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We investigated the 2016 Meinong earthquake (Mw 6.4) in southwestern Taiwan, which caused surface pop-up
in an area of 10x15 km? with maximum uplift of 12 cm, where lies an array of mud volcanoes and possible
underlying mud diapir. We calculated 3D strain tensor in a 3D mesh with 5x5x2 km grids in the epicentral area
induced by the Coulomb stress change due to coseismic fault slip. We obtained substantial contraction strain
(107°-107) that occurred in a lobe showing “squeezing” at the depth of 5-14 km below the surface pop-up area.
Dilatation strain (10~°-10~®) occurred at shallow level (0-3 km) with a radial pattern around the surface pop-up
area. Combining with local geology, which is composed of Mio-Pliocene ~5-km-thick mudstone in a fold-thrust
belt, we interpret that the 2016 Meinong coseismic surface pop-up was closely related to mud diapirs/volcanoes,
which were likely reactivated by sudden increase of fluid pore-pressure in the basal reservoir (at 5-6 km depth)
and dilatation in the shallow level. We also explored the potential effects of the Coulomb stress transfer on
nearby receiver faults - including three arrays of mud diapir, the regional decollement, a suspected backthrust
and one thrust close to the pop-up area. Our results show that the Coulomb stress transfer a) favors NNE-trending
mud diapirs in the coseismic pop-up area, with a combination of clamping stress changes at 5-6 km depth and
unclamping stress changes at 0-4 km depth, and b) it does not favor triggered thrust slip on the regional thrusts.

1. Introduction vigorous activities of MVs were observed in many places in the world
(Manga et al., 2009; Bonini et al., 2016). On the other hand, MD/MV
also manifests its activities during inter-seismic period. The role of MDs/

MVs in the sediment deformation becomes a hidden but important issue

Mud diapirs/mud volcanoes (MDs/MVs) are commonly found in the
areas where rapid sedimentation and tectonic deformation both domi-

nantly prevailed (Westbrook and Smith, 1983; Barber et al., 1986;
Yassir, 1989). They have been observed worldwide especially in accre-
tionary wedges such as the Nankai trough, the eastern Mediterranean
Sea, south of Timor, southwestern Taiwan, etc. Many argued that
abnormally high pore fluid pressures coupled with thick poorly
consolidated deposits can facilitate the occurrence of MDs/MVs in
accretionary wedge (Kopf, 2002; Deville et al., 2003). Plumbing system
of MDs/MVs leads to vertical advection and upward flow of fluid, gas
and mud (Brown, 1990). In the tectonically active areas, the interplay
between MDs/MVs activity and earthquake faulting has been often
anticipated or suspected. Following large earthquakes, suddenly
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for regional seismic hazard assessment.

Earthquake-induced mud volcano eruptions have been successfully
explained by static stress triggering (Manga and Bonini, 2012; Babayev
et al., 2014; Bonini, 2019). Due to stress changes or transfers, the hy-
draulic properties surrounding the mud source could be altered. The
mud/fluid/gas intrusive processes (i.e., MD or MV), therefore, can be
affected by the sudden stress change from nearby earthquakes. Bonini
et al. (2016) calculated the statistic stress changes on mud dyke feeder
systems of MVs in four different tectonic environments around the
world, including Azerbaijan, Romania, Italy, and Taiwan. They estab-
lished a critical role of the stress triggering on the mud eruptions,
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Fig. 1. a) Geodynamic setting of southwestern Taiwan. The southwestern Taiwan is located in the transition between the collision of Philippine Sea plate against
Eurasia and the subduction of South China Sea along the Manila trench. Several arrays of mud diapirs (gray areas) /mud volcanoes (brown triangles) have been
identified in the accretionary wedge in the offshore of SW Taiwan, which appear to extend into inland fold-thrust belt; b) Geological map of southwestern Taiwan
(modified from Chinese Petroleum Corporation CPC, 1989). The mainshock (red star) and the aftershocks (gray dots) (within 1 month) of the 2016 Mw 6.4 Meinong
earthquake are shown on the map. The focal mechanism was determined by centroid moment tensor (CMT) from BATS network. The dash black rectangle indicates
the surface projection of the source fault model of the main shock from Lee et al., 2016. MD-1, MD-2, and MD-3 represent three potential mud diapirs arrays in the
area. c) General geological cross-section across the epicentral area (after Peng et al. (2020)). The deformation structure is characterized by a fold-thrust belt with a
decollement estimated at the depth of 6-8 km. However, the development of several regional anticlinal folds might be closely related to the vigorous mud diapiring.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

emphasizing compression of the mud source in the deeper part and stress
unclamping on shallower conduit of mud volcanos.

Following the co-seismic displacements on ruptured faults compre-
hensively evaluated by the half-space dislocation model Savage and
Prescott (1978), Okada (1985) and Okada (1992) generated a compact,
state-of-the art analytical expression for calculating surface deformation
due to shear and tensile stresses in a half-space fault. The co-seismic slip
distribution on ruptured fault(s) can thus be calculated via Okada’s
formula, usually inverted from surface geodetic data or seismological
information, based on the Coulomb stress change (Reilinger et al., 2000;

Jonsson et al., 2002; Ching et al., 2011; Hsu et al., 2011; Serpelloni et al.,
2012; Huang et al., 2016). Following Okada’s formula earthquake-
induced volumetric strain has been also calculated during large earth-
quakes (Quilty and Roeloffs, 1997; Johnston et al., 2006; Shi et al.,
2013). Such co-seismic volumetric strain leads to a perturbation in pore
pressure in the rocks and therefore alters the state of stress in the Earth’s
crust. The predicted volumetric strain and the observed change of water
table at wells in the epicentral area of earthquakes were found to be
consistent, to some extent, with each other in several previous studies
(Albano et al., 2017; Kroll et al.,, 2017). However, mismatches
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Fig. 2. Photographs of mud volcanoes and badlands in the mudstone area of the southwestern Taiwan. a) Wushanding mud volcano (22.7960° N, 120.4060° E) with
cone-shape in the Tianliao area; b) Panorama view of landscape in the mudstone area; c¢) Field photograph of small mud volcanoes (22.87826° N, 120.38998° E) with
craters on the top in the Tianliao area; d) Badland of mudstone, showing poorly consolidated rocks with strong surface erosion features in the Lungchi area.

sometimes existed. They are likely due to uncertainties in the parame-
ters of the source fault model (Qiu and Shi, 2003) or the complexity and
heterogeneity of the rocks and hydraulic systems in the shallow crust
(Grecksch et al., 1999; Weaver et al., 2019).

An accretionary system in the southwestern Taiwan is located in a
transition zone from the subduction of the South China Sea to the
collision between the Eurasian continent and the Philippine Sea to the
north (Teng, 1990; Liu et al., 1997; McIntosh et al., 2005; Ku and Hsu,
2009; Kuo-Chen et al., 2012). Due to enormous erosion from rapid
mountain building in the past 2-3 million years, more than 5 km thick
mudstone rock units were distributed from the onshore area to the
offshore area in southwestern Taiwan (Li, 1976; Suppe, 1981; Chang and
Chi, 1983; Liu and Yu, 1990; Teng, 1990; Dadson et al., 2003). In this
mudstone dominated area, the geological structures are mainly char-
acterized by a series of NNE-trending thrust faults and folds (Fig. 1), asa
result of northwestward collision of the Luzon arc and the Philippine Sea
plate. The tectonic compression of the over-pressured sediment and fluid
leads to a series of inland and offshore active MDs/MVs (You et al.,
2004; Chao et al., 2011; Doo et al., 2015; Ching et al., 2016). Several
arrays of MDs/MVs were documented in the offshore region of south-
western Taiwan based on a rich volume of seismic-reflection data (Liu
etal., 2006; Chen et al., 2014; Doo et al., 2015). In addition, the offshore
MDs/MVs are found to align with the inland ones (Chiu et al., 2006; Hui
et al., 2018). It is crucial to understand whether the presence of MDs in
the inland fold-thrust belt plays some roles during earthquakes and how
MDs and folds and thrusts interplay with each other.

On 6 February 2016, the Mw 6.4 Meinong earthquake occurred in
southwest Taiwan, at a depth of about 15 km (mainshock and after-
shocks are shown in Fig. 1). The most obvious coseismic surface defor-
mation observed from GPS and Interferometric Synthetic Aperture
Radar (InSAR) was characterized by a pop-up area of about 10 x15 km
with a peak uplift of 12 cm, although without a clear responsible surface
geological fault. This co-seismic uplift area coincides with the mudstone
area where a series of mud volcanoes (with possible underneath mud
diapir) that are aligned along with the regional NNE-trending fold-thrust
structures. There were mud eruptions being observed during the

Meinong earthquake: the Wushanting mud volcano (22.7960° N,
120.4060° E), which is located on the southern edge of the surface pop-
up area, and the Nanhua mud volcano (23.0816° N, 120.5170° E), which
is located at 10-15 km north of the epicentral and pop-up area. Does the
MD/MV activity contribute to the co-seismic surface pop-up deforma-
tion? In this study, we intend to quantitatively characterize the volu-
metric strain change due to the co-seismic rupture of the 2016 Mw 6.4
Meinong earthquake fault in southwestern Taiwan. Precisely, we aim at
studying the possible cascade effects from co-seismic fault slip induced
stress change, volumetric strain change, pore-pressure increase and mud
diapiring, to surface pop up. By comparing the volumetric strain change
with the architecture of (1) the local fold-thrust system (including the
decollement) and (2) the network of fluid/gas conduits of the mud
volcanoes at the depth, we propose some plausible explanations for the
co-seismic uplift in this area, which is potentially helpful for seismic
hazard mitigation.

2. Tectonic and geological setting

The Taiwan orogenic belt is an ongoing arc-continent collision where
the oblique convergence has been occurring between the Luzon volcanic
arc of the Philippine Sea plate and the passive continental margin of the
Eurasian plate since 5-6 Ma (Suppe, 1981; Teng, 1990; Ho, 1982). On
the other hand, the southwestern Taiwan is situated in the transition
zone from the aforementioned collision in the north, to the subduction of
South China Sea under Luzon (remnant of pull-apart Eurasian margin) in
the south. To a lesser degree, SW Taiwan is also affecting by the
southwestward lateral extrusion (Lu and Malavieille, 1994; Angelier
etal., 2009). Our study area is located in the southern end of the Western
Foothills of the Taiwan mountain belt (Fig. 1a). The surface geological
rock units are composed of shallow marine deposits (Miocene) and
transition sequences from shallow marine to terrestrial deposits (Plio-
Pleistocene) (Fig. 1b). One striking feature in this region is the wide-
spread poorly consolidated mudstone, exhibiting badland landscape
(Fig. 2). These ~5 km thick mudstone units resulted from the rapid
accumulation in foreland basin in response to the mountain building of
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Fig. 3. Coseismic vertical deformation of the 2016 Mw6.4 Meinong earthquake (a) color coded and (b) contour lines (number in cm), derived from InSAR analyses
(after Huang et al., 2016). The coseismic vertical deformation is characterized by a pop-up area of 15x10 km (red area) with the maximum uplift of 12 cm and a
subsidence area with the maximum of —6 cm (blue area). Green lines indicate the vertical profiles for illustrating the coseismic strain change. c) Vertical
displacement at surface (0 km) obtained from forward calculation by the fault slip model proposed by Lee et al. (2016); d) Model residual between the observed
InSAR data (Fig. 3a) and the inverted data from the model (Fig. 3c). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

the Central Range during Plio-Pleistocene (Chang and Chi, 1983; Liu and
Yu, 1990; Teng, 1990; Dadson et al., 2003).

The regional geological structures of the southwestern Taiwan are
characterized by a series of NNE-trending folds and thrusts, generally
syncline in the footwall and anticline in the hanging wall of thrust. As
shown in Fig. 1c, there are 5-6 pairs of thrust and anticlines, from west
to east, including 1) the Tainan tableland (anticline) and the Houchiali
fault (a backthrust), 2) the Chungchou anticline and the Chungchou
fault, 3) the Takangshan anticline and a possible buried thrust fault, 4)
the Lungchuan anticline and the Lungchuan fault, 5) the Pingxi fault,
which breaks through an anticline in the hanging wall, and 6) the
Chishan fault, which also breaks through the hanging-wall anticline. A
decollement of this fold-thrust belt has likely been developing at the
depth of around 6 to 8 km (Mouthereau et al., 2001; Ching et al., 2016;
Le Béon et al., 2017).

Four major groups of mud diapirs, which is a sort of network of sub-
vertical fractures and pipes stemming from the cores of regional major
anticlines and forming the plumbing of mud volcanoes, have been
proposed in Southwest Taiwan (Fig. 1b and 1c), from west to east: 1)
MD-1 at the Tainan tableland, 2) MD-2 at the Chungchou anticline, 3)
MD-3 close to the Lungchuan fault, and 4) MD-4 at the southern part of
the Chishan anticline. The MDs/MVs appear to play a significant role on
contribution to the active surface deformation in SW Taiwan during the
interseismic periods, according to geodetic measurements and field
observations (Hsieh, 1972; Ching et al., 2016). Offshore geophysical
surveys of seismic reflection also reveal that several arrays of aligned
mud diapirs dominate the long-term deformation structure/mechanism
of the major anticlines in the offshore area of SW Taiwan (Chiu et al.,
2006; Chen et al., 2014). A close structural connection and continuation
of anticline/mud diapir between inland fold-thrust belt and offshore
accretionary wedge has thus been proposed. How much MDs/MVs

activity contribute to the surface deformation (pop-up mud diapiring or
fault-related folding)? Can we discriminate the effect of MDs/MVs from
that of fold-thrust systems? And what is the role of MDs/MVs on the
development of the anticlines associated with the major thrusts? These
questions also evoked our motivation to study the possible influence of
MDs/MVs on surface deformation during large earthquakes.

3. The 2016 Meinong earthquake

The Meinong earthquake occurred in southwestern Taiwan on 6
February 2016 (03:57 local time, UTC + 8:00) with a moderate/large
magnitude, Mw 6.4, that caused severe damages to human construction
and life in the region. The epicenter of the main shock, 120.544° E and
22.922° N, was located in the southernmost fold-thrust belt of the
Taiwan mountain range (Fig. 1). During the first month following the
main shock, the aftershocks were mainly grouped in three sub-areas
(Wen et al., 2017). Group A was located surrounding the main shock
and at depths ranging from 10 to 20 km (grey circles near the red star in
Fig. 1b and 1c). Group B was situated about 20 km west of the main
shock at depths of 20-30 km. Group C was less concentrated to the north
of the mainshock at depths of 5-15 km. Focal mechanisms for the
mainshock calculated from various methods consistently showed
shallow thrust-faulting with a substantial strike-slip component. The
inferred causative fault is a WNW-trending fault plane dipping 25-30° to
the NNE, in a dimension of 45 x 40 km? (rectangular in Fig. 1b) from
depths of about 8 to 24 km (CWB, 2016; Huang et al., 2016; Lee et al.,
2016).

It appears that the focal depth of 14.6 km as well as the associated
coseismic fault patch (8-24 km) are all below the decollement of the
fold-thrust belt (6-8 km at depth). In the epicentral area, no mapped
geological fault on the surface level was identified as the responsible co-
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Fig. 4. The model of coseismic slip distribution on the fault of the Meinong earthquake adopted in this study for calculation of Coulomb stress change (after Lee et al.,
2016). The fault geometry: strike of N281°E, dip of 24°N and depth of 8-24 km. Red star: main shock. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

seismic fault, although surface fissures or ruptures on man-made struc-
tures were found in several places, particularly at Kuanmiao town (Le
Béon et al., 2017). The InSAR results indicate an uplift up to 12 cm
distributed over a 15 km x 10 km area (Fig. 3a) (Huang et al., 2016; Le
Béon et al., 2017), which represents the largest co-seismic surface
deformation that took place about 10-15 km west of the epicenter
(Fig. 3b). To east of the epicenter, the InSAR analysis reveals subsidence
down to —6 cm in a 10 km x 10 km area. At first glance, the location of
the major coseismic uplift area coincides with the mudstone-dominated
Gutingkeng formation, where an array of mud volcanoes have been
developed (i.e., MD-3). Whether the surface pop-up deformation can be
induced by coseismic slip on a deeper causative fault or other possible
structures and what is its potential implication on mud diapiring are the
issues addressed here.

4. Method: Calculation of coseismic stress and strain changes

We computed the Coulomb stress change (ACFS) in order to under-
stand the influence of co-seismic slip on surrounding structures. The
ACFS induced by fault rupturing of an earthquake (positive means
failure being promoted) can be written as (Stein and Lisowski, 1983;
Stein et al., 1992; King et al., 1994):

ACFS = At+ i Ao, @

where At is the change in shear stress (positive when sheared in the
direction of fault slip); Ao, is change in effective normal stress on fault
plane (positive or increase means the fault became unclamped); u’ is the
effective friction coefficient on the fault plane (we adopted here a value
of 0.4 which was commonly used for Earth’s crust faulting).

4.1. Calculation of volumetric strain changes

The static Coulomb stress change in the 3-D space induced by the co-
seismic slip can be determined on the causative fault with the orienta-
tion and geometry of the fault. By applying a fault dislocation model we
can calculate the static stress and volumetric strain change generated by
an earthquake. We adopted the analytical expressions of Okada (1992)
for the internal displacements and strains due to shear and tensile
faulting in an elastic half-space for a finite rectangular source.

Based on the previous studies in the literature, we utilized the
coseismic slip model of Lee et al. (2016) as the source model (Fig. 4),
which was computed from a joint inversion combining teleseismic body

waves, GPS coseismic displacements, and local ground-motion wave-
form records. Lee et al. (2016) claimed that total misfit of this coseismic
slip model from the three data sets is 0.34 (varying between 0 and 1),
suggesting that the model fit reasonably well with observation data.
However, the inverted vertical displacement from the slip model showed
residuals occurrence, in particular around the surface pop-up area
(Fig. 3c and 3d), compared to the InSAR observation (Huang et al.,
2016). We thus suspect that other mechanism(s) involved for the surface
pop-up, instead of solely co-seismic fault slip. In this fault model with a
strike of 281° and a dip of 24° (Fig. 4), two main asperities are distrib-
uted on the fault plane. The largest asperity with the maximum slip
amount of 120 cm was located down-dip of the main shock at the depths
of 18-20 km. The second largest asperity with slip up to 70 cm was
developed at the depth of about 15 km to the west of the main shock.
We calculate the spatial distribution of the co-seismic static volu-
metric strain using the open-source program Coulomb 3.3 (Lin and
Stein, 2004; Toda et al., 2005), which is based on Okada’s dislocation
theory. With the coseismic slip model in Fig. 4 as the input source, we
calculated 3-D tensors of strain change induced by coseismic Coulomb
stress change. The mathematical expressions are described as following.
The displacement u; and its space derivative du;/0x; at an arbitrary point
on the Earth surface (or inside of the semi-infinite medium) can be
calculated from the coseismic slip model, which is inverted from
geodetic measurements and seismic data, allowing us to compute strain
tensor (g;) and stress field tensor (o;) by the following relations:

1 (o ou;
&= 5 <0xj+ 07({) (2)

Cij = A& O+ 2u € 3

where A and p are elastic constants of the medium; §; is Kronecker delta.

By expressing the principal strain axes (11, €22, £33), we can illustrate
the characteristics of the coseismic volumetric strain change in 3-D
space. An approximation to the Earth’s crust is made by an assump-
tion of an elastic medium, which can be represented by the following
elastic moduli: Poisson’s ratio v = 0.25, Young’s modulus E = 80 GPa,
and coefficient of friction, p° = 0.4, commonly adopted by geoscientists
and modelers (King et al., 1994; Lin and Stein, 2004; Toda et al., 2005;
Toda et al., 2011). Nevertheless, we calculated additional tests to
investigate the effects of different coefficients of friction, with p> = 0.3
and p° = 0.5. The results show no substantial change for vertical surface
displacements, strain changes, normal stress changes; but they would
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2016 Meinong earthquake. We found a close relation between volumetric strain changes and coseismic surface pop-up: a) substantial dilatation strain with a radial
pattern occurred at the shallow 0-2 km in the coseismic pop-up area and b) contraction strain with ‘squeeze’ character occurred at the depths of 5-14 km beneath the
pop-up. We argue that this strain pattern increased the fluid pore-pressure in the root of the mud diapir (5-6 km deep) and promoted the activity. See explanation in
detail in main text. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

slightly affect the magnitude of Coulomb stress changes on mud diapirs
(see details in Fig. A1 in Appendix).

4.2. Calculation of elastic stress transfer

The shear and normal stresses produced by a source earthquake can
be resolved on specific ‘receiver’ faults in terms of Coulomb stress
transfer. In order to explore the potential influence or triggered slip on
geological structures around the epicentral area, we computed static
stress changes induced by the 2016 Meinong earthquake on a few faults/
fractures representing potential receiver structures for mud diapirs. For
exploring the possibility of triggered mud diapiring, we focused on three
major sub-parallel mud diapirs, which were approximated as vertical
feeder faults/fractures (MD-1, MD-2, MD-3 in Fig. 1). As mentioned
above (Fig. 1c), the MD-1 aligns along with the Tainan tableland; the
MD-2 aligns along with the Chungchou anticline; the MD-3 aligns along
with the Lungchuan fault. Based on the previous studies on regional
geology, alignment of mud volcanoes, the structural relationships be-
tween onshore and offshore mud diapirs structures (Liu et al., 1997;
Chiu et al., 2006; Hui et al., 2018), the orientation parameters of these
mud diapirs are approximated as strike = N10-20°E, dip = 90°, depth =
1-6 km. Note that the three mud diapirs have similar orientations with a
width of 1-2 km and extend from near surface to about 4-5 km depth
(Chen et al., 2014). In the calculation, an increase of dilatation normal
stress would tend to promote unclamping of mud diapir.

In addition to mud diapirs as receiver faults, we also consider other

possible triggered structures in the epicentral area, including 1) the
regional decollement of fold-thrust belt, 2) a major thrust, the Lungchun
fault, close to the surface pop-up area, and 3) a suspected shallow blind
back-thrust, proposed in the previous study (Le Béon et al., 2017). The
setup parameters will be described in the section of Discussion.

5. Results
5.1. Tensor of strain changes in 3D grids

We determined the tensors of strain change induced by the coseismic
Coulomb stress change of the 2016 Meinong earthquake. We divided
shallow crust of the study area into a horizontal grid cell of 0.05° x 0.05°
(approximate 5 km x 5 km) and in vertical direction each 2 km from
depths of 0 to 18 km. The volumetric strain changes induced by
coseismic slip are resolved at various depths. Fig. 5 shows the calculated
maximum and minimum principle strain axes projected on the hori-
zontal planes at different depths, with background of superimposed
InSAR surface vertical displacement (contour lines). In the co-seismic
surface uplift area, there exists substantial dilatation strain (yellow/
red color, 107°-107°) at the shallow depth of 0-2 km, where the shallow
contraction strains (blue color, —1 to 3 x 10’6) coincides with the area
of co-seismic subsidence (Fig. 5a and 5b). The strain pattern changes
downward to greater depths. Below the co-seismic uplift area, we find
significant contraction strain at the depths of 6-14 km (blue color in
Fig. 5), which changes again to dilation at 16-18 km (red color).
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Fig. 6. Results of volumetric strain calculation in the vertical profiles along E-W direction (a), (b), and (c) and along N-S direction (d), (e), and (f). See Fig. 3b for
location of the profiles. The coseismic surface vertical displacements derived from InSAR also were plotted in each profile for better comparison. Red color: dilatation
strain. Blue color: contraction strain. The amplitudes and orientations of the principal strain axes are shown in red lines (lengthening) and blue lines (shortening). The
causative fault of the main shock is indicated as black heavy line. In the surface pop-up area, we can observe dilatation strain occurred at the shallow 0-2 km and
contraction strain at the depths of 5-14 km above the coseismic fault (Fig. 6b and 6e). See main text for more detailed descriptions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 3D perspective view of coseismic volumetric strain change induced by the earthquake. Blue color: contraction lobes; orange/red color: dilatation lobes. The

causative fault of the mainshock is indicated as green plane. Surface co-seismic vertical deformation (uplift in red and subsidence in blue) are represented in contour

form. We can observe that one of the main contraction lobes occurred at the depth of 5-14 km, below the surface pop-up and above the causative fault. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

To better view the depth dependency of strain field, we then display
the cross-sections along six vertical profiles: EW1-3 and NS1-3 (location
indicated in Fig. 3b). As shown in Fig. 6, the two cross-sections of EW2
(perpendicular to regional NNE trend) and NS2 (parallel to regional NNE

trend) reveal that the co-seismic fault plane separates the substantial
contractional strain (blue color, —1 x 10°-t0 107%) to the top from the
dilatational strain (red color, 107°-107%) to the bottom. Strain pattern
changes dramatically from west to east especially from NS2 to NS3,
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Fig. 8. Results of calculation of Coulomb stress transfer on three arrays of MDs/
MVs in the study area (location see Fig. 1b). Note that MD-3 is located in the
coseismic pop-up area. These three MDs/MVs are treated as receiver faults for
Coulomb stress transfer. Normal stress changes on three mud diapirs are also
shown in colors: red color means unclamping for MDs/MVs and blue color
indicates clamping. We found that the Coulomb stress transfer might induce
clamping in the deeper part (5-6 km) of the MD-3 and unclamping in the
shallow 0-3 km. See main text for more explanations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

corresponding to the opposite sign of displacement field across the
epicenter (around 120.5°E). The largest strain concentrates near the
fault plane.

We also present a 3-D visualization in Fig. 7. The contraction and
dilation strain are represented by blue and orange colors, respectively.
Below the surface pop-up area, we found a major contraction strain lobe
(blue) extending at depth in the range 5-14 km, a few kilometers above
the coseismic fault plane (green rectangular). The uppermost part of this
depth range is seemingly close to the decollement of fold-thrust belt. We
think this is important because it is near the base and reservoir of the
regional mud diapir MD-3.

5.2. Characteristics of strain changes vs. coseismic surface uplift area

Our results show co-seismic contraction in the upper crust under the
co-seismic pop-up area, as revealed by the principal strain axes projected
on to the horizontal plane (Fig. 5) and the vertical profiles (Fig. 6). The
lobe of contraction strain (i.e., blue-colored area beneath the surface
uplift area at the depth of 5-14 km) exhibits a general E-W to WNW-ESE
shortening as indicated by the maximum (blue bars) principal strain
axes (Fig. 5). Moreover, within the lobe of contraction strain below the
surface pop-up, the minimum principal strain axes (red bars) clearly
show sub-vertical elongation in the cross section NS2 (Fig. 6e). We can
also find that the contractional strain in this lobe increased downwards
from 1 x 10°% (6 km depth) to 1 x 107° (14 km depth) near the co-
seismic fault plane.

On the other hand, we also observed a radial pattern of dilatational
strain axes (Fig. 5a and 5b), which seemingly implies “radial deforma-
tion” characteristics of dilatation strain, around the surface coseismic
pop-up area at the uppermost 0-2 km surface level.

Combining the “squeezing” contraction strain at the deeper part
(5-14 km) below the surface coseismic pop-up, with the dilatation strain
in the uppermost part (0-2 km), we argue that the fluid pore-pressure
has high potential to be increased co-seismically in the bottom reser-
voir of the mud diapir MD-3, which is considered to lie at the depth of
5-6 km near the regional decollement. Although only the uppermost
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part of the contraction might influence the bottom of the MD-3, we
interpret that the fluids were squeezed and raised upwards into the
diapir through sub-vertical plumbing systems. This may allow fluid and
gas pumping up within the MD-3 system, with effects propagating up to
the surface pop-up.

5.3. Coulomb stress transfer on three major parallel mud diapirs

The results of our test for calculation of normal stress changes on
three mud diapirs, which are technically treated as three vertical faults,
were plotted in Fig. 8. In this figure, the negative normal stress changes
(contraction, blue color) occur on the two western arrays of mud diapirs
(in MD-1 and MD-2), suggesting clamping status for stress transfer on
these two mud diapirs from top to bottom. On the other hand, on the
easternmost mud diapir MD-3 around the co-seismic pop-up area, it
shows compressive normal stress (blue color) in the deeper part (5-6
km) and the extension (red color) in the shallower part (0-3 km). This is
consistent with the interpretation of the co-seismic uplift area that 1) the
increased fluid pressure in the base or reservoir of the mud diapir/mud
volcano (5-6 km depth) may promote its fluid/gas migration and 2)
dilatation in the shallow part allowed the mud diapir to expand and
migrate upward to near surface level.

Note that the maximum normal stress changes (clamping value Aoy,
= -1 bar), acting on these structures, infer an increase of pore pressure
for undrained condition Ap, which was estimated to be close to 1 bar,
according to the formula Ap = - BAc, (Stein and Lisowski, 1983; Stein
et al., 1992; King et al., 1994), where B is the Skempton coefficient
(about 1 for mud).

6. Discussion

6.1. Cascade effects from coseismic strain change, mud diapiring to
surface uplift

The mechanism(s) that cause the coseismic surface deformation of a
10 x15 km pop up by the Meinong earthquake have been under debate in
the previous studies. One of the proposed mechanisms was the slip of ‘an
unknown fault’ located a few kilometers above the main causative fault
(Huang et al., 2016), likely near the depth of the regional fold-thrust
decollement. However, there is no clear or solid geological constrain
on this suspected blind fault, and the nature of such fault zone remains
unknown. Second, Le Béon et al. (2017) proposed a shallowly west-
dipping backthrust, located below the surface uplift, as the causative
structure. Again, no direct evidence of the existence of this blind back-
thrust can be provided as well. In this study, the location of the arrays of
the mud volcanoes coincides with the area of co-seismic uplift, leading
to the newly interpreted mechanism: mud diapiring.

The active, vigorous mud diapirism has been proposed to explain the
rapid interseismic surface vertical motion in the fold-thrust belt of
southwestern Taiwan (Ching et al., 2016; Tsukahara and Takada, 2018),
which also caused various damages on surface human constructions
around MDs/MVs areas (including MD-1, MD-2, MD-3 and MD-4) (Chen
and Liu, 2000; Chen et al., 2014). Elsewhere in the world, MDs/MVs
have also been recognized as a process that may be interplayed with
seismic activity. For instance, Kadirov et al. (2005) and Bonini et al.
(2016) used coseismic strain change to compare with the occurrence of
mud volcanoes and proposed that volumetric contraction of deep fluid
reservoirs promoted the response of mud volcanoes during the 2000
Baku earthquakes (Mw 6.8 and 6.5) in Azerbaijan.

Here we emphasize the role of MD/MV in co-seismic deformation.
We argue that the 2016 Meinong co-seismic surface uplift was coupled
with substantial mud diapiring in the mudstone area. As mentioned
above, one of the mud volcanoes (Wushanting) above the MD-3 erupted
coseismically, which provides additional supportive evidence for co-
seismic triggered activity of MD-3. We interpret the aforementioned
“squeezing” characteristics of the principal strain axes of the contraction
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Fig. 9. Results of calculation of Coulomb stress changes on the regional fold-thrust decollement with different rakes of slip resolved from the source fault (lighted
colors show the Coulomb stress changes on source fault). We can find that the Meinong earthquake significantly increased the Coulomb stress on the decollement at
the depth of 5-7 km below the surface pop-up area (black contour), for the cases of normal faulting (rake = —90) or oblique right-lateral normal faulting (rake =
—45). As a result, the Coulomb stress change does not favor triggered ‘thrust’ slip on the regional decollement under the surface pop-up. See main text for more
explanations.
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Fig. Al. Results of calculation of a) vertical displacement, b) volumetric strain changes at surface, c) normal stress changes and d) coulomb stress changes on three
NNE-trending regional mud diapirs (MD-1, MD-2 and MD-3) with different values of coefficient of friction, p’ = 0.3, p’ =0.4 and @’ = 0.5. The results show different
values of p’ did not play significant role on Coulomb stress change. Note that in this study, we adopt p’ =0.4.

lobe following the Meinong earthquake gives a favorable condition that
generated the increase of fluid pore-pressure at the base of the MD-3.
And then the fluid can be transmitted upwards along the network of
mud/fluid/gas conduits of the MD-3 in the surface uplift area. Using the
2002-2010 GPS and leveling measurements, Ching et al. (2016) inferred
that the activity of mud diapir is responsible of the high interseismic
uplift rates up to 18 mm/yr in the mudstone area of southwestern
Taiwan. Using 2007-2011 InSAR data in the same area, Tsukahara and
Takada (2018) obtained even higher aseismic uplift rates (up to 37 mm/
yr) and interpreted them to result mainly from mud diapiring. The
InSAR data also indicated this interseismic uplift area was aligned in the
N-S direction with a length of ~25 km, generally consistent with the
main alignment of mud volcanoes in the region.

Earlier surveys of gravity and seismic reflection in the years of 1960 s
and 1970 s indicated a series of subsurface en-echelon anticlines
trending NNE-SSW in the Coastal Plain of southwestern Taiwan (Pan,
1968; Hsieh, 1972). In the cores of the anticlines, the lack of reflectors in
the seismic reflection profiles (Hsieh, 1972) may indicate strong fluid
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networks that is a result of intrusion of mud/fluid/gas (i.e., mud dia-
piring) and/or conduits of mud volcanoes. The presence of an abnor-
mally high fluid pressure zone in the mudstone of Southwest Taiwan is
also supported by borehole observation and analysis (Yuan et al., 1987).
At the Lungchuan and Tainan anticlines, gravity measurements and
seismic Vp/Vs analysis indicates significant increase of mud density
(Huang et al., 2004), which implies hardening of mudstone, probably a
result of fluid draining/undraining processes. Moreover, the relatively
large density contrast (~0.3-0.5 g cm™>) was observed between the
rocks in the anticline cores and those outside of anticlines (Hsieh, 1972),
implying that the hardened mudstone into the anticlines is probably due
to dehydration of clay minerals. Similar hardened rocks in anticline
cores were also inferred recently form MVs and MDs, based on gravity
data in the offshore area of Southwest Taiwan (Doo et al., 2015).

In this study, we find that the main shock of the Meinong earthquake
is able to produce a major contraction strain in an area with a diameter
of 6-8 km. The location of this contraction lobe was sitting above the
causative fault plane, about 5-14 km below the surface uplift (an array
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Fig. A2. Results of calculation of Coulomb stress changes on the Lungchuan backthrust with different rakes of slip. Heavy black line denote the backthrust in the
geological profile. We can find that the Meinong earthquake significantly increased the Coulomb stress on the backthrust for the cases of normal faulting (rake = -90)
or oblique strike-slip with normal faulting (rake = -45 and rake = -135). As a result, the Coulomb stress change does not favor triggered ‘thrust’ slip on the backthrust

under the surface pop-up. See main text for more explanations.

of mud volcanoes) area. This contractional strain change may increase
fluid pressure at the bottom of the MD-3 (at depth of 5-6 km), albeit in
the uppermost contraction lobe. We thus propose that this stress/strain
perturbation would enhance the activity of the network of mud/fluid/
gas of MDs/MVs in the co-seismic pop-up area. The geochemistry signals
of MVs surface fluids (with high Cl, B, Ba, and Li contents) extracted
during the interseismic period also implied a high-pressure, fluid-rich
source, coming from the depths of about 2-5 km (You et al., 2004; Chao
etal., 2011; Chao et al., 2013). This is consistent with the relatively high
Vp/Vs ratios (~2.0) around the contraction strain lobe (Huang et al.,
2014). The coseismic uplift area is most likely associated with the fluid-
rich pressurized region in the subsurface, which favors that stress
perturbation plays an important role in the crust deformation in the
region.

6.2. Coulomb stress transfer on the fold-thrust decollement or other
faults?

We also tested whether triggering may potentially happen on the
decollement of the fold-thrust belt in the study area, mainly because it is
near the inferred base of the reservoir of the MDs/MVs in the study area.
In terms of the distribution of the aftershocks of the Meinong earth-
quake, in addition to the three main clusters in three zones as we
mentioned earlier, however, some aftershocks seem to occur around the
decollement (Wen et al., 2017). Based on the regional geological in-
formation we set up the main orientation parameters of the decollement
as following: strike = N10°E, dip = 5°E and depths = 5-9 km. We then
calculated Coulomb stress changes on the decollement as a ‘receiver’
fault for the Meinong earthquake case considering different scenarios for
slip direction (i.e., different rakes). The resulting pattern of stress change
are shown in Fig. 9. The Meinong earthquake increased the Coulomb
stress on the decollement for normal faulting (rake = -90) or oblique
right-lateral normal faulting (rake = -45). This suggests that the ACFS
due to the co-seismic slip Meinong earthquake unlikely triggered thrust
slip on the regional decollement under the co-seismic uplift area.

We then tested possible triggered slip on the Lungchuan backthrust,
which was interpreted to explain the coseismic pop-up deformation (Le
Béon et al. (2017). The authors interpreted this structure in their profile
with a dip of 35-40°W, a depth from near surface down to 4 km deep, a
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strike of N10° E and a length of 8-10 km (Fig. A2). We thus calculated
Coulomb stress changes due to Meinong earthquake on this backthrust
as a ‘receiver’ fault. With different scenarios for slip direction (i.e.,
different rakes) (Fig. A2). The Meinong earthquake would increase the
Coulomb stress on the backthrust in case of normal faulting (rake = -90)
or oblique strike-slip with normal faulting (rake = -45 and rake = -135).
This suggests that the static stress transfer ACFS due to the co-seismic
slip of the Meinong earthquake does not favor thrust slip in this sus-
pected backthrust under the co-seismic uplift area.

Finally, we tested normal stress changes on the Lungchuan thrust
fault, a major ramp emanated from the thrust décollement around the
surface pop-up area (Fig. A3). We obtained a high positive value of
normal stress changes at the uppermost 0—4 km on the Lungchuan fault,
indicating the structure is favorably oriented for being dilated/reac-
tivated by the co-seismic stress changes. We suspect this may favor the
channelling of fluids upwards, such as the case of Mw 7.2 and Mw 7.4
earthquakes in 2004 near Kumano Basin, Japan (Bonini, 2019), pre-
sumably on the footwall side (mudstone area) of the fault. As a result,
the unclamping normal stress at the shallow few kilometers on the
Lungchun fault gives another favorable condition for the upraising of
fluid/gas/mud in the mudstone area during the Meinong earthquake.

6.3. Comparisons between 2016 Meinong and 2010 Jiashian earthquakes

Prior to the 2016 Meinong earthquake, a moderate earthquake with
a similar magnitude occurred in the nearby area, in 2010. In particular,
the 2010 M, 6.4 Jiashian earthquake, with a hypocentral depth of 23
km, occurred ~20 km east of the 2016 Meinong earthquake (Fig. A4),
however, no observable co-seismic surface pop-up or subsidence
occurred. In order to compare the coseismic stress/strain changes on the
shallow crust between these two earthquakes, we calculated the 3D
principal strains and volumetric coseismic strains due to the Coulomb
stress change of the ML 6.4 Jiashian earthquake (Fig. A4). In this case,
we adopted the coseismic slip model proposed by Lee et al. (2013). The
magnitude of coseismic strain changes induced by the Jiashain earth-
quake were estimated to be around 10%-1077 (Fig. A4c and A4d),
which is approximately one order of magnitude smaller than the
coseismic strain changes generated by the Meinong earthquake
(107°-107%). Unlike the “squeezing” characteristics of the principal
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Fig. A3. Results of calculation of normal stress changes on the thrust ramps emanated from the thrust décollement around the surface pop-up area: the Lungchuan
fault (with different scenarios for geometry). The results predict 1) unclamping normal stress changes on the upper 0-4 km of the Lungchuan fault and 2) clamping
normal stress changes on the lower part (5-8 km deep) of the fault. See main text for more explanations.

strain axes and/or an upward intruding diapir induced by the Meinong
earthquake, the Jiashian earthquake did not generate a similar pattern.
No substantial surface vertical displacement happened during and after
the Jiashian earthquake, suggesting that the activity of mud diapirs and
mud volcanoes was not promoted. It thus appears that stress/strain in-
crease was insufficient to influence fluid pressurization in the mudstone
area.

7. Conclusions

By calculating the Coulomb stress change of the 2016 Mw 6.4 Mei-
nong earthquake, we obtained 3D strain tensors, which represented
volumetric coseismic strain changes in a 3D space with 5 x 5 x 2 km
grids. We also tested the Coulomb stress transfer on several ‘receiver
fault’ systems in the epicentral area: a) the three arrays of mud diapirs,
b) the regional thrust decollement, c) a suspected backthrust, and d) one
regional major thrust. In an attempt to interpret the surface co-seismic
pop up above the mud diapir MD-3, we were able to draw the
following conclusions.
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(1) At the shallow part near the surface level at 0-3 km, there is a
dominant dilatation strain with the radial pattern of the
maximum lengthening principal strain axes in and around the
surface coseismic uplift area (15 x 10 km), with a maximum
coseismic uplift of 12 cm.

(2) We obtained substantial contractional strain (10 °=107°) in a
lobe, ~6 km in diameter, situated right below the coseismic
surface uplift area at the depths of 5-14 km, which also revealed
the “squeezing” characteristics of the principal strain.

(3) We adopted the array of a series of MDs/MVs in the uplift area as
a ‘receiver fault’ to calculate the Coulomb stress transfer onto it.
The results of the MD-3 showed that unclamping stress changes
(up to 1 bar) occurred at shallow depth (0-4 km) while clamping
stress changes (up to —1 bar) occurred in deeper depths (5-6 km).

(4) Our results showed that the Coulomb stress transfer caused by
coseismic slip unlikely promoted triggered thrust slip on several
local thrust faults, including the regional decollement of fold-
thrust belt and the suspected backthrust. On the other hand,
the unclamping stress of the Lungchuan fault at 3 km depth favors
the channelling of the fluid/gas upward close to the pop-up area.
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Fig. A4. Characteristics of the 2010 ML 6.4 Jiashian earthquake. (a) GPS coseismic vertical displacements (after Hsu et al., 2011). Note that the vertical motion was
in the slim range of [-2, 2] cm. The dashed black and dashed green rectangles indicate the source fault models of Meinong and Jiashian earthquakes, respectively.
Green lines are location of cross sections in Fig. A4c and A4d. (b) The model adopted for coseismic slip distribution of the Jiashian earthquake (after Lee et al., 2013).
(c) and (d) Results of calculation of strain change due to 2010 Jiashian earthquake. Distribution of 3-D principal strain axes are projected on to the vertical planes.
Red color: dilatation strain. Blue color: contraction strain. The causative fault is indicated as black heavy line. We can observe that the strain changes induced by the
Jiashian earthquake were in the range of 107°-1077, which is tens time smaller than those from the Meinong earthquake.

(5) Considering the MDs/MVs arrays in the locally rich mudstone, we
interpret that the 2016 Meinong earthquake coseismic surface
uplift was triggered by the activity of MD/MV structures. The
MDs/MVs were likely reactivated by an increase of contraction
strain in the basal reservoir of the mud diapirs around 5-6 km
depth. The mud/fluid/gas raised upward through the network of
conduits of MD-3 to cause the pop-up deformation at the surface
level.
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