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ABSTRACT 

The Song Tranh 2 (ST2) hydropower reservoir is located in the Quang Nam province of Central 

Vietnam. Impoundment of the reservoir started in November 2010 and earthquakes started 

occurring in its vicinity soon after that. Earlier there were no reports of felt tremors according 

to the residents in this region. Seismicity increased in 2011, with two earthquakes of Ml 4.6 

and 4.7 occurring on 22 October and 15 November 2012, respectively, which caused minor 

damage to the housing in the area. Every year several hundred smaller earthquakes have 

been occurring. The seismicity near the reservoir is believed to be triggered by the reservoir 

impoundment, since this region was otherwise regarded as largely aseismic. However, no 

detailed study has been carried out so far in the region to ascertain triggered mechanism for 

occurrence of seismicity. Hence, it would be very pertinent to study and understand the role 

of reservoir impoundment in triggering seismicity in the ST2 region.  

In the present study, digital seismic data from the seismic network named VERIS 

comprising ten stations operated by the Institute of Geophysics (IGP), Hanoi has been 

analyzed. Five stations are equipped with long-period seismometers of Guralp CMG-6TD (30s) 

make and the other five are equipped with short-period seismometers Lennartz LE- 3DLite 

(1s). For the first time, these seismological data have been used to infer the b-value, velocity 

structure, earthquake relocation, focal mechanisms of local earthquakes, stress field and 

correlation between water level changes and earthquake occurrence around the ST2 region.  

A quality data set of 595 earthquakes recorded for the period of October 2012 to April 

2014 at ten stations has been used to calculate b-value for the northern and southern 



xv 
 

seismicity clusters of the region. For the ST2 region, it is found that the b-values for the 

northern and southern clusters are 0.94±0.04 and 0.90±0.04, respectively, which are higher 

than the b-value of 0.60 for natural earthquakes for the larger region (within a radius of 300 

km from the reservoir). This is compatible with the fact that high b-values are associated with 

artificial reservoir-triggered seismic zones like the Koyna–Warna region and other zones. 

Further, b-value for northern cluster, which is nearer to the reservoir, is higher than that for 

southern cluster. It implies that in northern cluster, the medium is more heterogeneous than 

southern cluster. 

The joint hypocentral determination using the VELEST approach is a well known 

technique to accurately determine the hypocentral location while also constraining the 1D 

primary wave velocity model. In the ST2 region P and S travel times of 220 earthquake with 

high quality P-wave first-arrival travel times are analyzed to obtain a model of the velocity 

structure. The new model with a fairly low average velocity, provides the minimum residual 

error for the travel times. This model was used for relocation of the hypocentral parameter 

of all the earthquakes and for the estimation of reliable Green’s Functions in the moment 

tensor inversion studies. The relocated epicenters show improved clustering, with two 

clusters north and south becoming more focused. The accuracy of the locations in horizontal 

parameters was less than 1.2 km and the errors in focal depth estimation were about ± 2.5 

km. Most earthquakes occurred in the northern cluster near the reservoir. The seismic activity 

in the southern cluster is lower compared to the northern cluster. In the northern cluster, 

Earthquakes occurred on fault F3, F4 while in the southern cluster they occurred on F12. 
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Seismic activity in the northern cluster is concentrated at a depth of 6 to 9 km, while it is 

deeper in the southern cluster, at 7 to 11 km. 

Focal mechanism solutions are computed for four earthquakes close to the reservoir 

using the Moment tensor inversion approach. This approach has become one of the most 

powerful tools available to seismologists for studying the source processes of earthquakes. 

Accurate and consistent solutions are obtained which is further confirmed by polarities of the 

superposed first motion data from other stations not used in the waveform matching. Strike-

slip type solutions are obtained with the preferred planes trending NW-SE, and having a right-

lateral strike-slip mechanism. This correlates well with the local trend of the faults F3 and F4, 

and hence, are chosen as the true planes of the focal mechanism solutions. The focal depths 

are in the range of 5 - 6 km. The average principal compressive stress direction (σ1) is oriented 

in the N160W direction, while the average of principal tensile stress direction is in the N710E 

direction, compatible with the GPS measurements in central Vietnam which reflect the 

current plate motion direction. These focal mechanism solutions have been used for 

calculation of influence of the stresses due to reservoir water load. 

Finally the influence of the stresses due to reservoir water load and pore pressure on the 

local seismicity are computed by using the concept of fault stability. All computations of stress 

change have been done at 5 km interval for horizontal and three vertical sections at both high 

and low water stands. Temporal variation of pore pressure and stress changes have been 

computed for the northern and southern clusters at 5 km depth during November 2010 to 

April 2014. Modelling of fault stability shows that majority of the local seismicity corresponds 

to zones of positive Coulomb stress (destabilizing zones) indicating that the local seismicity is 
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influenced by the impoundment of the ST2 reservoir. The results of temporal variation of 

pore pressure indicate that seismicity started soon after the ST2 reservoir impoundment, and 

was the rapid response of the reservoir water load. However, increase in seismicity even after 

lowering the reservoir water level to its minimum is the delayed effect of pore pressure 

diffusion. The current study has been carried out amidst great constraints on data availability 

in a virgin area, and hence, is significant. Further studies are required in this region to 

understand the detailed mechanism of RTS in the ST2 reservoir zone. 
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Chapter 1 

Introduction 

 

1.1 Artificial water reservoir triggered earthquakes 

Triggering of earthquakes by filling of artificial water reservoirs is known for over six decades, 

the first time pointed out by Carder (1945) at Lake Mead in the United States of America. As 

of today, over 90 sites have been globally identified where earthquakes have been triggered 

by filling of water reservoirs. Damaging earthquakes exceeding magnitude 6 occurred at 

Hsinfengkiang, China in 1962; Kariba, Zambia-Zimbabwe Border in 1963; Kremasta, Greece in 

1966; and Koyna, India in 1967. The Koyna earthquake of M 6.3 that occurred on 10 

December 1967 is so far the largest scientifically accepted triggered earthquake. There is an 

argument that the Sichuan, China, M 7.9 earthquake of 12 May 2008, which claimed over 

80,000 human lives was triggered due to filling of the nearby Zipingpu reservoir (Gupta, 

2011). It has also been proposed that flooding of a river near San Andreas Fault in California 

caused at least two ~ M 6 earthquakes (McGarr et al., 1997). Earthquakes occurrence around 

Aswan reservoir is also considered to be a case of reservoir triggered seismicity (RTS) where 

earthquakes continue to occur for past ~ 35 years with the largest event of M 5.3 on 14 

November 1981 (Telesca et al., 2012, 2015). An earthquake of M 4.7 occurred at Song Tranh 

2 (ST2), Vietnam on 15 November 2012 was assumed to be triggered by the reservoir 

impoundment as this region was otherwise regarded as largely aseismic (Trieu et al., 2014; 
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Giang et al., 2015). A good account of triggered seismicity can be found in a review by McGarr 

et al., (1997) and Gupta (2002).  

 

1.1.1 Common characteristics of Reservoir Triggered Seismicity (RTS)  

The common characteristics of RTS sequences are described by Gupta et al., (1972 a, b), who 

discriminated them from the natural earthquake sequences occurring in close by regions but 

not associated with reservoirs. These characteristics are:  

1. The foreshock–aftershock sequence pattern belongs to Type II of Mogi’s Model (Mogi, 

1963), whereas the natural earthquake sequence pattern belongs to Type I of Mogi’s Model 

(Figure 1.1). 

  

Figure 1.1: Impoundment of water reservoir increases heterogeneity. (a): Homogeneous rock volume 

before impoundment. (b): After impoundment. For a, earthquake sequence falls under Type 1 of 

Mogi’s (1963) models: no foreshocks and a few aftershocks. For b, earthquake sequence falls under 

Type 2 of Mogi’s (1963) models: considerable foreshock activity. 

2. In the earthquake frequency-magnitude relation (log 𝑁 = 𝑎 − 𝑏𝑀, where N is the 

number of earthquakes with magnitude M, and a and b are constants), the foreshock b-value 

is higher than the aftershock b-value, and both b-values of the RTS sequences are higher than 
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the b-values for natural earthquake sequences in the regions concerned, and the regional b-

values. 

3. In addition to high b-values, the magnitude ratio of the largest aftershock to the main 

shock is also high.  

4. Aftershock activity decays slowly compared to normal earthquake sequences. 

 

1.1.2 Mechanism of reservoir triggered seismicity 

The foundation for understanding the phenomenon of triggered earthquakes was laid by the 

study of waste-fluid-injection-induced earthquakes in the vicinity of Rocky Mountain Arsenal 

Well near Denver, Colorado, USA, in early 1960s (Evans 1966). There are three main effects 

of reservoir loading relevant to triggering of earthquakes as pointed out by Gough and Gough 

(1970 a, b) and several others: 

1. The elastic stress increase following filling of the reservoir 

2. The increase in pore fluid pressure in saturated rocks, basically due to decrease in pore 

volume due to compaction, in response to increase in elastic stress  

3. Pore pressure changes related to fluid migration  

Gough and Gough (1970 a, b) provided the first definitive quantitative analysis of the 

role of the load of the water reservoir in triggering earthquakes at Lake Kariba. The role of 

reservoir load was also considered by Bell and Nur (1978) and Roeloffs (1988). They pointed 

out that reservoir-load-induced stresses at seismogenic depths are very small and can only 
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perturb the ambient stress field. Gupta et al., (1972 a, b) identified the rate of increase of 

reservoir water levels, maximum water levels reached, and the duration of retention of high 

water levels as factors affecting the frequency and magnitude of triggered earthquakes. The 

influence of pore fluid pressure in inducing earthquakes in very simple 1D reservoir models 

was presented by Snow (1972). In his analysis, he considered original stress state in which 

one of the principal stresses is essentially vertical and the other two are horizontal. He 

displayed his analyses of fault stability using the concept of Mohr circle and examined 

analytically the effect of filling an infinite reservoir in the environs of normal, thrust and strike 

slip faulting. He thus argued that reservoir loading would destabilize normal and strike slip 

faults but stabilize thrust fault. More sophisticated models were dealt by Withers and Nyland 

(1976), Bell and Nur (1978) and Roeloffs (1988) based on the consolidation theory of Biot 

(1941). This was later generalized by Rice and Cleary (1976) by recognizing that the fluids too 

may be compressible. Very interesting results related to modeling of pore pressure diffusion 

have been reported for Acu Reservoir in Brazil (Do Nascimento et al., 2004). 

Pore pressure diffusion plays a very important role in triggering earthquakes. However, 

there are very few direct measurements of diffusivity, and it is mostly inferred from the 

temporal migration of seismicity. Talwani et al., (1999) have reported in situ measurements 

of hydrological diffusivity and Skempton’s coefficient at the Bad Creek Reservoir in South 

Carolina, USA. At an observation well located 250 m away from the reservoir, a change in the 

water level of the well had a direct correspondence with the changes in the water level of the 

reservoir, initially with a delay of 98 h, which later stabilized at 72 h. This led to a frequency 

independent estimate of diffusivity of 0.076 m2/s and Skempton’s coefficient of 0.66 for an 
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undrained response of the reservoir. Later, Talwani et al., (2007) analyzed more than 90 case 

histories of triggered seismicity and found diffusivity to vary between 0.1 and 10 m2/s. This 

range of diffusivity values corresponds to a range of intrinsic permeability between 5x10-16 

and 5x10-14 m2. Talwani et al., (2007) referred this range of the permeability of fractures as 

seismogenic permeability. Seismogenic permeability is an intrinsic property of fractures 

where pore-pressure diffusion is associated with seismicity.  

The in situ measurements of physical properties and examination of the physical 

mechanism controlling triggered seismicity at Monticello Reservoir, South Carolina, USA, 

provided the much needed field verification of the theoretical and model developments of 

the concept of triggered seismicity (Zoback and Hickman, 1982). The effect of changes in lake 

levels and other derived parameters on triggered earthquakes have been dealt by Simpson 

and Negmatullaev (1981) for the Nurek Dam, and by Gupta (1983) for the Koyna Dam. The 

part played by pore pressure diffusion in triggering earthquakes has been dealt by Talwani 

and Acree (1984, 1985). The effect of inhomogeneities in rock properties on triggering 

earthquakes was addressed by Simpson and Narasimhan (1990). 

Most of the theoretical models discussed the effect of pore fluid pressure in isotropic 

rocks. Chen and Nur (1992) pointed out that deviatory effects of pore fluid pressure in 

anisotropic rocks have wide applications in comprehending triggered seismicity, earthquake 

precursors, and aftershocks. This approach needs to be applied to a few cases of RTS.  

Another interesting aspect includes the notion of fault stability as a measure of the 

interplay of frictional stresses mobilized and the resolved shear stresses acting on a fault 

Chander and Kalpna (1997). Kalpna and Chander (2000) developed a Green’s function based 
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algorithm for simulation of stresses and pore pressure in a homogeneous porous elastic half-

space. They considered 3D models of reservoirs. Their algorithm can be employed for an 

actual time varying water level changes of a reservoir load. Results of Bell and Nur (1978), 

Roeloffs (1988) and Kalpna and Chander (2000) show that, for finite reservoirs, stabilization 

and destabilization can occur on all types of faults for appropriate spatial relationships 

between reservoirs and faults. Also stabilization or destabilization may be time dependent in 

general conditions. 

 

1.2 Regional tectonic setting 

The collision between the Indian and Eurasian plates, which initiated about 45 Ma ago, 

resulted in significant deformation within the Tibetan Plateau and affected remote areas in 

Asia (Taponnier et al., 1982, 1986). Vietnam is located to the southeast of the Eastern 

Himalayan syntaxis which is mechanically linked to the Tibetan plateau by the Red River fault 

(Figure 1.2). Vietnam is a region of moderate seismicity. The northwestern part is the most 

seismically active, while in the central and southern parts of Vietnam the activity is very low. 

GPS measurements during 2007 - 2010 indicate that the average direction of motion in 

Vietnam is NW-SE, with a rate of 22 - 38 mm/yr in WE, and 10 - 20 mm/yr in NS. The motion 

is larger in the north and decrease towards south in Vietnam (Trinh et al., 2011; Que et al., 

2010). 
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Figure 1.2: Tectonic setting of Southeast Asia, with red diagonal polygon indicating Vietnam (Source: 

Ian Watkinson. 2013. https://app.box.com/s/97qjwvwj7a50lbq7a3y3). 

 

1.3 The Song Tranh 2 reservoir region 

The Song Tranh 2 hydropower reservoir, located in Quang Nam province, is one of the largest 

in central Vietnam (Figure 1.3) with reservoir area of 15.93 km2, and a total capacity of 740 

million m3. It is smaller compared with the Koyna reservoir in India with a volume of 2797 

million m3. The ST2 has a designed capacity of 190 MW, the average power production is 

679.6 million kWh/year.  

 

 

 

https://app.box.com/s/97qjwvwj7a50lbq7a3y3
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Figure 1.3: (a) Spatial distribution of earthquakes during the period October 2012 to April 2014 (dark 

circles) near the Song Tranh 2 reservoir (light blue). Blue and purple building symbols are the seismic 

stations with short and long period sensors, respectively. Red star symbols are epicenters of two 

earthquakes of Ml 4.7 and 4.6, respectively. (b) Inset: Location of the study region on the Southeast 

Asia map, with light green colour showing Vietnam. 
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Construction of the dam started in March, 2006, Geographic co-ordinates of the dam 

are: 108.1472°E and 15.3336°N. This is a major concrete gravity dam, made up of 20 m 

concrete blocks separated by a thermal slit. The width of the dam is 8 m at the top and length 

of 640 m, the height of the dam is 96 m from its base, with an elevation of 84 m above mean 

sea level (m.s.l) (Trieu et al., 2014). The reservoir was impounded in November 2010, soon 

after which earthquakes started occurring in its vicinity. Earlier there were no reports of felt 

tremors according to the residents in this region. Seismicity increased in 2011, two 

earthquakes of Ml 4.6 and 4.7 occurred on 22 October and 15 November 2012, respectively. 

These earthquakes caused minor damage to housing in the area. Every year several hundred 

smaller earthquakes have occurred. The earthquakes in the ST2 region are confined to a small 

area of 20 × 20 km2 with hypocentral depths within 10 km. The seismicity near the reservoir 

is assumed to be triggered by the reservoir impoundment (Trieu et al., 2014; Giang et al., 

2015 and Wiszniowski et al., 2015), since this region was otherwise regarded as largely 

aseismic. 

 

1.4 Geology and Tectonics of the ST2 region 

The central part of the Vietnamese continental margin forms the transition from the 

continental Indochina Block to the East Sea (or South China Sea), which makes the margin a 

key area for understanding the complex Cenozoic development of Indochina and the East Sea 

(Tapponnier et al., 1986; Fyhn et al., 2009; Nam, 1995). The ST2 reservoir located on the 

metamorphic rocks of the Tra Bong and Kham Duc complex formations (Hoai et al., 2014; 
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Thuy et al., 2003). The original rock in the study region is primarily metamorphic amphibolite, 

formed during the orogenic movement of Indochina, which occurred about 245 - 250 million 

years ago (Roger et al., 2007). Research shows that the study region and its vicinity have 

undergone several stages of tectonic movements with different distortional characteristics. 

There were two main ductile deformational phases with the general movement mechanism 

slipping including: early phase axis compressive strain axis, sub-latitude. Under this stress 

field, the NW-SE fracture activity slid to the left. Whereas distortion of later phase has 

featured local compressive axial sub-meridian and enjoyed the strain axes of sub-latitude. 

Under the action of this stress field, the NW-SE fracture slid right; Cenozoic tectonic motion 

of later phase has close ties with volcanic activities in central and southern Vietnam during 

the Neogene-Quaternary. The ST2 located within a series of zones with split-snowboarding 

by NW-SE direction, which tended to raise the compression zone sub-meridian direction, 

which also creates a spreading trend E-W. The sub-latitude and NE-SW directions faults are 

underdeveloped while the sub-meridian direction fault is hardly absent. Table 1.1 show 

property of all the geologically mapped faults in the ST2 region given by Hoai et al., (2014). 

There are three main faults including Tra Bui - Tra Nu (F1), Phuoc Gia - Tra Kot (F8) and Tra 

Leng - Tra Khe (F12), all the remaining faults are branch of these main faults. All the faults are 

reported to be either very steep or vertical, striking NW-SE and exhibiting right-lateral strike 

slip motion (Figure 1.4).  
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Table 1.1: Details of all geologically mapped fault in the ST2 region (Hoai et al., 2014). 

S.No Name of Fault Notation Direction Dip angle Fault property Note 

1 Tra Bui - Tra Nu F1 WE 600 - 900 S right-lateral strike-slip Main Fault 

2 Phuoc Hiep - Tra Bui F2 NW-SE 700 - 800 SW right-lateral strike-slip Branch Fault 

3 Tra Tan F3 NW-SE 700 - 800 SW right-lateral strike-slip Branch Fault 

4 Phuoc Tra - Tra Son F4 NW-SE 700 - 800 SW right-lateral strike-slip Branch Fault 

5 Tra Doc - Song Truong F5 NW-SE 600 - 700 NE right-lateral strike-slip Branch Fault 

6 Tra Giang F6 NW-SE 700 - 800 NE right-lateral strike-slip Branch Fault 

7 Tra Tan - Bac Tra My F7 NE-SW 700 - 800 NW left-lateral strike-slip Branch Fault 

8 Phuoc Gia - Tra Kot F8 NW-SE 600 - 800 NE right-lateral strike-slip Main Fault 

9 Tien Ky F9 NW-SE 650 - 800 NE right-lateral strike-slip Branch Fault 

10 Suoi Ta Vi F10 NW-SE 600 - 700 SW right-lateral strike-slip Branch Fault 

11 Tra Leng F11 NW-SE 650 - 900 NE right-lateral strike-slip Branch Fault 

12 Tra Leng - Tra Khe F12 WE 800 - 900 N right-lateral strike-slip Main Fault 

13 Tra Giac F13 NW-SE 800 - 900 E right-lateral strike-slip Branch Fault 

14 Tra Khe - Tra Kot F14 WE 700 - 800 W left-lateral strike-slip Branch Fault 

15 Song Tranh - Tra Mai F15 WE 600 - 900 W right-lateral strike-slip Branch Fault 
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Figure 1.4: Geology and identified geologically mapped faults (red) with dip and slip direction as given 

by Hoai et al., (2014). 
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1.5 Scope of the present study 

No detailed study has been carried out so far anywhere in Vietnam to ascertain triggered 

mechanism for occurrence of seismicity. Hence this would be a very important study, the first 

of its kind. It is for the first time that seismological data have been used to infer the b-value, 

earthquake relocation, velocity structure, focal mechanisms of the local earthquakes, stress 

field and to find the correlation between water level changes and earthquake occurrence 

around the ST2 region. The main objective of this thesis is to study and understand the role 

of reservoir impoundment in triggering seismicity in the ST2 region, Vietnam.  

In the earthquake frequency-magnitude relation, the b-values of the RTS sequences are 

found to be higher than those for natural earthquake sequences and the regional b-values 

(Gupta et al., 1972). The frequency-magnitude relation for events which accompanied 

frictional sliding and deformation of a ductile rock was found to have a much higher b-value 

than that observed in brittle rock. This theory is further strengthened from laboratory 

experiments (Mogi 1962; Scholz 1968; Amitrano 2003) and observations (Schorlemmer et al., 

2005). 

Accurate estimation of hypocentral locations has always been a problem in seismological 

studies due to paucity of seismic stations available for the analysis. Inversion of travel time 

data with a good number of stations, having good azimuthal coverage provides a better 

constraint on estimating the hypocentral parameters, which help in defining the seismicity 

trends accurately for delineating the active faults in the study region. It is also possible to 

derive the crustal structure of the region using the joint inversion technique using travel time 
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data. The quality of the hypocentral locations enables joint inversion for a suitable 1-D 

velocity model for the study region, based on minimum travel time residuals for the 

hypocentral locations.  

 Recent deployment of a seismic network in the study region enabled modeling of the 

waveform data to decipher the source mechanism and precise focal depths of moderate sized 

earthquakes. Recently, waveform inversion has become a powerful tool to study the source 

processes of earthquakes. Available waveform data from the ST2 region will provide moment 

tensor solutions of the earthquakes, which also provides an opportunity to estimate the focal 

depths of earthquakes more accurately, for the first time in this region. In this study 

waveform data recorded at 5 seismic stations within an epicenter distance of 20 km has been 

used.  

Using the above results an attempt has been made to estimate the current stress field 

in the study region and also to determine the principal stress axes acting in the region from 

the available fault plane solutions obtained in the present study through moment tensor 

inversion method.  

Perception has been dawned over the past several decades that earthquakes may occur 

near reservoirs. Depending upon time of earthquake occurrence after initial impoundment 

and its correlation with water level variation, various cases of reservoir triggered seismicity 

are categorized as rapid, delayed and continued response of reservoir impoundment and 

attempts have been made to warrant it with the general mechanism of reservoir triggered 

seismicity. Earthquakes started occurring in the ST2 reservoir region soon after its 

impoundment and still continuing, which was otherwise more or less aseismic area. So a 
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detailed deterministic analysis of change in stress and pore pressure need to be performed 

to explore the relation between the ST2 reservoir impoundment and occurrence of 

earthquakes in its neighborhood within the framework of mechanism of RTS. 

 

1.6 Thesis structure 

Chapter 1 gives an introduction to artificial water reservoir triggered earthquakes 

including the common characteristics and mechanism of RTS. It also describes the details of 

study region in terms of the local geology, tectonics and the objectives of the research work. 

Chapter 2 discusses the seismological and water level data which has been used in the 

present study.  

Chapter 3 includes details about seismicity, b-value estimation and application of Hypo-

DD double difference method and VELEST method for earthquake relocation jointly with 

determination of P-wave velocity model based on earthquake data.  

Chapter 4 describes the application of moment tensor inversion approach for the 

estimation of earthquake focal mechanism solutions and principal stress directions in the 

study region. 

Chapter 5 deals with the mechanism of RTS to explore the influence of the impoundment 

of the ST2 reservoir on the seismicity of study region. 

Chapter 6 includes conclusions of the present research work, discusses the limitations 

and suggests the scope for future work in the study region.  
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Chapter 2 

Data and Analysis 

 

2.1 Seismic network in ST2 reservoir region 

The Institute of Geophysics-Vietnam Academy Science and Technology (IGP-VAST) has been 

operating a seismic network in the ST2 region. Starting from distant monitoring since 2012, 

the region gradually had a network of 10 stations deployed later on. In view of this, the data 

periods can be classified as follows (Giang et al., 2015): 

Period I - from January 2011 to October 2012: During this period there was no seismic 

station in the ST2 region. However, earthquakes in this region could be monitored by two 

distant seismic stations located at Binh Dinh and Hue province. These stations could only 

record earthquakes with magnitude M ≥ 2.5. The basic parameters of the two seismic stations 

in Binh Dinh and Hue are presented in Table 2.1. 

Table 2.1: Locations of seismic stations and equipment near ST2 region during period I 

S. No 
Station 
Name 

Station 
Code 

Latitude (0N) Longitude (0E) 
Elevation 

(m) 
Logger/ 

Seismometer 

1 Binh Dinh BDVB 13.8645 109.1111 61 Q330HRS/STS-2 

2 Hue HUVB 16.4155 107.5689 20 Q330/Trillium-40 
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Period II - from October 2012 to August 2013 

From October to November 2012, a network of five stations named Tra Doc, Tra Bui, Tra Nu, 

Tra Mai and Tien Lanh were installed by the Institute of Geophysics-Vietnam Academy 

Science and Technology (IGP-VAST) in the ST2 region. The detailed parameters of the stations 

deployed are shown in Table 2.2. These stations were equipped with Guralp seismometers 

and the SAMTAC logger and one Trillium-40 seismometer with the Q330 logger (Tra Doc 

station). After the installation of this local seismic station network, it was possible to record 

earthquakes with magnitude less than 2.0.  

Table 2.2: Locations of seismic stations and equipment deployed in ST2 region during period II 

S. No 
Station 
Name 

Station 
Code 

Latitude 
(0N) 

Longitude 
(0E) 

Elevation (m) 
Logger/ 

Seismometer 

1 Tra Doc TDVB 15.3342 108.1634 113 Q330 / Trillium-40 

2 Tra Bui TBVB 15.3667 108.0503 224 SAMTAG / Guralp 

3 Tra Nu TNVB 15.3564 108.3268 126 SAMTAG / Guralp 

4 Tra Mai TMVB 15.1480 108.1202 202 SAMTAG / Guralp 

5 Tien Lanh TLVB 15.4958 108.1200 325 SAMTAG / Guralp 

 

Period III - from August 2013 - New Joint Seismic Network 

In August 2013, through collaboration between IGP-VAST and the Institute of Geophysics-

Polish Academy of Sciences (IGP-PAS) a seismic network referred as Vietnam Reservoir 

Induced Seismicity (VERIS) was established (Figure 2.1). Five more seismic stations named 

Tien Ngoc, Tra Don, Tra Leng, Tra Giac, Phuoc Hiep were installed. These stations provided by 

IGP-PAS were equipped with short-period seismometers Lennartz LE-3DLite (1s). The five 

previous stations deployed in period II were replaced by long-period seismometers Guralp 
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CMG-6TD (30s) provided by IGP-VAST. On 02 May and 19 July 2014 two stations (TGI, TLE) 

deployed in this period were replaced by long-period seismometers Guralp CMG-6TD (30s), 

respectively. Signals from Lennartz seismometers were recorded by Net Data Logger (NDL), 

with a sampling rate of 100 samples per second (sps) and a dynamic range of 132 dB. Guralp 

seismometers have on-board digitizer with a dynamic range of 130 dB. Both systems are 

appropriate to measure local and regional seismicity, as the main content of seismic waves 

comes in the range of a few Hz, whereas the Guralp stations are more suitable for the larger 

events in the ST2 region because of the lower frequency content. The details of the station 

parameters are shown in Table 2.3. 

Table 2.3: Locations of seismic stations and equipment deployed in ST2 region during period III 

S. No 
Station 
Name 

Station 
Code 

Latitude 
(0N) 

Longitude 
(0E) 

Elevation (m) 
Logger/ 

Seismometer 

1 Tien Ngoc TNG 15.4472 108.2038 097 NDL / LE-3Dlite 

2 Tra Don TDO 15.2432 108.0849 185 NDL / LE-3Dlite 

3 Tra Leng TLE 15.2722 108.0225 192 
NDL / LE-3Dlite 

(Guralp CMG-6TD) 

4 Tra Giac TGI 15.2400 108.1756 328 
NDL / LE-3Dlite 

(Guralp CMG-6TD) 

5 Phuoc Hiep PHI 15.4954 107.9776 056 NDL / LE-3Dlite 

6 Tra Doc TDVB 15.3342 108.1634 113 Guralp CMG-6TD  

7 Tra Bui TBVB 15.3667 108.0503 224 Guralp CMG-6TD 

8 Tra Nu TNVB 15.3564 108.3268 126 Guralp CMG-6TD  

9 Tra Mai TMVB 15.1480 108.1202 202 Guralp CMG-6TD  

10 Tien Lanh TLVB 15.4958 108.1200 325 Guralp CMG-6TD  
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The locations of the five new stations were decided based on the locations of the 

previous seismic events. They supplement the earlier five stations and provide moderately 

complete azimuthal coverage. Seismic stations are connected to IGP-VAST in Hanoi by fiber 

optics. Seismic data are transmitted online and stored at a data center in Hanoi. 

  

Figure 2.1: Spatial distribution of earthquakes (October 2012 to April 2014) near the ST2 reservoir 

(black circles), reservoir (blue) and identified geological faults (red) with dip and slip directions as 

given by Hoai et al., (2014). Red star symbols are epicenters of two earthquakes of Ml 4.7 and 4.6, 

respectively. Blue and purple building symbols are the seismic stations with short and long-period 

seismometers, respectively. 
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2.2 Earthquake data analysis 

The present work has utilized the earthquake data recorded at the network operating in the 

ST2 region (Figure 2.1). A system based on SeisComP software is used for online retrieval of 

seismic data. Additional components like modules for communication with the stations have 

been added to adapt the system to the project requirements. Data from Guralp stations is 

downloaded by SCREAM program and then transmitted to SeisComP. Data from NDLs is 

copied by FTP every two minutes to the same SeisComP. The earthquake data has been 

analyzed using the seismic analysis software called SEISAN (Havskov and Ottemoeller 2005). 

The continuous waveform data at a particular seismic station, which is nearest to the seismic 

zone is first analyzed and the timings of the local earthquakes are noted down and then the 

particular waveforms of those earthquakes are picked up from the rest of the seismic 

stations. The waveforms of the particular earthquake from all the stations are then analyzed 

together to determine the hypocentral parameters i.e., the origin time, location, focal depth, 

magnitude and errors in these four parameters. 

The seismic catalogue of the ST2 region from January 2011 to April 2014 does not have 

a uniform monitoring network through time. From January 2011 to October 2012, only M > 

2.5 earthquakes were reliably recorded but with location uncertainty. Lower magnitude 

earthquakes (1 ≤ ML ≤ 4) could also be recorded from October 2012 to August 2013. 

Earthquakes after August 2013 have been recorded and located more precisely, the threshold 

of completeness for the recorded events during this period is ML = 0.1. There were 68 events 

of ML ≥ 2.5 during the period January 2011 to April 2014 and 595 earthquakes of ML ≥ 0.1 
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(298 earthquakes of 0.1 ≤ M ≤ 1, 232 earthquakes of 1.1 ≤ M ≤ 2, 58 earthquakes of 2.1 ≤ M 

≤ 3 and 7 earthquakes of M > 3) during the period of October 2012 to April 2014. 

2.3 Water level data in the ST2 reservoir  

The ST2 reservoir was impounded in November 2010. The water level began increasing 

continuously and reached 153 m in January 2011, 159.4 m in February 2011 and then it 

dropped to around 140 m in July 2011. The filling of the reservoir started again in August 

2011. In October 2011, the maximum water level reached to 175 m. It is also the highest level 

of the reservoir so far. The water level of the reservoir was kept around 175 m until February 

2012, and then it dropped quickly to the level of 157.64 m. In May 2012, it decreased to 139.3 

m. After that it was kept to about 140 m till the end of September 2013. The water level began 

increasing with one sharp decline in November 2013 to the level of 149 m. The water level 

reached about 165.6 m in the beginning of 2014 (Figure 2.2). 

 

Nov-10 Mar-11 Jul-11 Nov-11 Mar-12 Jul-12 Nov-12 Mar-13 Jul-13 Oct-13 Feb-14
 

Figure 2.2: Temporal variation of water level in the ST2 reservoir (water level shown here is above 

mean sea level).  
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Chapter 3 

Seismicity and Velocity structure of the 

Song Tranh 2 region 

 

3.1 Introduction 

This chapter deals with the details of the seismicity of the ST2 region, estimation of b-value 

based on the catalog, determination of P-wave velocity structure and earthquake relocation 

using double difference method. The current seismic activity of the study region is discussed 

in detail from the analysis of earthquakes recorded at the ST2 seismic network operated by 

IGP since October 2012. Seismicity patterns of the region have been identified and correlated 

with the causative seismogenic faults of the region. A quality data set of 595 earthquakes 

recorded during the period of October 2012 to April 2014 has been used to calculate b-values 

for the northern and southern seismicity clusters of the region. In general, the b-values 

associated with reservoir triggered seismicity are found to be higher than the regional b-

values in the frequency magnitude relation of earthquakes. For the first time, 220 

earthquakes with high quality P-wave first-arrival travel times were used to obtain a P-wave 

1D velocity structure of the region by using the approach of Ellsworth (1977) and Kissling 

(1988). This velocity structure model was used to relocate hypocenters of all earthquakes and 

for estimation of reliable Green’s Functions in the waveform inversion studies in the following 
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Chapter 4. Earthquakes were relocated by using the double difference (Hypo-DD) algorithm 

of Waldhauser and Ellsworth (2000) to delineate seismicity cluster and patterns of the region. 

 

3.2 Hypocentral locations and seismicity patterns 

The natural seismic activity within a radius of 300 km from the ST2 reservoir was reported to 

be very low. The regional earthquake catalogs from international data centers and data 

recorded by seismic stations in central Vietnam, indicate that only 19 earthquakes with Ml ≥ 

3 occurred in this region from 1977 to 2006, these earthquakes occurred out of the study 

region, i.e. before the impoundment of the reservoir (Thuy et al., 2003; Trieu et al., 2014). 

This indicates that the region can be considered to have moderate seismic activity during the 

recent times (Phach and Chinh, 1995; Thuy et al., 2003; Trieu et al., 2014). 

Earthquakes started occurring soon after impoundment of the ST2 reservoir in 

November 2010. Seismicity increased in 2011 and there were 595 earthquakes with ML ≥ 0.1 

during the period of October 2012 to April 2014. Especially, two earthquakes of Ml = 4.6 and 

4.7 occurred near the reservoir on 22 October and 15 November 2012, respectively. Spatial 

distribution of the 595 earthquakes is shown in Figure 3.1 which shows two clusters of seismic 

activity that can be classified as northern and southern clusters. From the original catalogs it 

is evident that the earthquake hypocenters in the ST2 region have been shallow (up to 10km 

depth), mostly in the 5 - 7 km range (Figure 3.2) and confined to a small area of 20 × 20 km2.  
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Figure 3.1: Spatial distribution of earthquakes (October 2012 to April 2014) near the ST2 reservoir 

(black circles). The reservoir (blue) and epicenters of earthquakes of Ml = 4.7 and 4.6 (red stars) are 

also indicated.  
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Figure 3.2: Number of earthquakes as a function of depth 

 

3.3 Methodology 

3.3.1 b-value estimation 

One of the basic seismological parameters used to describe an ensemble of earthquakes is 

the b-value in the Gutenberg-Richter frequency-magnitude relation (Gutenberg and Richter, 

1944). The power law of Gutenberg-Richter relation commonly used to fit the earthquake 

distribution as a linear plot of recurrence is given by 

𝐿𝑜𝑔𝑁 = 𝑎 − 𝑏𝑀                                                                                                         (3.1) 
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where N is the cumulative number of earthquakes with magnitude ≥ M, while ‘a’ and ‘b’ are 

constants. The parameter ‘a’ describes the total seismicity rate of the region, while ‘b’ 

indicates the heterogeneity of the medium. 

There are several different ways of estimating b-values. Aki (1965) and Utsu (1965) 

suggested a maximum-likelihood estimator based on an exponential model, Epstein and 

Lomnitz (1966) proposed a method based on extreme value theory and Peter Guttorp (1987) 

used a simple least squares method for linear regression. Alternatively, the maximum-

likelihood method is widely used for estimation of b-value using the expression below  

𝑏 =
𝑙𝑜𝑔𝑒

𝑀𝑚𝑒𝑎𝑛 − 𝑀𝑚𝑖𝑛
                                                                                       (3.2) 

Where 𝑀𝑚𝑒𝑎𝑛 is the mean magnitude and 𝑀𝑚𝑖𝑛 is the minimum magnitude in the data set. 

Generally, for b-value estimation, the maximum-likelihood method is preferred over the least 

squares method (Marzocchi and Sandri, 2003).  

 

3.3.2 VELEST method 

The VELEST algorithm is used to perform an analysis of the data for the best P-wave 1D 

velocity model of the study region along with accurate hypocentral determination. VELEST is 

a FORTRAN77 routine that has been designed to derive 1D velocity models for earthquake 

location procedures and as initial reference models for seismic tomography (Kissling, 1988; 

Kissling et al., 1995), originally developed by Ellsworth, 1977. In the present study the VELEST 
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program developed by Ellsworth (1977) and Kissling (1988) has been used to carry out the 

joint modeling of hypocentral locations and velocity structure.  

The arrival time of a seismic wave generated by an earthquake is a nonlinear function of 

the station coordinates (s), the hypocentral parameters (h, including origin time and 

geographic coordinates), and the velocity field (m). 

tobs = f(s, h, m)                                                                                              (3.3) 

In general, neither the true hypocentral parameters nor the velocity field are known. With 

arrival times and station location being the only measurable quantities, we cannot solve 

equation (3.3) directly. It is therefore required to make a reasonable guess of the unknown 

parameters. Using a priori velocity model, we trace rays from a trial source location to the 

receivers and calculate theoretical arrival times (tcalc). The differences between the observed 

and the calculated arrival time, the residual travel time (tres), can be expanded as functions 

of the differences (A) between the estimated and the true hypocentral and velocity 

parameters. To calculate suitable adjustments (corrections) to the hypocentral and model 

parameters, we need to know the dependence of the observed travel times on all 

parameters. For hypocentral parameters except the origin time, this dependence is strongly 

nonlinear (e.g., Thurber, 1985), and for velocity parameters it is moderately nonlinear, even 

in a 1D model (Pavlis and Booker, 1983). Applying a first-order Taylor series expansion to 

equation (3.3), we obtain a linear relationship between the travel time residual and 

adjustments to the hypocentral (∆hk) and velocity (∆mi) parameters: 

tres = tobs − tcalc = ∑
∂f

∂hk
∆hk + ∑

∂f

∂mi
∆mi + e

i=1,nk=1,4
             (3.4) 
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In a matrix notation, the coupled hypocentral-velocity model parameter relation can be 

written as 

𝑡 = 𝐻ℎ + 𝑀𝑚 + 𝑒 = 𝐴𝑑 + 𝑒                                                                           (3.5) 

t - vector of travel time residuals;  

H - matrix of partial derivatives of travel time with respect to hypocentral parameters; 

h - vector of hypocentral parameter adjustments; 

M - matrix of partial derivatives of travel time with respect to model parameters; 

m - vector of model parameter adjustments; 

e - vector of travel time errors  

A - matrix of all partial derivatives 

d - vector of hypocentral and model parameter adjustment 

e includes contributions from errors in measuring the observed travel times, errors in 𝑡𝑐𝑎𝑙𝑐 

due to errors in station coordinates, due to use of the wrong velocity model and hypocentral 

coordinates, and errors caused by linear approximation; 

Generally, the solution to equation (3.5) is taken as the least squares solution that 

minimizes a weighted combination of the squared error (eTe) and a measure of the velocity 

model change, typically its Euclidean norm (mTm). Under the assumption of normally 

distributed errors and model perturbations, the least squares formulation results in the most 

likely solution that belongs to the same family of solutions as the initial reference-model.  
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VELEST has been designed to allow great flexibility in the approach and, therefore, a 

large number of options and control parameters must be set and properly adjusted in the 

process. Though default values may be obtained from the examples provided with the source 

code, the calculation of a minimum 1D model requires multiple runs with VELEST to select 

and test control parameters appropriate to the data set and to the problem. 

 

3.3.3 Hypo-DD double difference method 

The arrival time T for an earthquake i to a seismic station k is expressed using ray theory as a 

path integral along the ray 

𝑇𝑘
𝑖 = 𝑖 + ∫ 𝑢𝑑𝑠

𝑘

𝑖

                                                                                                 (3.6) 

where i is the origin time of event i, u is the slowness field, and ds is an element of path 

length. Due to the nonlinear relationship between travel time and event location, a truncated 

Taylor series expansion (Geiger, 1910) is generally used to linearize the equation. The 

resulting problem then is one in which the travel-time residuals for each observation k are 

inverted for the difference in the four current hypocentral parameters m: 

𝑡𝑘
𝑖

𝒎
𝒎𝑖 = 𝑟𝑘

𝑖                                                                                                        (3.7) 

where  𝑟𝑘
𝑖 = (𝑡𝑜𝑏𝑠 − 𝑡𝑐𝑎𝑙)𝑘

𝑖 , 𝑡𝑜𝑏𝑠 and 𝑡𝑐𝑎𝑙  are the observed and theoretical travel time, 

respectively, and 𝒎𝑖 = (𝑥𝑖,𝑦𝑖,𝑧𝑖 ,𝑖). 

Equation (3.7) is appropriate for use with measured arrival times. However, cross- 

correlation methods measure travel-time differences between events, (𝑡𝑘
𝑖 − 𝑡𝑘

𝑗
)𝑜𝑏𝑠, and as a 
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consequence, equation (3.7) cannot be used directly. Fre´chet (1985) obtained an equation 

for the relative hypocentral parameters between two events i and j by taking the difference 

between equation (3.7) for a pair of events, 

𝑡𝑘
𝑖𝑗

𝒎
𝒎𝑖𝑗 = 𝑑𝑟𝑘

𝑖𝑗
                                                                                                 (3.8) 

where 𝒎𝑖𝑗 = (𝑑𝑥𝑖𝑗 ,𝑑𝑦𝑖𝑗 ,𝑑𝑧𝑖𝑗 ,𝑑𝑖𝑗) is the change in the relative hypocentral 

parameters between the two events, and the partial derivatives of t with respect to m are 

the components of the slowness vector of the ray connecting the source and receiver 

measured at the source (e.g., Aki and Richards, 1980). Note that in equation (3.8) the source 

is actually the centroid of the two hypocenters, assuming a constant slowness vector for the 

two events. 𝑑𝑟𝑘
𝑖𝑗

 in equation (3.8) is the residual between observed and calculated 

differential travel time between the two events defined as 

𝑑𝑟𝑘
𝑖𝑗

= (𝑡𝑘
𝑖 − 𝑡𝑘

𝑗
)𝑜𝑏𝑠 − (𝑡𝑘

𝑖 − 𝑡𝑘
𝑗
)

𝑐𝑎𝑙
                                                                  (3.9) 

We define equation (3.9) as the double-difference. Note that equation (3.9) may use either 

phases with measured arrival times where the observables are absolute travel times t, or 

cross-correlation relative travel-time differences. 

The assumption of a constant slowness vector is valid for events that are sufficiently 

close together, but breaks down in the case where the events are farther apart. A generally 

valid equation for the change in hypocentral distance between two events i and j is obtained 

by taking the difference between equation (3.7) and using the appropriate slowness vector 

and origin time term for each event: 
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𝑡𝑘
𝑖

𝒎
𝒎𝑖 −

𝑡𝑘
𝑗

𝒎
𝒎𝑗 = 𝑟𝑘

𝑖𝑗
                                                                                   (3.10) 

or written out in full 

𝑡𝑘
𝑖

𝑥
𝑥𝑖 +

𝑡𝑘
𝑖

𝑦
𝑦𝑖 +

𝑡𝑘
𝑖

𝑧
𝑧𝑖 + 𝑖 −

𝑡𝑘
𝑗

𝑥
𝑥𝑗 −

𝑡𝑘
𝑗

𝑦
𝑦𝑗 −

𝑡𝑘
𝑗

𝑧
𝑧𝑗 − 𝑗 = 𝑑𝑟𝑘

𝑖𝑗
  (3.11) 

The partial derivatives of the travel times t for events i and j with respect to their 

locations (x, y, z) and origin times (), respectively, are calculated for the current hypocenters 

and the location of the station where the kth phase was recorded. x, y, z, and  are the 

changes required in the hypocentral parameters to make the model better fit the data.  

Combining equation (3.8) from all hypocentral pairs for a station, and for all stations, a 

system of linear equations is formed as below 

WGm = Wd                  (3.12) 

where G defines a matrix of size M x 4N (M: number of double-difference observations, N: 

number of events) containing the partial derivatives. d is the data vector containing the 

double-differences equation (3.9), m is a vector of length 4N, [x, y, z, T]T contain the 

changes in hypocentral parameters we wish to determine, and W is a diagonal matrix to 

weight each equation. We may constrain the mean shift of all earthquakes during relocation 

to zero by extending equation (3.12) by four equations so that 

∑𝒎𝑖 = 0

𝑁

𝑖=1

                                                                                                           (3.13) 

for each coordinate direction and origin time, respectively. Note that this is a crude way to 

apply a constraint, but appropriate for a solution constructed by conjugate gradients. As 
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shown later, the double difference algorithm is also sensitive to errors in the absolute 

location of a cluster. Thus, equation (3.13) is usually down weighted during inversion to allow 

the cluster centroid to move slightly and correct for possible errors in the initial absolute 

locations. 

A standard approach to solving equation (3.12) in a weighted least-squares sense (i.e., 

minimizing the L2-norm of the residual vector) is the use of normal equations 

�̂� = (𝐺𝑇𝑊−1𝐺)−1𝐺𝑇𝑊−1𝑑                                                                                  (3.14) 

with W containing a priori quality weights. The a priori weights express the normalized quality 

of the data; that is, the precision of the cross-correlation measurements (e.g., proportional 

to the squared coherency; Fre´chet, 1985; Fre´mont and Malone, 1987). 

 

3.4 b-values of the ST2 region 

During the observation period of October 2012 to April 2014, 595 earthquakes were recorded 

in the ST2 region (Figure. 3.1). These earthquakes are selected for computation of b-value. b-

value of northern and southern clusters were computed and compared with the b-value of 

natural earthquakes in a broader region. b-value estimation has been carried out for 399 

earthquakes of northern cluster and 102 earthquakes of southern cluster in the ST2 region, 

using the maximum-likelihood method for linear regression. The minimum magnitude for 

completeness of the earthquake catalog for the study region is found to be 1. The Gutenberg–

Richter frequency–magnitude relationship of northern and southern clusters in the ST2 

region are shown as linear plots in Figure 3.3 a and b. The obtained b-values are 0.94±0.04 
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and 0.90±0.04, respectively. Figure 3.3 c shows the Gutenberg-Richter frequency-magnitude 

relationship of natural earthquakes for the larger region (within a radius of 300 km from the 

reservoir) given by Trieu et al., (2014) with b-value of 0.60. 

Mogi (1962), Scholz (1968) and Amitrano (2003) proposed that the main factors that can 

cause perturbations of the normal b-values are material heterogeneity, effective stress and 

temperature. High b-values indicate that a large number of small earthquakes can be 

expected in a region of low strength and large heterogeneity, whereas low b-values indicate 

high resistance and low heterogeneity.  

Gupta (1992) indicated that increased pore pressure due to reservoir filling initiates the 

failure of otherwise unfailing fractures and thus introduces heterogeneity. For the ST2 region, 

b-values for both northern and southern clusters are higher than that of natural earthquakes 

of the larger region. This is compatible with the fact that high b-values are associated with 

artificial reservoir triggered seismic zones like the Koyna-Warna region and other RTS zones 

(Gupta et al., 1972). Further, b-value for northern cluster, which is nearer to the reservoir, is 

higher than that for southern cluster. It implies that in northern cluster, the medium is more 

heterogeneous than southern cluster. 
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Figure 3.3: (a), (b) Earthquake frequency–magnitude distribution curve for the northern and southern 

clusters in the ST2 region during the period October 2012 to April 2014, respectively. (c) Natural 

earthquake frequency–magnitude distribution curve for the vicinity of ST2 reservoir region (within a 

radius of 300 km from the reservoir) given by Trieu et al., (2014).  
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3.5 P-wave 1D velocity model 

Velocity structure has been determined for the ST2 region using the VELEST program 

(Ellsworth 1977; Kissling 1988). The program iteratively solves for the coupled hypocentral-

velocity model problem for local earthquakes. In order to investigate the velocity model for 

the study region, events with a maximum azimuthal gap of 200°, a minimum of 5 readings of 

P-arrival times, maximum location error of 3 km and maximum root mean square (RMS) error 

of 0.3 s were selected. This selection consists of 220 events with good P and S wave signals 

for a total of 1209 P-arrival times. In the analysis for the best P-wave 1D velocity model, 

several starting 1D velocity models were used including three gradient models and two 

homogeneous models (Figure 3.4 a). The final models are characterized by RMS ranging 

between 0.068 s and 0.093 s (Figure 3.5). The average velocity models are used as starting 

models for further inversion whose solution represents the best “Minimum 1D model” (black 

dotted line in Figure 3.4 b).  

P-wave 1D velocity model in the ST2 region is listed in Table 3.1 and plotted in Figure 3.4 

b (black dotted line). These final models show a quite broad range of P-wave velocities in the 

first two kilometers that decreases with depth (Figure 3.4 b). The RMS of the final model has 

a value of 0.053 s (Figure 3.5). In the study region, earthquake hypocenters are shallower 

than 10 km, so that the result is only more accurate at depth shallower than 10 km. P-wave 

velocity at 15 and 30 km were referred from crustal model in Central Vietnam given by Son 

(1995). 
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Figure 3.4: (a) initial models, (b) final models. The black dotted line is the final P-wave 1D velocity 

model of the ST2 region. 

 

 

Figure 3.5: Average RMS error for the velocity structures. The final model provides minimum RMS 

error. 
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Table 3.1: P-wave velocity model for the ST2 reservoir region obtained using the VELEST approach. 

P-wave velocity 

(km/s) 

Depth 

(km) 

5.45 0 

5.81 2 

6.10 5 

6.25 10 

6.50 15 

6.75 30 

 

 

 

3.6 Relocation of earthquakes and seismicity trends 

In this study, the Hypo-DD algorithm of Waldhauser and Ellsworth (2000) has been used to 

relocate 595 earthquakes during the period of observation from October 2012 to April 2014, 

using the obtained 1D velocity model in this study. Events get deleted if they completely lose 

linkage and also during the iteration process when some events locate above the ground level 

after relocation. These are referred as airquakes which occur when event pairs locate near 

the surface, and the control in vertical offset between the events is poor. Hypo-DD removes 

them after each iteration. In the present study, a total of 2413 P and 1699 S travel times are 

used to relocate the 595 earthquakes using the LSQR method. The following criteria are 

adopted for relocating earthquakes: (i) the maximum distance between an event pair and the 

corresponding station is 40 km; (ii) the maximum hypocentral separation between a pair of 
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events is 10 km; (iii) maximum number of neighbours per event is eight; and (iv) the definition 

of a neighbour involves a minimum number of three links. The 498 earthquakes obtained 

after relocation are shown in Figure 3.6. Earlier, average errors of locations in horizontal 

parameters was about 1.88 km and the average errors in focal depth estimation, was about 

± 3.69 km. The relocated epicenters show much lower errors of 1.2 km laterally and 2.5 km 

in depth. With this, there is an improved clustering, with the two clusters north and south 

becoming more focused. Most earthquakes occurred in the north cluster near the reservoir. 

Seismic activity in northern cluster is higher with higher magnitude earthquakes as compare 

to the southern one. In the northern cluster, earthquakes occurred on faults F3 and F4, while 

they occurred on F12 in the southern cluster.  

 

3.7 Seismicity depth sections 

Seismicity distribution in depth has been studied by considering three cross-sections across 

the two seismic clusters (Figure 3.6). Earthquake hypocentral distribution after relocation 

plotted along the sections 1 and 2 are shown in Figures 3.7 a and b, respectively, while for 

section 3 across southern cluster, it is depicted in Figure 3.7 c. From these results it can be 

seen that the seismic activity in the northern cluster is concentrated at a depth of 5 to 9 km, 

while in the southern cluster it is deeper, at 7 to 11 km. 
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Figure 3.6: Earthquake epicenter distribution after relocation in the ST2 region. Blue lines are the 

three vertical sections 1-3. 
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Figure 3.7: (a), (b), (c) show earthquake hypocenters after relocation along cross-section 1, 2 and 3, 

respectively. 
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Chapter 4 

Earthquake Focal Mechanism Solutions  
in the Song Tranh 2 region 

 

4.1 Introduction 

Focal mechanism solutions are very important in understanding the seismo-tectonics of a 

region, which in turn reveals the mechanism of seismogenesis and the hazard potential of a 

region. The ST2 dam site area is a poorly studied region with hardly any understanding of the 

seismicity and faulting mechanism. Hence, in this chapter, focal mechanism solutions are 

computed for four earthquakes occurred at very local distances in the northern cluster near 

the ST2 reservoir using the Moment tensor inversion approach (Kikuchi and Kanamori, 1991). 

This approach has become one of the most powerful tools available to seismologists to 

understand faulting and rupture processes. Another advantage of moment tensor inversion 

is its ability to precisely estimate the focal depth of an earthquake since seismic waveforms 

are very sensitive to focal depths (Lay and Wallace, 1995). The current study assumes great 

importance since it is for the first time that seismic waveform data have been modelled to 

infer focal mechanisms and tectonics of the ST2 region. Further, these focal mechanism 

solutions are considered for the fault stability analysis, in the next Chapter. 
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4.2 Moment tensor inversion method 

Moment tensor inversion is a process of obtaining the source model by comparing 

(correlating/matching) synthetic and observed seismograms. Further this technique involves 

generating of synthetic seismograms, which are built based on the parameters like 

propagation effects, source effects and characteristics of seismometers that influence the 

shape of the seismograms. It is possible to model each of these effects mathematically and, 

therefore, to develop a procedure to predict the character of a seismogram with a realistic 

model of the Earth. Such a mathematical construction is known as a synthetic seismogram. 

In general, moment tensor inversion is an iterative process in which differences between the 

observed and synthetic seismograms are minimized by adjusting the Earth structure or source 

representation.  

The moment tensor derived from modeling of the seismograms consists of information 

akin to the fault plane parameters – namely strike, dip and slip/rake, which comprises the 

focal mechanism solution as well as the seismic moment. The focal mechanism solution of 

earthquakes is one of the fundamental parameters that describes the source characteristics 

and is important for the physical understanding of the earthquake phenomenon itself.  

 

4.2.1 Moment tensor 

A moment tensor is a mathematical representation of a seismic source in terms of a set of 

force couples, which equivalently describes the displacements at the source. A general 

moment tensor in three dimensional space comprises 9 elements given by 
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[

𝑀𝑥𝑥 𝑀𝑥𝑦 𝑀𝑥𝑧

𝑀𝑦𝑥 𝑀𝑦𝑦 𝑀𝑦𝑧

𝑀𝑧𝑥 𝑀𝑧𝑦 𝑀𝑧𝑧

]                                                                                                   (4.1)  

In view of the conservation of angular momentum, since there is no net angular momentum 

due to an external force 

𝑀𝑥𝑦 = −𝑀𝑦𝑥, 𝑀𝑦𝑧 = −𝑀𝑧𝑦, 𝑀𝑥𝑧 = −𝑀𝑧𝑥                            (4.2) 

which reduces the number of moment tensor elements to 6. 

The best description of an earthquake source mechanism is a slip or shear on a fault 

plane. This would correspond to a ‘double couple’ mechanism given by a moment tensor 

described by additional constraints of vanishing trace elements and a zero determinant, 

implying a displacement mechanism confined to a plane. Using the notation of Figure 4.1, 

double-couple displacement fields are represented by the sum of two couples such as 

(x,y)+(y,x), (x,x)+(y,y), (y,y)+(z,z), (y,z)+(z,y) etc. An explosion source can be modelled by the 

sum of three vector dipoles (x,x) + (y,y) + (z,z). A Compensated Linear Vector Dipole (CLVD) 

can be represented by a vector dipole of strength 2 and two vector dipoles of unit strength 

but opposite sign in the two orthogonal directions. 

The seismic moment tensor M has, in general, six independent components which 

follows from the condition that the total angular momentum for the equivalent forces in the 

source must vanish. For vanishing trace, i.e., without volume change, we have five 

independent components that describe the deviatoric moment tensor. The double-couple 

source is a special case of the deviatoric moment tensor with the constraint that the 

determinant of M is zero, i.e., that the stress field is two-dimensional. 
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In general, M can be decomposed into an isotropic and a deviatoric parts: 

M = Misotropic + Mdeviatoric                                                                                           (4.3)  

The matrix Mdeviatoric can be further decomposed into a double couple and CLVD 

components: 

Mdeviatoric = MDC + MCLVD                                                                                            (4.4)  

 

Figure 4.1: The nine generalized couples representing 𝐺𝑠𝑘,𝑗(𝑥, ξ, t) in equation (4.1). 

For a double-couple source, the Cartesian components of the moment tensor can be 

expressed in terms of strike , dip  and rake  of the shear dislocation source (fault plane), 

and the scalar seismic moment M0 (Aki and Richards, 1980): 
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𝑀𝑥𝑥 = −𝑀0(sin 𝛿 cos  sin 2 + sin 2𝛿 sin   𝑠𝑖𝑛2 )  

𝑀𝑥𝑦 = 𝑀0(sin 𝛿 cos  cos 2 + 0.5 sin 2𝛿 sin   sin 2)  

𝑀𝑥𝑧 = −𝑀0(cos 𝛿 cos   cos  + cos 2𝛿 sin   sin )                                        (4.5) 

𝑀𝑦𝑦 = 𝑀0(sin 𝛿 cos  sin 2 − sin 2𝛿 sin   𝑐𝑜𝑠2 )  

𝑀𝑦𝑧 = −𝑀0(cos 𝛿 cos   sin  − cos 2𝛿 sin   𝑐𝑜𝑠 )  

𝑀𝑧𝑧 = 𝑀0 sin 2𝛿 sin   

Harvard and USGS regularly publish moment tensor solutions using the notation of normal 

mode theory. It is based on spherical coordinates (r; ; ) where r is the radial distance of 

the source from the centre of the Earth,  is co-latitude, and  is longitude of the point 

source. The 6 independent moment-tensor elements in the (x, y, z) = (north, east, down) 

coordinate system are related to the components in (r, ,) by 

𝑀𝑟𝑟 = 𝑀𝑧𝑧  

𝑀 = 𝑀𝑥𝑥  

𝑀 = 𝑀𝑦𝑦  

𝑀𝑟 = 𝑀𝑧𝑥  

𝑀𝑟 = −𝑀𝑧𝑦  

𝑀 = −𝑀𝑥𝑦  

 

4.2.2 Basic relations between the moment tensor of a seismic source and the observed 

seismogram 

Following Jost and Herrmann (1989), the displacement u on the Earth surface at a station can 

be expressed, in case of a point source, as a linear combination of time-dependent moment 

tensor elements 𝑀𝑘𝑗(ξ, t) that are assumed to have the same time dependence convolved 
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(indicated by the star symbol) with the corresponding Green’s functions 𝐺𝑠𝑘,𝑗(𝑥, ξ, t) with 

regard to the spatial j-coordinate: 

𝑢𝑠(𝑥, 𝑡) = 𝑀𝑘𝑗(ξ, t) ∗ 𝐺𝑠𝑘,𝑗(𝑥, ξ, t)                                                                   (4.6) 

where,  

𝑢𝑠(𝑥, 𝑡): ground displacement at position x and time t  

𝑀𝑘𝑗(ξ, t): components of 2nd order, symmetrical seismic moment tensor M  

𝐺𝑠𝑘,𝑗(𝑥, ξ, t): derivative of Green's function with regard to source coordinate ξ 𝑗 

x: position vector of station with coordinates x1, x2, x3 for north, east and down  

ξ: position vector of point source with coordinates ξ 1, ξ 2, ξ 3 corresponding to north, east 

and down.  

The above equation (4.6) follows from the representation theorem in terms of the 

Green’s function. The Green’s function represents the impulse response of the medium 

between source and receiver and thus contains the various wave propagation effects through 

the medium from source to receiver. These include energy losses through reflection and 

transmission at seismic discontinuities, an elastic absorption and geometrical spreading. The 

𝑀𝑘𝑗(ξ, t) completely describes the forces acting in the source and their time dependence. 

Source time history 𝑠(𝑡) describes the time dependence of moment released at the source. 

If we assume that all the components of 𝑀𝑘𝑗(ξ, t) have the same time dependence 𝑠(𝑡) the 

equation can be written as: 

𝑢𝑠(𝑥, 𝑡) = 𝑀𝑘𝑗[𝐺𝑠𝑘,𝑗(𝑥, ξ, t) ∗ 𝑠(𝑡)]                                                                (4.7) 
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𝑠(𝑡): source time history  

When determining 𝑀𝑘𝑗(ξ, t) from seismic records, 𝑢𝑠(𝑥, 𝑡) is calculated by convolution of the 

observed seismogram components 𝑦𝑠(𝑥, 𝑡) with the inverse of the seismograph’s 

displacement response function 𝑖(𝑡): 

𝑢𝑠(𝑥, 𝑡) = 𝑦𝑠(𝑥, 𝑡) ∗ 𝐼𝑛𝑣{𝑖(𝑡)} 

 

4.2.3 Inversion scheme in the time domain 

Based on the approach of Kikuchi and Kanamori (1991), the moment tensor Mjk can be 

represented by a linear combination of 𝑁𝑏 = 6 elementary moment tensors 𝑀𝑛 (Figure 4.2): 

𝑀𝑘𝑗 = ∑ 𝑎𝑛𝑀𝑛                                                                                                   (4.8)

𝑁𝑏

𝑛=1

 

with 

𝑀1 = [
0 1 0
1 0 0
0 0 0

]       𝑀2 = [
1 0 0
0 −1 0
0 0 0

]        𝑀3 = [
0 0 0
0 0 1
0 1 1

] 

𝑀4 = [
0 0 1
0 0 0
1 0 0

]       𝑀5 = [
−1 0 0
0 0 0
0 0 1

]       𝑀6 = [
1 0 0
0 1 0
0 0 1

] 

where the coordinates (x, y, z) for 𝑀𝑗𝑘  correspond to (north, east, down) and 𝑎𝑘  
are constants 

to be determined. The 𝑀1 and 𝑀2 represent pure strike-slip faults; 𝑀3 and 𝑀4 represent dip-

slip faults on vertical planes striking N-S and E-W, respectively, and 𝑀5 represent a 450 dip-

slip fault. The 𝑀6 represents an isotropic source radiating energy equally into all direction 

(i.e. explosion or implosive). 
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Figure 4.2: Elementary moment tensors used in the inversion. 

Let 𝑤𝑗𝑛(𝑡; 𝑝) be the synthetic seismogram at the 𝑗𝑡ℎ station due to 𝑛𝑡ℎ elementary tensor 

𝑀𝑛, where p represents the source term such as the onset time, location, etc. Then the 

synthetic seismogram 𝑦𝑗(𝑡) is given by 

𝑦𝑗(𝑡) = ∑ 𝑎𝑛𝑤𝑗𝑛(𝑡; 𝑝)

𝑁𝑏

𝑛=1

                                                                                      4.9) 

where 𝑁𝑏 is the number of elementary tensors. If 𝑥𝑗(𝑡) denotes the observed seismogram, 

the coefficients 𝑎𝑛 are calculated by minimizing the difference between the observed and 

synthetic displacement in the least square sense at a set of predefined trial source positions 

and trial origin times.  

∆= ∑ ∫ [𝑥𝑗(𝑡) − 𝑦𝑗(𝑡)]
2

𝑑𝑡 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚                                                   (4.10)
𝑡

𝑁𝑠

𝑗=1

 

where 𝑁𝑠 is the number of seismograms. The above can be expressed in terms of the 

correlation function (R) and Green’s function (G) as below: 

∆= 𝑅𝑥 − 2 ∑ 𝑎𝑛𝐺𝑛 + ∑ ∑ 𝑅𝑛𝑚𝑎𝑛𝑎𝑚

𝑁𝑏

𝑛=1

                                                      (4.11)

𝑁𝑏

𝑚=1

𝑁𝑏

𝑛=1

 

where 
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𝑅𝑥 = ∑ ∫ {𝑥𝑗(𝑡)}
2

𝑡

𝑁𝑠

𝑗=1

𝑑𝑡 

𝑅𝑛𝑚(𝑝) = ∑ ∫ {𝑤𝑗𝑛(𝑡; 𝑝)𝑤𝑗𝑚(𝑡; 𝑝)}
𝑡

𝑁𝑠

𝑗=1

𝑑𝑡 

𝐺𝑛(𝑝) = ∑ ∫ {𝑤𝑗𝑛(𝑡; 𝑝)𝑤𝑗(𝑡)}
𝑡

𝑁𝑠

𝑗=1

𝑑𝑡 

Integration is carried out over selected portions of the waveforms. Evaluating 𝜕∆
𝜕𝑎𝑛

⁄ = 0 

for n = 1,..., 𝑁𝑏 yields the normal equations 

Equation (4.11) reduces to 

∑ 𝑅𝑛𝑚𝑎𝑚 = 𝐺𝑛                                                                                                    (4.12)

𝑁𝑏

𝑚=1

 

with n ranging from 1 to 𝑁𝑏. The solution for 𝑎𝑛 is given by: 

𝑎𝑛 = 𝑎𝑛
0 = ∑ 𝑅𝑛𝑚

−1 𝐺𝑚

𝑁𝑏

𝑚=1

                                                                                       (4.13) 

The inverse 𝑅𝑛𝑚
−1  of matrix 𝑅𝑛𝑚 can be obtained by the method of generalized least squares 

inversion.  

The residual error is given by  

∆= 𝑅𝑥 − ∑ 𝐺𝑛𝑎𝑛
0

𝑛

                                                                                                 (4.14) 
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The solution 𝑎𝑛
0  and therefore ∆ are functions of the parameters p, which is determined 

from the criterion of minimum ∆ or maximum Ψ𝑚(𝑝) 

Ψ𝑚(𝑝) =
∑ 𝐺𝑛𝑎𝑛

0
𝑛

𝑅𝑥
=

∑ ∑ 𝑅𝑛𝑚
−1

𝑚 𝐺𝑚𝐺𝑛𝑛

𝑅𝑥
                                                          (4.15) 

here Ψ𝑚 is the correlation between the observed and synthetic waveforms. The 

normalization by 𝑅𝑥 is introduced so that Ψ𝑚 = 1 when the observed and synthetic 

waveforms are identical. Once the optimum is determined, the values of 𝑎𝑛
0  are given by 

equation (4.13). Using the coefficients 𝑎𝑛, the resultant moment tensor is then given by 

𝑀𝑘𝑗 [

𝑎2 − 𝑎5 + 𝑎6 𝑎1 𝑎4

𝑎1 −𝑎2 + 𝑎6 𝑎3

𝑎4 𝑎3 𝑎5 + 𝑎6

]                                                     (4.16) 

 

4.2.4 Calculation of Green’s function 

The displacement field due to an impulsive source can be regarded as a Green’s function. The 

Green’s function on the free surface is given in terms of reflection-transmission matrices 

(Kennett and Kerry, 1979) and evaluated by the discrete wave number method (Bouchon, 

1981). 

In a cylindrical coordinate system (r, Φ, z) with corresponding unit vectors ( zr ˆ,ˆ,ˆ  ), we 

may express the elastic displacement 𝑤(𝑟, Φ, 𝑧, 𝑡) as a Fourier-Bessel transform 

𝑤(𝑟, Φ, 𝑧, 𝑡) = 𝑤𝑟�̂� + 𝑤ΦΦ̂ + 𝑤𝑧�̂�

=
1

2𝜋
∫ exp (−𝑖𝜔𝑡)𝑑𝜔

∞

−∞

∫ ∑ (𝑈𝑅𝑘
𝑚 + 𝑉𝑚𝑆𝑘

𝑚 + 𝑊𝑚𝑇𝑘
𝑚)

2

𝑚=−2

∞

0

𝑘𝑑𝑘   (4.17) 
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where 

𝑅𝑘
𝑚 = 𝐽𝑚(𝑘𝑟)exp (𝑖𝑚Φ)�̂� 

𝑆𝑘
𝑚 =

1

𝑘
[

𝜕

𝜕𝑟
�̂� +

1

𝑟

𝜕

𝜕Φ
Φ̂] 𝐽𝑚(𝑘𝑟)exp (𝑖𝑚Φ) 

𝑇𝑘
𝑚 =

1

𝑘
[
1

𝑟

𝜕

𝜕Φ
�̂� +

𝜕

𝜕𝑟
Φ̂] 𝐽𝑚(𝑘𝑟)exp (𝑖𝑚Φ) 

Several approaches exist to evaluate the layered half space response for a point source. 

They are the generalized ray theory (Helmberger, 1968; Helmberger and Harkrider, 1978), 

reflectivity method (Fuchs and Muller, 1971), reflection and transmission coefficients matrix 

method (Kennett, 1974, 1980; Kennett and Kerry, 1979), discrete wavenumber method 

(Bouchon, 1981). Yao and Harkrider (1983) and Takeo (1987) proposed a combined use of a 

generalized reflection-transmission matrix and a discrete wavenumber method for near-field 

synthetic seismograms. These approaches are based on Kennett’s (1974, 1980) reflection and 

transmission matrix, which is an effective procedure to evaluate the wavenumber integrands. 

According to Kennett’s (1974, 1980) reflection and transmission matrix method, Um, Vm, 

Tm in equation (4.17) are expressed as  

SL

D
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U

SL

D

RS

U
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DDUm RRRITRRIRMMU 11

0| )()
~

)(
~

( 

  )( U

sm

D

sm      (4.18) 

)()()
~

)(
~

( 11

0|

U

sm

D

sm

SL

D

FS

U

SL

D

RS

U

RS

DDUm RRRITRRIRMMV   

       (4.19) 

)()()
~

)(
~

( 11

0|   

 UD

SL

D

FS

U

SL

D

RS

U

RS

DDUm RRRITRRIRMMW       (4.20) 

Where R
~

 is the reflection coefficient matrix on the free surface, and )
~

( RMM DU  is the 

receiver function matrix (Helmberger, 1978). SL

DR , RS

DR , FS

UR  are generalized reflection and 
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transmission matrices. In the frequency domain, the displacement (4.17) are expressed as 

follows: 

kdkkrJUimw mm

m

z )()exp()(
0




                                                         (4.21) 
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These expressions involve integrals of the form 

.2,1,0,)(),(
0

 


mkdkkrJkFI mm 
      (4.24) 

Bouchon (1981) has demonstrated that the above wavenumber integration can be 

evaluated by a discrete wavenumber summation 

)(),(
0

rkJkFk
L

I jmjj

j

jm 







 (4.25) 

where j  2 for j ≠ 0,= 1 for j = 0.                                                                                 (4.26) 

L

j
k j

2
 (4.27) 

If relations             r < L/2, tzrL  22)(                                                  (4.28) 
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are satisfied.  The influence of singularities of the integrand ),( kF  is avoided by giving the 

frequency a negative imaginary part  

IR i                                                                                                    (4.29) 

 An advantage of the Bouchon (1981) method is that it is straightforward to obtain the 

near field static solution that comes from zero frequency. 

 

4.2.5 Assumptions  

Waveform modelling fulfils several needs of comprehensive evaluation of source parameters 

and to infer crust-mantle velocity structure. To accomplish the task some assumptions are 

taken into consideration, such as  

- Crust-mantle layer formation is homogeneous and horizontal.  

- Location of the earthquake source is known. 

- Seismograms are contaminated by less noise, conceivably signal to noise ratio is more. 

- Some apriori information about the geology of the area of research is acknowledged. 

- Green’s function is very sensitive to the depth of source. 

- Normalized correlation error in the acceptable range between observed and synthetic 

seismograms is good enough to admit.  
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4.3 Steps taken in moment tensor inversion 

Generally, the quality of moment-tensor inversion depends to a large extent on the number 

of data available and the azimuthal distribution of stations about the source. Dufumier (1996) 

gives a systematic overview for the effects caused by differences in the azimuthal coverage 

and the effects caused due to the use of only P waves, P and SH waves or P, SH and SV waves 

for the inversion with body waves. 

A systematic overview with respect to the effects caused by an erroneous velocity model 

for the Green’s function calculation and the effects due to wrong hypocentral coordinates 

can be found in Šílený et al., (1992), Šílený and Pšenčik (1995), Šílený et al., (1996) and 

Kravanja et al., (1999). 

The following is a general outline of the various steps to be taken in a moment-tensor 

inversion using waveform data: 

1) Data acquisition and pre-processing  

- Good signal-to-noise ratio  

- Unclipped signals  

- Good azimuthal coverage  

- Removing mean value and linear trends  

- Correcting for instrument response, converting seismograms to displacement low-pass 

filtering to remove high-frequency noise and to satisfy the point source approximation  
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2) Calculation of synthetic Green's functions dependent on  

- Earth model (velocity structure model in Chapter 3) 

- Location of the source  

- Receiver position 

3) Inversion 

- Selection of waveforms, e.g., P, SH or full seismograms  

- Taking care to match waveforms with corresponding synthetics  

- Evaluation of Equations. (4.8) and (4.11)  

- Decomposition of moment tensor, e.g., into best double couple plus CLVD  

The inversion may be done in the time domain or frequency domain. Care must be taken 

to match the synthetic and observed seismograms. Alignment of observed and synthetic 

waveforms is facilitated by cross-correlation technique. In the moment-tensor inversion 

scheme, the focal depth can be assumed to be constant while carrying out the inversion for 

a range of focal depths. The best solution is the one that provides the minimum variance of 

waveform matching. 

 

4.4 Selection of earthquakes 

The seismicity and the spatial distribution of the earthquakes occurring in the ST2 region was 

discussed in detail in Chapter 3. Four events that occurred in the northern cluster near the 

ST2 reservoir have been selected to calculate the moment tensors or the focal mechanism 

solutions. Details of these events are given in Table 4.1. Only five stations recorded these 
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events, including three long-period 30 s (TNVB, TDVB, TLE) and two short-period 1 s (TNG, 

PHI) seismometers. Waveform data of these earthquakes are recorded in the epicenter 

distances less than 23 km. Data from the stations equipped by long-period seismometers with 

a good signal-to-noise ratio are used for the moment tensor inversion, aided by first motion 

polarity data from all five recorded stations. 

Table 4.1: Four earthquakes in the ST2 region that were used in this study to calculate focal 

mechanism solutions. 

S.No. Day of occurrence Origin time Latitude Longitude Depth (km) ML 

  hr:m:s oN oE   

1 2015.04.02 08:09:34.5 15.351 108.129 6.2 2.2 

2 2015.04.26 14:23:08.4 15.350 108.128 6.2 2.0 

3 2015.08.23 21:32:54.5 15.347 108.128 6.8 2.3 

4 2015.08.25 18:29:33.9 15.356 108.116 7.3 3.6 

 

 

4.5 Focal mechanism solutions 

In this study, the ISOLA software developed by Sokos and Zahradnik (2008) was used for 

performing the moment tensor inversion. The Green’s functions are calculated by using the 

discrete wave number summation method of Bouchon (1981), using the 1D velocity model 

obtained in Chapter 3 (Table 3.1). Real ground motion seismograms are calculated by 

deconvolution of the observed seismograms with the seismograph’s displacement response 

function. Velocity seismograms are integrated to obtain the displacement seismograms 
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which are low-pass filtered (0.04 - 0.1 Hz) to remove high-frequency noise, and finally 

inverted for the moment tensor solution. 

The present study is perhaps the first attempt in obtaining focal mechanism solutions 

using moment tensor inversion of earthquake data at local distances in the ST2 region. Focal 

mechanism solutions are computed for four selected events. Their epicentral distances and 

azimuths are listed in Table 4.2. The solutions comprising strike, dip and rake parameters of 

both the nodal planes are listed in Table 4.3 and plotted along with the corresponding 

waveform matching in Figures 4.3 - 4.6. The accuracy of the obtained solutions is indicated 

by the good match between the observed and synthetic waveforms. The consistency of the 

obtained solutions is further confirmed by the superposed polarities of the first motion data 

from all the five recorded stations (TNVB, TDVB, TLE, TNG and PHI). The fault plane solutions 

superposed with the tectonic map of the region, along with the reservoir, are shown in Figure 

4.7. It can be seen that all the four events occur in close proximity of the reservoir indicating 

the strong connection with the trigger mechanism. Also, the NW - SE trending right-lateral 

strike-slip planes correlate well with the local trend of the faults F3 and F4 given by Hoai et 

al., (2014) with focal depths in the range of 5 - 6 km. Hence, these are selected as the true 

fault planes of the focal mechanism solutions, which are considered for further calculation of 

Coulomb stresses due to ST2 reservoir load in Chapter 5. 
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Table 4.2: Event information of earthquakes at stations used for moment tensor inversion in this 

study. 

Event date Origin time Station code Epicenter distance (km) Azimuth (in degrees) 

2015.04.02 08:09:34.5 TDVB, TLE 4, 14 117, 232 

2015.04.26 14:23:08.4 TDVB, TLE 4, 14 115, 233 

2015.08.23 21:32:54.5 TDVB, TNVB 4, 21 111, 87 

2015.08.25 18:29:33.9 TDVB, TNVB 6, 23 117, 90 

 

 

Table 4.3: Fault plane solution parameters of selected events in the ST2 region obtained using 

moment tensor inversion approach. 

S.No Date Nodal plane 1 Nodal plane 2 P-Axis T-Axis Depth (km) MW 

  Strike Dip Rake Strike Dip Rake     

1 2015.04.02 1140 890 -1690 240 790 -10 3390 680 5 1.5 

2 2015.04.26 1200 810 1780 2100 880 90 3550 850 5 1.9 

3 2015.08.23 1090 800 1730 2010 830 100 3350 650 5 1.3 

4 2015.08.25 1150 870 1440 2070 550 40 3470  650 5 2.4 
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a 

 

b 
 

 

 

 

 

 
 

Figure 4.3: (a) Waveform match between observed (black) and synthetic (red) seismograms in the 

frequency range of 0.04 - 0.1 Hz. (b) Moment tensor solution of the 04 April 2015 event in the ST2 

region using ISOLA. First motion polarities of all stations are superposed on the mechanism. (+) 

represent compressions while (-) are the dilatations.  
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Figure 4.4: Same as Figure 4.3 but for the event of 26 April 2015 in the ST2 region. 
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Figure 4.5: Same as Figure 4.3 but for the event of 23 August 2015 in the ST2 region. 
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Figure 4.6: Same as Figure 4.5 but for the event of 25 August 2015 in the ST2 region. 
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Figure 4.7: Focal mechanism solutions obtained in this study for the ST2 region. 
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4.6 Principal stress directions in ST2 region 

The P-axis and T-axis orientations and their average obtained from the fault plane solutions 

in the ST2 region are plotted in Figure 4.8. It is clear from the spatial distribution of these 

orientations that the average principal tensile stress component (σ3) is oriented in the N710E 

direction while the average principal compressive stress component (σ1) is oriented in the 

N160W direction for this region. These results are quite compatible with GPS measurements 

in central Vietnam and with the broad picture of the regional plate tectonic scenario in this 

part of Asia. 

   

Figure 4.8: The average P and T-axis orientations (red and green arrows respectively) derived from 

four earthquakes in the ST2 region. 
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Chapter 5 

Reservoir triggered seismicity 

 

5.1 Introduction 

Impoundment of the ST2 reservoir in Vietnam started in November 2010 and earthquakes 

started occurring in its vicinity soon after that. Frequency of earthquakes increased after the 

reservoir water level was brought down in June 2012. It is now well accepted fact that many 

reservoirs influence stresses in their neighborhood (Gupta, 1992, 2002; Talwani, 1997 and 

references therein), thereby triggering earthquakes. But this is also a collateral fact that this 

influence of reservoir on earthquake occurrence is governed by an intricate physical 

mechanism along with a complex phenomenon of earthquake occurrence and thus, each site 

behaves differently and poses new questions. Depending upon time of earthquake 

occurrence after initial impoundment and its correlation with water level variation, various 

cases of reservoir triggered seismicity are categorized as rapid, delayed and continued 

response of reservoir impoundment and attempts have been made to warrant it with the 

general mechanism of reservoir triggered seismicity (Simpson et al., 1988; Talwani, 1997; 

Gupta, 2002). A detailed deterministic analysis of change in stresses and pore pressure due 

to impoundment of reservoir by considering all influencing factors of reservoir triggered 

seismicity (Simpson, 1976; Bell and Nur, 1978; Roeloffs, 1988; Chander and Kalpna, 1997) is 
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a rational way to explain triggered earthquakes near a reservoir site (e.g., Gahalaut et al., 

2004; doNascimento et al., 2005 a, b; Gahalaut et al., 2007; Gahalaut and Gahalaut, 2010; 

Hariri et al., 2010; Gahalaut and Hassoup, 2012). 

Within the framework of mechanism of reservoir triggered seismicity and the concept of 

fault stability due to reservoir impoundment, in this chapter a detailed analysis is performed 

to explore the relation between the ST2 reservoir impoundment and occurrence of 

earthquakes in its neighborhood. 

 

5.2 Methodology: 

Following Bell and Nur (1978), Roeloffs (1988), Gahalaut (2010) and Gahalaut and Hassoup 

(2012), concept of Coulomb-Mohr failure criterion of earthquake occurrence (King et al., 

1994; Hardebeck et al., 1998; Scholz, 1990) is used for quantification of the effect of stress 

and pore pressure changes due to reservoir impoundment. The change in Coulomb 

stress/fault stability, ΔS, can be defined as, 

∆𝑆 = ∆𝜏 − 𝜇(∆𝜎𝑛 − ∆𝑃)                                                                                        (5.1) 

here,  and 𝜎𝑛 are the changes in resolved shear and normal stress due to a reservoir on a 

considered fault plane, respectively, and ∆𝑃 is the change in pore pressure, and 𝜇 is the 

coefficient of friction. Compressive  is considered positive and  is resolved in the slip 

direction of the fault plane. Positive  and negative 𝜎𝑛 promote failure. Accordingly, failure 

is encouraged, referred hereafter as destabilization, if ∆𝑆 is positive and vice versa. The role 

of pore pressure is always to encourage failure by decreasing the normal stress. To assess the 
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reservoir’s role in triggering an earthquake, we calculate ∆𝑆 on the plane of earthquake 

occurrence at its hypocenter. A positive ΔS suggests destabilizing effect of reservoir on the 

earthquake causative fault plane, and implies a favorable role of reservoir in earthquake 

triggering. Here assumption is that the changes in stresses and pore pressure in the short 

time period of reservoir impoundment and earthquake occurrence are due to reservoir 

impoundment only, and the ambient tectonic stress and pore pressure remain constant 

throughout. Green’s function approach of Kalpna (1995) and Kalpna and Chander (2000) has 

been adopted to calculate reservoir stresses and pore pressure.  

Reservoir dimensions, water loading history, fault type and location, physical constants 

like hydraulic diffusivity (c) are the main parameters required for the analysis. Spatial-

temporal distribution of seismicity and its correlation with results of fault stability analysis is 

considered for final exposition.  

5.2.1 Calculation of the elastic stress field 

Suppose that the tectonic stress field is 𝜎𝑖𝑗
0  before the impoundment of the reservoir and the 

stress change is ∆𝜎𝑖𝑗 after the impoundment. After the occurrence of the earthquake, we can 

attain the normal vector (𝑛1, 𝑛2, 𝑛3) of the seismogenic fault from focal mechanism solutions. 

So, the normal stress and shear stress changes can be expressed as 

∆𝜎𝑛 = ∆𝜎𝑖𝑗𝑛𝑗𝑛𝑖 , ∆𝜏 = ∆𝜎𝑖𝑗𝑛𝑗𝑠𝑖                                                                            (5.2) 

The normal vector 𝑛𝑖  can be attained through 

𝑛 = {

𝑛1

𝑛2

𝑛3

} = {
sin 𝛿 cos 𝜑

− sin 𝛿 sin 𝜑 
cos 𝛿

}                                                                                    (5.3) 
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where 𝜑 is the strike angle, and δ is the dip angle. If setting the north, east and up as the 

positive directions in the coordinates, respectively, the slip vector (𝑠) of the fault can be 

expressed as 

𝑠 = {
sin 𝜑 cos 𝜆 − cos 𝜑 cos 𝛿 sin 𝜆
cos 𝜑 cos 𝜆 + cos 𝜑 sin 𝛿 sin 𝜆

sin 𝛿 sin 𝜆

}                                                                   (5.4) 

where λ is the slip angle. So, we can calculate the ∆𝑆 caused by the impoundment of the 

reservoir, including the normal stress and shear stress and pore pressure. Numerous studies 

show that using the ∆𝑆 to analysis of the RTS is feasible and can help estimate which places 

or faults are relatively safer or more dangerous. 

After the impoundment of a reservoir, the huge elastic load due to the water weight, will 

clearly change the stress field of the base rock of the reservoir. This rapid response can be 

regarded as distributed force on the boundary of a half plane (2D) or space (3D). Suppose the 

rock around the reservoir area satisfies the basic conditions of elasticity: continuous 

deformable objects, homogenous, and small deformation assumption. So, we can view this 

part as the Boussinesq’ problem for the distance between the particles of rock is much less 

than the study area, the solving equation can be expressed as follows (Wu, 2001): 

𝜎𝑥𝑥 = −
𝐹

2𝜋𝑅2
{

3𝑥2𝑧

𝑅3
− (1 − 2𝜈) [

𝑧

𝑅
−

𝑅

𝑅 + 𝑧
+

𝑥2(2𝑅 + 𝑧)

𝑅(𝑅 + 𝑧)2
]} , 

𝜎𝑦𝑦 = −
𝐹

2𝜋𝑅2
{

3𝑦2𝑧

𝑅3
− (1 − 2𝜈) [

𝑧

𝑅
−

𝑅

𝑅 + 𝑧
+

𝑦2(2𝑅 + 𝑧)

𝑅(𝑅 + 𝑧)2
]} , 

𝜎𝑧𝑧 = −
3𝐹

2𝜋

𝑧3

𝑅5
, 
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𝜏𝑥𝑧 = −
3𝐹

2𝜋

𝑧2𝑥

𝑅5
, 

𝜏𝑦𝑧 = −
3𝐹

2𝜋

𝑧2𝑦

𝑅5
, 

𝜏𝑥𝑦 = −
𝐹

2𝜋𝑅2
[
3𝑥𝑦𝑧

𝑅3
−

(1 − 2𝜈)(2𝑅 + 𝑧)𝑥𝑦

𝑅(𝑅 + 𝑧)2
],                                            (5.5) 

where 𝜎𝑖𝑗 is the stress tensor due to the water loads, F is the reservoir water weight and 𝜈 is 

the Poisson’s ratio of rock, R2 = x2 + y2 + z2 is the distance of the mass particle to the 

observation.  

5.2.2 Calculation of pore pressure 

Following Biot (1941) and Rice and Cleary (1976), change in pore pressure (∆𝑃) due to 

reservoir in a water saturated porous elastic medium is calculated by solving the following 

diffusion equation,  

𝑐∇2(∆𝑃) =
𝜕

𝜕𝑡
((∆𝑃) − 𝐵 (

∆𝜃

3
))                                                                      (5.6) 

where c is the hydraulic diffusivity, B is the Skempton’s coefficient (B is defined to be the ratio 

of the induced pore pressure to the change in applied stress for undrained conditions - that 

is, no fluid is allowed to move into or out of the control volume) and ∆𝜃/3 is the change in 

mean stress,  being the sum of normal stresses. Hydraulic properties are considered to be 

uniform and isotropic in the half space. ∆P is the sum of ∆𝑃𝑐 and ∆𝑃𝑑, which are the change 

in pore pressure due to the instant compression caused by the reservoir load, and the change 

in pore pressure due to the diffusion of reservoir water load, respectively (Roeloffs, 1988). 

Thus, 
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∆𝑃 = ∆𝑃𝑐 + ∆𝑃𝑑                                                                                                       (5.7) 

where  ∆𝑃𝑐 can be estimated as 

∆𝑃𝑐 = 𝐵
∆𝜃

3
                                                                                                                  (5.8) 

Green’s function solution of Kalpna and Chander (2000) has been followed to estimate 

∆𝑃𝑑. The initial or boundary condition, whichever is applicable for the defined problem, can 

be considered in terms of a source term 𝑆(𝑥, 𝑦, 𝑧, 𝑡). Thus, the diffusion equation for ∆𝑃𝑑 can 

be written as, 

𝑐∇2(∆𝑃𝑑) −
𝜕

𝜕𝑡
(∆𝑃𝑑) = 𝑆(𝑥, 𝑦, 𝑧, 𝑡)                                                                      (5.9) 

Here, water level time series for reservoir since the impoundment of the reservoir is 

considered as the source term. Solution of equation (5.9) can be written as (Kalpna and 

Chander, 2000), 

∆𝑃𝑑(𝑥, 𝑦, 𝑧, 𝑡) = 𝑐 ∫ ∫ ∫ 𝑆(�́�, �́�, �́�, �́�)
𝜕𝐺

𝜕�́�
|�́�=0𝑑�́�, 𝑑�́�, 𝑑�́�

∞

−∞

∞

−∞

𝑡

0

                         (5.10) 

In equation (5.10), x, y, z and x’, y’, z’ refer to the observation and source points, where 

the x, y and z axes point towards north, east and vertical downward, respectively. Here, 

𝐺 =
1

8[𝜋𝑐(𝑡 − �́�)]
3
2

[𝑒𝑥𝑝 (−
(𝑧 − �́�)2

4𝑐(𝑡 − �́�)
) − 𝑒𝑥𝑝 (−

(𝑧 + �́�)2

4𝑐(𝑡 − �́�)
)] 

. exp [− (
(𝑦 − �́�)2 + (𝑥 − �́�)2

4𝑐(𝑡 − �́�)
)]                                                                       (5.11) 
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Figure 5.1: Spatial distribution of earthquakes (October 2012 to April 2014) near the ST2 reservoir 

(brown filled circles), reservoir (light blue). Red lines are F3, F4 and F12 with dip and slip direction. 

Blue lines are three vertical sections 1 to 3. Green rectangles are northern and southern clusters at 

which temporal variation of pore pressure is calculated.  

 

5.3 Input parameters for the RTS analysis 

In order to calculate Coulomb stresses, the ST2 reservoir water load is discretized into 318 

rectangles and water level is assigned to each of these rectangles according to its bathymetry 

(Figure 5.2). The computed total water capacity of the simulated reservoir complies with the 

actual water capacity of the reservoir with maximum water level of ~ 80 m at the dam site. 
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Water level in each of these cubes varies as per the seasonal water load history at the dam 

site (Figure 5.3). Details of water loading history have been adopted from Trieu et al., (2014) 

and Giang et al., (2015). Analysis of stress change requires consideration of dip, strike and slip 

direction of fault planes. Normally such information can be gleaned from available fault plane 

solutions of the earthquakes in a region. Hoai et al., (2014) provides details of all geological 

faults in the ST2 reservoir region. All the faults are reported to be either very steep or vertical 

and exhibit right-lateral strike slip motion (Hoai et al., 2014). Slip direction on these faults is 

consistent with the overall compressive stress regime in the area (Tingay et al., 2010; Tingay 

et al., 2012). A minor reverse or normal component of slip may not be ruled out on these 

predominantly right lateral faults. Here, F3, F4 and F12 (Figure 5.1) are considered to be 

seismogenic (numbered after Hoai et al., 2014). Faults F3 and F4 are similar in all respects. 

Thus the analysis has been done for F4 and F12 type faults. Focal mechanisms parameters of 

fault F3 and F4 were taken from this study in Chapter 4 and focal mechanisms parameters of 

fault F12 were derived from geologically mapped faults in the vicinity of the reservoir given 

by Hoai et al., (2014). Details of fault parameters for which calculations have been done are 

provided in Table 5.1. Other details for calculations are as follows, 

- The study area is subdivided into a 0.01°×0.01° grid.  

- The Poisson’s ratio of rock ν is 0.25. 

- Although a wide range of 0 to 1.0 of  has been measured in the laboratory for rock and 

soils, there is a consensus that 0.4 to 0.65 may be considered at least initially in the absence 

of actual measurements. All the calculations here are performed for  = 0.65. Lower values 

of  will further increase ∆S and thus expand the region of destabilization. 
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- Skempton’s coefficient B = 0.7 (Talwani et al., 2007). 

- Taking clue from a detailed analysis of Talwani et al., (2007), hydraulic diffusivity coefficient 

c as 0.1, 0.5, and 1.0 m2/s are considered. 

 

Figure 5.2: Discretization of the reservoir into 318 rectangles. 

Table 5.1: Fault parameters and their possible uncertainty considered in the analyses 

Fault Strike Dip Rake Note 

F3, F4 

114o 89o -169o Focal mechanism solution of the 04 April 2015 event  

120o 81o 178o Focal mechanism solution of the 26 April 2015 event  

109o 80o 173o Focal mechanism solution of the 23 August 2015 event  

F12 290o 80o 180o  
Focal mechanism parameters follow Geological data 
given by Hoai et al., (2014) 
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Figure 5.3: Temporal variation of water level in the ST2 reservoir (water level shown here is above 

mean sea level) and seismicity from November 2010 to April 2014 (as given by Trieu et al., 2014, and 

Giang et al., 2015) are also shown. Here, the number of all recorded events is shown by histogram 

(bin size 10 days, scale on right side), and earthquakes with M ≥ 2.5 are shown with lines (scale on left 

side). Two black arrows are the time instances for which Coulomb stress is calculated at high and low 

water stands. 

 

5.4 Analysis and Results 

Using the above given input parameters, method for calculating stresses and pore pressure 

and concept of the Coulomb stress, the effect of the ST2 reservoir impoundment on the 

seismicity around it has been analyzed. All computations have been done for horizontal 

sections at 5 km depth and vertical sections for both high and low reservoir water levels at 

the dam (Figure 5.3). Temporal variation of pore pressure and stress changes have been done 

for the northern and southern clusters at 5 km depth during November 2010 to April 2014. 

In all computations, it is assumed that the tectonic stresses and background pore pressure 

does not change between the considered short time period of the reservoir impoundment 
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and the earthquake occurrence, and changes in stresses and pore pressure in that period only 

occurred due to the reservoir impoundment. 

5.4.1 Horizontal sections 

For horizontal sections, all computations have been done at 5 km depth for both high (175 m 

or 80 m from m.s.l) and low (140 m or 45 m from m.s.l) reservoir water level at the dam 

(Figure 5.3) as all the earthquakes occurred in upper 10 km of the crust and majority of them 

occurred at depth 5 - 7 km. As earthquakes started occurring near the ST2 reservoir soon 

after its impoundment began, the hypothesis has been tested that the reservoir water load 

alone triggered these earthquakes, at least in the initial period when the diffusion pore 

pressure front did not reach the hypocenters. Thus firstly computation of fault stability is 

done without considering pore pressure. Next the computation of fault stability included pore 

pressure with diffusion coefficient c as 0.01, 0.5 and 1 m2/s, respectively. Figure 5.4 to Figure 

5.11 show ΔS at 5 km depth for F3, F4 and F12 type of faults for both high and low reservoir 

water level at the dam. Figure 5.4 to Figure 5.9 correspond to F3, F4. Figure 5.10 and Figure 

5.11 correspond to F12. In all these figures, panel (a) corresponds to ∆S without pore 

pressure, whereas in panel (b), (c) and (d) correspond to ∆S include pore pressure with 

hydraulic diffusivity value of c = 0.1, 0.5, 1 m2/s, respectively. Consideration of pore pressure 

will always increase the spatial extent and the magnitude of positive Coulomb stress. A 

remarkable feature of all the figures is that majority of the earthquakes corresponding to all 

the cases occurred in the region of destabilization (+ve Coulomb stress). It implies that the 

ST2 reservoir water load destabilized nearby faults soon after its impoundment and thus 

triggered earthquakes, primarily in the northern earthquake cluster. 
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Figure 5.4: ∆S (all in kPa) at 5 km depth for high water stand (see Figure 5.3). (a) correspond to ∆S 

without pore pressure, whereas (b), (c) and (d) correspond to ∆S include pore pressure with hydraulic 

diffusivity value of c = 0.1, 0.5, 1 m2/s, respectively, for fault type F3, F4 (strike, dip and rake as 114°, 

89° and -169° derived from source parameters of event 1 in this study). Corresponding focal 

mechanism solutions are also shown by beach balls and text. Red color corresponds to positive ∆S 

and hence destabilization due to reservoir loading on the corresponding fault, while green color 

corresponds to stabilization. 
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Figure 5.5: Same as Figure 5.4 but for low water stand corresponding to 40 m at the dam (strike, dip 

and rake as 114°, 89° and -169° derived from source parameters of event 1 in this study) 
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Figure 5.6: Same as Figure 5.4 for high water stand corresponding to 80 m at the dam (strike, dip and 

rake as 120°, 81° and 178° derived from source parameters of event 2 in this study). 
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Figure 5.7: Same as Figure 5.5 for low water stands corresponding to 40 m at the dam (strike, dip and 

rake as 120°, 81° and 178° derived from source parameters of event 2 in this study). 
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Figure 5.8: Same as Figure 5.4 for high water stand corresponding to 80 m at the dam (strike, dip and 

rake as 109°, 80° and 173° derived from source parameters of event 3 in this study).  
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Figure 5.9: Same as Figure 5.5 for low water stand corresponding to 40 m at the dam (strike, dip and 

rake as 109°, 80° and 173° derived from source parameters of event 3 in this study) 
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Figure 5.10: Same as Figure 5.4 for high water stand corresponding to 80 m at the dam but for fault 

type F12 (strike, dip and rake as 290°, 80° and 180° referred from geological data given by Hoai et al., 

2014). 
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Figure 5.11: Same as Figure 5.10 but for low water stand corresponding to 40 m at the dam (strike, 

dip and rake as 290°, 80° and 180° referred from geological data given by Hoai et al., 2014) 
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5.4.2 Vertical sections 

Coulomb stress is calculated along three vertical sections shown as section 1, section 2 and 

section 3 in Figure 5.1. Section 1 is perpendicular and section 2 is parallel to faults F3, F4 in 

northern cluster. Section 3 is nearly perpendicular to fault F12 in southern cluster (Figure 5.1). 

Stresses have been calculated for both high (175 m from m.s.l) and low (140 m from m.s.l) 

reservoir water level at the dam (Figure 5.3). Figures 5.12 to 5.15 show the Coulomb stress 

ΔS along three vertical sections for these three types of faults. From all the figures, it can 

clearly be seen that most of the earthquakes are again located in the region of positive 

Coulomb stress ΔS and thus in the region of destabilization. These calculations at two water 

stands are the representative values. The fluctuations in water load only modulate the 

Coulomb stress without changing the region of stabilization and destabilization. This is the 

reason why the zero line of both high and low water stands does not shift, and only the 

magnitude changes. 
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Figure 5.12: ∆S without pore pressure (all in kPa) along cross section 1 and 2 (see Figure 5.1) for high 

and low water stands (see Figure 5.3) correspond to fault type F3, F4 (strike, dip and rake as 114°, 89° 

and -169°). (a) and (b) correspond to cross section 1 for high and low water stands, respectively. (c) 

and (d) correspond to cross section 2 for high and low water stands, respectively. Brown circles show 

earthquakes hypocenter after relocation along each section. Star symbols are hypocenters of 

earthquakes of ML 4.7 and 4.6. Red color corresponds to positive ∆S and hence destabilization due to 

reservoir loading on the corresponding fault, while green color corresponds to stabilization.  

 

 

Figure 5.13: Same as Figure 5.12 for fault type F3, F4 (strike, dip and rake as 120°, 81° and 178°).  
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Figure 5.14: Same as Figure 5.12 for fault type F3, F4 (strike, dip and rake as 109°, 80° and 173° derived 

from source parameters of event 3 in this study).  

 

Figure 5.15: ∆S without pore pressure (all in kPa) along cross sections 3 (see Figure 5.1) for high and 

low water stands (see Figure 5.3) corresponding to fault type F12. (a) and (b) show results along cross 

section 3 for highest and lowest water levels, respectively. 

 

5.4.3 Temporal variation of pore pressure and fault stability 

The effect of pore pressure is considered, which is also an integral physical effect of reservoir 

impoundment, and it is attempted to explain the reason for increased seismic activity even 

after the water level in the ST2 reservoir became minimum. Such a phenomenon was contrary 

to the expectations of the concerned authorities and affected population, because they were 
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hoping for a decrease in the seismicity after June 2012, when the reservoir water level 

reached its minimum (Figure. 5.3). Figure 5.17 shows temporal variations in pore pressure 

during November 2010 to April 2014 for various values of diffusion coefficient c at the two 

locations, one each in the center of northern and southern clusters, shown in Figure 5.16. In 

Figure 5.17 delay between maximum water level and maximum pore pressure can clearly be 

seen for all values of c. This figure shows that pore pressure was still in the building up stage 

when water level was at its maximum (175 m or 80 m from m.s.l) during November 2011 to 

March 2012. Pore pressure increased further and reached to its maximum after water level 

decreased to its minimum (140 m or 45 m from m.s.l) in June 2012. Figure 5.18 shows 

temporal variation in ΔS for F4 and F12 type of faults at these two locations. Effect of pore 

pressure on ΔS at the two locations clearly indicates that at some time epochs this increase 

in pore pressure destabilized the faults which were otherwise stabilized, as at these time 

epochs ΔS without pore pressure was negative (Figure 5.18, red color) but inclusion of pore 

pressure made it positive (Figure 5.18, black color). Thus, Figures 5.17 and 5.18 propose that 

the increase in earthquake activity even after lowering down of the ST2 reservoir water level 

after June 2012, is certainly a delayed effect of pore pressure diffusion. This can further be 

explained in Figure 5.4 to Figure 5.11 (b, c, d), which shows ΔS with pore pressure at 5 km 

depth. Here inclusion of pore pressure further expands the area of destabilization at both 

high and low water levels. Specifically, at low water level all earthquakes, including the 

southern cluster also, are now in the region of destabilization. Further it may be inferred that 

Initial period earthquakes occurred mainly due to water load as pore pressure was almost 

negligible. But as time increases pore pressure continues to increase and plays important role 

in occurrence of earthquakes. Thus, initial seismicity might have started near the northern 

cluster first, because pore pressure takes longer time in reaching the southern cluster. 

Earthquake catalogue is not available before October 2012 to authenticate it. 
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Figure 5.16: Two locations at northern and southern clusters where temporal variation of pore 

pressure has been calculated. 

 

Figure 5.17: Compression (red color) and diffusion (black color) pore pressure at 5 km depth at two 

locations in the northern and southern clusters (pink squares in Figure 5.16). Diffusion pore pressure 

is calculated for three values of hydraulic diffusivity, c. Note the difference in scale of pore pressure 

in the two panels. Water level is also shown here with blue colour. Seismicity, shown here for 

reference, is the same as in Figure 5.3. Two arrows in right panel are the time instances for which 

diffusion pore pressure is calculated at high and low water stands. 
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Figure 5.18: ∆S with pore pressure (black graphs) and without pore pressure (red graph) at 5 km depth 

at two locations in the northern and southern clusters. Results in panels (a) and (c) correspond to fault 

type F4 (strike, dip and rake as 114°, 89° and -169° derive from source parameters of event 1 in this 

study), and (b) and (d) correspond to fault type F12 (strike, dip and rake as 290°, 80° and 180° referred 

from geological data given by Hoai et al., 2014). Other details are the same as in Figure 5.17. Because 

magnitude of the compression pore pressure and its variation is negligible in comparison with that of 

the diffusion pore pressure, here I use only diffusion pore pressure for the sake of clarity and 

smoothness in ∆S. 
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Chapter 6 

Conclusions and Future scope 

 

6.1. Conclusions 

New results have been obtained for the Song Tranh 2 reservoir (ST2) region in Vietnam, which 

demonstrates that it is a case of reservoir triggered seismicity. The availability of a seismic 

network in the study region has enabled computing b-value, velocity structure, earthquake 

relocation and focal mechanism solutions for the first time in this region. Finally, poroelastic 

modelling and Coulomb stability analysis clearly show the role of reservoir impoundment in 

triggering seismicity in the ST2 region. The main conclusions of this thesis are summarized as 

follows: 

(1) For the ST2 region, b-values of both the northern and southern clusters are higher 

than that of natural earthquakes in the larger region (within a radius of 300 km from the 

reservoir). This is compatible with the fact that high b-values are associated with artificial 

reservoir triggered seismic zones, as observed in other RTS zones like the Koyna-Warna region 

(Gupta et al., 1972). Further, b-value for the northern cluster, which is nearer to the reservoir, 

is higher than that of the southern cluster. It implies that in the northern cluster, the medium 

is more heterogeneous than southern cluster. 

(2) A velocity model of the region has been obtained for the first time using the Joint 

Hypocentral Determination (JHD) with the VELEST approach, which simultaneously solves for 
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a layered velocity model and accurate hypocentral locations using high quality P-wave first-

arrival travel times, recorded by the 10 station seismic network. The new model with a fairly 

low average velocity, provides the minimum residual error for the travel times. The new 

velocity model is more accurate at depths less than 10km since most of the earthquake 

hypocenters are confined to the upper crust. The lower crustal layers including the Moho 

were referred from previous study for Central Vietnam region. 

(3) The relocated epicenters show improved clustering, with two clusters north and 

south becoming more focused. Most earthquakes occur on faults F3 and F4 in the northern 

cluster near the reservoir. In the southern cluster, earthquakes occur on fault F12. Seismic 

activity in the northern cluster near the reservoir is higher with higher magnitude 

earthquakes as compared to the southern one. Seismic activity in the northern cluster is 

concentrated at the depth of 5 to 9 km, while it is deeper (7 - 11 km) in the southern cluster. 

(4) The moment tensor inversion approach which is a powerful tool for delineating the 

seismic source processes as well as precise focal depths of earthquakes, has been applied for 

the first time in this region on good quality waveform data recorded at very local distances 

of the ST2 seismological network operated by IGP, Hanoi. Moment tensor inversion of 

waveform data of four earthquakes near the ST2 reservoir indicates strike-slip mechanism 

with focal depths in the range of 5 - 6 km in the northern cluster. The NW trending right-

lateral fault planes correlate well with the local trends of the F3 and F4 faults. 

(5) The average principal compressive stress component (σ1) is oriented N160W, while 

the average principal tensile stress component (σ3) is oriented N710E for the study region. 
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These results are quite compatible with GPS measurements in Central Vietnam and with the 

broad picture of the regional plate tectonic scenario in this part of Asia. 

(6) Fault stability analysis shows that majority of the local seismicity corresponds to the 

zones of positive Coulomb stress or destabilizing zones, indicating that the local earthquakes 

are triggered by the impoundment of the ST2 reservoir. 

(7) Seismicity which started soon after the impoundment of the ST2 reservoir was the 

rapid response of the reservoir water load. However, increase in seismicity even after 

lowering the reservoir water level to its minimum was the delayed effect of pore pressure 

diffusion. Thus, we suggest that the seismicity near the ST2 reservoir in Vietnam is a clear 

case of rapid and delayed triggering of earthquakes by reservoir impoundment. 

8) The current study has been carried out amidst great constraints on data availability in 

a virgin area, and hence, is significant. Further studies are required in this region to 

understand the detailed mechanism of RTS in the ST2 reservoir zone. 

 

6.2. Future Scope 

The present study marks a major jump in the current understanding of the seismicity, velocity 

structure, faulting mechanism, seismogenic depths, seismo-tectonics and the mechanism of 

reservoir triggered seismicity of the ST2 region in Vietnam. However, due to lack of adequate 

data and shorter period earthquake catalogue, we could not calculate temporal and spatial 

variation of b-value. Accuracies of focal mechanism solutions need more broadband seismic 

waveform data. Modelling of fault stability assumes that the medium around the reservoir is 
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homogeneous, while it may actually be heterogeneous. Greater improvement in accuracies 

and detailed information on the reservoir characteristics and its hydrogeological parameters 

is desirable to fully understand the mechanism of reservoir triggered seismicity (RTS) in this 

region. Further, it is important to have a denser network of broadband seismic stations with 

better azimuthal coverage to obtain a higher resolution of hypocentral locations, velocity 

structure and focal mechanism solutions. 

Future studies should also focus on calculation of temporal and spatial variation of b-

values to reveal a causal association with occurrence of earthquakes during the reservoir 

loading stage. This would serve as an important precursor for short-term earthquake forecast 

in the future.  

Application of state-of-the-art techniques like, ambient noise correlation, local 

earthquake tomography and numerical methods like finite element (FE) and finite difference 

(FD) would be essential for better modeling to understand the 3D structure and the 

inhomogeneities that control seismogenesis in a reservoir triggered seismic zone in general, 

and ST2 reservoir in particular.  

The application of moment tensor inversion method should be continued to calculate 

more earthquake focal mechanism solutions of the study region, especially for earthquakes 

occurring in the southern seismic cluster which is not yet fully understood. 

Finally, detailed 3D numerical modeling should be initiated to completely understand 

the changes in stresses and pore pressure leading to triggered earthquakes. A comparative 

study of typical reservoir triggered earthquakes with different mechanisms in the world, 

would enable resolving the hitherto outstanding issue of reservoir triggered seismicity. 
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