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Gravity surveying is one of the best methods to deduce the subsurface structures in areas covered by thick
mudstone in southwestern Taiwan where seismic data analysis is limited. We obtained regional and residual
gravity anomalies from the Bouguer anomaly map using the wavelength filtering method to image the gravi-
tational effects of subsurface sources at different depths. The distribution of the residual gravity anomalies
corresponds well with the locations of faults and anticlines. Through the change of residual gravity anomalies
due to sources at different depth, we estimated the inclination and extension of the anomalous bodies at different
depths. Then, the three-dimensional density structure was inferred from inversion of the gravity data to reveal
the distribution of mud diapirs and changes of depth to the basement. The positive residual gravity anomalies of
approximately 1-2 mGal indicate that the material density of the diapirs is 0.1-0.2 g/cm® higher than the
surrounding rock. The origin of positive residual gravity anomalies can be roughly divided into three types
corresponding to the possible subsurface structures. The depth of the positive gravity anomaly below the major
anticlines is approximately 4-5 km, corresponding to the bottom of the mudstone formation, from which the mud
diapirs may originate. The residual gravity anomaly pattern also indicates a connection of the Chegualin and
Youchang faults and the nearly vertical Zuochen fault above 10 km depth. Finally, the low gravity in the
Pingtung Plain results from the high-density contrasts on both sides of the two major faults and the deepening of
the basement in the plain. The high-angle Chauchou fault, one of two major faults, was also identified at shallow
depths based on analysis of the gravity data.

1. Introduction

Southwestern Taiwan (Fig. 1), belonging to part of Taiwan's fold-
and-thrust belt and the incipient collision stage between Eurasian and
Philippine Sea plates (Shyu et al., 2005), is mainly underlain by thick
mudstone (Chang et al., 1982). In addition, the high contraction rate of
approximately 1.0 pstrain/yr detected by GNSS observations across SW
Taiwan (Yu et al., 1997; Ching et al., 2007, 2011a) indicates that the
development of faults and folds are currently active in the incipient
collision stage. However, the active fault-dominated (Brown et al., 2022;
Le Béon et al., 2017) and mudstone intrusion-dominated deformations
(Hsieh, 1970; Chen et al., 2020; Rau et al., 2022) are two main schools to
interpret the rapid contraction of thick mudstone across SW Taiwan. In
other words, the ongoing active anticlines in SW Taiwan revealed by
leveling and InSAR data, e.g., Tainan anticline (TNA) and Chungchou

anticline (CCA), could be contemporary explained as the fault-related
folds or mud diapirs. The debate of cause of the fold structure is not
only related to the mechanism of mountain building, but also related to
the seismic hazard assessment in the incipient collision of Taiwan.

The geological data including outcrops in SW Taiwan is limited to
distinguish the cause of the fold structure so far. Considering the
geophysical results, a relatively low seismic wave velocity in the crust in
this area appears in the seismic tomography models (Kuo-Chen et al.,
2012; Huang et al., 2014). However, almost no earthquakes have
occurred at depths shallower than 15 km, and seismic tomography has
limited analytical capabilities for depths shallower than 5 km as can be
seen in the seismic data for SW Taiwan (Kuo-Chen et al., 2012; Huang
et al., 2014). The seismic reflection method is one of the effective
methods used to determine the undulations and depths of strata to
construct the structural cross-sections. However, it is difficult to obtain
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good-quality seismic data in the coastal plain in SW Taiwan because of
the thick mudstone (Huang et al., 2004). Although the gravity method
has the limitation of a non-unique solution, the gravity survey is one of
the optimal methods for identifying lateral variations of an extensive
shallow structure with no overturning or overlapping old strata existing
in a sedimentary environment under the constraints of geological and
other geophysical data.

Since the gravity method has a good ability to identify structures in
shallow layers, we are committed to obtaining a shallow gravity
anomaly distribution and density model to discuss with other shallow
models. We therefore first compiled the gravity data to evaluate the
gravity anomalies in the area. The wavelength filtering method and
three-dimensional gravity inversion constrained by geological data were
used to explore the spatial variations of the gravity anomalies and
subsurface density structure. The morphologies of shallow active
structures in the mudstone-rich region and the proposed piggy-back
basin, the Pingtung Plain, were then determined to better understand
the tectonics, crustal deformation, and disaster prevention in this area.

2. Geological background

The Taiwan orogen is evolving as a result of the convergence be-
tween the Luzon Arc located on the Philippine Sea Plate and the conti-
nental margin of the Eurasian Plate since the latest Miocene (Fig. 1; Ho,
1986; Suppe, 1981). From west to east, the Taiwan orogen has been
divided into five roughly N-S-oriented tectonostratigraphic zones
(Fig. 1): the Coastal Plain (CP), the Western Foothills (WF), the
Hsuehshan Range (HR), the Central Range (CR), and the Coastal Range
(CoR). The WF in SW Taiwan are then composed of a series of basement-
involved imbricated fold and thrust sheets (Mouthereau et al., 2002).
The basement which is synrift and postrift margin sequences of the Late
Miocene are loaded by the sediments which make up the foreland basin
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Fig. 1. Regional geological map of southwestern
Taiwan, modified from the geological map of the
Central Geological Survey, MOEA. (CP: Coastal Plain;
WF: Western Foothills; HR: Hsuehshan Range; CR:
Central Range; CoR: Coastal Range; PSP: Philippine
Sea Plate; EUP: Eurasian Plate; HCLF: Houchiali fault;
ZCNF: Zuochen fault; CGNF: Chequalin fault; CHSF:
Chishan fault; YCNF: Youchang fault; CCUF: Chau-
chou fault; TNA: Tainan anticline; CCA: Chungchou
anticline; DGSA: Dagangshan anticline; BPSA: Ban-
pingshan anticline; FSA: Fengshan anticline; PTA:
Pingtung anticline; PTP: Pingtung Plain.
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in SW Taiwan. The SW Taiwan has belonged to a part of the foreland
basin that undergoes lithospheric flexuring attributed to the tectonic
loading of the Central Range since the Pliocene (Teng, 1987; Lin and
Watts, 2002). The depth of the foreland basin in this region may be up to
9 km, based on the presence of an obvious Bouguer gravity low over the
area (Yen and Hsieh, 2010), the inferred magnetic basement surface (Yu
and Tsai, 1981), and the foreland basin sequence (Lin and Watts, 2002).

In SW Taiwan, two geological domains are divided by the Chishan
fault (CHSF). To the west of the CHSF, Pliocene to Pleistocene Guting-
keng formation (Gtk) mainly lies in the study area and forms a well-
exposed badland topography. The thickness of Gtk is 3—4 km. The dis-
tribution range of Gtk is from the south of Chukou to Yanchao, pre-
senting a long and narrow distribution in SW Taiwan. The Lower Gtk
consists of gray siltstone or mudstone intercalated with lenticular
graywacke and subgraywacke, while the Upper Gtk consists of gray
sandy siltstone and sandy mudstone intercalated with lenticular gray-
wacke and subgraywacke with abundant mollusca (Chou, 1971).

In the east of the CHSF, the Pingtung Plain (PTP) area of SW Taiwan
is located in the transition between collision and subduction. The PTP
area is characterized by a relative structural continuity and a homoge-
neous N—S trend, from the Taiwan collision belt in the north to the
Manila Trench system in the south (Chang et al., 2002; Chang et al.,
2009). The PTP is filled by the unconsolidated coastal and estuarine
sediments of the late Pleistocene and the Holocene. The Linkou
Conglomerate unconformably underlying the recent alluvium is a loose
deposit. It is composed chiefly of gravels and pebbles of quartzose
sandstone and intercalated with a thin layer of red clay in the middle
part (Chiang, 1971). The conglomerate mainly comes from the rapidly
uplifted CR. The Chaochou fault (CCUF) is another major fault in this
domain, separating the PTP to the west and the hard shale, slate and
phyllite of Lushan Formation comprising the CR to the east.
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Fig. 2. (a) Distribution map of gravity measurement points and (b) Bouguer anomaly map of the study area. Gravity stations: IES, Institute of Earth Sciences,
Academia Sinica; CPC, Chinese Petroleum Corporation; MOI, Ministry of the Interior; DNSC, Danish National Space Center.

3. Data and Method
3.1. Gravity data and Bouguer anomaly map

To obtain further insight into the detailed structure of SW Taiwan,
we obtain residual gravity maps and carry out forward and inverse
modeling of a high-resolution gravity data set. The gravity data were
compiled from four sources (Fig. 2a): (1) 603 island-wide gravity sta-
tions that were installed by the Institute of Earth Sciences, Academia
Sinica in 1980 (Yen et al., 1995), (2) 934 gravity stations that were
selected from the Ministry of the Interior (MOI), (3) 9842 highly dense
gravity data from the Chinese Petroleum Corporation (CPC) that had a
site spacing of 200 m to 500 m and were mainly used for analyzing the
detailed shallow structures in the study area, and (4) 176 satellite
gravity data from Danish National Space Center (DNSC) was used to fill
in offshore gravity data gaps with grid interval 1/3°.

We closely followed the data processing methodology of Yen and
Hsieh (2010) to construct a Bouguer anomaly map (Fig. 2b) after
applying latitude, free-air, Bouguer, and terrain corrections. Bouguer
and terrain corrections were carried out with an average density of 2.57
g/cm® (Yen and Hsieh, 2010). The Bouguer anomaly ranged from —50
mGal to —10 mGal with the lowest values in the center of the PTP. The
Bouguer gravity anomaly increases from the center to the outside with a

high gravity gradient of about 3.5 mGal/km detected on the east side of
the PTP, which mainly corresponds to the location of the high-angle
CCUF. In addition, the study area is dominated by a broad gravita-
tional low interspersed with several elongated gravitational highs along
the coast. Determining the distribution and depth extent of the bodies
causing the positive gravity anomalies is important for delineating the
shallow geological structure of this area.

3.2. Wavelength filtering method

The Bouguer anomaly is the depth-integrated gravitational attrac-
tion of the subsurface density structure. The location of the source of the
anomaly can be identified through the relationship between the wave-
length of the anomaly and the source depth (Jung, 1961). A short-
wavelength anomaly is dominated by a shallow density structure,
whereas a deep structure generates a long-wavelength anomaly
(Fig. 3a).

To investigate the depths of origin of the first-order regional gravity
anomaly patterns, the wavelength filtering method (Jung, 1961) was
applied to identify the general trends at various cut-off wavelengths
(which are approximately associated with different depth ranges). The
source depths of the anomalies were estimated using the 3-D approxi-
mate relationship between the maximum depth of a causative body (Z;)
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Fig. 3. Regional and residual gravity anomalies map. (a) Regional anomaly map obtained from the Bouguer map by applying a low pass filter (and reflecting density
contrasts below 10 km); (b) residual anomaly map, the difference between the Bouguer and regional maps (reflecting density contrasts at shallower depths

(0-10 km)).

and a certain cut-off wavelength (4.) given by Jung (1961) as:

Ae > 37, (€9)

From this relationship, it is possible to estimate the gravitational
effects due to rocks at different depth ranges using different cut-off
wavelengths. To examine the reliability of this concept, we establish
two anomalous bodies that slope vertically and rightward to a depth of 5
km, forward their gravitational effect, and then conduct an analytical
test of the wavelength filtering method. After that, the depth of the
anomalous body and its gravity change can be determined (Fig. 4a and
b). Although there is an anomalous value below 5 km depth, no obvious
lateral anomalous value change is revealed. Therefore, this method is
reliable if the anomalous body does not exist below 5 km depth.

To estimate the gravity effect due to different depth ranges, the
Bouguer anomaly map was processed to obtain a regional map and a
residual gravity anomaly map using different values of A, for filtering by
Eq. (1). A long-wavelength regional anomaly map was first obtained by
applying a low pass filter. The residual gravity anomaly map (short-
wavelength anomalies) was derived from the original Bouguer map by
subtracting the regional anomalies (Fig. 3b), and mainly reflects the
lateral density changes of shallow structures, such as faults and folds.
According to the residual gravity anomalies (representing source depths
from 0 km to 10 km) (Fig. 3b)), the area is generally characterized by

negative anomalies, and localized positive anomalies are mainly
distributed along anticlines or the hanging walls of faults.

3.3. 3D forward calculation and density inversion method

The procedure for determining the three-dimensional forward and
inversion models was based on that of Hsieh and Yen (2016). After
establishing the subsurface density grid, the forward density model was
first calculated. The gravitational attraction (g) at the i" gravity station
from a certain point in the density grid j can be represented as:

g =p,G ©)

3
R;

4&@&}

where p; is the density contrast of a density grid point j, G is the gravi-
tational constant, Z; is the depth of grid point j, and R; is the distance
between the gravity station i, and grid point j. The forward gravity
anomaly (g) created by the initial density model at the i gravity station
is:

g=Y 8=y nG
= =

3
%

Zjdxdydzj|
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Fig. 4. A relatively high-density anomalous volume of 1x1x5 km was built to test the resolution of the wavelength filtering method. A relatively high-density
anomalous body of 1x1x5 km was established to test the resolution of the wavelength filtering method (a) left: the calculated gravity value of the vertically up-
ward anomalous body; right: the gravity variation with depth after wavelength filtering (b) left: Calculated gravity value of anomalous body tilted to the right; right:

the gravity variation with depth after wavelength filtering.

where n is the total number of grids points. Then, the Bouguer anomaly
distributions can be obtained by the summation of the gravitational
attraction at each grid point gj.

The inversion modeling uses the least squares method to minimize
the difference between the observed and theoretical gravity. The gravity
anomaly g can be rewritten as:

g§=A*m 4

where A is the data kernel and m is the matrix of the model parameters.
For the forward anomaly, g% can be scripted as:

gcal — A*m,-

)

where m; is the initial matrix of model parameters. The observed Bou-
guer anomaly, g%, is:

gubs — Airm (6)
where m is the matrix of a priori density model parameters. By
comparing g° and g°%*, we obtained the difference, Ag, of the observed
and calculated gravity anomalies:

Ag=g™ —g ' = A*Am; @)
Jj=1
The parameter Ag is the sum of the gravity effects from the density
variation, Am, of all grid points in the initial model. We used the least
squares procedure to estimate the optimized grid densities in the study
area. The error E is the residual between the previous difference, Ag, and
the current difference after the density adjustment:
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Table 1 n 2

Density of strata in southwestern Taiwan (Hsieh, 1970). E=|Ag— EA*Amj (€]
Geologic time Stratigraphy Density (g/cm®) =
Holocene Recent Alluvium 1.9 The error E is minimized by the least-squares method in an iterative
Pleistocene Lingkou Conglomerate 2.0 process, and the optimal model is obtained when the error E is smaller
Pliocene Gutingkeng Formation 2.2 than a pre-defined threshold value.
Late Miocene Basement 2.4-25 The final optimal density model (mynq) is obtained by summing the
Miocene Lushan Formation 2.55

initial model (m;) and the density variation value (Am).

Mpinar = M; + Am (9)
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Fig. 5. The residual gravity anomalies corresponding to depth intervals of 1 km from 0 to 5 km and for the depth interval 5-10 km.
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Fig. 6. Initial model showing (a) the near-surface density distribution (0 km depth), (b) basement depth, (c) the calculated forward gravity of initial model, and (d)
the calculated forward gravity of initial model assuming a uniform density of the surface rock on each side of the CHSF.

To construct the a priori density model, the three-dimensional
seismic tomography is commonly adopted from previous studies based
on the relationship between seismic velocity and density (Nafe and
Drake, 1957; Ludwig et al., 1970; Barton, 1986; Brocher, 2005; Yen and
Hsieh, 2010; Hsieh and Yen, 2016; Tadiello and Braitenberg, 2021; Lo
et al.,, 2018, 2021); however, the observed gravities and the seismic
tomography-derived calculated gravities in SW Taiwan are significantly
different (Yen and Hsieh, 2010; Lo et al., 2018, 2021). In order to avoid
controversy over the suitability of the selected velocity model, we
adopted three simple assumptions to construct the initial model based
on a large density contrast across the CHSF and the variation of Late
Miocene basement depth. These were as follows:

1. A large difference is shown in the rock compositions on each side of
the CHSF. The density of strata in southwestern Taiwan (Table 1)
was established based on the geological sections and drilling data
(Hsieh, 1970). With the CHSF as the boundary, the general densities
of the western and eastern layers were 2.2 g/cm® and 2.0 g/cm?;
these correspond to the Gtk and the conglomerate layer, respectively
(Fig. 6a). If the density contrast across the CHSF is not considered
and a uniform density is adopted, the negative anomaly beneath the
PTP cannot be modeled (Fig. 6d).

2. The Late Miocene basement depth in our a priori model referred to
the results of Lin and Watts (2002) and Yu and Tsai (1981). The
greatest depth to basement is approximately 9 km at the center of the
Pingtung Plain; the depth is 4 km in the coastal area. If the distri-
bution of gravity anomalies was greatly affected by the thickness of
the sedimentary layer, we expressed the relationship between the
Bouguer anomaly and the Late Miocene basement depth as follows:

Hbase = Hgpaiow + (BA, - BAshuIIUW)* (Hdeep - shallaw)/(BAdeep - BAshalIow)

While Hpgse > 0, then set Hpgse = OWhere Hpgg, is the basement depth,
Hgpagiow and Hgeep are the assumed shallowest and deepest basement
depth (set to 4 km and 9 km, respectively); BA; is the Bouguer anomaly
of each point, BAge, and BAgaiiow are the Bouguer anomalies at base-
ment depths of 4 km and 9 km, (set to —50 mGal and — 10 mGal
respectively). The basement depth distribution map is shown in Fig. 6b.

The density model below the Late Miocene basement was set to 2.5 g/
em®. Compared with other geological models (Camanni et al., 2016;
Biete et al., 2018; Brown et al., 2022) that refer to Vp = 5.2 km/s
(equivalent to p = 2.56 g/cm® according to Vp to p relationship formula
(Brocher, 2005) isovelocity surface as the crystalline basement, the
assumption of basement is close to our results.

3. The density of the Lushan Formation was set at 2.55 g/cm® east of the
CCUF (Fig. 6a).

We set the range of the inverse model such that it extended 20 km in
all directions beyond the study area. The modeled depth was set at 10
km with density gradually increasing with depth. The observation points
used for inversion were reselected to achieve a uniform distribution in
the study area.

4. Results
4.1. Residual gravity anomaly

Residual gravity anomaly maps were calculated for increasing
wavelength bands (band pass filters) corresponding to 1-km depth in-
tervals from 0 km to 5 km and the depth interval 5-10 km; the results are
shown in Fig. 5, where the maps are labeled according to the depth
interval appropriate to the cut off wavelength (using Eq. 1). The spatial
variation of the residual anomaly at wavelengths corresponding to a
depth of 0-1 km is localized and the variation is small, indicating that
there are few shallow structures with a wavelength of <3 km. The trend
of anomalies corresponding to depths below 5 km is relatively gentle.
The entire PTP is dominated by negative gravity.

The obvious broad gravity lows in the original Bouguer map and the
regional gravity anomaly map (Figs. 2b and 4a) have wavelengths of
over 30 km, which suggests that the source is theoretically below 10 km
depth according to the wavelength filtering method (Jung, 1961). The
three-dimensional seismic velocity model of the area (Kuo-Chen et al.,
2012; Huang et al., 2014) shows no obvious low-velocity layer below a
depth of 10 km. We therefore assumed that the broad low gravity
anomalies in the PTP result from a relatively shallow source, and that
the basement depth is not >10 km (Lin and Watts, 2002; Yu and Tsai,
1981). Therefore, the wavelength filtering analysis also needs to be
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Fig. 7. (a) The calculated gravity values of the inverse model. (b) The difference between the observed gravity values and the calculated gravity values

from inversion.

combined with 3D density inversion to recover the 3D subsurface
structures.

4.2. 3D forward calculation and the inverse method of density modeling

The settings of our a priori model was reasonable because the dif-
ference between the lowest and highest forward gravity values (Fig. 6¢)
was consistent with the range of observed gravity. The calculated values
of the inverted density model are shown in Fig. 7a, with residuals being
distributed from —5 mGal to 5 mGal (Fig. 7b). The results of the inverted
density model at depths of 0 km to 4 km are shown in Fig. 8 because the
density change caused by the gravity inversion is mainly in the range of
0-4 km depth. The distribution of the low-density materials (Fig. 8a-8c)
and the basin center location of the PTP (Fig. 8d) were derived from the
results of our three-dimensional density inversion. The basement depth
of the PTP is also inferred to be approximately 4 to 9 km (profiles BB' and
CC'in Fig. 9) if a density of 2.4 to 2.5 g/cm® indicates the presence of
Late Miocene basement. The deepest basement depth of the PTP is about
9 km in Ligang, which is roughly in the center of the PTP, and it grad-
ually reduces outward to approximately 4 km (Fig. 8).

5. Discussion

The dense gravity network provided good constraints for detecting
the lateral density changes of geological structures through wavelength
filtering and density inversion. The residual gravity anomalies at
different wavelengths clearly reveal the spatial variation of linear
structures with depth, which can be inferred by the relationship between
the wavelength of the filter and depth.

5.1. Active structures characterized by gravity observations

Although a series of NNE-striking en echelon anticlines, e.g., the TNA
and CCA, have been detected at the coastal plain in SW Taiwan (Fig. 5)
according to the seismic surveys and positive gravity anomalies (Pan,
1968; Hsieh, 1970), the underground shapes of these major anticlines
were further characterized in terms of the distribution of positive re-
sidual gravity anomalies and relatively high densities in this study
(Figs. 11 and 12). The width of residual positive gravity anomaly on the
TNA is 5 km, and the positive anomaly dips westward with depth, which
is consistent with the distribution of surface topography (Chen et al.,
2020). The CCA is also located in the positive gravity anomaly region,
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22w
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Fig. 8. (a)-(d) Density models after inversion from depths of 1 km to 4 km.

and its positive anomaly is vertically upward with depth. The TNA and
CCA have been proposed as mud diapir within the lower Gtk due to
detachment folding under compressional stress (Sun, 1964; Pan, 1968;
Hsieh, 1972). Compared with the other two sections, the CCA in the B-B’
section (Fig. 11) has a higher gravity anomaly, indicating that the
middle section of the CCA has higher density could be caused by higher
activity mud diapir uplifting.

Beside the school of mud diapir, the generation of CCA is also sug-
gested as being a west-dipping buried backthrust based on a geological
inference (Le Béon et al., 2017; Huang et al., 2004). The Houchiali fault
(HCLF) which is also the proposed seismogenic backthrust (Fruneau
et al.,, 2001; Le Béon et al., 2017) lies between a large positive and
negative residual gravity anomaly to the east of the TNA. The positive
anomaly dips westward with depth in the west of the HCLF (A-A' section,
Fig. 11). However, no clear geological evidence is related to these
backthrust (Le Béon et al., 2017; Huang et al., 2004). Anomaly com-
parison pattern of horizontal and vertical velocities is shown in SW
Taiwan to indicate the possible presence of mud diapirism (Ching et al.,
2016). Therefore, the uplift of mud diapir is still highly possible in SW
Taiwan.

Brown et al. (2022) interpreted the fold-and-thrust belt as a west-
verging, imbricate thrust system developed above a single basal
thrust. The depth of basal thrust varies roughly from 1 to 10 km from
west to east in SW Taiwan. It is consistent with the 2.4 g/cm?® isodensity
contour (Fig. 9), and this isodensity contour acts as the basement
gradually deepening from west to east. At greater equivalent depths
(1-5 km) (Figs. 5b to 5e), several faults are located at the junction of
positive and negative anomalies, and the anticline axes coincide with
the centerline of the elongated positive anomalies. In addition, the trace
of the Chegualin fault (CGNF) is not consistent with the distribution of
residual gravity. Because no outcrops of the CGNF and CHSF near the
coast have been discovered, we propose that the CGNF may extend
southwestward and connect with the Youchang fault (YCNF) based on
our gravity analysis.

The Zuochen fault (ZCNF) has been inferred mainly from (1) the
presence of linear features in photographs and the drainage pattern
(Wang, 1976; Deffontaines et al., 1994, 1997) and (2) the different
stratigraphic characteristics on each side of it (Lin et al., 2007). The
ZCNF can be identified on the northwestern segment from the terrain
alignment, distribution of rock formations, structural types and field
outcrops (Lin et al., 2007). The residual gravity anomaly map (Fig. 5)

shows noticeably that the east side of the ZCNF is a positive gravity
anomaly area, anomalous up to at least 10 km depth, whereas the west
side is a negative gravity anomaly area. This indicates that the dip angle
of the ZCNF is close to vertical, and there are obvious different strati-
graphic characteristics on both sides of the fault extending to the deeper.
A large dip angle above 10 km in depth and a dip angle of 41° below 10
km in depth have been suggested for the ZCNF based on the coseismic
source model of the 2010 Jiashian earthquake (Ching et al., 2011b).

5.2. Origin of positive residual gravity anomalies

The horizontal distribution of residual gravity and density corre-
sponds well with linear geological structures (Figs. 5 and 9). The positive
residual gravity anomaly stripes correspond to anticlines, such as the
TNA, CCA, FSA, and BPSA, whereas the negative anomalies correspond
to the synclines (Fig. 5). In the vertical sections (Fig. 9), the derived
density at the anticlines is slightly higher than the surrounding rocks (by
0.1-0.2 g/ecm®, which is similar to the modeled density results for
offshore mud diapirs (Doo et al., 2015). In general, it's hard to directly
distinguish mud diapirs or fault-related folds with high-density forma-
tion distribution from the residual gravity anomaly map, and shallow
geological surveys or drilling results are needed to assist.

Geological drilling data indicate that the TNA and CCA were likely to
have been invaded by mud diapirs (Hsieh, 1972). Mud diapirs theoret-
ically become lighter during upward migration because of methane
expansion and degassing of a closed system, thus but negative anomalies
along anticlines are expected based on the theory of mud diapirs
(Brown, 1990). However, mud volcanoes and cracks, which form
simultaneously with mud diapirs, could provide a dewatering mecha-
nism that drains off some of the fluid (Breen et al., 1988). In other words,
the density of a mud diapir would gradually decrease from depth to the
surface due to methane expansion (Fig. 9); however, the dewatered
mudstone may be gradually enriched in solid components, which causes
the overall density in the diapir to become higher than the surrounding
mudstone (Fig. 9). Dewatered mudstones with a density about 2.6 g/cm®
have been detected by Ku and Hsu (2009) and Chen et al. (2020). Ac-
cording to the results of 44 hydrological drilling (Chen et al., 2020) and
CPC deep drilling on the coastal plain, we can obtain the distribution of
hard mudstones, which corresponds to the positive residual gravity
anomaly (Hsieh, 1972) (Fig. 10). In addition, the positive residual
gravity anomaly can also be related to the proposed offshore mud diapirs
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in SW Taiwan (Sun and Liu, 1993; Sibuet and Hsu, 2004; Ku and Hsu,
2009; Doo et al., 2015). Mud diapirs have been proposed as one of
mechanism in the formation of the anticlines in southwestern Taiwan (e.
g., Hsieh, 1972; Chen and Liu, 2000; Chen et al., 2014, 2020).

Based on the sections of the residual gravity anomalies (Fig. 11), the
positive residual gravity anomaly of the TNA disappears at a depth of
4-5 km. The anomaly of the CCA disappears at a depth of approximately
4 km in section AA', and disappears at a depth of 3-4 km in sections BB'
and CC'. The positive gravity associated with the CGNF also extends to 4
km, and the positive gravity below the CHSF extends to approximately 6
km in sections AA' and CC'. In terms of the derived bottom depth of the
Gtk from the analysis of the geological balanced cross sections, the
proposed bottom of the mud diapirs is approximately 5 km (Huang et al.,
2004; Le Béon et al., 2017). After verification by model testing of
wavelength filtering method, we explain that the mud diapirs with
positive gravity anomaly were generated from the Gtk at approximately
4-5 km in depth and then arched to produce anticlines.

On the other hand, we can also use the concept of thrust faults (Biete
et al., 2018; Brown et al., 2022) and backthrust faults (Le Béon et al.,
2017) to explain the occurrence of positive anomalies. Thrust and
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backthrust faults cause the relatively high density of Gtk to bulge the
surface, forming a fault-related fold and causing the surface gravity
observation to show a positive anomaly. In addition, the positive
anomalies in the hanging wall of the CHSF are most likely related to the
compacted sandstone.

According to the geodetic data inversion using the dislocation fault
model (Ching et al., 2016), the active faults and mud diapirs are two
possible mechanisms dominating the active anticlines in SW Taiwan.
However, the structure of high-density mudstone beneath the SW
Taiwan are still debated. We believe that the origin of positive residual
gravity anomalies can be roughly divided into three types (Fig. 12)
corresponding to the possible subsurface structures.

Type 1: Over the west side of the study area, including the TNA and
CCA, the high positive gravity anomalies are caused by the intrusion of
high-density mudstone. The high-density mudstone has been demon-
strated from drilling data and can be connected with offshore mud
diapirs.

Type 2: The positive anomaly area near the CGNF is the mudstone-
fault dominated transition zone. The positive gravity anomaly value
lower than the TNA and CCA regions may be due to amounts of water
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superimposed on the 0-5 km residual gravity anomaly map.

and gas mudstone in the shallower or the mud volcano eruption in the
deeper. And CGNF can be regarded as the channel of eruption.

Type 3: The positive anomaly along the CHSF mainly distributes on
the hanging wall and the negative gravity anomalies are shown on the
footwall of fault. Therefore, the positive gravity anomaly should be
related to the exhumation of high-density formation along the thrust.

5.3. Gravity low in the Pingtung Plain

A broad distribution of low-gravity anomalies in the PTP is thought
to be caused by a deep sedimentary trough (Pan, 1968; Hsieh, 1970; Yu
and Tsai, 1981). This depth range is generally comparable to the inferred
depth of the magnetic basement of 8-9 km (Yu and Tsai, 1981). Our
inferred basement depth is also comparable to the results of the contour
distribution trend of the P-wave velocity model (Huang et al., 2014). A
velocity discontinuity at 10 km in depth below the PTP was also derived
from receiver function studies (Tang et al., 2011).

The C-C’ section in Fig. 9 is a section across the PTP, and its structural
characteristics are similar to Chiang (1971) combines seismic reflection,
drilling, and gravity data to discuss the structural characteristic of the
PTP. According to our forward and inversion results, the low gravity in
the PTP results from (1) the high-density contrasts on both sides of the
CHSF and the CCUF and (2) the deepening of the PTP basement. The
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relatively high-density materials west of the CHSF comprise the Gtk with
a series of anticlines and faults (Huang et al., 2004). On the contrary, the
shallow material of the PTP to the east of the CHSF is dominated by a
conglomerate layer of relatively low density (Sun, 1965). The CCUF is a
high-angle thrust fault along the east of the PTP with the highest gravity
gradient (Fig. 2b), which was also identified by the receiver function
study (Tang et al., 2011). The relatively high gravity anomaly is exposed
on the east side of the CCUF as the high-density Miocene Lushan For-
mation. In addition, the minor positive gravity anomalies are distributed
along the PTA and range from 1 km to 4 km depth (Fig. 5), indicating
that the PTA is arched at depth in the PTP but there is no surface
exposure. This result is consistent with the geological profile obtained
with drilling control (Cheng, 2000).

In summary, (1) the geometries of diapiric anticlines and active
faults can be characterized by a dense gravity survey; (2) the nearly
vertical ZCNF above 10 km in depth is proposed in terms of the obvious
gravity anomaly boundary; (3) the bottom depth of the mud diapirs in
southwestern Taiwan is approximately 4-5 km; and (4) the active faults
and mud diapirs are only two of the possible mechanisms dominating
the active anticlines in SW Taiwan. Finally, we propose a three-
dimensional conceptual model based on the Bouguer gravity anomaly
(Fig. 13) to summarize the subsurface structures in southwestern
Taiwan. The variation of the shallow gravity anomaly is mainly affected
by the fault and fold system, and the variation of the deep gravity
anomaly is dominated by the change of the basement depth.

6. Conclusions

An accurate Bouguer gravity anomaly map obtained through dense
gravity surveys resolves subsurface structures at different depths using
the wavelength filtering analysis method. Regarding the geometries of
the active faults in SW Taiwan, the location of the fault line can be
defined by the boundary of positive and negative residual anomalies.
The CGNF, identified by the residual gravity map in this study, should
extend southwestward to the YCNF and continue offshore. The nearly
vertical ZCNF above 10 km in depth, is identified in terms of an obvious
gravity anomaly boundary. It should be noted that several active anti-
clines are located on the axis of the positive residual anomaly.

The positive residual gravity anomaly is presumed to be related to
the anticline structure and the higher-density material that is produced
by mudstone dewatering and/or fault-related fold. Active faults, high-
density mudstone, and mud volcanoes are exposed in shallow layers in
SW Taiwan. According to the cause of gravity anomaly, it can be roughly
divided into three types: (1) caused by the intrusion of high-density
mudstone in the TNA and CCA fold areas. The presence of high-
density mudstone in southwestern Taiwan was proposed along active
anticlines, such as the TNA and CCA, in this study based on the distri-
butions of the positive residual gravity anomalies, mud volcanoes, and
hard mudstone identified by drilling. The depth of the cause of the
positive gravity anomaly of the TNA and CCA is 4-5 km, corresponding
to the bottom of the Gtk. The density of the anticline was 0.1-0.2 g/cm>
higher than the surrounding rock and the residual gravity value was
slightly higher by 1-2 mGal; (2) The positive anomaly area near the
CGNF is the mudstone-fault dominated transition zone. The positive
gravity anomaly value lower than the TNA and CCA regions may be due
to amounts of water and gas mudstone in the shallower or the mud
volcano eruption in the deeper. And CGNF can be regarded as the
channel of eruption; (3) The positive anomaly near the CHSF is domi-
nated by the fault thrust of the high-density formation to the surface, the
positive gravity anomaly should be related to the exhumation of high-
density formation along the thrust.

We used three-dimensional density inversion to assist in the analysis
of the tectonic features in the shallow part of the PTP. We constructed an
initial density model that is based on the density contrast on either side
of the CHSF and CCUF and the variation of the basement depth. Ac-
cording to our forward and inversion results, the low gravity in the PTP
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Fig. 13. Conceptual image of 3D subsurface structures in SW Taiwan.

results from (1) the high-density contrasts on both sides of the CHSF and
the CCUF and (2) the deepening of the PTP basement. Through wave-
length filtering analysis and three-dimensional density inversion, we
also concluded that the CCUF is a high-angle thrust fault at shallow
depths and that the basement depth gradually deepens from the west
side of the CCUF to the center of the PTP.
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