Plate and the continental margin of Eurasia
(e.g., Suppe, 1981; Ho, 1986; Teng, 1990) (see the inset
in Figure 1). The orogen is characterized by five tecto-
nostratigraphic zones, oriented north—south and delin-
eated by major faults. These zones, arranged from east
to west, include the volcaniclastic Coastal Range, the
metamorphic Central Range and Hsuehshan Range,
the sedimentary fold-and-thrust belt also called the
Western Foothills, and the fluvio-marine Coastal Plain.

Before the Taiwan mountain belt was formed, peri-
ods of rifting during the Paleocene-Eocene led to the
opening of the South China Sea (Taylor and Hayes,
1983; Lin and Watts, 2002; Teng and Lin, 2004; Yang
et al., 2006, 2016), followed by the Oligocene-Miocene
rifting episode. In southwestern Taiwan, offshore and
onshore, the Paleocene-Eocene rift episode was fol-
lowed by the Oligocene-Recent postrift subsidence
and the development of the Tainan Basin, which con-
sists of northeast to east-northeast horsts and grabens,
well-identified by seismic profiles and complemented
with borehole information (e.g., Lee et al., 1993; Lin,
2001; Lin et al., 2003; Yang et al., 2016). Rifting was suc-
ceeded by collision, marking the onset of foreland sed-
imentation along the flexed continental margin (Lee
et al., 1993; Lin and Watts, 2002).

The horst-and-graben structure extends underneath
the Coastal Plain, and the possible continuation of these
structures underneath the Western Foothills is a long-
lived idea (e.g., Lin and Watts, 2002). A general south-
east deepening of the foreland basin is observed from
subsurface data (e.g., Covey, 1986; Lin et al., 2003) and
lithofacies analysis of the Late-Miocene and Pliocene
strata (e.g., Castelltort et al., 2011; Nagel et al., 2013).
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Yet, the existence of smaller basins was proposed based
on along-strike variations in the lithologies and tectonic
structures within the fold-and-thrust belt, which are in-
terpreted to result from the reactivation of preexisting
normal faults (e.g., Suppe, 1986; Mouthereau et al.,
2006; Alvarez-Marrén et al., 2014; Camanni et al., 2016;
Yang et al., 2016; Brown et al., 2017). Brown et al. (2022)
confirm this interpretation using a P-wave isovelocity
surface of 5.2 km/s as a proxy for the basement-cover
interface to interpret several basement highs and lows
beneath the Coastal Plain and Western Foothills.

Geologic setting of southwestern Taiwan

Our area of interest in southwestern Taiwan, at the
latitude of the Erhjen River (Figure 1), is undergoing
an approximately 4 cm/year of westward shortening be-
tween the Pingtung Plain and the coastline (Ching et al.,
2016, 2018). The fold-and-thrust belt developed on the
outer shelf and slope setting of the Eurasian continental
margin since the Late Miocene and is characterized by
approximately northeast-southwest-striking faults and
folds, mainly verging to the west (Mouthereau et al.,
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2001; Le Béon et al., 2017; Biete et al., 2018). From east
to west, the major faults include the Chishan Fault, Lung-
chuan Fault, Chegualin Fault, and Gutingkeng Fault,
which strike N25°-30°E, dip to the southeast, and bring
Late Miocene formations on top of the Plio-Pleistocene
Gutingkeng mudstone (Figures 1 and 2). To the west, the
Hsiaogangshan Fault is understood as a possible blind
thrust fault that uplifted the Gutingkeng mudstone and
Pleistocene coral reef limestone above the Holocene
coastal plain (Gong et al., 1996, 1998; Shyu et al., 2016)
(Figure 1). Uplift was proposed to be related to mud
diapirism (Sun and Liu, 1993) or a west-verging thrust-
related anticline (Lacombe et al., 2004).

In the Coastal Plain, positive gravity anomalies sug-
gest the presence of anticlines (e.g., Lacombe et al.,
1999) or mud diapirs, most likely formed by compres-
sion (Pan, 1968; Hsieh, 1972; Lo et al., 2023) (Figure 2).
Positive anomalies match the subtle topographic highs
in the plain, as well as the areas with higher uplift (or
lower subsidence) documented by geodetic data
(Huang et al., 2006; Ching et al., 2016, 2018) and Holo-
cene uplift rates (Chen and Liu, 2000; Le Béon et al.,
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Figure 2. Tectonic map of southwestern Taiwan, including the Bouguer gravity anomaly, corrected for regional gravity effects
(contour lines at 0.5 mGal intervals) and modern vertical velocities from precise leveling measurements (2010-2016) (Ching et al.,
2018). This information is superimposed on a 20 m DEM. The fold axes in the Coastal Plain are from Hsieh (1972).
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2019), demonstrating the activity of these structures.
Positive gravity anomalies were also observed offshore
across structures interpreted as active mud diapirs
based on seismic reflection data (Doo et al., 2015).

Lithostratigraphy

The geologic formations in this region are mainly
comprised of mudstone, siltstone, and sandstone and
range from the Middle Miocene to the Pleistocene in
age, with a Holocene marine and alluvial cover (Fig-
ures 1 and 3a). The oldest precollisional Miocene rocks
exposed belong to the Changchihkeng Formation (Mcc)
(e.g., Lacombe et al., 1999; Lin et al., 2003). The Guting-
keng mudstone (Pgtk and Mgtk) ranges in age from the
Late Miocene to the Pleistocene, according to nanno-
fossil age analysis (Chi, 1978; Horng and Shea, 1994;
Horng, 2014; Yang et al., 2018). It was deposited in a
moderately deepwater marine realm of the upper slope
domain of the continental platform (Oinomikado, 1955;
Covey, 1986; Brown et al., 2017). In the landscape, it is
associated with low-relief badlands. Rock formations in
the Chishan area (Figures 1 and 3a), namely the Late
Miocene Wushan Formation (Mws), the Pliocene Kait-
zuliao Shale (Pktl), and the Nanshihlun Sandstone
(Pnsl), are correlated with the Late Miocene and Plio-
cene Gutingkeng Mudstone (Chi, 1978, 1979). The Late
Miocene Wushan Formation has been deposited in a
shallow marine setting (Lacombe et al., 1999); however,
it has facies variations (shallow marine and deeper
marine facies) from north to south on the hanging wall
of the Lungchuan Fault (Figure 3b). The Liushuang and
Erchungchi Formations represent the uplifted foredeep
sediments of marine origin (Covey, 1986). These forma-
tions belong to the foreland sequence, are Pleistocene
in age, and consist of brackish to fluvial mudstones and

sandstones and interbedded shallow-marine shales and
sandstones, respectively (Mouthereau et al., 2001). In
addition, Pleistocene coral reef limestone hills crop
out in a few locations in the Western Foothills (Ho,
1986) (Figure 1).

Data and methods

We compiled previously published data, including
borehole information, vintage seismic reflection profiles,
gravity data, leveling data, bio and magnetostratigraphy,
and surface geology from geologic maps, complemented
with data from our field surveys. We also observed mud
volcanoes (Chiu et al., 2006; Chen et al., 2014) and con-
firmed their existence in the vicinity of the Gutingkeng
Fault. We used the compiled data set to construct a
regional balanced cross section along the transect EE’
(Figure 1).

The compilation of bedding attitudes from previous
studies (Chinese Petroleum Corporation [CPC], 1989;
Lin et al., 2013) and our own field survey, together with
bio and magnetostratigraphy observations (Chi, 1978;
Horng and Shea, 1994; Horng, 2014; Yang et al., 2018),
allowed us to bracket the location of the Gutingkeng
Fault trace, as explained in the “Results” section. Next,
we targeted a 350 m long outcrop section at the “pig-
farm” locality for a detailed field survey. This section
was chosen for its location in the actively uplifting re-
gion and on the inferred trace of the Gutingkeng Fault.
The length of this outcrop offered the possibility of con-
tinuous exposure from the footwall to the hanging wall
of the Gutingkeng Fault zone. Hence, we could poten-
tially find structures explaining the Gutingkeng Fault
footwall deformation there. We measured the bedding
strike and dip and mapped the shear zones. An un-
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Figure 3. (a) Lithostratigraphy of the study area in southwestern Taiwan (modified after Chinese Petroleum Corporation [CPC]
[1989], Horng and Shea [1994], and Yang et al. [2018]). (b) Field photographs (located at the yellow stars in Figure 1) of some of the
Late Miocene lithostratigraphic units: the sandy facies with Pecten shells of the Wushan Formation (Mws) (left), located along the
Lungchuan Fault north of transect EE’, and the silty mudstone facies of similar age (right), located along EE’ and identified as Mgtk
in this study. A close-up view of the silty mudstone sample is also shown.
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manned aerial vehicle was used to acquire aerial images
to create a basemap for plotting field observations.

To determine the formation thicknesses in the foot-
hills, we used formation boundaries and bedding attitude
information from geologic maps and deep boreholes in
the Coastal Plain (Figures 1 and 4), including wells CC-1
(true vertical depth [TVD]: 1426 m), CC-2 (TVD: 3964 m),
CC-3 (TVD: 4411 m) (Hsieh, 1972), EJC-1 (TVD: 3079 m),
and PTG-1 (TVD: 3000 m) (Chiang, 1971). In the absence
of surface geologic exposures in the Coastal Plain, the
boreholes were projected onto our section line EE’ using
the orientation of the fold axis (N15°E) suggested by
gravity anomalies (Hsieh, 1972; Lo et al., 2023) (Figure 2).
In addition, mud volcanoes located near the Gutingkeng
Fault trace were projected to our section transect EE’
along the strike of the Gutingkeng Fault. To reconstruct
the thicknesses of the geologic strata beneath the drilled
boreholes, we projected the isopachs of the foreland
sequence and the depth to the top of the Mesozoic base-
ment (Figure 4 in Lin and Watts [2002] and Figure 2 in
Lin et al. [2003]) to our cross section. This data set covers
the relatively less deformed region of the western
Coastal Plain.

We also used commercial seismic reflection profiles
AA’ and BB’ (Shi et al., 2008) to constrain the part of
our cross section underneath the Coastal Plain (Figure 1).
The seismic profiles are in two-way traveltime and have
not been depth converted. The estimation of —1 km depth
in AA’ and BB’ is based on seismic line D5 of Le Béon
et al. (2019) (Figure 1), which has been depth converted
and runs across a similar stratigraphic sequence.

To draw the geologic cross section, we adopted the
kink method and the concepts of classical fault-bend

folding (e.g., Suppe, 1980), as well as shear fault-re-
lated folding and detachment folding (e.g., Shaw
et al., 2005). Faults identified as bedding parallel based
on geologic maps are extrapolated to the subsurface
with the same orientation as surface bedding. Con-
struction using the kink method ensures that each
dip measurement represents a zone with a constant
dip value. The kinks are useful for understanding the
trajectory and displacement of thrust faults at depth
(Suppe and Chang, 1983) and are particularly empha-
sized in the Western Foothills part of the cross section,
whereas folds involving basal shear are drawn using
curved lines to reflect progressive layer thickening
(e.g., Brandes and Tanner, 2014).

Restoring the geologic cross section was accom-
plished manually by unfolding the lines within the
layers considered to have a preserved thickness and
by unfolding areas of thickened units (e.g., Fossen,
2016). Restoration was performed toward the hinter-
land in reference to the nondeformed western tip of
the transect. All displacements are considered within
the plane of the transect. Changes in volume during
shortening have not been considered.

Observations of interseismic uplift come from pre-
cise leveling surveys performed yearly since 2003 along
several lines extending from the Coastal Plain into the
Western Foothills (Ching et al., 2016, 2018). Velocities
are integrated with the continuous GNSS velocities and
given with reference to the GNSS station SO1R, located
on Penghu Island in the Taiwan Strait. We analyzed ver-
tical velocity data obtained from 87 measurement
benchmarks from 2010 to 2016 (Figure 2). For bench-
marks located near the Gutingkeng Fault, we projected
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Figure 4. (a) Lithologic logs from various boreholes in southwestern Taiwan (modified after Chiang [1971] and Hsieh [1972]) (see
locations in Figures 1 and 2), including bedding dips measured along the wells (the dip orientation is unknown). The red arrows
along EJC-1 indicate the depths at which mud flow outs were observed. The age and characteristics of these formations are
described in Figure 3. (b) Boreholes showing overpressure conditions (high overpressure zone [HOZ]; highlighted in pink) based
on the variations in drilling mud specific gravity (modified after Yuan et al., 1987).
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vertical velocities along the fault strike to present the
evolution of tectonic uplift across the fault.

Results
General structure and active deformation across
the Gutingkeng Fault

The Gutingkeng Fault brings the Late Miocene
Gutingkeng mudstone (Mgtk) on top of the Pleistocene
Gutingkeng mudstone (Pgtk) (Figures 3 and 5) (Chi,
1978; Horng and Shea, 1994; Horng, 2014; Yang et al.,
2018). The hanging wall is folded along the Hsiaogun-
shui Anticline, which extends only along the central
part of the Gutingkeng Fault (Figure 5a). Bedding strike
and dip observations are consistent and well-preserved
in the region on the hanging wall, with the Nananlao
Syncline, and on the footwall, with the west-dipping
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strata progressively steepening eastward (Figures 1
and b5a).

It is important to note that the exact trace of the
Gutingkeng Fault is not certain. Nannostratigraphic
ages (Chi, 1978; Horng and Shea, 1994; Horng, 2014;
Yang et al., 2018) (Figure 5a) allow us to bracket the
fault trace location within 50-100 m along its central
part, where the most constraints are available. In
addition, identifying the structural characteristics of
the hanging wall and footwall enables the extrapolation
of the fault trace based on bedding attitudes where age
constraints are limited. For instance, northeast of the
Hsiaogunshui Anticline, the hanging wall displays a nor-
mal sequence of southeast-dipping mudstone, whereas,
on the footwall side, the sequence dips west-northwest.
Using these constraints, the location of the Gutingkeng
Fault trace can be inferred within a 100-150 m wide

Gutingkeng Fault inferred trace
I 1 1 ! *I 1 ! 1 I

Footwall

Hanging wall

EEEEEE R

Pigfarm
outcrop

| I | | | * | | | I
! Mapped fault 2 pistance (km) -

Figure 5. (a) The map of the Gutingkeng Fault featuring bedding details, nannofossil ages (Chi, 1978; Horng and Shea, 1994;
Horng, 2014; Yang et al., 2018), and precise leveling observations (Ching et al., 2018). The dotted rectangle marks the position
of the pigfarm outcrop detailed in Figure 7. Capital initials stand for mud volcanoes: DS for Dagunshui, HS for Hsiaogunshui, and
MW for Moon World. Black initials refer to formations, as indicated in Figure 3a. (b) Leveling profile and observed vertical velocity

gradient across the Gutingkeng Fault.
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band up to the latitude of the Dagunshui mud volcano
(Figure 5a). Establishing the range of possible locations
for the inferred fault trace is essential for selecting out-
crops to investigate and for interpreting the mud volca-
noes location of mud volcanoes and leveling data.

Three active mud volcanoes have been reported in
the Gutingkeng Fault area, namely the Dagunshui,
Hsiaogunshui, and Moon World (Figures 5a and 6).
They can be classified as class-3 mud volcanoes (sensu
Alizadeh et al., 2015), representing those that emit
low-viscosity mud with no intense gas bursts associ-
ated. All of them are located within the narrow band
of 100-150 m of the inferred fault trace.

Along the leveling transect in Figure 5b, the inferred
Gutingkeng Fault trace is located between 1.9 and
2.0 km. Precise leveling measurements indicate a
notable eastward increase in the uplift rate on the foot-
wall, with values of 11.9 + 0.5 mm/year 0.8 km west of
the fault and rapidly increasing to 21.1 + 0.6 mm/year
near the fault. The uplift rate remains high at
18.7 + 0.6 mm/year 0.1 km into the hanging wall and de-
creases to 11.1 + 0.5 mm/year 1 km east of the fault. The
high uplift zone is at least 0.9 km wide in the direction
perpendicular to the strike of the fault. Combined with
the InSAR line-of-sight velocities (Pathier et al., 2014),
these observations suggest that uplift affects a wider
zone in the footwall compared to the hanging wall.

Structural analysis of the pigfarm outcrop

In the field, we have inspected the surface geology at
the pigfarm outcrop (see the location in Figure 5a), an
elongated badland slope with nearly continuous expo-
sure, subperpendicular to geologic structures, and situ-
ated at the inferred location of the Gutingkeng Fault (as
explained in the previous subsection). In this locality,
we have carefully studied bedding attitudes and struc-
tures associated with the fault zone while also con-
ducting a structural analysis of the observations to
evaluate the fault kinematics.

Our observations at the northern part of the outcrop
show well-preserved strata with consistent bedding
attitudes with steep dips to the northwest (76°-90°)
(Figure 7), similar to the bedding attitudes at a wider
scale on the footwall (Figure 5a). To the south of this

Figure 6. Field photographs of the (a) Moon World and (b) Hsiaogunshui mud
volcanoes with a mud pool or salse (sensu Hovland et al., 1997) with low-viscos-
ity mud fluid and methane oozing out. The locations are shown in Figure 5a.
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dip domain, several brittle shear zones with variable ori-
entations were observed. We describe the observations
made in three areas: the shear zones with southeast-dip-
ping shear planes in zone A, the shear zones with west-
dipping shear planes in zone B, and the interaction zone
between the southeast-dipping shear planes and the
west-dipping shear planes in zone C. In all the cases,
the shear zones are characterized by discrete fault sur-
faces, forming a dense, anastomosing network of black
bands and recognized as a product of faulting and shear-
ing in the mudstones (e.g., Vrolijk and Van der Pluijm,
1999; Casciello et al., 2004; Huang, 2015; Jhuang, 2023).
We have not been able to find kinematic indicators in the
shear zones, such as slickenlines or S-C structures. Be-
cause the outcrop offers nearly continuous observations,
we assume that all the fault planes represent principal
deformation features such as Y fractures (i.e., parallel
to the main fault zone), although some of them could
be R or P shears forming a small angle with the fault
zone.

In zone A (Figure 8a), we observed two shear zones
and minor faults. The upper shear zone is oriented at
080°/51°S and identified as the major one as it brought
muddier facies on top of siltier facies, hence suggesting
significant offset across the shear plane. The silty beds
below the major shear zone are slightly offset across a
secondary black shear zone oriented at 068°/51°S and a
series of southeast-dipping minor faults. The apparent
offsets of the top blocks are all to the right. This obser-
vation led us to interpret this shear zone as a reverse
fault zone, considering that the slip along the major
shear plane and secondary plane occurred simulta-
neously.

In zone B, our observations revealed a continuous
west-dipping shear plane (Figure 8b) across which a sand-
stone bed has been displaced by 0.5 m, with the top block
toward the right (Figure 8c). Using stereographic analysis
of the displaced sandstone bed (258°/70°N) and the shear
plane (170°/66°W) (Figure 8d), we can deduct that any
slip vector from the right-lateral strike slip to reverse
can lead to the present configuration, hence reverse fault-
ing is a possible solution.

In zone C, we observe a southeast-dipping shear
plane that crosscuts a west-dipping shear plane (Fig-
ure 8e) and offsets it by approximately
3 m. This offset indicates a reverse
movement across the southeast-dipping
shear plane. The west-dipping shear
plane observed in zone C is continuous
southward as far as we could observe
and is possibly the same as in zone B.
However, the southeast-dipping shear
plane in zone C might represent the
hanging wall deformation of the main
southeast-dipping reverse fault identi-
fied in zone A.

To summarize our findings, we have
identified a prominent southeast-dip-
ping shear zone that exhibits reverse
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displacement, likely representing the Gutingkeng Fault
or the lower part of its fault zone. On the hanging wall of
this fault, a west-dipping reverse fault was observed,
possibly indicative of synchronous deformation. How-
ever, the precise leveling data (Figure 5b) indicate a
broad zone of active uplift of up to 22 mm/year, mainly
focused on the footwall side of the Gutingkeng Fault,
suggesting that the southeast-dipping reverse fault we
mapped might not currently be active. On the footwall
side, the observed bedding is well preserved, with con-
sistent orientations, even in the vicinity of the fault. At
the scale of this 350 m long outcrop section, no distinct
geologic structure indicative of a greater uplift on the
northwest side compared to the southeast was ob-
served. Nevertheless, steeply dipping beds indicate
folding, which could be responsible for the footwall up-
lift due to a larger-scale structure. Further explanation
of the potential structures and causes of folding will
be described based on the geologic cross-section EE’
presented hereafter.

The upper crustal structure along the transect EE'
We have built a balanced cross section along the tran-
sect EE’ oriented N75°W, which is perpendicular to most
geologic structures (see the location in Figure 1). The
cross section integrates our field observations, surface
geology (Figures 1 and 5a), deep borehole data (Figure 4),
and, in the central domain, our interpretation of seismic
lines AA’ and BB’ (Figure 9). The resulting geologic cross
section and restoration are shown in Figure 10. Our
cross section is generated based on the principles of
faultrelated folding; the possible roles of shale tectonic
processes will be assessed in the “Discussion” section.
Based on the contrasted structural styles in the foothills
and beneath the Coastal Plain, we present our cross-
section in two parts, starting from the foothills part.

Structural interpretation east of the Gutingkeng Fault

On the geologic map (Figure 1), the hanging walls of
the Gutingkeng and Lungchuan Faults have thrust-re-
lated anticlines with the Late Miocene strata along
the fold axes. Hence, these faults have hanging-wall cut-
offs in the near surface and may root along the Late Mio-
cene or older formations. The Pingchi Fault cross cuts
the Late Miocene Gutingkeng Formation (Mgtk) at the
surface along transect EE’. Toward the north, it is a
bedding-parallel fault (as the hanging wall bedding
strikes and stratigraphic contacts are parallel to the
fault trace) and exposes the older Miocene Changchih-
keng Formation (Mcc) so that it may carry the Mcc For-
mation in the subsurface at the latitude of EE’. The
Chishan Fault is a bedding-parallel fault that exposes
the Late Miocene Wushan Formation (Mws) southwest
of EE’ and the age-equivalent Tangenshan Formation
(Mte) northeast of EE'. The hanging wall geology is also
constrained by the PTG-1 borehole, with the top of
Wushan at a depth of 2395 m (Chiang, 1971) (Figure 4a)
in the Pingtung Plain south of EE’ (Figure 1). Because
the east tip of EE’ lies a few kilometers south of

Figure 7. The orthoimage of the pigfarm outcrop with atti-
tudes of bedding and shear planes shown in black and red,
respectively. See the location in Figure 5a. Field photographs
of zone A are shown in Figure 8a, zone B in Figure 8b—8d, and
zone C in Figure 8e.
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bedrock outcrops that depict a south-plunging syncline,
the top of Wushan is likely a bit shallower along EE’
than at PTG-1. Each thrust sheet displays a wide syn-
cline, either along EE’ or to the north (Figure 1), which
provides constraints on the depth at which these faults
would flatten.

Based on these inferences, the eastern part of the
cross section (Figure 10a) is drawn, accounting for
the westward propagation of deformation and using
the concept of imbricate structures (Suppe, 1980). A
steep Gutingkeng Fault is drawn to flatten on a shallow
3 km detachment at the base of the Late Miocene Gu-
tingkeng (Mgtk) Formation. Because the detachment
depth at the base of the Gutingkeng mudstone is shal-
lower than in the western part of the cross section, we
proposed a deeper detachment at a depth of approxi-
mately 8 km (as proposed in Huang et al., 2004) that
ramps up to the Mgtk, is responsible for the growth
of a fault-bend fold affecting the Miocene strata
(Figure 10a), and contributes to the steepening of the

thrust sheets located on top of it, making the upper
detachment shallower.

A noticeable difference in the lithology of the Late
Miocene formations is illustrated with different shades
of orange in Figure 1. In the northern parts of the Lung-
chuan and Pingchi Faults, as well as along the Chishan
Fault south of EE’, the Late Miocene Wushan Formation
(Mws) consists of thick sandstone beds, occasionally
with Pecten shells (Figure 3b, left side) and standing
out in the landscape, most likely due to differential ero-
sion. In contrast, along EE’, the southern Lungchuan
Fault, the southern Pingchi Fault, and the Gutingkeng
Fault exhumed Late Miocene strata that comprise silty
mudstone facies looking very similar to the Gutingkeng
mudstone (Figure 3b, right side), and which we classified
as Mgtk (Figures 1 and 3). These observations suggest
the presence of a former basin, called the “Gutingkeng
Basin,” represented by the deeper-marine mudstone fa-
cies and surrounded by shallow-marine areas repre-
sented by the Mws sandstones. It could consist of a
half-graben, controlled by a northwest-
dipping normal fault at the southeastern
edge of the basin, located approximately

Apparent

Present right-lateral offset

Initial geometry configuration

Reverse slip\

[ Sandstone bed
[ shear plane

Figure 8. Field observations at the pigfarm outcrop (see the location in Fig-
ure 7). (a) The southeast-dipping shear zone located in zone A. This photo is
taken while standing on a steep cliff, looking up. (b) The west-dipping shear zone
displacing a sandstone bed in zone B. (c) Overview of the west-dipping shear
zone in zone B. (d) A 3D stereographic representation schematizing observations
made in (b) and (c). The shear plane dip direction is indicated by a dashed line.
The right-hand sketch shows that a reverse displacement of the hanging wall bed
can explain an apparent right-lateral offset at the surface. (e) A southeast-dipping
shear plane cutting and offsetting, with a reverse slip sense, the west-dipping
shear plane in zone C. This photo is captured from a steep cliff perspective, look-

ing upward.
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along the Chishan Fault, or it could be
controlled by two bounding normal
faults, a northwest-dipping fault along
the Chishan Fault and a southeast-dip-
ping fault, oriented N75°W and located
at the intersection between the Lung-
chuan and Gutingkeng Faults. The exist-
ence of this basin is compatible with the
overall structure of the normal fault sys-
tems along the passive margin (e.g., Yang
et al., 2016) and its probable extension
underneath this part of the mountain belt
(e.g., Brown et al., 2022). We favored the
half-graben alternative as it looked more
convincing during the restoration of the
cross section (Figure 10b). After restora-
tion, the eastern edge of the basin would
match the eastern edge of the Pingtung
Basement Low (Brown et al., 2022).

Structural interpretation west of the
Gutingkeng Fault

To the west of the Gutingkeng Fault,
surface geology in the foothills and
borehole information in the Coastal
Plain (Figure 4a) constrain a significant
increase in the thickness of the Guting-
keng mudstone, reaching 3000 m in the
syncline east of well CC-3 (Figure 10a).
On the footwall of the Gutingkeng Fault,
bedding dips gradually steepen toward
the east as part of the deeper fold fore-
limb. The steeper dips are interpreted as
a footwall syncline, likely a relic of the
initial thrust development as a fault-
propagation fold.
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We have interpreted two seismic profiles across the
Chungchou Anticline in the central domain of the cross-
section (Figure 9). The colored reflections probably re-
present the Erchungchi and Liushuang Formations ac-
cording to their reflectivity. Their position is also in
agreement with our depth conversion estimate (see
the red marks in Figure 9). These reflections show
growth strata with a progressive fanning upward geom-
etry on the fold’s east limb and their onlapping geom-
etry on the west limb. Both geometries indicate that
the shortening rates were larger than the sedimentation
rates, in particular for the west limb (e.g., Shaw et al.,
2005). The asymmetric growth strata point to a fault-re-
lated fold (Lacombe et al., 2004) with a west vergence.
The progressive increase in the dip of the reflections
with depth suggests a shear fault-related folding mecha-
nism characterized by the thickening of a basal layer
and a fold limb rotation mechanism. A fault-propagation
fold model (e.g., Poblet and McClay, 1996; Poblet, 2011)
is proposed as a possible explanation
for this geometry. Below the growth
strata, the chaotic seismic reflections
are compatible with a homogeneous
shale sequence, possibly with an intense
deformation, which would correspond
to the Gutingkeng mudstone. This is

The crest of anticlines generally has extensional frac-
tures that could also act as pathways for fluids to erupt
at the surface, in accordance with Bonini (2007) and
Mazzini and Etiope (2017). However, the existence of
such faults along the crest of the Hsiaogunshui Anti-
cline has not been documented yet. Overpressure is a
fundamental condition whether the mud volcano erupts
through the crest of the anticline or through a fault zone
(see the recent discussion in Soto and Hudec, 2023).
Mobile shale systems are often linked to the presence
of fluid escape features, for example, mud volcanoes
that may, in turn, represent indirect indicators of over-
pressure conditions in the source layer (e.g., Morley
et al., 2011).

Previous studies of the composition of the sediment
and fluids of these three mud volcanoes demonstrated
the deep origin of their source. The elevated Cl content
and the isotopic composition of deuterium and oxygen
in the water suggest an origin from ancient seawater,

consistent with observations in various
basins worldwide, where mudstones
often present chaotic seismic facies in
seismic reflection profiles (e.g., Soto
et al., 2021Db).

To the west of CC-1, we used thick-
ness constraints from Lin et al. (2003)
and Lin and Watts (2002) to draw the
foreland and basement units and inter-

Two-way traveltime (s)

pret the basement structures. The base
of the foreland sequence, delineated
by the top of the Changchihkeng Forma-
tion (Mcc), varies slightly from —5500 to
—6000 m in depth. We infer this contact
to be a detachment level. The depth to
the top of the Mesozoic basement is rel-
atively shallow (—6400 to —7000 m) be-
neath the western part of the Coastal
Plain, deepening to 8-10 km toward
the southeast (Brown et al., 2022).

Two-way traveltime (s)

Discussion
Mud volcanism near the Gutingkeng
Fault

The three active mud volcanoes are
located within the narrow band of the
inferred trace of the Gutingkeng Fault

|u<_1 km depth

. estimated based on the
depth-converted seismic line D5
(Location on Figure 1)

(after Le Beon et al., 2019)

(Figure 5a), potentially indicating fluid
migration through fractures in the fault
zone, in agreement, for example, with
the proposition of Soto and Hudec
(2023). However, the Hsiaogunshui An-
ticline axis is also located very close.
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Figure 9. Seismic reflection profiles (a) AA’ and (b) BB’ (modified after Shi
et al., 2008) (see the location in Figures 1 and 2), noninterpreted and including
our interpretation of the growth strata. The vertical scale for the well data is by
depth, whereas the seismic lines are in two-way traveltime (in s), with a 1 km
depth roughly equivalent to 0.9 s by analogy with Le Béon et al. (2019). The
parentheses following the borehole names indicate the distance and direction
between the borehole and the seismic line.
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with clay-dehydration involved (You et al., 2004; Liu
et al., 2009; Chao et al., 2013). Sun et al. (2010) analyze
the composition of the extruded material at four mud
volcanoes near the Gutingkeng and Lungchuan Faults.
Although the specific mud volcanoes investigated are
not clearly identified, the available information shows
that they all share similar characteristics: the extruded
material contains nannofossil assemblages that are
equivalent to the Late Pliocene to Pleistocene age of
the Gutingkeng Formation, as well as a mixture of hy-
drocarbons with biogenic and early maturity thermo-
genic methane, which are also consistent with the
Gutingkeng Formation. Nevertheless, the rocks in the
immediate hanging wall of the fault and along the anti-
cline axis are Late Miocene in age. Therefore, we sug-
gest that these mud volcanoes formed from a relatively
shallow fluid source in the footwall at a depth of 2 km or
less, according to our cross section (Figure 10a). The
fluids would more likely use the Gutingkeng thrust as
a pathway, yet potential fractures along the anticline
axis cannot be excluded due to the proximity between
the thrust trace and the anticline axis. The source of
these mud volcanoes is shallower and younger than that
of other mud volcanoes in the region, for which deeper-
sourced fluids would originate from the Middle to Late
Miocene formations (Sun et al., 2010).

Evidence and implications of overpressure
conditions

The recognition of high-overpressure zones is critical
because it is one of the major characteristics of mobile
shales (e.g., Soto et al., 2021a). In addition to the
presence of mud volcanoes, several boreholes in
southwestern Taiwan were reported to have sudden

increases in fluid pressure at various depths within
the Gutingkeng mudstones. The use of drilling mud
of different densities in well operations can be used
as an indirect indicator of the conditions in the drilled
formation, with drilling mud specific gravity values
above 1.45 representing abnormal formation pressure
(Chain, 1967). For example, in borehole TN-1, elevated
pressure levels have been observed at depths of 1.5, 2.1,
3.5, and 5 km (Figure 4b) (Yuan et al., 1987). In EJC-1,
mud flow outs occurred several times at depths ranging
from 1.81 to 2.63 km. In the Western Foothills, LCN-1
and LCN-2 exhibit singular but extensive high-pressure
zones at depths of 4 and 2.3 km, respectively (Figure 4b)
(Yuan et al., 1987). Notably, the high-pressure zone in
LCN-2 appears broader and at a shallower depth com-
pared with that in LCN-1. The presence of overpressure
at various depths in the Coastal Plain and Western Foot-
hills may be related to local lithologic, stratigraphic, or
tectonic conditions.

The inferred role of mobile shales in the
fold-and-thrust belt

The presence of a thick mudstone formation charac-
terized by overpressure conditions is evidenced from
borehole information (e.g., Yuan et al., 1987) and sup-
ported by the presence of mud volcanoes. These are
conditions related to mobile shale systems. In the fol-
lowing, we discuss the relations between the geometry
of the structures, constructed based on fault-related
folding principles, and the active uplift observed from
geodesy. We then assess where and how shale tectonics
could help to explain some of the observations and sin-
gular characteristics of the structures depicted in the
cross section (Figure 10a).
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cross-section line EE’ (see the location in Figures 1 and 2).
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In the actively deforming footwall of the Gutingkeng
Fault, our geologic survey failed to find any fault that
could explain the uplift of the western block relative
to the eastern one (Figures 5, 7, and 8). Instead, the bed-
ding is well preserved and consistent along the fault
strike, with steep dips of 60°-80°WNW from the fault
trace to approximately 2 km to the west. This suggests
active folding as the cause of the uplift. Based on the
cross-section EE’ (Figure 10a), it is proposed that the
folding west of the Gutingkeng Fault occurs, on the
one hand, due to the westward displacement of the
forelimb of the deeper fault-bend fold. This process
forms a 35°-west-dipping kink band and would lead
to limited uplift up to 4-5 km west of the fault. On
the other hand, the steeper dip domain close to the fault
could have initiated as a footwall syncline during the
propagation of the Gutingkeng thrust, and then, once
the deformation front propagated westward, sustained
compression could have led to the further shortening of
the existing fold through flexure and layer thickening
due to pure shear, facilitated by the weak rheology
of the Gutingkeng mudstone. Meanwhile, the Guting-
keng thrust would have steepened and become harder
to activate, possibly becoming inactive. This scenario
could explain why the active uplift occurs mainly within
the steep dip domain on the footwall and also extends
slightly to the hanging wall. This mechanism is illus-
trated by an increase in the thickness of the mudstone
sequence in the core of the footwall fold, as shown in
Figure 10a.

The Chungchou Anticline involves a thick mudstone
sequence in its core, with steep dips reported along
borehole CC-2 in the central part of the fold. Based
on the growth strata geometry (Figure 9), it may have
developed as a fault-propagation fold, with pure shear
within the basal strata and growing above a subhorizon-
tal detachment located at a depth of approximately
5 km. The inferred relief of the fold, suggested by the
steep dips, is quite large compared to the fold width,
and the fold width is quite narrow compared to the de-
tachment depth, which could hardly be shallower than
4.5-5.0 km, given the borehole dip data. Other struc-
tural models of detachment folds, including an asymme-
try, could be proposed (e.g., Shaw et al., 2005; Brandes
and Tanner, 2014). We note that these models would all
require the presence of a less competent rock formation
in the fold core.

Shortening and thrusting produce contractional
structures in the presence of mobile shales, which
are different from those produced in a classical fold-
and-thrust belt (e.g., Mourgues et al., 2009; Morley
et al., 2017; Dooley et al., 2024; Soto et al., 2024). We
summarize, hereafter, the characteristics of our study
area that are rather difficult to explain with classical
thrust-related folding concepts and evoke shale tecton-
ics, as schematically represented in Figure 11. Fig-
ure 11a shows fault-related folds commonly observed
near the front of classical fold-and-thrust belts, with
anticlines and synclines with a roughly similar width
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and shallow dipping limbs and uplift occurring above
the thrust ramps (e.g., Shaw et al., 2005). In contrast,
we observe narrow anticlines with steep limbs and a
fold axis located very close to the thrust, along with
much wider synclines (Figures 1 and 10a). Figure 11b
has been designed with our cross-section EE’ in mind
and depicts shale tectonics structures that could be
encountered along our cross section while also incorpo-
rating other structures that typically appear to accom-
pany mobile shales. For instance, duplexing appears to
occur frequently within the shale sequences (no. 1 in
Figure 11b) (Dooley et al., 2024). Shale tectonic proc-
esses could form narrow, high-relief anticlines through
the inflation of shale sequences (here, the Gutingkeng
mudstone) into the fold cores by the flow of weak, over-
pressured material. Shale mobilization could occur
through plastic flow, withdrawing the mobile shales
of the source layer in the synclines and inflating the
near anticlines (no. 2 in Figure 11b), as well as infiltrat-
ing through the fault zones (no. 3 in Figure 11b), thereby
creating mud volcanoes at the surface (Soto and Hudec,
2023). In the case of the Gutingkeng area mud volca-
noes, the fluids would come from a shallower source
(no. 4 in Figure 11b), possibly a part of the mobile shale
sequence. Anticline inflation on the footwall of the
thrusts causes the thrusts to steepen, in turn causing
the back tilting of the hanging wall thrust sheets (no.
5 in Figure 11b). This could eventually lead to the inac-
tivity of the thrust fault and the uplift occurring mainly
due to the thickening of the footwall. Anticline inflation
also leads to tighter anticlines near the crest of which,
other structures, such as backthrusts, could develop
(no. 6 in Figure 11b).

For the Chungchou and Gutingkeng structures, the
pure-shear fault-related folding and mobile shale proc-
esses could provide solutions for the observed geometry
of the structures and the active deformation patterns.
Given the evidence for overpressure and the presence
of mud volcanoes, we suggest that both mechanisms
could have been occurring. This interpretation aligns
with a comparable mud-involved fold at Liuchiu Island,
located offshore southwestern Taiwan, which was
proposed as a faultrelated fold with the involvement
of mobile shales by Wang et al. (2022). These authors
supported their model using surface geology and off-
shore seismic reflection profiles, highlighting the asym-
metry of growth strata. They found that the vertical
deformation per unit shortening is 10 times larger for
the Liuchiu Anticline compared with the Pakuashan An-
ticline in central Taiwan (Simoes et al., 2007), and the
Yakeng and Anjihai Anticlines in the eastern Tien Shan
area (Daéron et al., 2007), where the Neogene to the
Quaternary sandstone and conglomerates predominate.
Such a high order of vertical deformation could imply
viscous or plastic deformation taking place within the
mudstone layers, potentially due to the mobilization of
shales under elevated pore-fluid pressures (Wang et al.,
2022). In addition, because these mud-cored folds could
be structurally continuous from offshore to onshore
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(Sun and Liu, 1993; Huang, 1995; Chuang, 2006; Chen
et al., 2020), it is plausible to interpret the Chungchou
structure as a fault-related fold, possibly with the partici-
pation of mobile shales.

We have discussed processes potentially occurring
along transect EE’. Mud volcanoes and rapid uplift have
been observed elsewhere in the region as well. To the
north of EE’, surface geology and leveling measurements
(Figures 1 and 2) in the vicinity of the Lungchuan Fault
(Le Béon et al., 2017) show characteristics similar to
those in the Gutingkeng Fault area. The Lungchuan Fault
trace is also associated with a series of mud volcanoes
whose extruded materials share similar properties to

Synshortening

Preshortening

Synshortening

Preshortening

Figure 11. Schematic diagrams showing the characteristic
structural features of a thrust system with syntectonic sedimen-
tation. These diagrams summarize structural observations that
can help differentiate between (a) a traditional thrust system
model and (b) one involving mobile shales. Both diagrams in-
clude an idealized profile at the top, showing the variation in
topographic uplift associated with the structures. (a) A conven-
tional thrust system is depicted with a basal detachment located
within a weak shale layer. (b) The numbered circles highlight
key observations and structures typical of a mobile shale system
under contraction. (1) Tectonic thickening through duplexing
within the basal shale layer. (2) Shale thickening due to flow,
inflating the thrust footwalls. (3) The flow of mobile shales
in the footwall and hanging wall of thrusts and reverse faults,
which may result in the formation of mud volcanoes at the sur-
face. In the case of our transect EE’, shallow-sourced fluids
would come from location (4). (5) Slip along high-angle reverse
faults and footwall fold core inflation result in steepening (back
rotation) of faults and hanging wall strata, possibly leading to
fault inactivity. (6) The tightening of thrust-related anticlines,
possibly leading to the formation of backthrusts.
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those along the Gutingkeng Fault (Sun et al., 2010).
Hence, shale tectonics could affect the footwall of the
Lungchuan Fault in a way similar to the Gutingkeng
Fault area. In contrast, to the south of EE’, a phenome-
non with different characteristics was observed on the
footwall of the Chishan Fault (Figure 1). There, geodesy
reported local footwall uplift rates larger than the
regional shortening rate, and structural observations
documented normal faults along the edge of the uplift
domain, with shale tectonics as the inferred cause
(Ching et al., 2016; Chiou et al., 2019). In addition, mud
volcanoes along the Chishan Fault expel deeper-sourced
fluids (Sun et al., 2010). Additional work is necessary to
propose an upper-crust structural model to explain the
variety of phenomena observed in the region.

Suggestions for further study

Whether a fold structure is primarily shaped by shale
tectonics, fault-related folding, or a combination of both
holds significant implications for the potential seismic
risk associated with the structure. Fault-related folds
are more commonly reported with seismic activity than
mud diapirs (e.g., He et al., 2019; Wang et al., 2022). The
extent of seismic and aseismic behaviors is contingent
upon factors such as fluid contents (and, consequently,
pore pressure), diagenetic history, and the degree of the
compaction of the materials within the fault zone
(e.g., Goulty et al., 2016; Morley et al., 2017). It is pos-
sible that deeper shales, having experienced drainage,
tend to display stick-slip behaviors, whereas shallower
shales, which remain undrained, could exhibit aseismic
ductile deformation. It is crucial to emphasize that the
seismic risk associated with mobile shale formations is
a subject of ongoing research. The southwestern Tai-
wan fold-and-thrust belt stands out as an optimal natu-
ral setting for investigating this matter in the future,
given its rapid shortening rates and relatively infrequent
seismic events.

Understanding the possible role of mobile shales in
creating the observed structures of the fold-and-thrust
belt in southwestern Taiwan requires additional obser-
vations and further analysis. Additional studies in the
region might help evaluate if a classical fold-and-thrust
mechanism can explain the fold geometries and ob-
served deformation entirely or if mobile shales are also
required, in particular, to accommodate the increase in
thickness that is inferred to occur in the subsurface at
the core of the fault-related anticlines (Figure 10a).
Although 3D seismic data currently appear to be key
to the optimal imaging of structures involving shales
(e.g., Wu et al,, 2019; Soto and Hudec, 2023), such data
are currently not available for Taiwan. Wang et al.
(2022) show that the existing 2D seismic reflection data
and their objective processing could prove instrumental
in enhancing our knowledge of the subsurface struc-
tures off southwestern Taiwan. This approach, imple-
mented on land, could provide valuable insights into
the geometry of shale units in the coastal plain and foot-
hills. In parallel, constraining geologic cross sections by
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using the densities of the formations to reproduce the
observed gravity anomalies can enhance the accuracy
of structural interpretation. For example, understand-
ing how positive and negative gravity anomalies vary
over a mobile shale piercement structure and above
a fold without mobile shale can provide valuable con-
straints on the distribution and geometry of subsurface
structures. This integrated approach would provide a
more comprehensive understanding of the deformation
mechanisms in the study area, leading to more accurate
geologic models and interpretations and aiding in the
characterization of the possible role of mobile shales
in the deformation processes.

Conclusion

Our study sheds light on the deformation structures
in southwestern Taiwan, where the Late Miocene to
Early Pleistocene Gutingkeng mudstone dominates
the surface geology and has characteristics similar to
mobile shales, including evidence of overpressured
strata and the presence of mud volcanoes. Hence, it
is crucial to consider mechanisms beyond classical
fault-related folding, such as shale tectonics, in regional
deformation. Through a combination of field investiga-
tion and subsurface data, we show that the deformation
of the thick Gutingkeng mudstone plays a crucial role in
accommodating orogenic shortening by thickening and
folding. The Gutingkeng Fault zone displays penetrative
brittle faulting in the mudstone series, characterized by
steep, well-preserved bedding on hanging walls and
footwalls and by mud volcanoes along the thrust. We
interpret that the Gutingkeng Fault may be inactive,
with uplift in the region primarily caused by folding
and layer thickening within the footwall under the ac-
tion of the westward displacement of the Gutingkeng
thrust sheet toward the thick and weak mudstone on
the footwall. Similarly, a fault-propagation fold with
thickening of the weak basal strata was proposed for
the Chungchou Anticline. In both structures, the weak
rheology of the Gutingkeng mudstone could have been
enhanced by the elevated pore-fluid pressure, which
could have led to shale mobilization. Shale tectonics
could be occurring in the core of the folds at depth,
without clear evidence at the surface, aside from
mud volcanism and increased surface uplift.

Findings from this study not only contribute to our
understanding of the structural evolution of the region
but also highlight the importance of weak mudstones in
controlling the deformation pattern and style in this
fold-and-thrust belt. This adds to ongoing efforts to
understand the complex processes within active oro-
gens involving mudstones and their implications for
seismic hazards and ground surface displacement haz-
ards in similar geologic settings worldwide. Using high-
resolution seismic reflection data and gravity modeling
of the anticlinal structures in southwestern Taiwan can
enhance our comprehension of the subsurface struc-
tures. This approach will enable a clearer differentia-
tion between the influences of shale tectonics and

_‘-’
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fault-related folding on deformation and the associated
seismic hazard.
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