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摘要 
    本研究透過 2016年美濃地震於測地學、地形學及地震學上的分析來探討台灣

西南部造山帶前緣的活動構造及地殼變形特性。針對地表變形，本研究透過 2016

年美濃地震的 InSAR同震位移、RTK-GPS所測得的同震變形資料及長期地形特徵

來分析潛在的地表活動構造。針對深處地殼變形，則使用 2016年美濃地震餘震序

列的重定位結果、震源機制解與地下速度模型來分析深處地下構造特性。 

    研究結果顯示關廟地區於美濃地震的線性同震變形特徵符合當地地形特徵，

可能為潛在的淺層活動構造。該活動構造在美濃地震時被觸發而產生錯動，暗示其

對於鄰近的地震活動可能十分敏感。地震學分析結果得到美濃地震的餘震序列可

以分為三群。其餘震序列分別位於關廟—龍崎地區、主震附近以及主震北方約五公

里處，震源深度分別為約 20-30 km、10-20 km及 7-15 km。 

    此外，美濃地震餘震序列大多位於速度構造上高 Vp/Vs 比值的邊緣，其餘震

分布模式可能受到地殼中的高液壓區影響。透過餘震的時空遷徙分析，餘震遷徙模

式和中深部地殼的液體擴散方向有高關聯性。推測是 2016年美濃主震所造成的斷

層滑移使得應力移轉、鄰近地殼液壓改變，造成液體放射狀向外擴散，並在主震周

圍引發了團狀、擴散半徑約為 4 km的餘震群。這種非位於隱沒帶、火山地熱區的

中深部地殼（深度可達到 18 km）液體擴散行為十分罕見。透過庫倫應力移轉分析

及地殼滲透率的估算，本研究得出美濃主震附近岩體處於伸張應變量的環境，且滲

透率約為 3.36×10-14 m2，落在所謂的 seismogenic permeability的區間 (5×10-14 m2-

5×10-16 m2)。根據上述結果，本研究推測 2016 年美濃地震所造成的破裂面造成了

伸張的裂隙，使得原本儲存於裂隙中的液體擴散出去，造成鄰近地區液壓提升，瞬

間達到 seismogenic permeability的區間，因而產生團狀分佈的餘震。由滲透率和餘

震擴散半徑來估算，美濃地震驅動了體積約 7.22×109 m3的液體流動。該大規模的

液體流動現象對於台灣西南部造山帶前緣的深處地殼變形有顯著性的影響。 

關鍵字：美濃地震、液體擴散、泥岩區、斷層、滲透率  
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Abstract 

This study integrates geodetic observations, topographic analysis and seismic methods to 

constrain the characteristics of active tectonics in the Guanmiao-Meinong area in 

southern Taiwan. I use coseismic displacements of the Meinong earthquake derived from 

InSAR, red relief image map (RRIM) and RTK-GPS measurements for topographic 

analysis and mapping active structures. On the other hand, I relocate aftershocks and 

calculate their focal mechanisms to infer structural architectures at deeper depths. The 

results show that two lineaments active during the Meinong earthquake fit topographic 

features, implying multiple seismic events, and deeper seismogenic structures are located 

at the boundary of high Vp/Vs area, which high fluid pressure is implied. The 

spatiotemporal aftershock migration analysis shows that the partial aftershock sequence 

is driven by fluid diffusion process. The pore fluid pressure has profound influence on 

earthquake initiation and has been widely observed in geothermal and injection-induced 

earthquake activities at shallow crustal depths, but rarely exceeding 10 km in depths. 

However, the mid-to-lower crustal fluid flow triggered by the 2016 Mw 6.4 Meinong 

earthquake is located at as deep as 18 km. Moreover, the spatiotemporal distribution of 

these fluid-driven aftershocks mainly spreads outward spherically from the Meinong 

mainshock with a radius about ~4 km. To quantitatively verify whether the fluid flow 

could occur at such mid-to-lower crustal depths, I calculated the Coulomb stress transfer 
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due to the Meinong earthquake and estimated the in-situ permeability by fitting the 

aftershock migration rate. Both show the positive dilatational strain and a permeability of 

~3.36×10-14 m2 within a so-called seismogenic permeability range (5×10-14 m2-5×10-16 

m2) in the aftershock area. It is inferred that the rupture on the fault of the Meinong 

earthquake results in the dilatational cracks within the overlying over-pressured fluid 

reservoir, and in turn promotes the permeability to a transient seismogenic value. This 

disturbance then causes the pore pressure change and triggers the aftershocks with a 

spherical distribution following the fluid migration front. A total fluid volume of about 

7.22×109 m3 to cause such fluid migration distance is required to exist in the pore space, 

which provides an important constraint on crustal fluid flux estimation. 

 

Key words: Meinong earthquake, fluid diffusion, mudstone, fault, permeability 
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Chapter 1 Introduction 

1.1 Motivations  

Southern Taiwan which is located at the frontal fold-thrust belt of the western 

foothills is one of the areas with the most active tectonic movement and rapid 

topographic evolution in Taiwan (Ching et al., 2011). In recent years, several major 

earthquakes occur in Southern Taiwan such as the Mw 6.4 2010 Jiashian earthquake, 

the Mw 6.4 2012 WuTai earthquake and the 2016 Mw 6.6 Meinong earthquake. The 

2016 Meinong earthquake caused 117 deaths, which is the second severe earthquake 

disaster in the past seven decades. However, both of these two earthquakes are triggered 

by blind faults, implying the potential active structures at depths beneath the frontal 

fold-thrust belt of the western Foothills in southern Taiwan. Besides, the coseismic 

deformation of the Meinong mainshock seems to be triggered by the potential 

lineaments (Huang et a., 2016). Therefore, this study aims to integrate the crustal 

deformation patterns both at shallower and deeper depths to explore the characteristics 

of active structures and the tectonic activities in southern Taiwan by using methods of 

geodesy and seismology.    

 

1.2 Purposes 

This study aims to achieve the following goals: 
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1. Map active structures on the surface. 

2. Relocate the aftershock sequences, calculate their focal mechanisms and 

underground velocity model of P-wave and S-wave to infer structural architectures 

at deeper depths. 

3. Inferring possible mechanisms of the aftershock migration and aftershock 

distribution patterns of the Meinong mainshock. 
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Chapter 2 Study Area 

2.1 Active tectonics in southwestern Taiwan 

2.1.1 Geology background of southern Taiwan 

Southern Taiwan are located at the frontal fold-thrust belt of the western 

Foothills, and this orogenic region is in the initial stage of orogeny (Suppe, 1981). 

This region is one of the areas with the most active tectonic movement and rapid 

topographic evolution in Taiwan. The interseismic slip rate in southern Taiwan is 

up to 1 cm/yr (Ching, 2011). Because the Philippines Sea Plate is converging with 

the Eurasian Plate at 8 cm/yr in the west north west direction, most of the strike of 

active faults in southern Taiwan is Northeast-southwest trending (Seno et al., 

1993). The active tectonic structures include the Hsinhua fault, the Lungchan fault, 

the Chishan fault, the Tsochen fault and the Hsiaokangshan fault (Chen et al., 

2016). The Hsinhua fault is a right lateral fault with N70°E trending (Chen et al., 

2016). The Lungchan fault is a reverse fault with Northeast-southwest trending 

(Chen et al., 2016). Its dipping angle is 70° ~ 80° in a direction of east. The 

Chishan fault is a reverse fault with northeast-southwest trending (Chen et al., 

2016). The Tsochen fault is a left lateral fault with northwest-southeast trending. 

The Hsiaokangshan fault is a reverse fault with NNE trending (Chen et al., 2016). 
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 2.1.2 Geodesy observations 

From GPS observations (Hsu et al., 2009; Ching et al., 2011), southern 

Taiwan area experiencing complicate and multiple deformation patterns. The 

velocity field at the Hsinhua fault moves in a direction of SSE (Hsu et al., 2009). 

The area near the Tsochen fault moves in a direction of left with the velocity about 

12 mm/yr (Hsu et al., 2009). The GPS velocity increases from north to south. In 

the Chishan fault area, the velocity increases up to 50-55 mm/yr in a direction of 

southwest (Hsu et al., 2009). As for the strain rate observation, southern Taiwan 

area primarily is experiencing contraction rate about 0.5~1.5 µstrain/yr in a 

direction of E-W (Ching et al., 2011). The Tsochen fault, Chishan fault and 

Hsiaokanshan fault area are experiencing high NW to W–SE to E contraction 

about -1.4~-1.55 µstrain/yr (Hsu et al., 2009). 

 

2.1.3 Seismology observations 

Affected by active tectonic movements, it also has active seismic activities in 

southern Taiwan (e.g., Huang et al. 2000; Wu et al., 2008). From the historical 

seismic activity data (Wu et al., 2008), most of the epicenters of historical 

earthquakes are located around the adjacent active faults such as Hsinhua fault and 
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Chishan fault. In southern Taiwan, the source depths of the earthquakes are 

shallow (less than 30km).  

 

2.1.4 Stratums in southern Taiwan 

The main stratums in southern Taiwan includes Gutingkeng formation, 

Erchungchi formation, Liushang formation and Alluvium plain and tableland in 

chronological order of deposition. 

Gutingkeng formation, which consists of mudstone, is one of the most widely 

distributed stratums in southern Taiwan (Ho, 1986). It deposits in Pliocene (Ho, 

1986). The grain size of mudstone is extremely fine, so its permeability is 

relatively low. Besides, the rock strength of mudstone is weak. Therefore, it is 

easily to be eroded by the rain. Erchungchi formation, which distributes mainly 

around the upstream and midstream area of Erren River, deposits on Gutingkeng 

formation in Pleistocene (Chen, 2016). The lithologic character of upstream of 

Erren River is primarily sandstone and limestone. As for the midstream of Erren 

River, it primarily consists of thick sandstone interbedded with mudstone. Cuestas 

are the widely known landforms in this area (Chen, 2016). Liushang formation 

deposits on Erchungchi formation in the late Pleistocene (Chen, 2016). 

The lithologic character is mainly alternations of sandstone and shale. It mainly 
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distributes in the west of the south Taiwan (Chen, 2016). Alluvium plain and 

tableland are the youngest stratums in south Taiwan. The sediment in this area 

includes gravel, sand and clay (Chen, 2016).  

Because of the widely distributed mudstone in south Taiwan, mud diapir 

plays an important role on crustal deformation. Due to the rapid deposition in the 

deep sea environment, the water in the pore of sediment is hardly to discharge 

totally. The gravity of the upper sediment rises up the pore fluid pressure of the 

lower muddy sediment, causes the overpressure phenomenon in the rock 

formations. The overpressure muddy sediment is easily extruded by faulting, 

causing the arched stratums (Sun and Liu, 1993). Diapiric anticlines are widely 

distributed in the offshore Tainan-Kaohsiung-Hengchun area (Liu et al., 1995).  

 

2.2 The 2016 Meinong earthquake 

On February 5, 2016, the Mw 6.4 Meinong earthquake occurred beneath the frontal 

fold-and-thrust belt of the southwestern Taiwan with a focal depth of ~16 km (Huang 

et al., 2016; Kanamori et al., 2017). Its focal mechanism is 295°, 30°, and 37° in strike, 

dip, and rake (Kanamori et al., 2017; Wang et al., 2017), similar to that of nearby 2010 

Jiashian earthquake (Huang et al., 2011). The mainshock fault of the Meinong 

earthquake is a blind fault which is located in the area among Tsochen fault and Chishan 



 

 7 

fault with an ES-WN trending and dipping toward north (Wang et al., 2017; Wen et al., 

2017). Some research regards that the ruptures of the Meinong earthquake and the 

Jiashian earthquake are located on the same fault system (Wang et al., 2017). However, 

the aftershocks and the surface displacement exhibit complex pattern distinct from 

those of the Jiashian earthquake. First, the maximum horizontal and vertical coseismic 

displacement occur in Guanmiao-Lungchi area, especially near Lungchuan fault area 

(Figure 4), which is far from the epicenter Meinong (Huang et al., 2016). The 

abnormally significant uplift is considered to be induced by the mud diapir because the 

Lungchuan fault is located at the mudstone area with high fluid pressure (Huang et al., 

2016). Second, deformation patterns of the Meinong earthquake in the shallower crust 

is different from that in the deeper crust (Figure 5). The slip patterns of the fault planes 

at shallower depths and the mainshock fault at the depth of 16 km are not similar 

(Huang et al., 2016). It indicates that the dislocation patterns of the 2016 Meinong 

mainshock is multiple at different depths. The unusual deformation patterns in the 

Meinong earthquake suggest the complexity of the structures architectures in frontal 

fold-thrust belt of southwestern Taiwan. 
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Figure 1 InSAR results from Huang et al. (2016). (a) Ascending and (b) descending 

Sentinel-1A interferograms. The warm and cold colors represent range decrease and 

increase of LOS displacement, respectively. The arrows in the map view are coseismic 

displacement derived from GPS measurements, and the black lines are active faults in 

the research area. (c) The east-west and (d) vertical displacements calculated based on 

(a) and (b). The dashed blue lines are the surface projection of the two inferred faults. 

(e) Cross section of E-W and (f) vertical displacements along profile AA’ in (c) and (d). 

The blue, green, and red colors are the original displacement, displacement without 
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main slip contribution, and displacement without main slip as Ill as shallow slip 

contributions, respectively. 

 

 

Figure 2 Fault slip distribution and schematic interpretation of slip triggering from 

Huang et al. (2016). Map view of slip distribution on (a) the main fault and (b) the 

shallower fault. The blue circles in (a) are aftershocks. The white-to-red color bar in (a) 

and (b) indicates the amount of slip. (c) Three day slip of the main and the shallower 

faults. The colors on the fault plane are the static Coulomb stress change due to slip on 

the main fault. (d) The cross sections are the Vp/Vs ratio and the geologic cross section 

along profile A-A′ in Figure 4c. In the Vp/Vs ratio cross sections, the yellow star is the 
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earthquake hypocenter of Meonong mainchock. The black dots are aftershocks. The 

minor 3-D figures in the right panel represent the inferred faults geometry in different 

perspectives. In the geologic cross section, the followings are the meaning of 

abbreviations: LS-Holocene; EC-Early Pleistocene; YS-Late Pliocene; NT-Middle 

Pliocene; GTK-Pliocene to Early Pleistocene; CCK-Late Miocene. The blue lines in 

the geologic cross section show inferred very shallow fault slip that corresponds to 

surface ruptures. 
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Chapter 3 Methods 

This study aims to analysis active the characteristics of active structures and 

tectonic activities associated with the Meinong earthquake at the shallow and deep 

depths. Figure 1 is the procedure of this research. Aiming at the surface deformation, 

this study focuses on the deformation features of the tectonic structures on the surface. 

I map active structures on the surface by using coseismic displacements of the Meinong 

earthquake derived from InSAR and using red relief image map (RRIM) and RTK-GPS 

to analyze the tectonic structures and its potential movement. On the other hand, I use 

the methods of seismology to analyze the deformation at the deep crust. I relocate the 

aftershock sequences, calculate their focal mechanisms and underground velocity 

model of P-wave and S-wave to infer structural architectures at deeper depths. Next, 

this study infers the mechanisms inducing the aftershock migration through the spatial-

temporal patterns of aftershocks and calculate the Coulomb stress. And Last, this study 

integrates the results above to infer the possible mechanisms having influences on 

tectonic movement and the tectonic characteristics in southern Taiwan.  
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Figure 3 Research procedure. 

 

3.1 Geodesy methods 

3.1.1 InSAR. Interferometric synthetic aperture radar (InSAR) is a method 

to obtain the high-accuracy DTM (Vachon et al., 1996). It has the advantages 

that it doesn’t affected by the weather and that it can shoot large-area surface 

(Vachon et al., 1996). It calculates the 3-D displacement and position of the 

landforms through the phase differences and Doppler effect of the 

interferograms derived from different periods (Vachon et al., 1996). The 

surface deformations can be obtained by calculating the difference in two 

periods. This study uses four ALOS-2 InSAR images to generate two 

ascending and two descending coseismic interferograms.  
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3.1.2 RTK-GPS. Real Time Kinematic (RTK) is used to enhance the 

precision of position data derived from satellite-based positioning systems 

such as GPS. It consists of a satellite receiver and a stock. Put the RTK on 

the ground vertically, it can calculate the precise x, y, z coordinate of the 

landforms in the real time. 

 

3.1.3 Red relief image map. This study uses red relief image map (RRIM) 

to recognize the potential active tectonics on the surface. Red relief image 

map calculates the negative openness and positive openness of the subsidence 

and arched land features, respectively (Yokoyama, 2002; Chiba, 2008). Then 

it calculated the value (positive openness - negative openness)/2 to 

distinguish the different land features such as hills and valleys with the red 

color bar (Yokoyama, 2002; Chiba, 2008). Compare to the traditional hill 

shade images, red relief image map has the advantage that it is shade-free 3D 

image. Therefore, it is better to recognize the boundary of the lineaments.  

    

3.2 Seismology methods 

3.2.1 Earthquake clustering. I use the double-link method (Davis and 
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Frohlich, 1991; Wu and Chiao, 2006) to extract the aftershock sequence, 

which has high spatiotemporal correlations with the Meinong earthquake. 

The thresholds of time and space distances between the mainshock and 

aftershocks are empirically chosen as 2 days and 4 km. Increasing the 

thresholds mainly links aftershocks that are farther away and does not change 

the pattern analyzed in the study.  

 

3.2.2 Earthquake relocation. I relocate the extracted Meinong earthquake 

sequence with a modified double-difference earthquake relocation program 

(3D-DD), in which a single event location method for isolated events after 

double-difference pairing and a capability of incorporating three-dimensional 

velocity models are integrated into one scheme (Lin, 2014). A pseudo-

bending ray tracing method (Um and Thurber, 1987; Koketsu and Sekine, 

1998) in a three-dimensional spherical coordinate is used for travel time 

calculation. With a recent high-resolution velocity model in Taiwan (Huang 

et al., 2014), the 3D-DD scheme largely eliminates the path effect in 

earthquake relocation and the structural heterogeneity near sources, rendering 

the relocation a higher accuracy.  
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3.2.3 Focal mechanism determination. The focal mechanisms are 

determined by a first-motion method (Wu et al., 2008) with P-wave first-

motion data collected from the seismic networks of Central Weather Bureau. 

Wu et al. (2008) applied genetic algorithm (Goldberg, 1989) to obtain the 

best focal mechanism and estimate its uncertainty with a quality index, Q. 

The solutions with ≥ 1 are used in the study.  

 

3.2.4 Earthquake migration analysis and permeability calculation. The 

migration of earthquakes has been widely observed and can primarily be 

categorized into two mechanisms: afterslip-driven (Secor D. T., 1965) and 

fluid-driven (Shapiro et al., 1997). In the latter case, the spatiotemporal 

evolution of earthquakes follows the equation  

 r= 4𝜋𝑡    (1)  

where r and t are distance (meter) and time (second) relative to mainshock, 

and D represents diffusivity (Shapiro et al., 1997). By fitting the group of 

fluid-driven aftershocks with the equation, I obtain D = 2.1 m2/s (Fig. 1a, red 

dashed curve). To calculate the permeability, I follow the formula as  

k='(
)

       (2) 

D is derived from the earthquake migration fitting; 𝜂 is assumed 0.001 for 
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water (Shapiro et al., 1997); and for low-porosity crystalline rocks N can be 

expressed as  𝑁 = (.
/0
+ 2

/3
)56 

where 𝜙 , 𝑘9 , and 𝑘:  are porosity, bulk moduli of the fluid and grain 

material, respectively. It is a ratio between bulk moduli of the dry frame and 

grain material and can be approximated as 0.03 in a low-porosity condition. 

I adopt 𝑘9= 2.3 × 1010 Pa and 𝑘:= 7.0 × 109 Pa from the hydraulic-fracturing 

experiment in German Continental Deep Drilling Borehole (KTB) site 

(Shapiro et al., 1997). Lastly, using the relation Vp ⁄ Vs= 0.036	𝜙2 + 0.0178	𝜙 

+ 1.79 (Um & Thurber, 1987) and the average Vp ⁄ Vs ratio of the fluid 

reservoir (Figure 2b) from the tomography model (Huang et al., 2014), I 

obtain ~2.7%. Taken together, I arrive at a permeability of 3.36 × 10-14 m2.  
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Figure 4 Spatiotemporal earthquake evolution for the three aftershock clusters of 

the Meinong earthquake (a-c) and the Jiashian earthquake sequence (d). The areas 

of central, northern, western and Jiashian cluster represent in the boxes A, B, C, 

and D in Figure 10, respectively. The black vertical lines denote the timing of the 

first event in the group. The red dashed and blue solid curves in (a) follow the 

square root and cubic root time, respectively. The color of each dot represents the 

depth of aftershocks. 
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3.2.5 Fluid volume estimation. Shapiro & Dinske (2009) further generalized 

the fluid-driven formula accounting for the nonlinear behavior of hydraulic 

fracturing, which can be expressed as  

 r = A(QIt/φ)1/3 (2)  

where QI and φ are the constant injection rate of the treatment fluid and 

fractured porosity, respectively. A is a dimensionless geometric factor equal 

to 1/2 or (3/4𝜋)1/3 in the cases of cubic or spherical fractured domains. In this 

study, I used A=(3/4	𝜋)1/3 as for observed radially spreading pattern (Fig. 3). 

φ is obtained as ~2.7% in previous section. QIt is then the total fluid volume 

existing in the pore space to be estimated. I fit the group of fluid-driven 

aftershocks of the Meinong earthquake with equation (2) and obtain 

QIt=7.22×109 m3 for the hydraulic fracturing case (Fig. 2a, blue curve). The 

equation (2) gives a slightly better fitting than equation (1) (Fig. 2a).  
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Figure 5 Spatiotemporal evolution of the fluid-driven aftershocks in map view (left) 

and along the N-S profile AA’ (right). The dots are color coded by the cubic root 

of time after the Meinong mainshock in days. A generally radial spreading pattern 

can be observed. 

 

3.2.6 Coulomb stress analysis. I use Coulomb 3.3 software to calculate the 

coseismic changes of stress and strain fields (Toda et al., 1998; Lin and Stein, 

2004). The calculation principle of Coulomb 3.3 follows the Coulomb failure 

criterion ∆𝜎f = ∆𝜏s + µ∆𝜎n , where ∆𝜎f is the change of shear stress on the 

receiver fault caused by the slip on the fault of main shock, ∆𝜏s is the change 

of the shear stress, µ is the friction coefficient of the mainshock fault , and 

∆𝜎n is the change of the normal stress (Secor D. T., 1965). Based on a recent 
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finite fault model of the Meinong earthquake (Huang et al., 2016), I use µ=0.3 

to calculate the regional shear and normal stress changes, and dilatational 

strain, respectively. Note that since the mainshock location in the finite fault 

model is slightly different from my relocated one (~3 km apart), I shift the 

finite fault model to the relocated location accordingly.  
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Chapter 4 Results 

4.1 Topographic Analysis 

For the topographic analysis, I divide the Guanmiao area into three domains based 

on topographic features (Figure 6). In domain 1 (Figure 7), the green lineament is 

located on the boundary between the westward (cold color) and eastward coseismic 

displacement (warm color) from InSAR. The green lineament also fits the east side of 

bulge of Ming-du Chinpaoshan very well. I infer that the green lineament may be a 

potential active tectonic structure. The Meinong mainshock may trigger the dislocation 

of the green lineament. In domain 2 (Fig. 8), the RTK-GPS shows the significant 

coseismic displacement in the Guanmiao town (Fig. 8). Both of the coseismic uplift of 

green and purple lineaments are up to 50-60 cm. In domain 3 (figure 9), The 

topographic bulge of the green lineament extends to Erren River. The length of the 

potential active structure is about 20 km. The flow direction of the branch is also 

parallel to the lineament, implying that the flow direction of this branch may be 

controlled by this active structure. All of these lineaments derived from the topographic 

analysis play the important roles because they seem to be sensitive to the adjacentt 

tectonic movement. 
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Figure 6 Pseudo vertical (A) and E-W (B) displacements of coseismal deformation. Red 

lines in (A) and (B) are major faults in the region. The right panel (C) indicates the area 

inside the red frame in (B). I divide (C) into three sections to describe the topographic 

features in this area. Red line in (C) represents the main coseismic deformation area. 
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Figure 7 N-S and E-W topographic profiles of the bulge. The location of the profiles is 

in the left map. Blue arrows are inferred structural scarp. Profile B-B’ shows the surface 

gradient is gentle dipping to the west. 
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Figure 8 The topographic profile in Guanmiao town (profile A-A’) and the elevation 

measured by RTK-GPS (Profile B-B’ and C-C’).   
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Figure 9 Topographic profiles in the Shenkeng Village area (the upper panel) and 

topographic profiles. The green lineament extends to Erren River. Blue arrow is 

inferred scarp of the lineament. 

 

4.2 Seismology Analysis 

By using a modified double-difference relocation method with a three-

dimensional velocity model, the relocated mainshock-aftershock sequence shows three 

primary aftershock clusters in the west, north, and center of the mainshock (Fig. 10, 

boxes a, b, and c). For the northern cluster, the aftershocks are distributed sub-

horizontally into two groups at depths of ~7 and ~11 km, well along the upper and 

lower boundary of a high Vp ⁄ Vs ratio anomaly (i.e. high Poisson’s ratio) in a high-

resolution velocity model (Huang et al., 2014) (Figure 10,11 and 12). For the central 

cluster, the aftershocks are also distributed around the lower boundary of the high Vp ⁄ 

Vs ratio area but is more scattered. The western cluster, which is deeper and Ill separated 

from the other two clusters, is likely related to different structure and doesn’t fit with 

the surface deformation patterns. Comparing the surface deformation pattern with the 

deformation pattern at the deep depth, I find out that the tectonic movements in the 

frontal fold-thrust belt of the western Foothills in southwest Taiwan are quite complex 

and can’t be only explained by the movement of the active faults at shallow depth.   
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The non-linear aftershock distribution of Meinong mainshock and the abnormal 

spatial-temporal distribution are hardly to be interpretation only with tectonic effects. 

Therefore, I try to link the relation between fluid and aftershock migration. With 

earthquake migration analysis, I find evidence that part of the aftershock sequence is 

fluid-driven in a form of coseismic hydraulic fracturing in mid-to-lower crust. From the 

case of fluid-driven aftershock migration, I estimate a large fluid volume of 7.22 × 109 

m3 existing in the lower crust and a permeability of ~3.36×10-14 m2 that is three to four 

orders of magnitude larger than the long-term average (Manning, C. E. & Ingebritsen, 

S. E., 1997; Shmonov, V. M. et al., 2003). This indicates a very high transient 

permeability at lower crustal depths and an important role of deep crustal earthquakes 

promoting large-scale fluid movements in the crust. Such large permeability 

fluctuations could be important in investigating crustal rheology, lithospheric water, 

carbon cycle (Ingebritsen, S. E. & Manning, 2002; Plumper, O. et al., 2017) and 

provides an important constraint on crustal fluid flux estimation. 
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Figure 10 Relocated aftershock distribution, focal mechanisms, and velocity model. 

Green and orange dots are the 2016 Mw 6.4 Meinong and 2010 Mw 6.2 Jiashian 

earthquake sequences, respectively. Yellow stars denote the hypocenters of Meinong 

and Jiashian earthquakes. The blue boxes divide the Meinong earthquake sequence into 

three clusters in Figure 2. Earthquakes within 5-km distance are projected on the cross 

sections. Black lines above the cross sections are topographic profiles with vertical 
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exaggeration of 10, and background colors are values of Vp/Vs ratio from Huang et al. 

(2014). 
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Figure 11 Relocated aftershock distribution, focal mechanisms, and velocity model in 

map view and in four cross sections (AA’-DD’). The red lines in map view are active 

faults and the black lines indicate the profile locations of AA’-DD’ shown below. Green 

and orange dots are the 2016 Meinong and 2010 Jiashian earthquake sequences, 

respectively. Yellow stars denote the hypocenters of Meinong and Jiashian earthquakes. 

Earthquakes within 5-km distance are projected on the cross sections. Black lines above 

the cross sections are topographic profiles with vertical exaggeration of 10, and 

background colors are values of Vp/Vs ratio from Huang et al. (2014). 
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Figure 12 Background seismicity distribution in 2012-2016 (top), typical aftershocks 

(middle) and fluid-driven aftershocks (bottom) of the Meinong earthquake in the cross 

sections AA’ and BB’, respectively. The location of the cross sections is indicated in 

the Figure 10. Background color shows the Vp/Vs variation. Earthquakes within 5-km 

distance are projected on the cross sections. 
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Chapter 5 Discussion 

5.1 Shallow active structures 

 The vertical and horizontal displacement around Guanmiao town 

derived from InSAR results are similar with the GPS observations of 

Maryline et al (2017). The mapping results are also consistent with part of 

the study of Maryline et al (2017). The yellow and the green lineaments 

(Figure 6) may be corresponding to the Pitou anticline and Guanmiao 

syncline, respectively. The coseismic deformation of these two lineaments 

are corresponding to the long-term landform features. However, the 

deformation of Napalin anticline doesn’t seem to be corresponding to the 

long-term landform features. Besides, the RTK-GPS results show a sharp 

coseismic subsidence occurring on the east side of the green lineament, 

which is consistent with the tension cracks caused by the coseismic 

displacement in Guanmiao town (Maryline et al., 2017). These field 

observations indicate that the Guanmiao syncline may be extended by the 

slip of Meinong mainshock.   

 

5.2 Relation between Fluid diffusion and aftershock migration  

Here, I focus on analyzing the spatiotemporal evolution of the central and northern 
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clusters, and their seismogenesis relationship with the high Vp ⁄ Vs ratio anomaly. The 

spatiotemporal evolution of the central cluster shows a clear bimodal distribution (Ross 

et al., 2017) distinct from those of the northern and western clusters, and the Jiasian 

earthquake sequence (Figure 2). For the long-lasting group of aftershocks, I can fit the 

long-lasting group of aftershocks with a square root time curve using a hydraulic 

diffusivity (D) as 2.1 m2/s (see Methods). If I extract only those aftershocks (below the 

red dashed curve in Figure 2a), they generally display a radially spreading pattern away 

from the mainshock with a radius about ~4 km (Figure 3). In addition, they do not 

show typical Omori law decay in frequency compared to the remaining aftershocks 

(Figure 13). By using finite fault model, I calculate the Coulomb stress transfer on shear 

stress, normal stress, and dilatation at different depths (Figure 14). The results show 

that the northern and a large portion of the central clusters mainly lie in the dilatational 

regimes where extensional cracks are likely to form (Figure 14). All these observations 

indicate in the center cluster a fluid-driven process is involved. I estimate the in-situ 

permeability k as k='(
)

, where D, N, 𝜂 are hydraulic diffusivity of 2.1 m2/s, pore-fluid 

dynamic viscosity and poroelastic modulus, respectively (Shapiro et al., 1997). 

Assuming low-porosity crystalline rocks at the depth of the mainshock, I estimate 

~6.2×1010 Pa and ~0.001 Pa-s (see Methods). I then obtain permeability ≈ 3.36 × 10-14 

m2. This value lies in the range of so-called seismogenic permeability (Talwani et al., 
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2007), ks (5×10-14 - 5×10-16 m2), meaning fluid flowing through the porous medium 

with k=ks can induce earthquakes, otherwise with less or more than it is aseismic. 

Shapiro & Dinske (2009) proposed a generalized non-linear diffusional equation to 

account for a wide range of fluid processes including the linear fluid diffusion and 

hydraulic fracturing as two end-member mechanisms. The former shows square-root-

time evolution and unilateral propagation of earthquake migration; the latter that is 

related to creation of new pore (fracture) volume has a rather cubic-root-time evolution 

and a radial growth in dimension for earthquakes (Shapiro et al., 2009). The data show 

a radial spreading pattern (Figure 3) and a slightly better fit to the cubic root parabola 

(Figure 2, blue curve), which is uniquely consistent with the hydraulic fracturing case. 

This suggests that the Meinong mainshock acts as a strong pressure source like an 

injection source in hydraulic fracturing experiments but at the depth of ~15 km. In this 

manner, since the injection volume can be related to the distance of the fluid triggering 

front (see Methods), I can then calculate how much of fluid will be needed (“injected” 

by the mainshock) to make the fluid front spread away as far as 4 km in radius (Fig. 

S2). The calculation shows that a total fluid volume of about 7.22 × 109 m3 which must 

store in the pore space around the mainshock area before rupture is required (See 

Methods). This is a huge volume two orders of magnitude greater than the cumulative 

water volume among biggest injection experiments (Keranen et a., 2013; McGarr et al., 
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2014) and five orders of magnitude greater if only counting the hydraulic fracturing 

experiments (Gallegos et al., 2014), indicating a very fluid-rich mid-to-lower crust in 

the southwestern Taiwan. Another striking feature is that most of the aftershocks in the 

northern and central clusters locate along the high Vp ⁄ Vs boundary (Figure 10b ,11and 

12). Recent laboratory experiments suggested that the friction rate parameter (a − b) 

can change from velocity strengthening to velocity neutral behavior and favor stable 

sliding by the increase of pore fluid pressure (Ikari et al., 2013; Scuderi et al., 2016; 

French et al., 2017). For the center of the fluid reservoir where the pore pressure is 

supposed to be the highest may therefore be prone to the aseismic sliding during the 

coseismic disturbance. This gives a good explanation of why the aftershocks mostly 

only occur along the reservoir boundary, where the fluid pressure is high, but not yet 

enough to turn the friction state into stable sliding mode. In fact, I observe very low 

seismicity inside the high Vp ⁄ Vs area in the past decade (gray dots in Figure 11 and 12). 
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Figure 13 Temporal frequency of the central aftershock cluster and for (a) all 

aftershocks, (b) remaining aftershocks, (c) and fluid-driven events. The red curves in 

(a) and (b) show the best fitting with Omori’s law  

𝑁(𝑡) = >?
(>@AB)C

. C1 in (a) and (b) are 167.5 and 140, respectively. C2 and p in (a) and (b) 

are 1 and 1.4, respectively. 

 

Extension veins that are exhumed and observed along the ancient faults may be 

the most direct evidence of fluid associated with fault-fracture structure in deep crust 

(Sibson et al., 1986; Chan et al., 2005; Sibson et al., 2017). Sibson (1986) proposed that 

faults may act as impermeable seals and can transiently become highly permeable 

pathways for fluid discharge when slip occurs (i.e. earthquake), responsible for episodic 

mineralization and subsequent vein structure observed. Depending on the source of 

inflow, faults can behave either as a “pump” or a “valve”. The former involves the 

coseismic collapse of infilled dilatant fractures, and the latter functions on a fluid 

reservoir where the rising fluid overpressure induces fault slip and allows partial 

draining of the reservoir. The fault-valve behavior has been seismically observed in 

many hydrothermal areas in the upper crust (Miller et al., 2002; Shelly et al., 2015), but 

remains largely unclear in the lower crust. Here, for the first time, I seismically image 

such large-scale fault-fluid interaction phenomena in the mid-to-lower crust (11-18 km 
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depth). The pump-like model is preferred in this case because of the observed radial 

spreading of aftershocks rather than a linear propagation in most cases in upper crust 

(Shapiro et al., 2009; Chen et al., 2012). Moreover, the fluid reservoir characterized by 

high Vp ⁄ Vs is above, not below the Meinong fault plane as is required for a fault-valve 

model. The reservoir is likely formed by the rapidly depositing sediments from the 

southern Taiwan mountain belt and capped by mudstone-dominated Gutingkeng 

formation in the area to build up a fluid-rich, overpressurized environment above and 

around the Meinong mainshock. As shown in Figure 15a, the rupture of the earthquake 

(white star) then creates new fractures in surrounding porous medium (dilatation in red 

around the white star) and acts as a pressure source (compressional blue spot indicated 

by the black arrow) to pump the fluid migration outward (Figure 15b). Crustal 

permeability has been known as a time-varying property and can be enhanced by 

seismic waves from distant earthquakes (Elkhoury et al., 2006). In a global compilation 

study of (Ingebritsen & Mannin, 2010), in the upper crust the seismically-derived 

permeability is usually two or three orders of magnitude higher than the estimates from 

the geothermal and laboratory approaches, also suggesting transient increase of 

permeability. The permeability in the mid-to-lower crust, because of lacking seismic 

observations, is only derived from petrological models1 and laboratory experiments 

(Shmonov et al., 2003), giving values of 10-18 to 10-19 m2 at the depth of ~15 km (Figure 
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16, blue and black curves). They are considered as long-term values in a geological 

time scale and far lower than my seismic observations of 3.36 × 10-14 m2.  

More recently, Ingebritsen & Manning (2010) suggested a high and transient 

permeability-depth curve by compiling high permeability data (Fig. 8, gray curve), 

which is closer but still one order of magnitude lower than my measurement. Teh results 

therefore infer that the permeability can be increased by a factor of ~4 during 

earthquake rupture processes even at the mid-to-lower crustal depths, creating a large-

scale fluid flow migration in contrast to microscopic granular fluid flow due to creep 

cavitation (Fusseis et al., 2009) or nanoscale fluid flow (Plumper et al., 2017). Such 

coseismic permeability increase is transient but decay slowly in time (Elkhoury et al., 

2006; Ingebritsen et al., 2010), and may have more profound influence on the lower 

crustal fluid circulation. Moreover, if I can only observe fluid-driven aftershocks with 

the seismogenic permeability (Talwani, 2007), the earthquake-induced fluid flow in 

mid-to-lower crust may occur more frequently but aseismically. In this case, the mid-

to-lower crustal earthquakes could play more important roles than previously thought 

in modulating fluid circulation and in turn the heat and solute transport in the crust 

(Manning and Ingebritsen, 1999).  
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Figure 14 Coseismic Coulomb stress and strain changes of the Meinong earthquake at 

different depths. The finite fault model is based on Huang et al. (2016). Panels from 

left to right are the shear stress, normal stress, and dilatational strain changes, 
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respectively. The red color indicates the stress increase and dilatation; and the blue is 

vice versa. 

 

 

Figure 15 Aftershock distribution with coseismic dilatational strain change (a) and 

𝑉" 𝑉# structure (b) in the cross-section AA’ of Fig. 10. The yellow star in b denotes 

the Meinong earthquake that pumps the pore space fluid to migrate radially from the 

mainshock hypocenter. The blue arrows schematically indicate the fluid flow directions. 

The black solid and dashed lines denote the seismogenic fault of the Meinong 

earthquake and the potential triggered faults, respectively. 
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Figure 16 Compiled crustal-scale permeability measurements from seismic and 

laboratory measurements in previous studies. Black triangles are geothermal–

metamorphic data compiled in the work of Manning and Ingebritsen (1999). Gray 

squares are high permeability data based on geothermal–metamorphic, temporally 

focused heating, and fault-zone metamorphism data from Ingebritsen and Manning 

(2010). White dots are seismic data also compiled from Ingebritsen and Manning 

(2010), and the red dot is my measurement. Note my measurement shows a transient 

permeability ~4 orders greater than the background values at 15 km depth (triangles 

and squares). The black, blue, and gray curves are regression permeability-depth curves 

for different datasets (Ingebritsen and Manning, 2010) (see texts for more details). The 

blue region is the range of semogenic permeability (Talwani et al., 2007). 
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5.3 Insights from shallow and deep structures 

The complicate surface deformation in the Guanmiao-Lungchi area can be 

attributed to mud diapir of the Lungchan fault (Huang et al., 2016) and pure tectonic 

movement (Maryline et al., 2017). According to the study of Maryline et al (2017), it 

infers that the main fault slip of Meinong mainshock triggered (Figure 17) the shallower 

fault from Huang et al (2016). Then the slip of the shallower fault triggered the Napalin 

back-thrust and the Houchiali fault, inducing the displacement in the Guanmiao-

Lungchi area. However, due to the evidence of overpressure crustal fluid such as high 

Vp/Vs area, transient high permeability induced by the mainshock and the aftershock 

migration caused by large-scale fluid flow, the role of overpressure mudstone stratum 

can’t be excluded. Fluid plays an important role controlling the short-term deformation 

and active tectonic movements in southern Taiwan. 

 

Figure 17 The schematic interpretation from Maryline et al (2017). 
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Chapter 6 Conclusion 

This study uses different techniques to constrain the characteristics of active 

structures in southwestern Taiwan around the Meinong earthquake deformation region. 

The analyses of topography and surface deformation show that two deformational 

lineaments triggered during the Meinong earthquake fit topographic lineaments, 

implying multiple seismic events along the two lineaments. The relocation and focal 

mechanism solutions of aftershocks show that most seismicity occur around a region 

of high Vp/Vs ratio, implying faulting or fracturing around a mudstone region. 

In addition, the spatiotemporal pattern of the aftershock migration around the main 

shock indicates fluid-driven processes involved. This is the first-time ones can observe 

fluid-driven seismicity migration at the lower crust. The slip of the mainshock fault 

may cause the mid-to-lower crustal permeability to be transiently higher than the long-

term average by three to four orders of magnitude. Such episodic and large fluctuations 

of permeability could therefore be important and need to be taken into account when 

estimating the efficiency of water and carbon cycles from the subduing lithosphere to 

the Earth’s surface. 

The mechanisms controlling the active structures at the shallow depths and the deep 

depths are different and dynamic. The shallow crustal deformation is dominant by 

active structure. However, the deeper crustal deformation is induced by both tectonic 
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movements and fluid diffusion. It indicates the complexity of the frontal fold-and-thrust 

belt of the southwestern Taiwan, and mudstone and fluid may play an important role in 

deformation and seismic behaviors in southwestern Taiwan.  
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