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Abstract. This study identifies structure pairs with potential for simultaneous rupture in a coseismic period via Coulomb
stress change, and quantifies their rupture recurrence intervals and uncertainties according to the Gutenberg-Richter law and
the empirical formula of rupture parameters. To assess the potential for a multiple-structure rupture, we calculated the
probability of Coulomb stress triggering between seismogenic structures. We assumed that a multiple-structure rupture
would occur if two structures could trigger each other by enhancing the plane with thresholds of a Coulomb stress increase
and the distance between the structures. According to different thresholds, we identified various sets of seismogenic structure
pairs. To estimate the recurrence intervals for multiple-structure ruptures, we implemented a scaling law and the Gutenberg-
Richter law in which the slip rate could be partitioned based on the magnitudes of the individual structure and multiple-
structure ruptures. In addition, considering that a single structure may be involved in multiple cases of multiple-structure
ruptures, we developed new formulas for slip partitioning in a complex fault system. By implementing the range of slip area
and slip rate of each structure, the magnitudes and recurrence intervals of multiple-structure ruptures could be estimated.
Due to a larger characteristic magnitude and a larger displacement of the multiple-structure rupture, its recurrence interval
could be longer. Therefore, application of the multiple-structure rupture could lead to an increase in seismic hazard in a long

return period, which would be crucial for the safety evaluation of infrastructures, such as nuclear power plants and dams.

1 Introduction

A rupture taking place along several fault segments or/and structures can cause an earthquake with a larger magnitude (Wells
and Coppersmith, 1994) and often leads to disaster. The 1935 ML7.1 Hsinchu-Taichung, Taiwan, earthquake is an example.
This event is attributed to a rupture on the Shihtan and Tunzijiao faults and resulted in more than 3,000 fatalities and the
destruction of more than 60,000 buildings. According to the earthquake parameter scaling relationship (Wells and
Coppersmith, 1994), either the Shihtan or Tunzijiao fault could cause an earthquake with a maximum magnitude of only 6.6
(Wang et al., 2016). This case raises the importance of multiple-structure ruptures on seismic hazard assessment.

Thus, the Taiwan Earthquake Model (TEM) has considered the possibility of several multiple-structure ruptures by a

probabilistic seismic hazard assessment for Taiwan (Chan et al., 2020). Their model implemented a seismogenic structure
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database summarized by Shyu et al. (2020) that identified possible multiple-structure ruptures based on geomorphological
and geological evidence. To quantify their recurrence intervals, Chan et al. (2020) proposed a procedure for partitioning the
slip rate of each individual structure to multiple structures. In their procedure, the case that one structure could be associated
with multiple pairs was not specified.

Thus, this study aims to identify structures that could rupture simultaneously based on a physics-based model and propose a
set of formulas to evaluate their recurrence intervals. The possibility of a multiple-structure rupture is determined based on
the Coulomb stress change imparted by each structure and the distance from one to the other. Quantifying the recurrence
interval relies on a scaling law (Wells and Coppersmith, 1994) and the Gutenberg-Richter law (Gutenberg and Richter,
1944). Our approach’s procedure is transparent and can be applied to reexamining the composite ruptures of the seismogenic

structure system in Taiwan and other regions, which is beneficial to subsequent probabilistic seismic hazard assessment.

2 Distinguishing possible seismogenic structure pairs according to Coulomb stress change

Previous studies (e.g., Catalli and Chan, 2012) have concluded that changes in the Coulomb stress resulting from previous
earthquakes could trigger the occurrence of subsequent events in adjacent areas. Such an approach would be especially
applicable to determining the interaction between two fault systems if their rupture mechanisms are well-understood. In the
following, we introduce the Coulomb failure criterion to discuss interaction between structure systems, then distinguish

seismogenic structure pairs that could rupture simultaneously in a coseismic period, considering different criteria.

2.1 Introduction of Coulomb stress

The Coulomb failure criterion describes mainly the characteristics of material failure (King et al., 1994; Toda et al., 1998).
The criterion illustrates a plane encountering stress change, which could be decomposed into two vectors, shear stress

change, A 7, and normal stress, A on:
ACFS =AT — U Aon (1)

where A CFS is the Coulomb stress change, and u‘ is the effective friction coefficient. In this study, we used the

COULOMB 3.4 software (Toda et al., 2011) for calculation of Coulomb stress change.

The theory mentioned above could quantify the Coulomb stress change imparted by a rupture on a fault (the “source fault™)
on another fault that receives the stress (the “receiver fault”). Assuming the source fault possesses a reverse mechanism (i.e.,
rake angle of 90°, as shown in Fig. 1a), the rupture on the source fault could result in a Coulomb stress decrease if there is
another reverse fault system on the hanging wall or the footwall, whereas faults located at the extensions along both sides of

the source fault plane could be triggered. This theory is also applicable to a case where the source fault possesses different
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mechanisms from the receiver fault. A fault plane with a reverse mechanism could enhance the rupture on a right-lateral fault

system at the tip of the strike orientation on the hanging wall (Fig. 1b).

Based on the Coulomb stress change, we could quantify the possibility of a coseismic rupture for two fault systems. To

explore the interactions between seismogenic structures in Taiwan, detailed structural parameters should be considered.

2.2 Possible coseismic multiple-structure rupture defined by the Coulomb stress transfer

To understand stress interaction between seismogenic structures in Taiwan, we accessed the TEM database, which
incorporates 45 seismogenic structures (Shyu et al., 2016; 2020, structure alignment shown in Fig. 2) and corresponding
parameters (shown in Table 1). According to the surface trace and dipping angles, the three-dimensional geometry of each

structure is illustrated by pieces of sub-faults.

Since these structures could initiate earthquakes and trigger neighboring structures, we investigated their potential interaction
through Coulomb stress change. We considered a characteristic earthquake with corresponding slip (shown in Table 1) on
each structure and evaluated the Coulomb stress change solved on each sub-fault of the other structures. Previous studies
concluded that stress increases greater than a threshold could trigger subsequent earthquakes. For example, Ma et al. (2005)
and Stein (2004) suggested that stress increases greater than 0.1 and 0.01 bar, respectively, could trigger seismicity activity.
Assuming that a structure could be triggered if half its plane was enhanced with a stress increase greater than a threshold, we
identified potential structural pairs that could trigger each other, considering different stress thresholds, and discuss their
credibility. Close distance between two structures is another key factor of rupture triggering. For example, the UCERF3
(Uniform California Earthquake Rupture Forecast, Version 3; Field et al., 2015) defines two faults that could rupture
simultaneously if the distance between the two is less than 5 km. We first follow this criterion to identify paired structures

and then discuss their impact when different distance thresholds were assumed.

Following the assumptions mentioned above, we could identify seismogenic structure pairs that could rupture in a coseismic
period. We first considered the stress threshold of ACFS > 0.1 and distance threshold of 5 km to identify potential rupture
pairs. For example, in the relation between the Meishan fault (ID 20) and the Chiayi frontal structure (ID 21), if the rupture
initiates on the Chiayi frontal structure, the stress on the Meishan fault plane would be disturbed significantly. In that
instance, 72% of the fault plane could be enhanced by more than 0.1 bar of the Coulomb stress. Such interaction could also
be confirmed by a simplified Coulomb stress model (Fig. 1b), in that a reverse-mechanism fault’s ruptures (such as the
Chiayi frontal structure) would trigger a fault with a right-lateral mechanism to the northeast (such as the Meishan fault)
closer to failure. On the other hand, a rupture on the Meishan fault (ID 20) could result in 64% of the Chiayi frontal structure
(ID 21) plane experiencing a stress increase of more than 0.1 bar. Our results show that either of the two seismogenic
structures could trigger more than 50% of the other structure plane. In addition, based on the three-dimensional geometries
of the two seismogenic structures, their closest distance is 1.87 km, which meets our proximity criteria (< 5 km). Therefore,

we conclude that the Meishan fault and the Chiayi frontal structure can mutually induce a coseismic rupture.
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According to the ratio by which each structure plane is triggered by other structures (Table S1) and the distance between
each of two structures (Table S2), we defined 17 pairs of seismogenic structures that could potentially rupture in a coseismic
period (Table 2).

We further identified potential multiple-structure pairs through different thresholds of stress changes and distances.
Considering ACFS of 0.01 bar as a lower bound of stress triggering (Stein, 2004), we proposed four sets of stress increase
thresholds (0.01, 0.05, 0.1, and 0.2 bars, respectively), as well as two threshold sets for the distance between structures (2.5
and 5.0 km, respectively). Based on the criteria, multiple-structure pairs were identified (Table 3). More structure pairs were
expected if a lower ACFS threshold and/or a longer maximum distance were assumed and vice versa. The number of
identified pairs is between 6 (ACFS > 0.2 bar, distance < 2.5 km) and 34 (ACFS > 0.01 bar, distance < 5.0 km).

We have identified potential structures that might rupture in a coseismic period. To understand the activities of these

multiple-structure rupture cases, next we will propose a procedure to evaluate their recurrence intervals.

3 Recurrence interval of the multiple-structure rupture

The recurrence interval is a critical parameter in probabilistic seismic hazard analysis. Here, we are going to calculate the
recurrence interval of multiple-structure ruptures and discuss their impact on seismic hazards.

3.1 Recurrence interval of multiple-structure ruptures

The rupture recurrence interval (denoted as R, ,) of a single seismogenic structure (L1), R;;, can be evaluated as the ratio of

slip of a characteristic earthquake and slip rate (denoted as D, ;and D1, respectively):

D
Ry = 32 @)

To evaluate the seismic rate of a multiple-structure rupture on two seismogenic structures (L1 and L2), we implemented the

Gutenberg-Richter law to describe the relationship between earthquake frequency N and magnitude M:
log(N) = a—bM. 3)

Considering the different moment magnitudes between single-structure and multiple-structure ruptures, the ratio of
earthquake frequency and slip-rate partitioning could be evaluated. The moment magnitude (M,,) of the multiple-structure

rupture could be evaluated according to the rupture area (denoted as A) and fault types of the two seismogenic structures:

M, = 4.33 + 0.90 X log (A) ... for reverse faulting; 4)
M, =398 + 1.02 x log (A) ... for strike-slip faulting; ®)
M, = 393 + 1.02 X log (A) ... for normal faulting. 6)



120

125

130

135

140

https://doi.org/10.5194/nhess-2022-46
Preprint. Discussion started: 8 February 2022
(© Author(s) 2022. CC BY 4.0 License.

Based on the scale (M,, = lolg% — 10.73, derived by Kanamori, 1977) and the definition of seismic moment ( M, = uAD,

u =3 X 101° N/m?), average displacement of a seismogenic structure (D, in meters) could be evaluated according to M,,
and A (in km?):

2
(Myy+10.73) x5 _12
10 3x 10
D= . )

3x1011x4

The potential of multiple-structure ruptures could be attributed to the moment accumulation from the first and second
structures, L1 and L2. We assumed their slip rates, D, and D, ,, could be partitioned into two cases, the rupture on the
original structure and the rupture on multiple structures. The slip rate partitioned to the multiple-structure rupture from L1

and L2 can be represented as:

Dity12 = €y x Dy and (®)

Df2.,, = C, x D;,’, respectively, )

where D,; and D,, represent the original slip rates of L1 and L2, respectively, and C; and C, represent the obtained
partitioned rates from L1 and L2, respectively. Assuming the seismicity ratio between L1, L2 and L1+L2 is based on their

magnitudes and the Gutenberg-Richter law (shown in equation 1), then:

b(Mp,-M )
10PML1-Mp1412)xp
C1 = Litlz (10)

Dpa

and

_ 10PML2=Mp1412)%Dy 4 110
, =

) (In

Dp2

where M, ; and M;, represent the magnitudes of L1 and L2, respectively; D;; and D;, represent the displacements of L1 and
L2, respectively; M;,, ;. represents the magnitude of the multiple-structure rupture; and D, , ;. represents the displacement

of the multiple-structure rupture.

According to the obtained partitioned rates, the slip rate partitioned to individual structure ruptures (L1 and L2, respectively)

can be represented as:

- b
D=2 and (12)
H Bt )
: D .
D, = m, respectively. (13)
ALz 2
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where A;, and A, , represent the rupture areas of L1 and L2, respectively, and 4;,,;, represents the area of the multiple-

structure rupture.

By integrating the obtained partitioned rates (equations 10 and 11) and the slip rate partitioned to individual structure
ruptures (equations 12 and 13), the slip rate partitioned to the multiple-structure rupture from the original structures can be
obtained (equations 8 and 9). Then the sum of the slip rates for the multiple-structure rupture is calculated using the

partitioned rates of the two structures, represented as:
. L L
Dyit1z = Ditsrz + Difira- (14)

Considering the displacement and slip rate, recurrence intervals for individual structures (R;; and R;,) and the multiple-

structure rupture (R;;4;,) can be represented as:

D

RLl = Tl‘lll: (15)

Ry, =22 and 16
L2 — DLZ”

Riyipn = L;Z:Z, respectively. an

Here we take the case of the Hsinhua fault (ID 24, denoted as L;) and the Houchiali fault (ID 25, denoted as L,) as an
example. We followed the results of Wang et al. (2016) and assumed a fixed b-value of 1.10. The fault types of Hsinhua
fault and the Houchiali fault structures are the strike-slip fault and reverse fault, respectively, and their M,,, are 6.38 and 6.07,
respectively (Table 1). Since the characteristic earthquake of the Hsinhua fault is larger, we assume a strike-slip mechanism

for the multiple-structure rupture with rupture area, magnitude, and displacement as the following:
A4z = 222.89 + 86.25 = 309.14 km?;

M

WL1+L2

= 398 + 1.02 X log (309.14) = 6.52;

2
10(652+1073)x5, | 12

D = = 0.809 m.
L1+L2 3x1011x309.14

The slip-partitioned ratios from the Hsinhua fault and the Houchiali fault were:

101:1%(6.38-6.52) 5 0 809

C, = = 0.82 (Hsinhua fault), and

0.69

101-1%(6.08-6.52) 5 9 809

C2 -

= 0.42 (Houchiali fault).

0.61

The slip rates partitioned to the original structures were:

2.65

D = e —————
L1 — 309.14
(222.89x0.82+1)

= 1.24 mm/year (Hsinhua fault), and




170

175

180

185

https://doi.org/10.5194/nhess-2022-46
Preprint. Discussion started: 8 February 2022
(© Author(s) 2022. CC BY 4.0 License.

7.07

D, ==
L2 309.14
GeseX042+1)

= 2.822 mm/year (Houchiali fault).

The slip rates partitioned to the multiple-structure rupture were:
DH.,,, = 0.82 x 1.24 = 1.017 mm/year (Hsinhua fault), and
Df2.,, = 0.42 x 2.822 = 1.185 mm/year (Houchiali fault).

The sum of the slip rates for the multiple-structure rupture was:
Dy1412 = 1.017 + 1.185 = 2.202 mm/year.

The recurrence intervals for each individual structure and the multiple-structure rupture were:

_0.69
T 124

R, X 1000 = 556 years (Hsinhua fault),

Ry, = =% 1000 = 216 years (Houchiali fault), and

Riii12 = % X 1000 = 367 years (multiple-structure rupture).

3.2 Single structure contributes to several multiple-structure ruptures

A single seismogenic structure could be involved in multiple cases of multiple-structure rupture. For such cases, however,
evaluation of the corresponding recurrence intervals has seldom been discussed. Here, we propose a procedure for

quantifying the return period of this case, shown below.

When a single structure (L1) is involved in multiple cases of multiple-structure rupture (L/+L2, ..., LI+Ln), the slip rate

partitioned to the original structure can be obtained based on the revision of equation (10), represented as:

’ Ap1XDpaXDry

D, = - — ,1<i<
L (ALlXDLl)+Z?=2(AL1+L1'XDL1+L1'X10b(ML1_ML1+Li))+Z?=_21 Z;’l=3(AL1+Li+Lj><DL1+Li+L]'><10b(ML1 ML1+LL+LJ))+E?=_22 Z;‘l;gl Ez:("

i<k (18)

where Dy 4,15, ----,D141, represent the displacements of the multiple-structure rupture cases L1+L2, ..., L1+Ln, respectively.

The slip rate partitioned to the multiple-structure rupture cases L1+L2, ..., L1+Ln can be represented as:

pLl — Ap1XDpy XD 41 x10PML1~MLx) Lx =
BT XDpa)+ 25 (AL 14 iXDL1 41 x10P ML~ ML14L0) 15071 z:;'l=3(AL1+L1'+LJ'XDL1+L1'+LJ'X10b(ML1_ML1+Li+Lj))"'2?:_22 DY WA ’

L1+ Li+Lj+ Lk +-- 19)
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respectively. In this case, evaluation of the recurrence interval for each multiple-structure rupture requires the slip rates
190 contributed from two structures as well, similar to what is shown in equation (14). The total slip rate of each case of

multiple-structure rupture can be represented as:
Dy, = Diz + XiL, Di- (20)

The recurrence intervals for the original structure and each multiple-structure rupture case can be represented as:

D

Riy = 52 1)
195 and

R, = g_Z’ respectively. (22)

Here we took the cases of the Chiayi frontal structure (ID 21, here denoted as L1) with the Meishan fault (ID 20, here
denoted as L2) and the Tainan frontal structure (ID 41, here denoted as L3) as an example. The Chiayi frontal structure is
reverse faulting with the potential for an Mw7.21 earthquake; the Meishan fault is strike-slip faulting with the potential for an
200 Mw6.60 earthquake; the Tainan frontal structure is reverse faulting with the potential for an Mw7.24 earthquake. Considering
the magnitude of each structure, we assumed these two pairs of multiple structures are reverse faulting, and evaluated their

fault areas and moment magnitudes accordingly, as follows:
Ap1412 = 371.7 + 1580.88 = 1952.58 km? (area for ID20 + ID21);

Ap1413 = 1580.88 + 1722.64 = 3303.52 km? (area for ID21 + ID41);

205 M,,,,,,, = 433 + 090 X log (1952.58) = 7.29 (magnitude for ID20 + ID21);
My, 1.5 = 433 + 0.90 X log (3303.52) = 7.5 (magnitude for ID21 + ID41);
10(7.29+1o.73)><§>< 10-12
D142 = oo = 1.829 m (displacement for ID20 + ID21);
10(7.5+10.73)><§>< 10-12
D143 = Seiolinssosss = 2.233 m (displacement for ID21 + ID41);
D, = 1580.88x3.36x1.71 — 0.992 mm/year;

(1580.88x1.71)+(1952.58x1.829x101-1X(7:21=7.29)) 4 (3303.52x2.233x101:1%(7:21 =7.5))

1580.88x3.36X1.84x101:1%(7:21-7.29)
(1580.88 x1.71)+(1952.58x1.829x101:1%(7:21=7.29) 14 (3303.52x2.233x101-1X(7:21=7.5 ))

210 DH,,, = = 0.866 mm/year; and

1580.88x3.36%2.21x1011%(7:21-7.5)
(1580.88 x1.71)+(1952.58x1.829x101:1%(7.21=7.29 )y 4(3303.52x2.233x1011%(7:21=7.5))

= 0.621 mm/year.

yL1 —
DL1+L3 -
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Since the Meishan fault and the Tainan frontal structure contributed to only one multiple-structure rupture pair, respectively,

DE2,,, and DE3, 5 can be calculated according to equation (13).
D2, ,, = 0312 mm/year; D, ,; = 0.268 mm/year;
Dy1412 = 0.866 + 0.312 = 1.178 mm/year;

D143 = 0.621 + 0.268 = 0.889 mm/year;

Ry, = % X 1000 = 1724 years (recurrence interval of ID21);

1.829

Rii412 = T8 1000 = 1553 years (recurrence interval of ID20 + ID21); and

Riii13 = % X 1000 = 2512 years (recurrence interval of ID21 + ID41).

A single earthquake could be attributed to multiple (more than three) structures (for example, the 2016 My7.8 Kaikdura,
New Zealand, earthquake; see Shi et al., 2017, in detail). In such special cases, the recurrence interval can be also evaluated
through the procedure mentioned above. For example, the Chiayi frontal structure (ID 21, here denoted as L1) could trigger
the Meishan fault (ID 20, here denoted as L2) and the Tainan frontal structure (ID 41, here denoted as L3), respectively, in
some criteria (Table 3), inferring the possibility of multiple ruptures in an event. We assumed this event is reverse faulting

and evaluated its fault area and moment magnitude accordingly, described in the following:

Apriizsis = 371.7 + 1580.88 + 1722.64 = 3675.22 km?;

My, 1ii2e1s = 433 + 090 X log (3675.22) = 7.54;
(7.54+10.73)x2 —12
10 3x 10
Diis12413 = 3x1011x367522 2305m;
DLl, 1580.88%3.36%x1.71 — 0708 mm/year;

T (1580.88%1.71)+(1952.58X1.829x 1011X(7:21-7.29)) 4 (3303.52x2.233 X 101-1X(7:21 =7.5)) 4 (3675.22X2.305X 1011X(721 ~7.54))

DL _ 1580.88X3.36X2.305x1011X(7:21-754)
L1+L2+L3 ™ (1580.88x1.71)+(1952.58X1.829x1011x(721-7.29)) 4 (3303.52x2.233x101:1X(721 =7.5)) 4 (3675.22x2.305 X 1011x(721 =754))

= 0.414 mm/year;

DLz _ 371.7x2.51x2.305x1011%(6:6-7.54)
LI1+L2+L3 ™ (371,7x0.89)+(1952.58X1.829x1011X(6:6-7.29)) 4 (3675.22X2.305X1011%(66 ~7.54))

= 0.114mm/year; and

DL3 _ 1722.64X0.92X2.305x1011%(7:24-7.54)
L1+L2+L3 ™ (1722.64x1.74)+(3303.52%x2.233x101:1X(7:24 =7.5)) 4 (3675.22x2.305x 1011X(724 =7.54))

= 0.159mm/year.

Note that L2 and L3 will not rupture together:

Di14124+13 = 0.414 4+ 0.114 + 0.159 = 0.687 mm/year;

R4 171 %1000 = 2415 years; then

~ 0.708
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Ritiinsis = % x 1000 = 3355 years.

3.3 The results of multiple-structure rupture recurrence intervals

According to the structure parameters (Table 1), the recurrence intervals of each pair of potential multiple-structure ruptures
can be evaluated (Table 2). Here, we consider the 17 pairs with ACFS > 0.1 bar and distance < 5.0 km and evaluated their
potential magnitudes and recurrence intervals by implementing the range of slip area and slip rate of each structure (Table 1).
The largest magnitude is expected if the maximum slip areas of the two structures are assumed (based on equations 4-6).
Also, the shortest recurrence interval is expected if the minimum slip area and maximum slip rate are assumed (based on

equations 4-17).

In comparison with the recurrence intervals of the original structures without considering a multiple-structure rupture (Table
1), longer recurrence intervals are expected for multiple-structure ruptures and individual structures due to slip partitioning.
For example, the recurrence interval of the Chiayi frontal structure (ID 21) has been extended from 510 to 1,724 years.
Based on these results, the seismic hazard level for a short return period (e.g., 475 years, corresponding to a 10% probability

in 50 years) would be lower.

Additionally, our results show that a single seismogenic structure sometimes pairs with several cases of multiple-structure
ruptures. For example, the Hukou fault (ID 4) potentially ruptures with the Shuanglianpo structure (ID 2), the Fengshan river
strike-slip structure (ID 5), and the Hsinchu fault (ID 6), while the Hsinchu fault (ID 6) could also result in multiple-segment
ruptures with the Hsinchu frontal structure (ID 8) and the Touhuanping structure (ID 9). Besides these two cases associated
with three rupture pairs, several structures could be associated with two multiple-structure pairs (Table 2), raising the
importance of implementing slip partitioning from a single structure to several multiple-structure ruptures. Based on our
analysis, the structures that pair with several cases of multiple-structure ruptures might be difficult to rupture solely. That is,
based on equations 18 and 21, the slip rate of these structures could be partitioned to several cases of multiple-structure
ruptures, resulting in longer recurrence intervals. For example, the Hukou fault (ID 4) and the Hsinchu fault (ID 6) involved
four and three pairs of multiple-structure ruptures, respectively (Table 2), and their recurrence intervals become 4.4 and 5.3,

respectively, longer than the cases without considering multiple-structure ruptures (Table 4).

4 Discussion and conclusion
4.1 Interaction between structures and possible coseismic ruptures

In this study, we explored possible coseismic multiple-structure ruptures and quantified their recurrence intervals by
implementing the Coulomb stress change and the Gutenberg-Richter law, respectively. The analyzing procedure we

proposed is based on physics- and statistics-based models, and the outcomes are reproducible.

10
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We compared our results with the conclusion of Shyu et al. (2020) that some seismogenic structure pairs could rupture
simultaneously, such as the Hsinchu fault (ID 6) and the Hsinchu frontal structure (ID 8), the Touhuanping fault (ID 9) and
the Miaoli frontal structure (ID 10), the Meishan fault (ID 20) and the Chiayi frontal structure (ID 21), and the Chiayi frontal
structure (ID 21) and the Tainan frontal structure (ID 41). Their findings were consistent with our results based on the

Coulomb stress triggering.

Additionally, Shyu et al. (2020) suggested some other structure pairs for multiple-structure ruptures, such as the Shihtan fault
(ID 13) and Tuntzuchiao fault (ID 15), the Houchiali fault (ID 25) and the Tainan frontal structure (ID 41), and the
Chaochou fault (ID 29) and the Hengchun fault (ID 30). These pairs, however, do not fit our hypothesis. Take the Shihtan
and Tuntzuchiao faults, for example. The rupture of the Tuntzuchiao fault could result in a Coulomb stress increase of more
than 0.1 bar in 79% of the sub-faults of the Shihtan fault, whereas only 2% of the sub-fault in the Tuntzuchiao fault would be
triggered when the Shihtan fault dislocates (Table S1). Note that the 1935 Hsinchu-Taichung earthquake is attributed to a
coseismic rupture on the two faults. Previous studies (Yan, 2016; Su, 2019) indicated that this earthquake did not initiate on
either the Shihtan or the Tuntzuchiao fault, but on a blind fault linking the two. The database we accessed (Shyu et al., 2020)
did not include this blind structure. Our analysis could be further improved through better understanding seismogenic
structures. In addition, we discussed the interaction between structures through a kinematic model; it is desired to further

incorporate a dynamic model (e.g., Jiao et al., 2020) to constrain the behaviors of multiple-structure ruptures.

In 1906, an earthquake with magnitude 7.1 occurred due to the rupture of the Meishan fault (ID 20). Considering its fault
geometry, the characteristic magnitude of this fault is only 6.6; therefore, this event with a larger magnitude could be
associated with a multiple-structure rupture. Since liquefaction took place to the west of the Meishan fault during the
coseismic period, the Chiayi frontal structure could also rupture simultaneously. The focal mechanism of the Chiayi frontal
structure is reverse faulting, while the Meishan fault is right-lateral strike-slip faulting, and the Meishan fault is northeast of
the Chiayi frontal structure. Based on their rupture mechanisms and relative locations, our simplified model (Fig. 1b)
suggested that an earthquake initiated on the Chiayi frontal structure could trigger a rupture on the Meishan fault, inferring
their possible Coulomb stress interaction. We further considered detailed parameters of these two structures (i.e., structure
geometry, characteristic slip) to quantify the possibility of a multiple-structure rupture. When the Meishan fault is dislocated,
the Coulomb stress on 64% of the Chiayi frontal structure plane may rise by more than 0.1 bar, and when the Chiayi frontal
structure is dislocated, 72% of the Meishan fault could be closer to failure (Table S1). In addition, the distance between the
two faults is 1.87 km (Table S2). Therefore, we concluded that these two structures could have mutually ruptured in a

coseismic period and resulted in an event with magnitude 7.1 in 1906.

4.2 Uncertainty of the Coulomb stress model and recurrence interval

In this study, we identified potential rupture pairs by considering thresholds of stress change and structure distance. We

implemented four threshold sets of Coulomb stress change (i.e., +0.01, +0.05, +0.1, and +0.2 bars) and two for distance
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between structures (i.e., 2.5 and 5.0 km) to identify plausible pairs for multiple-structure rupture (Table 3). Also, the
uncertainty of the structure rake angle could result in deviation. Our standard procedure assumed a fixed rake angle of each
structure according to its rupture type (Table 1), while in reality, its rupture orientation could alter slightly in small patches
of the structure plane. To evaluate the impact of rake angle orientation, we evaluated the Coulomb stress change on receiver
structure with different rotated rake angles (i.e., £10° and +20°). The results showed that the larger the rotated rake angles
implemented for receiver structures, the fewer structure pairs were identified (Table 5). Note that 11 pairs are identified even
when the rakes rotate for +20°, suggesting its robustness for coseismic multiple-structure rupture.
Besides the uncertainty of structure pair identification, rupture parameter uncertainties of the multiple structures could be
evaluated. Considering the range of the slip area of structures (Table 1), magnitude intervals of multiple-structure ruptures
can be estimated (Table 2). That is, assuming the maximum slip areas of the two structures obtains the largest magnitude
(based on equations 4-6). By further implementing structure slip rates, recurrence intervals can be quantified: the minimum

slip area and maximum slip rate obtains the shortest recurrence interval (based on equations 4-17).

Based on our analyses, deviations of multiple-structure rupture pairs could be indicated, and uncertainties of corresponding
parameters were quantified, providing a better understanding of multiple-structure rupture behaviors, beneficial to

subsequent research, such as the probabilistic seismic hazard assessment (PSHA), mentioned below.

4.3 Application of multiple-structure rupture to probabilistic seismic hazard analysis

Conducting a PSHA requires understanding the recurrence interval and potential magnitude of each seismogenic source, and
implementing a hazard model with multiple-structure rupture could improve the assessment. Take the PSHA proposed by the
TEM in 2020 (TEM PSHA2020, Chan et al., 2020) as an example, considering the cases of multiple-structure ruptures, the
hazard levels in the regions close to the Chaochou fault (ID 29) and the Tainan frontal structure (ID 41) increased
significantly for a long return period (recurrence interval of 2,475 years, see Fig. 3 of Chan et al., 2020). Their study
indicated that the seismic hazard level would be misestimated if the probability of multiple-structure rupture is not

implemented.

Seismic hazard analysis plays an essential role for constructing infrastructures, such as nuclear power plants, that requires
assuming a long return period. Thus, a seismogenic source with a long recurrence interval could be crucial for the analysis,
raising the importance of multiple-fault rupture with a larger magnitude (larger than the characteristic earthquake of each

individual structure).

The possibility of multiple-structure rupture used to be determined based on geological and geomorphological evidence with
subjective judgments. Our study implemented a Coulomb stress change combined with statistical approaches to indicate

multiple-structure rupture pairs, which is transparent and reproducible.
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In addition, our approach indicated various rupture pairs and quantified uncertainties. These outcomes could be incorporated
into a PSHA through a logic tree. For example, larger weightings (possibilities) could be assumed for the pairs that fulfill
more thresholds in the distance and Coulomb stress change (Table 3) and cases of rotated rake angles (Table 5). That
includes, for instance, the Shuanglianpo fault (ID 2) and the Hukou fault (ID 4); the Hukou fault (ID 4) and the Fengshan
river strike-slip structure (ID 5); the Hsinchu fault (ID 6) and the Hsinchu frontal structure (ID 8); the Miaoli frontal
structure (ID 10) and Tuntzuchiao fault (ID 15); the Muchiliao — Liuchia fault (ID 22) and the Chungchou structure (ID 23);
and the Chishan fault (ID 26) and the Fengshan structure (ID 45).

4.4 Multiple structure rupture (with more than three structures)

The 2016 Mw7.8 Kaikoura, New Zealand, earthquake is an event resulting from ruptures on multiple structures. Shi et al.
(2017) indicated that this earthquake included ruptures along four major faults and up to 12 minor faults. Based on this case,

we are aware that multiple-structure rupture is not limited to the combination of two seismogenic structures.

Based on the multiple-structure rupture database proposed in this study (Table 2), several structures are associated with
several possible rupture pairs. For instance, the Shuanglianpo fault (ID 2) may cause coseismic rupture with the Yangmei
structure (ID 3) and the Hukou fault (ID 4), and the Hukou fault (ID 4) may link with the Fengshan River strike-slip
structure (ID 5) and the Hsinchu fault (ID 6). Since our approach is based on a static Coulomb stress change, it is difficult to
evaluate the temporal evolution of rupture probability. The possibility of a multiple-structure rupture in a coseismic period
might be overestimated. One potential solution is to implement a dynamic model (e.g., a discrete element model; Cundall
and Strack, 1979) that simulates temporal distribution of displacement and stress fields and could be helpful in identifying

plausible structures that perhaps rupture within a coseismic period.
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Figure 1: (a) Distribution of the Coulomb stress change in a reverse mechanism environment, and (b) distribution of the Coulomb
stress change by a reverse faulting event on a right-lateral mechanism environment.
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Table 1
Dip () Dip2 (") Dip3 () Sliparea (km?) Characteristic Slip rate (mm/year)
1 Scismogenic structurce name Type Rake Df'l:r:l between D:E:':z between Df::':“ between Minimam Mean Maximam M* slip (m) Minimum Mean Maximum
depth 0 1 depth 1 2 depth 2 3
1 Shanchiao fault N -90 70 60 100 45 14 30 713.66 1053.50 173159 701 129 1.10 166 294
2 Shuanglicnpo structure R 920 30 45 50 15 - - 7920 131.67 23793 6.24 0.72 0.06 0.13 052
3 Yangmei structure R 90 30 60 47.07 7647 115.36 6.03 0.60 0.09 0.18 072
4 Hukou lault R 920 100 30 - - - - 318.72 512.00 898.30 6.77 1.16 0.19 0.46 234
5§  TIengshan river strike slip structure LL 0 138 85 362.61 42534 49235 6.66 095 1.80 318 10.15
6 Hsinchu fault R 920 100 45 - - - - 141.67 3 30334 641 0.83 0.28 0.66 291
7 Isincheng fault R 90 129 30 481.65 73274 123833 691 1.31 047 112 535
8 Hsinchu frontal structure R 920 100 30 - - - - 150.65 242.00 42459 648 0.90 0.62 144 681
9 Touhuanping structure RL 180 120 85 258.00 31089 366.88 6.52 0.80 012 0.13 0.14
10 Miaoli frontal structure R 920 100 30 - - - - 38471 618.00 108428 6.84 122 0.78 184 877
11 Tunglo structure R 35 30 61.07 109.90 206.61 6.17 0.68 0.19 0.50 2.63
12 East Miaoli structure R 40 30 - - - - 67.25 11520 21053 6.19 0.69 0.36 0.84 389
13 Shihtan fault R 108 75 274.46 34323 418.13 6.61 0.99 0.61 138 532
14 Sanyi fault R 920 9.0 15 - - - - 610.01 1036.15 1887 83 7.04 145 0.29 0.85 4.61
15 Tuntzuchiao fault RL 180 148 85 - - - - 34533 400.95 460.35 6.64 094 027 0.50 17
16 Changhua fault R 9 30 45 50 30 12 10 2036.09 3990 .81 9799 06 757 235 095 187 697
17 Chelungpu fault R 920 120 15 - - - - 2687.16 426048 7408 98 7.60 245 694 694 6.94
18 ‘Tamaopu - Shuangtung fault R 90 60 30 - - - - 538.38 830 .40 141652 6.96 1.38 047 106 488
19 Chiuchiungkeng fault R 120 30 - - - - 52282 806.40 137525 695 137 187 4.66 2339
20 Meishan fault RL 180 147 85 - - - - 31979 371.70 427.14 6.60 0.89 2.50 251 254
21 Chiayi frontal structure R 20 120 15 - - - - 997.08 158088 274914 721 171 1.40 336 16.12
22 Muchiliao - Liuchia fault R 90 120 30 410.78 633.60 108055 685 123 440 575 71
23 Chungehou structure R 920 120 30 - - - - 45435 700.80 1195.16 6.89 128 9.02 1220 18.71
24 Hsinhua fault RL 180 150 85 - - - - 192.40 22289 25545 6.38 0.69 0.80 265 45
25 llouchiali fault R 90 50 45 59.54 86.25 127.61 607 0.61 6.10 707 8.72
26 Chishan [ault LLR 45 108 75 - - - - 357.60 44720 544 80 6.68 097 0.72 1.10 15
27 lsiaokangshan fault R 90 70 30 103.56 15540 259.63 6.30 075 081 178 8.04
28 Kaoping River structure LLR 45 123 75 - - - - 34836 42451 507.35 6.66 095 0.17 0.32 1.05
29 Chaochou fault LL/R 45 111 75 918.53 114195 138524 7.10 1.62 0.57 098 3.01
30 Hengchun faull LLR 45 150 75 - - - - 553.08 650.71 75797 6.85 1.20 5.74 6.15 6.62
31 llengchun offshore structure R 920 40 30 92.00 157.60 288.01 631 077 187 322 6.96
32 Milun fault LLR 45 100 75 - - - - 264.71 33741 416.30 6.56 085 9.92 10.15 1047
33 Longitudinal Valley fault R/LL 45 50 75 150 60 20 45 2805.45 3509.02 467575 7.52 225 5.60 1135 17.1
34 Central Range structure R 920 200 45 - - - - 1893.81 243774 3306.63 7.38 2.00 476 728 11.16
35 Luyeh fault R 90 20 45 40 30 90.36 13387 22324 624 071 355 528 8.02
36 Taimali coastline structure RAL 45 106 75 - - - - 37324 469.99 57448 6.73 1.10 574 732 9203
37 Northern Ilan structure N -90 94 60 590.96 814.16 111526 6.90 1.14 0.96 329 627
38 Southern Tan structure N -90 13 60 - - - - 215.50 28448 37887 643 0.64 447 548 692
39 Chushiang structure RRL 135 30 55 4376 7247 11207 6.00 057 203 501 9
40 Gukeng structure L 0 120 85 - - - - 92.00 110.86 13082 607 048 0.56 0.94
41 Tainan frontal structure R 92 30 30 120 15 1076.49 1722.64 2963.96 724 1.74 045 092
42 Longchuan structure R 920 120 60 - - - - 24578 32017 42227 6.58 096 0.85 1.73
43 Youchang sturcture RRL 135 120 75 171.81 206.17 256.47 641 0.83 092 1.64
44 Fengshan hills frontal structure R 90 150 30 - - - - 386.20 573.00 94927 6.81 1.19 04 092
45 Fengshan structure LLR 30 150 85 - - - - 218.40 25301 289.97 6.50 1.19 10.00 10.00

*Oblained through a

ing law by considering mean slip a

410 Table 1: The structure parameters of the 45 seismogenic structures in Taiwan. The alignments of the structures are presented in
Figure 2. LL: left-lateral strike-slip mechanism; N: normal mechanism; R: reverse mechanism; RL: right-lateral strike-slip
mechanism
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415
Table 2
with minimum area  Recurrence interval (year) with mean area Recurrence interval (year) with maximum area  Recurrence interval (year)

1D Seismogenic structure name Type Area M for min  for mean for max  Area M formin for mean for max  Aea M for min  for mean for max

(km) " sliprate sliprate sliprate  (km) v sliprate slip rate slip rate (km) h sliprate sliprate slip rate

2,3 Shuanglienpo structure, Yangmei structure R, R 126.27 6.22 20647 10029 2489 208.14 6.42 27419 13281 3346 353.29 6.62 37000 18500 4604
2,4 Shuanglienpo structure, Hukou fault R, R 397.92 6.67 23444 9953 2010 643.67 6.86 29929 12324 2499 1136.23 7.08 39026 16191 3287
4,5 Hukou fault, Fengshan river strike-slip structure R, LL 681.33 6.88 2141 1192 360 937.34 7.00 2794 1550 464 1390.65 7.16 4098 2254 668
4,6 Hukou fault, Hsinchu fault R, R 460.39 6.73 18377 7574 1586 717.03 6.90 21949 9250 1930 1201.64 7.10 28556 11953 2495

6,8 Hsinchu fault, Hsinchu frontal structure R, R 292.32 6.55 4000 1721 368  447.03 6.72 5096 2184 467  727.93 6.91 6809 2929 626
6,9 Hsinchu fault, Touhuanping structure R, RL 399.67 6.63 16926 9723 2874 51592  6.75 20226 11527 3268 670.22 6.86 24140 13120 3636

9, 10 Touhuanping structure, Miaoli frontal structure RL, R 642.71 6.86 6423 2881 630 928.89 7.00 7204 3209 695 1451.16 7.18 8858 3914 842

10, 15 Miaoli frontal structure, Tuntzuchiao fault R, RL 730.04 6.91 5510 2513 572 1018.95 7.04 6371 2870 643 1544.63 7.20 7811 3473 769

1, 14 Tunglo structure, Sanyi fault R, R 671.08 6.87 11664 4000 741 1146.05 7.08 15090 5276 975 2094.44 7.32 21747 7478 1387

13, 14 Shihtan fault, Sanyi fault R, R 884.47 6.98 6920 2735 598 1379.38 7.16 9667 3757 806 2305.96 7.36 14093 5391 1135
19,22 Chiuchiungkeng fault, Muchiliao - Liuchia fault R, R 933.60 7.00 998 539 151 1440.00 7.17 1270 691 196  2455.80 7.38 1755 965 278
20, 21 Meishan fault, Chiayi frontal structure RL, R 1316.87 7.14 2104 1251 345 1952.58 7.29 2722 1553 409 3176.28 7.48 3871 2097 527
21,41  Chiayi frontal structure, Tainan frontal structure R, R 2073.57  7.32 4475 1966 438 3303.52  7.50 5726 2512 558 5713.10 7.71 7776 3402 755
22, 23 Muchiliao - Liuchia fault, Chungchou structure R, R 865.13 6.97 364 27 184 1334.40 7.14 471 351 239 2275.71 7.35 663 494 337
24,25 Hsinhua fault, Houchiali fault RL, R 251.94 6.43 559 326 222 309.14 6.52 609 367 254  383.06 6.61 661 413 288
26, 45 Chishan fault, Fengshan structure LUR, LR 576.00 6.80 615 573 534  742.38 6.91 706 661 619  834.77 6.96 825 766 713
43, 45 Youchang sturcture, Fengshan structure ~ R/RL, LLUR  390.21 6.62 405 374 265 501.35 6.73 465 432 314  546.44  6.77 530 487 341

Table 2: Potential pairs of multiple-structure ruptures, their parameters, and recurrence intervals of earthquakes. LL: left-lateral
strike-slip mechanism; R: reverse mechanism; RL: right-lateral strike-slip mechanism.
420
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Table 3
) . 5.0 km 2.5 km Max. distance between a pair
D Seismogenic structure name 0.01 bar 0.05bar O.1bar 0.2bar 0.01bar 0.05bar 0.1bar 0.2bar ACFS triggering threshold
2,3 Shuanglienpo structure, Yangmei structure v v v v v v v
2,4 Shuanglienpo structure, Hukou fault v v v v v v v 4
4,5 Hukou fault, Fengshan river strike-slip structure v/ v v v v v v v
4.6 Hukou fault, Hsinchu fault v v v v v v
4,8 Hukou fault, Hsinchu frontal structure v v v
6,8 Hsinchu fault, Hsinchu frontal structure v v v v v v v v
6,9 Hsinchu fault, Touhuanping structure v v v v v
9,10 Touhuanping structure, Miaoli frontal structure v v v v v v
10, 15 Miaoli frontal structure, Tuntzuchiao fault v v v v v v v v
10, 16 Miaoli frontal structure, Changhua fault v v v v
11,14 Tunglo structure, Sanyi fault v v v v v v
11,16 Tunglo structure, Changhua fault v 4
13,14 Shihtan fault, Sanyi fault v v v v v v
13, 16 Shihtan fault, Changhua fault v v
14,17 Sanyi fault, Chelungpu fault v 4 v v
15, 16 Tuntzuchiao fault, Changhua fault v v
16,19 Changhua fault, Chiuchiungkeng fault v v v v
16, 20 Changhua fault, Meishan fault v v
16, 40 Changhua fault, Gukeng structure v
17,19 Chelungpu fault, Chiuchiungkeng fault v v
17, 20 Chelungpu fault, Meishan fault v v
17, 40 Chelungpu fault, Gukeng structure v
19,22  Chiuchiungkeng fault, Muchiliao - Liuchia fault v v v v v
20, 21 Meishan fault, Chiayi frontal structure v v v v v v
21,41  Chiayifrontal structure, Tainan frontal structure v v v v
22,23  Muchiliao - Liuchia fault, Chungchou structure v v v v v v v v
23,27 Chungchou structure, Hsiaokangshan fault v v v v
24,25 Hsinhua fault, Houchiali fault 4 4 v v v v
24, 41 Hsinhua fault, Tainan frontal structure v v
26, 45 Chishan fault, Fengshan structure v v v v v v v v
27,42 Hsiaokangshan fault, Longchuan structure v v v v
30, 31 Hengchun fault, Hengchun offshore structure v
32,33 Milun fault, Longitudinal Valley fault v v
43, 45 Youchang sturcture, Fengshan structure v v v v v
Total pairs of each criteria 34 23 17 10 31 18 13 6

Table 3: Multiple-structure rupture pairs considering different thresholds in structure distance and Coulomb stress change.
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Table 4
D Seismogenic structure name Type Original slip rate  Remained slip rate Original recurrence Upfiated recurrence
(mm/year) (mm/year) interval (year) interval (year)
2 Shuanglienpo structure R 0.13 0.033 5540 21818
3 Yangmei structurc R 0.18 0.074 3330 8106
4 Hukou [ault R 0.46 0.104 2520 11154
5 Fengshan river strike-slip structure SS 3.18 1.337 300 710
6 Hsinchu fault R 0.66 0.125 1260 6640
8 Hsinchu [rontal structure R 144 0.642 1170 1401
9 Touhuanping structure SS 0.13 0.034 6150 23529
10 Miaoli frontal structurc R 1.84 0.547 660 2230
11 Tunglo structure R 0.50 0.151 1360 4509
13 Shihtan fault R 1.38 0.519 720 1908
14 Sanyi fault R 0.85 0.269 1710 5390
15 Tuntzuchiao fault SS 0.50 0.204 1880 4601
19 Chiuchiungkeng [ault R 4.66 2.093 290 503
20 Mcishan fault SS 251 0.871 350 1059
21 Chiayi [rontal structure R 3.36 0.992 510 1724
22 Muchiliao - Liuchia fault R 5.75 1.573 210 782
23 Chungchou structure R 12.2 5.393 100 237
24 Hsinhua fault SS 2.65 1.238 260 557
25 Houchiali fault R 7.07 2.806 90 217
26 Chishan fault SS/R 1.10 0.492 880 1971
41 Tainan {rontal structurc R 0.92 0.405 1890 4294
43 Youchang sturcture R/SS 1.64 0.699 510 1188
45 Fengshan structure SS/R 10.00 2.604 75 288

430 Table 4: Original and revised recurrence intervals of the seismogenic structures that involve the cases of multiple-structure
rupture. LL: left-lateral strike-slip mechanism; N: normal mechanism; R: reverse mechanism; RL: right-lateral strike-slip
mechanism.
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Table 5

Rake angle rotation +10° -10° +20° -20°
23 23 23 23
24 24 24
45 45 45
46 46 46
68 68 68 68
69 69 69
910 910 910

Paired structures 1015 1015 1015 1015 barod suetres
13 14 13 14

19 22 19 22 19 22 19 22
2021 2021 2021 20 21
2141 2141 2141 2141
2223 2223 2223 2223
24 25 24 25
26 45 26 45 26 45 26 45
43 45 43 45

Number of pair 16 15 13 11

Number of pairs without rake angle rotation: 17
Table 5: Potential paired structures considering various rake angle rotations. In these cases, the stress threshold of ACFS = 0.1

440 and distance threshold of 5 km were considered to identify potential rupture pairs. The total number of paired structures without
rake rotation is 17 (Table 2).
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