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ABSTRACT 

For many years there have been a number of geologic investigations that have 

been conducted in the Three Gorges Reservoir (TGR) region of the Yangtze River. 

Those surveys provided useful information to hydro-power generation, engineering 

construction, flooding control and geohazard mitigation. However, there has not yet 

been a complete knowledge on the deep lithospheric structure, especially its seismic 

properties of the TGR region. The water impoundment of the 660-kilometer-long 

TGR makes the safety and geohazard mitigation related with the seismic activity a top 

concern in the TGR region and the entire central China. To address such concern, a 

new study of the lithospheric structure and seismotectonics of the TGR region has 

been carried out. Previous seismic studies mainly used the data acquired by the local 

permanent networks and focused on the 1-D seismic velocity model building and the 

event location using the 1-D velocity model. However, the sparse local network and 

1-D velocity model cannot offer the sufficient coverage at shallow depth for the 

microearthquake monitoring and for the reflection array analysis. In addition, due to 

the complex tectonic history and heavily weathering, the seismic velocity of this 

region is heterogeneous on surface and has high gradient at near surface. In this case 

the velocity-depth ambiguity will be significant for the shallow earthquakes. To 

address the poor coverage of the local permanent network I deployed temporary dense 

networks in the TGR region in the summer from 2008 to 2011. During the period of 

observation a number of microearthquakes less tan ML0.1, which were missed by the 
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local permanent network, were recorded. To overcome the limitation of the frequency 

band of geophone I established the power spectral density ratio (PSDR) method to 

estimate the recoverable frequencies. By applying the PSDR method, different types 

of earthquakes, including an Mb 5.9 event with a 93-degree offset, are recognized 

from the geophone data. To overcome the velocity-depth ambiguity I established a 

hybrid event location method based on the combination of traditional location method 

and the modified master station method to overcome the velocity-depth ambiguity, 

and used a newly inverted 3-D velocity model to re-locate the earthquakes in the TGR 

region. The relocated hypocenters match with the subsurface features. The application 

of the reverse time imaging method to the data reveals the multiple-earthquake 

phenomenon at two nearby faults. Application of the ray-tracing modeling and virtual 

source imaging method to the acquired data revealed the layer structure of the crust 

and upper mantle. The imaged shallow basins matches well with the surface 

geological feature and have the maximum depth at 5 km. An upper mantle reflector at 

around 50 km depth may have the relation with the complex tectonic history of the 

TGR region. The methods and the work flows introduced in this thesis can be directly 

applied to another area with similar interesting geological settings. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The Three Gorges Reservoir (TGR) was built on the middle of the Yangtze River 

at central China, and was the largest man-made reservoir in China until now. The 

influence of the TGR on the seismic activity, environment and human life has been 

attracting a lot of attentions from the world. Another reason attracting the geologist is 

its relation with the surrounding sedimentary basins: the Sichuan Basin and the 

Jianghan Basin, which are both the oil and gas productive basins. Due to the heavily 

weathering the geological layer were exposed outside and could be used to predict the 

geological information of deep layers under those basins.  

The TGR region is located in the north fold belt of the Yangtze craton and on the 

south of Qinling-Dabie Orogenic Belt as shown in Figure 1.1.1 (Vernhet and Reijmer, 

2010; Zhang et al. 2009). The region contained a piece of Precambrian granite 

intrusion body and formed a dome structure due to the weathering, called Huangling 

Dome or Huangling Batholith, on which the dam of the TGR reservoir was built. The 

Huangling Dome had been considered as an important geological block for its strong 

resistance to the compression from the Sichuan Craton to the west, the Qinling-Dabie 

Orogen to the north and the Yangtze Craton to the east. The current geological 
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structure of the TGR region is mainly controlled by the uplifting and cooling of 

Huangling Batholith starting from 200Ma ago (Shen et al. 2009). The tectonic activity 

of The TGR region has experienced four stages (Shen et al. 2009): (1) slow uplifting 

(200 Ma ~ 160 Ma); (2) rapid uplifting and cooling (160 Ma ~ 98.4 Ma); (3) 

thermally stable period (98.4 Ma ~ 36.7 Ma); (4) accelerated uplifting and cooling 

(36.7 Ma ~ 28.4 Ma). The period (2) and (4) may have tight relation with the activity 

of the Qinling-Dabie Orogenic Belt and the uplifting of Tibet, respectively. The start 

time of the uplifting of the Huangling Batholith coordinates well with the stratigraphic 

analysis of the Zigui Basin on its west and the Jianghan Basin on its east, where the 

deposition sources from the Huanglin Batholith appears at middle Triassic (Li et al. 

2008). The core of the Huangling Batholith wasn’t eroded until the early Cretaceous 

(Shen et al. 2009).  
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Figure 1.1.1 The regional tectonic blocks of central China. (a) and the reconstructed 
paleoenvironment in Doushantuo time (~590–540 Ma) (b). The TGR region is circled by the 
pink rectangles. The Huangling Batholith is labeled by HLB in Panel (b). (after Vernhet a 
Vernhet and Reijmer, 2010) 

 

Due to the heavily weathering of the Huangling Batholith the surface of The TGR 

region is covered largely by sandstone and the old carbonate, and only a small region 

in the core of the Huangling Dome is covered by the granite, as shown in Figure 1.1.2. 

The geology map indicates there is a small basin right on the west of the Huangling 

Dome. It’s called Zigui Basin (ZGB). For the tectonic activity and weathering the 

deep beds of Zigui Basin have been bended and exposed. So it’s a good place to study 

the marine sediments of the Yangtze Craton for oil and gas exploration. The depth and 

(a) 

(b) 
HLB

Qinling-Dabie 
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the layering structure of the Zigui Basin are important to study the evolution of sea 

level and sequence stratigraphy. The Zigui Basin is a Jurassic basin, which is part of 

Sichuan Basin in geological history and is isolated due to the uplifting of the 

Huangling Batholith (Li et al. 2008). The Zigui Basin has tight connection with the 

Sichuan Basin on its west and the Jianghan Basin on its east in terms of deposition 

sources and the sequence stratigraphy. The lithology distribution of the region is 

complex, containing granitic rocks, carbonates, and sandstones. The weathering and 

the tectonic activity also generate a lot of faults in the TGR region, most of which are 

along north-south direction as shown in Figure 1.1.3.  
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Figure 1.1.2 The geological map of the TGR region. Top: the bigger map showing the big 

picture of geological distribution of lithology and geological time. Bottom: The enlarged 

geological map of The TGR region. SC Basin: Sichuan Basin. JH Basin: Jianghan Basin. 

ZGB: Zigui Basin. HLD: Huangling Dome. Dam: TGR dam. BD: Badong City. YC: Yichang 

City. (Modified from 1:5,000,000 Geology Map of China, 2002) 

 

The north-south direction faults, such as Gaoqiao Fault (GQF), Xiannvshan Fault 
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(XNSF) and Yuan’an Fault (XHF), distribute mainly along the boundaries of 

Huangling Dome and surrounding sedimentary basins, such as Zigui Basin and 

Jianghan Basin, as shown in Figure 1.1.3. The tectonic and weathering activities have 

created large topographic relief of nearly 2000 meters between high mountains and 

deep gorges in The TGR region, as shown in Figure 1.1.4. The sharp variation of 

topography limits the feasible area in TGR for seismic monitoring and geological 

survey. 

 

Figure 1.1.3 The distribution of the faults in the TGR region. The faults are represented by 

the red curves. The HLB, ZGB and the corresponding shadow zones show the Huangling 

Batholith and the Zigui Basin. Major cities are labeled. 
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Figure 1.1.4 The topography of The TGR region. The major cities are marked by the white 

squares. 

There are two arguments about the activity of the major faults: active and 

non-active (Zhang and Lin, 1999; Xia et al., 2005; Li and Li, 2004). The core of the 

arguments focuses on the dip direction of those major faults, such as the Xiannvshan 

(XNS) Fault and Yuan’an Fault (as shown in Figure 1.1.3). The current study of faults 

mainly uses the distribution of hypocenters. The location and occurrence frequency of 

earthquakes show significant coherence with the distribution of faults and the 

variation of water level in TGR, as shown in Figure 1.1.5 and 1.1.6. 

The seismological activity and seismic velocity structure of the region has been 

studied for many years before the establishment of TGR dam (Yan and Xue, 1987; Ma 

et al, 1996; Zhang and Li, 2006; Zhao et al., 2007; Zhang et al. 2009; Liao et al., 

2007; Liao et al., 2009). However, the rough topography and the inhomogeneous 

lithology distribution make the studies of earthquake location and velocity structure 

more difficult than the other regions of Yangtze Craton. There has not yet been a 

E
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complete knowledge base on the The TGR region's deep lithospheric structure and its 

relationship with seismicity. 

The seismic activity of The TGR region has been significantly accelerated by the 

water impoundment of TGR. After the water impounding in May, 2003 the number of 

small earthquakes have increased significantly in and surround TGR in a similar time 

duration with that before the water impoundment, as shown by Figure 1.1.5 (Chen et 

al. 2010). According to the occurrence frequency before 2007, as shown in Figure 

1.1.6, the earthquakes occurred frequently right after the water impoundment. After 

that the occurrence appeared to be periodical. This trend of the occurrence rate is 

coherent with the variation of water level. From 2007 to 2011 the water level of TGR 

in winter increased year by year to approach the maximum water level 175 m, as 

shown in Figure 1.1.7. However, the occurrence frequency didn’t repeat its average 

value year by year. It increased into its maximum in November 2008, and started to 

decrease from then on (Figure 1.1.7). This relation of the occurrence frequency and 

the water-level may be controlled by the strength of the local crust.  

 

 

Figure 1.1.5 Map view of the distribution of earthquakes in The TGR region. (a): Before 

water impounding (Jan 2000 – May 2003). (b): After water impounding (June 2003 – June 

(b)(a) 

BD BD 
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2009). The black dots show the epicenters. TGR dam is represented by the red star. 

(Modified based on Chen et al. 2010) 

 
Figure 1.1.6 The influence of the water level of TGR on the occurrence frequency of 

earthquakes before and after water impoundment. Top: the water level of TGR. Middle: the 

frequency of earthquakes shallower than 5 km. Bottom: the frequency of earthquakes deeper 

than 5 km. 

 

Figure 1.1.7 The influence of the water level of TGR on the occurrence frequency of 

earthquakes before and after water impoundment. The solid curve shows the water level of 

different month. The bars represent the occurrence rate of the earthquakes. 
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level, as shown in Figure 1.1.8. The whole trend of the magnitude variation inversely 

proportion with the water level. The big earthquake occurs at the time when the water 

level decreases. Most of the earthquakes have magnitude less than ML1.0. The energy 

for those small earthquakes is too weak to be acquired by all the stations of local TGR 

network. Those small earthquakes are also very shallow; most of them have depth less 

than 8 km. The inaccurate near-surface velocity will cause the significant 

velocity-depth ambiguity. The accurate locations of local events, especially the depth, 

can hardly be determined by the current event location methods using first arrival 

times. The depth distribution of earthquakes may have significant relation with the dip 

angles of faults, and hence help the interpretation of the geological structure of TGR. 

One way of solving this problem is to establish an event location method less 

sensitive to the velocity variation. In this thesis the combination of the traditional 

event location method and a modified master station method, which was called the 

hybrid location method, showed the robust estimation of the accurate event locations 

for a small perturbation of velocity. Using the collected phase data I relocated the 

hypocenters of earthquakes in The TGR region and discussed the relation of event 

depth with the local seismic structures.  
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Figure 1.1.8 The relation of seismic magnitude and water level in 2009. Top: water level. 

Bottom: magnitude. (After Ma et al. 2010). The green curve shows the envelope of the 

earthquake magnitude. The red arrows show some of the big earthquakes and the 

corresponding water level. 

 

On the other hand, the weak seismic waves of microearthquakes can be easily 

buried by the local noise. In the low signal-to-noise ratio (SNR) situation it’s hard to 

pick the first arrivals. So the event location method using arrival time will not work in 

this situation. The Reverse Time Imaging (RTI) method estimates the location of 

small earthquakes using the waveforms, and avoids the picking arrival time. It is 

suitable for imaging the microearthquakes and the multiple earthquakes with 

waveforms overlap with each other. Examples of applying this method in The TGR 

region will be discussed in Chapter 4 of this thesis. 

For the exposing of the marine sediment layers the Zigui Basin is a good place to 

study the marine sediments for oil and gas exploration in Yangtze Craton. The depth 
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and the geometry of Zigui Basin are important to build the connection of the exposed 

layers, and hence are significant for the study of the local sea-level changes and 

sequence stratigraphy of oil-prone basins. One way of geological structure study is the 

seismic velocity inversion. Until now most of velocity inversion studies are focusing 

on the 1-D for event location studies (Yan and Xue, 1987; Liao et al. 2007; Zhao et al., 

2007). Several 1-D models of this region has been selected and compared using the 

data of a small earthquake and the elastic forward modeling, as shown in Figure 1.1.9. 

The comparison shows that none of the velocity model provides good match of first 

arrivals at both near and far offsets. This is caused by the significant velocity variation 

at shallow depth due to the weathering and the deposition of sediments.  

 

Figure 1.1.9 Comparison of the 1D velocity models of The TGR region through elastic 

forward modeling. A: Liao et al. 2007; B: Zhao et al., 2007; C: Yan and Xue, 1987. Sources 

for forward modeling are set on the surface of the earth. Black records are forward modeling 

results; red and blue are the real data of two TGR microearthquakes with different 
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hypocenters. 

 

These 1-D velocity models agree in that the velocity of shallow crust is as high as 

5.5 km and extend down to at lease 5 km below the earth surface. The previously 

published 2-D velocity profile also shows the layer structure in the crust (Zhang et al. 

2009). However, due to the limited data quality and ray coverage, the depths of those 

layers are poorly constrained. The current seismic smooth velocity model and 

one-dimension velocity model cannot be used to interpret the interaction of geological 

bodies with different velocity. So it is necessary to invert for the 3D velocity model. 

On the other hand, the consistent low gradient of 1-D velocity models at depth from 

15 km to 30 km reveals a relative homogeneous middle crust. It’ll be hard for the ray 

path penetrating this thick layer. But the influence of this layer on the reflections of 

shallow and deep interfaces should be small. This velocity distribution is good for the 

study of the shallow and deep structures using seismic reflection waves.  

Due to the strong variation of the topography the seismic waves of the local small 

earthquakes will be scattered significantly near the free surface. Although the 

scattered waves have little influence on the deep reflections they will destroy the 

reflections from the shallow interface due to the similar arrival time and overlapping 

of waveforms. An alternative choice is to use the teleseismic waves. The virtual 

source image method is one of the methods imaging the shallow structures using the 

free-surface multiples of teleseismic waves (Yu and Schuster, 2001; Tseng and Chen, 

2006; Yang et al. 2012). In this thesis the virtual source imaging method is applied to 
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The TGR region. Some local interfaces, such as the bottom of the local basins, are 

imaged and analyzed.  

 

1.2 Challenges and Solutions 

To clearly show the challenges of seismic studies in TGR and the corresponding 

solutions a comparison table is listed as follow: 

Challenges Solutions 

 Poor coverage of permanent stations.

 High noise from water and human 

activity. 

 Limitations of data quality in 

studying the underground structure. 

 Limitation of instrument frequency 

band. 

 Shallow earthquakes – location with 

vel-dep ambiguity. 

 Weak earthquakes – hard to pick 

arrival time. 

 Hard resolve the deep region of TGR 

due to near-surface high velocity. 

 Deploy temporary network in The 

TGR region. 

 Carefully select and modify station 

sites yearly. 

 Estimate the effect of acquisition 

geometry. 

 Estimate and recover the low 

frequencies of geophone. 

 Establish hybrid location method to 

overcome the vel-dep ambiguity. 

 Estimate the event location using RTI 

method.  

 Study the crustal structure using 

seismic reflection profile. 
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1.3 Outline of the thesis 

To address the issues listed in Section 1.2 the temporary networks including over 

40 stations are deployed in The TGR region in the summer from 2008 to 2011. In 

analyzing the seismic phase data collected from government and in field, I developed 

several methods suitable for the seismological study in The TGR region. The new 

results improve the knowledge in the earthquake distribution and crust – mantle 

structure in The TGR region.  

In Chapter 2, I first describe the phase data recorded by the province and local 

permanent seismic networks. Second I present the temporary seismic networks 

deployed in TGR during the four-year period (2008-2011). Third I introduce the 

seismic illumination method used for my field acquisition design and structural 

imaging. 

In Chapter 3, the method for quick and robust estimation and recovery of 

low-frequency geophone data is established. The application of the method to recover 

the low frequency data of different events is discussed. 

In Chapter 4 the reverse time imaging (RTI) method is explained and applied to 

the data. A hybrid event location method is also introduced to improve the depth 

accuracy of event locations using the phase data of the local permanent stations.  

In Chapter 5, I first interpret the local seismic profiles using ray tracing. Second, 

the virtual source imaging method is discussed and applied to the teleseismic data 
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collected in 2011. Third, I interpret the distribution of faults and layer structure using 

the results of event location, RTI, ray-tracing modeling, virtual source imaging and 

the previous gravity inversion.  

Finally, in Chapter 6, I summarize my findings and draw conclusions. 
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CHAPTER 2 

DATA COLLECTION AND ACQUISITION  

 

2.1 Introduction 

The seismic network surrounding the Three Gorges Reservoir (TGR) region has 

been established for many years and yields a large number of seismic data. However, 

the data limits the spatial resolution and the reliability of the seismic study in TGR 

due to the sparse distribution of seismic stations. For example, the typical spacing of 

the local TGR network and the province network are respectively 10 km and 50 km 

(communication with Hubei Seismic Administration), which are not adequate for 

constraining the sources of reservoir induced earthquakes with the common depth of 

2-5 km. Their accuracies are also not adequate for seismic reflection study using local 

earthquakes. The current local stations are installed along the TGR and form an 

elongated network in the west-east direction (shown in Figure 2.2.2), which lacks 

coverage in the north-south direction for event location and velocity inversion. To 

increase the coverage and density of seismic network I deployed the temporary 

seismic networks using TEXANs’ paired with geophones in The TGR region in the 

summer of 2008, 2009, 2010, and 2011. The data acquired by the temporary network 

provide further understanding of microearthquakes and the 2-D underground structure 

in The TGR region. Based on the knowledge of the distribution of earthquakes the 
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designation of acquisition geometry was updated each year for different purposes. 

 

2.2 The local permanent stations: their distribution and data 

quality 

2.2.1 The province network and phase data 

The province stations are deployed by Hubei Seismological Bureau since 1970s. 

The province network has total 28 broadband seismic stations inside the Bubei 

Province. The typical spacing of stations is about 50 ~ 100 km. Figure 2.2.1 shows the 

locations of the province stations surrounding TGR. Ray paths of 6,000 earthquakes 

are shown in the left panel. These P-wave arrival picks are shown in the right panel. 

The province stations provide wide offsets from tens of kilometers to over 300 km 

and may yield the adequate ray coverage down to the upper mantle. However, a half 

of these picks were obtained before 2007, and they show poor signal-to-noise ratio 

(SNR) due to the inaccurate absolute time in each station. The rest of the picks (2008 

– 2010) are not enough for a detailed seismic tomographic study of this region. 
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Figure 2.2.1 Left: The distribution of permanent province stations (blue triangles) and the ray 

coverage (the pink lines). The background colors show the topography. The epicenters of 

earthquakes are represented by the cyan dots. The major cities are labeled as the pink dots 

followed by their names. The blue curve shows the location of Yangtze River. Right: The 

travel time picks plotted with offset from the epicenter. The colors show the years of the 

acquired data. 

 

2.2.2 The local TGR network and phase data 

There is another small local network operated by Hubei Seismological Bureau for 

locating the small earthquakes in The TGR region. This local network has typically 

10~20 km spacing between stations and overlaps with the west side of the province 

network, as shown in Figure 2.2.2. Figure 2.2.2 shows the distribution of stations in 

this network and the recorded picks. A total of 9,224 earthquakes and 58,463 P-wave 

picks are shown in the right panel. The picks show high concentration and indicate the 

high SNR. The events are relocated and interpreted in Chapter 4. The P-wave picks 

are used for the inversion of the velocity structure of the The TGR region in Chapter 

PPiinnkk::  bbeeffoorree  22000077  

BBlluuee::  22000077--22000088  

CCyyaann:: 22000099--22001100
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5. 

 

Figure 2.2.2 Distribution of local TGR network (left) and the recorded P-wave picks (right). 

 

2.3 Deployment of temporary networks 

2.3.1 Instruments and deployment 

In this study we use the TEXAN – geophone pairs to monitor the seismic 

activities in The TGR region. The TEXAN, also called RefTek 125A (Figure 2.3.1), is 

a 24-bit recorder with self supported power (two D-size batteries). The 4.5 Hz 

geophone refers to the geophone with natural frequency at 4.5 Hz. Here we use the 

GS11-D geophone, as shown in Figure 2.3.1(b). The 1 Hz sensor has three 

components with the natural frequency at 1 Hz, as shown in Figure 2.3.1(c). We have 

60 TEXAN, 12 1 Hz sensors and 60 4.5 Hz geophones in China University of 

Geosciences (Wuhan). Our field experiments show that normally the TEXAN with 

4.5 Hz geophone or 1 Hz sensors and the sample rate at 50 Hz can continuously 

record the seismic data for 5 days.  
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The operation of TEXAN can be divided into two parts: indoor and outdoor. The 

indoor operation is shown in Figure 2.3.2. The indoor operation includes the writing 

of recording events, sending GPS time, and consistent test. The consistent test is 

carried out to make sure each instruments works well before the field deployment.  

 

 

Figure 2.3.1 The instruments used for seismic monitoring in the The TGR region. (a): setting 

the TEXANs’ indoor. (b): TEXANs’ paired with 4.5 Hz geophone. (c): TEXANs’ paired with 

1 Hz sensors. (d): an enlarged picture of TEXAN. 

 

The outdoor operation includes the connection of TEXAN and sensor, and the 

deployment of instruments. In most of the TGR region the surface is covered by the 

weathered rocks. To enhance the mounting of sensors with ground we dug a hole 

(c) (d)

(a) (b)
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about 50 cm depth, buried the instruments into the hole and refilled the hole to 

increase the coupling.  

 

 
 

Figure 2.3.2 The operation of TEXANs’ in field. (a): connecting a TEXAN with a 1 Hz 

sensor. (b): connecting TEXAN with a 1 Hz geophone. (c): the deployed geophone. 

 
 

2.3.2 Acquisition geometry 

The design of seismic acquisition geometry depends on its purpose. We deployed 

the seismic networks yearly to achieve the monitoring of aftershocks from the M8.0 

Wenchuan earthquake (2008), imaging the Moho interface (2009), locating the 

microearthquakes (2010), and imaging the seismic structures using teleseismic data 

(2011). Figure 2.3.3 shows the acquisition geometry of the temporary networks from 

(c)

(a) (b)
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2008 to 2011 and cross about 8 cities, including Wushan, Badong, Zigui, Xingshan, 

Yuan’an and Yichang on the map. Portable TEXAN recorders and 4.5 Hz geophones 

were used for all of the temporary stations.  

In the summer of 2008 the stations were deployed starting on the east side of the 

Huangling Dome/Batholith, crossing the Huangling Dome, the Xinhua Faults and the 

Gaoqiao Faults, and ending at the west boundary of Hubei and Chongqing (Figurer 

2.3.3 a). About 80 aftershocks of ‘the magnitude 8.0, May 12 Wenchuan Earthquake’ 

were recorded. The hypocentral distances were around 450 km.  

For the 2009 acquisition, the array was designed as the WNW-ESE straight line 

of about 180-km long to acquire the reflection and refraction waves of the Moho, as 

shown in Figure 2.3.3(b). Those data were analyzed and used for the 2-D reverse-time 

imaging study in Chapter 4 and for the reflection structure analysis in Chapter 5.  

The design of the acquisition geometry in 2010 was to locate the 

microearthquakes around Gaoqiao Faults in Badong, as shown in Figure 1.1.3. The 

previous studies indicated that those earthquakes were relative shallow and may be 

induced by the water impounding of TGR (Liao et al. 2007; Ma et al. 2010). The 

stations shown in Figure 2.3.3(c) formed a ring centered at Badong which provided 

the good azimuth coverage for the earthquakes around Badong, as shown in Figure 

1.1.5. We used the data acquired in 2010 to study the location and the interaction of 

microearthquakes in Chapter 4.  

The network in 2011 utilized both the west-east direction straight array and the 
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north-south direction straight array, as shown in Figure 2.3.3(d). The array crossed at 

the locations with high occurrence frequency of earthquakes in Badong and Zigui. 

This design considered both the azimuth coverage and the offset coverage, and was 

designed for both the location of microearthquakes and the reflection structure 

analysis. The teleseismic data acquired in 2011 was used to analyze the reflectors 

under TGR in Chapter 5. 

 

 

Figure 2.3.3 The distribution of the temporary seismic stations in the years from 2008 to 

(2010) (2011) 

(2008) (2009) 

(m)

All stations in 
the TGR region 
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2011. The lower panel shows the comparison of all stations in the TGR region. The colorbar 

shows the elevation in meter. The blue squares show the local permanent stations. 

 

2.3.3 Quality of the acquired data 

During 144 days of data acquisition in the TGR region hundreds of earthquakes 

were recorded. Those earthquakes included the local man-made blasts, the 

microearthquakes with the local magnitude (ML) ~ 0.1 with ~ 3 km offsets, and the 

teleseismic events with magnitude 6.0 with the offset over 4000 km. The typical data 

for the teleseismic and local events are shown in Figure 2.3.4. Quality of the data was 

good enough to be used for the structure imaging and seismicity studies. 

 

 

 

 

Figure 2.3.4 The typical seismograms recorded by the temporary networks in the TGR region. 
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(a): a teleseismic event occurred in Honshu, Japan. (b): a ML3.0 earthquake in TGR. (c) and 

(d): the microearthquakes (<ML1.0) in TGR. The channel number refers to the serial number 

of instruments in field report. 

 

2.4 Summary 

In this chapter the collected seismic arrival time data from province network and 

local TGR network are analyzed. Due to the sparse distribution of the province 

stations and the inaccurate velocity model used for event location only part of 

earthquakes in TGR is recognized. The local events can hardly be used to study the 

local fault activity through analyzing the distribution of hypocenters. For the same 

reason the sparse province stations may not provide enough ray coverage in the TGR 

region for seismic tomographic studies, either. Comparing with the province network 

the local TGR network provides better ray coverage for tomographic study and event 

location study. However, most of the local stations are distributed along the Yangtze 

River and shows the poor angle coverage of ray path. According to those problems of 

the collected data of the province network and the local TGR network the temporary 

networks were designed and deployed to monitor the microseismic activity in TGR 

region each summer from 2008 to 2011. The acquired waveform data has very high 

quality for seismic reflection study, and is suitable for seismicity study. 
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CHAPTER 3  

ESTIMATING THE RELIABLE FREQUENCY OF 

GEOPHONE DATA 

 

3.1 Introduction 

The low-frequency components of seismic data hold the key for maintaining its 

bandwidth, which is the most important factor for retaining the resolution of seismic 

images (Knapp, 1990). However, because the cost of seismic sensors rises 

exponentially with the increase of their low-frequency sensitivity, only the 

short-period seismic sensors in the form of geophones and hydrophones are used in 

exploration seismology. The spectral response of a seismic sensor is typically flat 

from its natural frequency (or the marked frequency provided by the instrument 

companies) to its high corner frequency. The short-period seismometers, here, are 

referred to those sensors with their natural frequencies higher than 1 Hz. Retrieving 

the low-frequency signals from the short-period seismic data is of the critical value in 

both oil/gas exploration and crustal structure studies. In the latter case short-period 

seismometers such as geophone-TEXAN pairs are often used for active sources (e.g., 

Środa et al. 2006; Majdański et al., 2007; Malinowski et al., 2007; Nielsen and Thybo, 

2009). With such short-period seismic data, the high frequencies alone often cannot 

resolve the lower crustal features and some of the upper crustal features (Hajnal et al., 
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2004; Janik et al., 2007). As another example, the focal mechanism study of 

microseismicity requires the data frequencies be as low as 0.5 Hz (Tan and 

Helmberger, 2007).  

In order to retrieve signals of frequencies below the marked frequency of a 

short-period sensor, we need to assess the reliability of the low-frequency 

measurements. This is a difficult task because below its marked frequency the 

sensitivity of a seismic sensor may deteriorate nonlinearly, and the self noise of 

seismic instruments may dominate the spectra. The traditional method of estimating 

the lowest reliable frequency relies on seismic noise analysis. Such statistical analysis 

compares the spectra of measured noises with the New Low Noise Model (NLNM) 

and New High Noise Model (NHNM) by the USGS studies (Peterson, 1993; Havskov 

and Alguacil, 2004; Havskov, 2007). Unfortunately, the seismic noise analysis does 

not consider the frequency characteristics of seismic signals which vary with respect 

to source types and wave propagation conditions. The measureable low-frequency 

signals of a sensor obviously vary with differences in source, media, and receiver 

conditions (Havskov and Alguacil, 2004; Scherbaum, 2001). In other words, even 

with the same sensor placed at a fixed site, its lowest reliable frequency varies with 

respect to different signals.  

To assess the reliability of low-frequency sensors with respect to any targeted 

signal, we suggest a joint deployment of broadband and short-period sensors at the 

same site for the same signal. Like the situation of measuring the accuracy of a clock, 

a simple way is to compare it side-by-side with a more accurate clock. Though both 
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clocks have inaccuracies, we can quantify the uncertainty of the less accurate clock at 

the precision level of the more accurate clock. With a joint deployment of seismic 

sensors at the same site, we will be able to construct the power spectral density (PSD) 

ratio between their records of the same events. For this ratio we choose to take the 

spectrum of the broadband data as the numerator and the spectrum of the short-period 

data as the denominator. Then the frequency range of retrievable signals for the 

short-period sensor is the frequency band over which the PSD ratio is linear. A linear 

PSD ratio means a linear spectral correlation between the broadband and short-period 

records; hence the corresponding frequencies of the short-period records are 

retrievable based on the broadband spectrum. In the following, the method is 

demonstrated by deploying some 4.5-Hz geophone-TEXAN sensors at a permanent 

broadband seismologic station in Yichang, China. 

 

3.2 Data acquisition 

During September 2007 and June 2009, we conducted several seismic monitoring 

experiments in a permanent seismologic station, the Yichang station (111.32˚E, 

30.78˚N) in central China (Figure 3.2.1a). The station is equipped with a Geodevice 

BBVS-60 broadband seismometer (Figure 3.2.1b) which has a flat frequency respond 

band from 1/60 Hz to 40 Hz. According to the instruction manual of BBVS-60, the 

self noise of the site is below the USGS NLNM in the frequency range from 1/60 Hz 

to 10 Hz. The broadband seismometer is set on the bedrock inside a cave. In the same 
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cave, we cemented several 4.5 Hz GS-11D geophones using gypsum to enhance the 

coupling with the bedrock, and each geophone was connected with a single-channel 

RefTek 125 TEXAN recorder (Figure 3.2.1c). Thus, we were able to record the same 

seismic events using both the broadband seismometer and the geophone-TEXAN 

seismometers. 

During the monitoring periods the two types of seismometers, i.e. the 

geophone-TEXAN seismometer and the broadband seismometer, recorded teleseismic 

events (epicentral distance d ~ 4000 km), regional earthquakes (d = 400 to 700 km), 

small local earthquakes (d = 10 to 200 km), and quarry blasts (d = 3 to 20 km). Figure 

3.2.2 shows the raw data and the power spectra of a M6.2 earthquake occurred in 

Indonesia at an epicentral distance of around 4,000 km from the seismometers. The 

raw data recorded by the broadband and short-period sensors are shown in Figure 

3.2.2a and 3.2.2b, respectively, and their spectra are shown in Figure 3.2.2c. Notice in 

Figure 3.2.2c a rapid decline of the spectral amplitude of the short-period record 

below 4.5 Hz, the marked frequency of the geophone. 

 

 

(a) (b)

(c)
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Figure 3.2.1 (a) Map of the seismic monitoring site (rectangle) in central China. (b) Several 

pairs of TEXAN’s and 4.5 Hz geophones. (c) A broadband seismometer (Geodevice 

BBVS-60). 

 

In Figure 3.2.2 the various phases of the teleseismic event are easily recognized 

from the broadband data, but they are hardly distinguished from the geophone data. 

This can be explained by the fact that the teleseismic event signal has much of its 

energy in the frequency range of 0.02-1.0 Hz, as being indicated in the spectrum of 

the broadband sensor (the black-color spectrum in Figure 2c). However, over this 

signal frequency range the frequency response of the short-period sensor has been 

deteriorated badly (the blue-color spectrum in Figure 2c).  
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Figure 3.2.2 Records of a M6.2 teleseismic event from: (a) the broadband sensor; and (b) the 

short-period sensor. (c) Power spectra. The broadband and short-period data are shown in 

black and blue colors, respectively. 

 

At frequencies higher than the marked frequency of the geophone at 4.5 Hz, the 

spectra of the broadband and geophone data matched well with each other. At 

frequencies shortly below 4.5 Hz, the two spectra still retain a high level of similarity 

in their patterns, though the power of the geophone spectrum declines quickly toward 

lower frequencies. The similar patterns in the spectra of the geophone and broadband 

data indicate the existence of signal in the geophone data at frequencies below the 

marked frequency of the geophone. The key question then is how far down from its 

marked frequency can the geophone signal be reliably retrieved? 
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3.3 Assessing the retrievable low-frequency signals  

For any seismometer, its self noise is a critical factor dictating its high and low 

frequency limits; beyond the limits the amplitude of the self noise is greater than that 

of the signal (Scherbaum, 2001). We may define the reliable frequency range of a 

seismic sensor as the bandwidth within which the amplitude of seismic signal is much 

stronger than that of the self noise. Hence, the most crucial factor for determining the 

reliable frequency range of a seismometer is the signal-to-noise ratio (SNR). Though 

the self noise of each seismometer may be fixed, its SNR certainly varies with the 

frequencies of seismic signals. 

The traditional method for estimating the reliable frequency range of 

seismometers is based on the seismic background noise analysis (Scherbaum, 2001; 

Havskov and Alguacil, 2004; Havskov, 2007). From studying the records of Earth 

background noise, such noise analysis suggests that the reliable low frequencies of a 

typical 4.5 Hz geophone may be down to 0.3 Hz (Havskov and Alguacil, 2004; 

Havskov, 2007). However, for seismic events with significant low frequency 

components, the data at further lower frequencies can still be of sufficient quality for 

many studies. Hence, the results from the above ‘static’ noise analysis are not 

reasonable for the situations involving different seismic events, especially teleseismic 

events. We need a ‘dynamic’ analysis to assess the reliable frequency range of 

seismometers to account for the variations in source, receiver, and media conditions in 
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terms of the variation of SNR with frequency. 

We can quantify the similarity between the spectra of the broadband and 

short-period seismometers using their PSD ratio for observed data of the same events 

recorded at the same site. Recalling the comparative spectra in Figure 3.2.2, their 

similarity represents the characteristics of the seismic source and the wave 

propagation path that are common to both sensors. Then the ratio between these two 

spectra will cancel those characteristics that are common denominators of the two, 

leaving only the differences between the two sensors.  

Since the broadband seismometer has a flat frequency response and low 

self-noise level in the frequency range from 60 s to 10 Hz, we may approximate the 

true ground motion using the broadband record in this frequency range. Hence the 

spectral ratio between broadband and geophone data is indicative of the frequency 

response of the geophone in this frequency range. Using data from the joint 

deployment of broadband seismometer and 4.5 Hz geophone-TEXAN sensors, Figure 

3 shows the PSD ratio as function of frequency for several different seismic events 

and the background noise at the measuring site. The seismic events include the Mb6.2 

teleseismic earthquake shown in Figure 3.2.2, plus another Mb5.2 teleseismic 

earthquake, a ML2.4 local earthquake, and a quarry blast. 
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Figure 3.3.1 The power spectral density (PSD) ratio of: (a) different seismic events; and (b) 

the background noise. In Panel (a), the red and blue curves are of the M6.2 and M5.2 

teleseismic events that were about 4,000 km away in the Indonesia, the green curve is of a 

M2.4 event that was about 50 km away, and the purple curve is of a quarry blast that is about 

3 km away. The dashed curve in both panels denotes the theoretical frequency response of 

the 4.5 Hz geophone. The marked frequency of geophone, 4.5 Hz (shown by dark arrows), is 
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the low-corner frequency. 

 

In Figure 3.3.1 the theoretical frequency response of the 4.5 Hz geophone 

(Kabychenko et al., 2007) is shown as a dashed curve in both panels. Along this curve 

the PSD ratio behaves linearly over a wide frequency range, though it inclines below 

the marked frequency of the geophone at 4.5 Hz. We call this the low-corner 

frequency of the short-period sensor because that above it the PSD ratio curve is 

around unity and below it the PSD ratio curve inclines is the sensor's response 

declines. There will be a high-corner frequency for the sensor because its response has 

to decline beyond some high frequencies. The linear behavior of the PSD ratio curve 

above and below the low-corner frequency manifests the similarity between the 

spectra of the broadband and geophone data. Previous noise analyses suggested that 

the low limit of the reliable frequency range is 0.3 Hz for the 4.5 Hz geophones 

(Havskov and Alguacil, 2004; Havskov, 2007). As expected, in Figure 3.3.1 the 

spectral ratio of all events and background noise match well with the theoretical 

frequency response curve for the frequencies higher than 0.3 Hz. Most interestingly, 

the PSD ratio curves of teleseismic events still follow the theoretical and linear 

frequency response curve at frequencies below 0.3 Hz, until a frequency value where 

the observed curve splits from the locally linear theoretical curve. 

Hence, below the low-corner frequency, the PSD ratio increases linearly until the 

splitting frequency where the observed PSD ratio curve deviates nonlinearly from the 

theoretical PSD ratio curve. We interpret the frequency where the PSD ratio curves 
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split as the low limit of retrievable frequency of the short-period sensor. Our 

interpretation is based on the argument that the linearity of the observed PSD ratio 

means the retrievability of the signal in the short-period records through processing. 

Therefore, with the 4.5 Hz geophone-TEXAN pairs deployed in Yichang, China, the 

lowest retrievable frequency as shown in Figure 3.3.1 is about 0.04 Hz for a Mb6.2 

teleseismic event, about 0.2 Hz for a Mb5.2 teleseismic event, and about 0.3 Hz for 

local natural and man-made seismic events. The parameters of those seismic events 

are shown in Table 3.1. 

 

Table 3.1 Source Parameters of Four Events Used in Low-frequency Recovery 

Event Magnitude Latitude Longitude Date Time (UTC) Depth (km) 

1 Mb 6.2 4.1S 101.1E 09/14/2007 06:01 23 

2 Mb 5.2 2.8S 101.2E 09/16/2007 19:37 35 

3 ML 2.4 31.1N 110.3E 05/17/2008 08:31 0 

4 Mb 6.3 39.7N 142.4E 07/04/2010 21:55 27 

Note: The parameters of Event 3 are determined by local network. The parameters of the 

other three events are from the USGS online catalog.  

After determining the low limit of retrievable frequencies and therefore the 

reliable frequency range, we can recover the low-frequency signals in the short-period 

data over the reliable frequency range using the linear PSD ratio curve. One of the 

retrieving methods is inverse filtering to compensate the spectra of the short-period 

records to the level of the broadband data spectrum. A caution for using this method is 

that it amplifies the amplitudes of both the signal and the self noise of the sensor 

(Scherbaum, 2001). Figure 3.3.2 features a comparison between the broadband data 
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and the retrieved geophone-TEXAN data of the M6.2 teleseismic event that was 

shown in Figure 3.2.2. The inverse filtering of the geophone data was applied in the 

frequency range of 0.04 to 5 Hz. To help the comparison the frequencies of the 

broadband data below 0.04 Hz were filtered out. As shown in Figure 3.3.2, the 

retrieved short-period waveforms, particularly the surface waves shown in Figure 4c, 

match reasonably well with the broadband waveforms.  
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Figure 3.3.2 Comparison between (a) the broadband data and (b) the retrieved geophone data 

for a M6.2 teleseismic event. The portions of the surface waves inside the dashed boxes in 

Panels (a) and (b) are compared in Panel (c), where the red and blue curves denote the 

broadband and geophone data, respectively. 
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Figure 3.3.3 Comparison between (a1, a2) the geophone data after a low-pass filter (up to 2 

Hz) and (b1, b2) the geophone data after retrieving the low frequencies for a M6.3 

teleseismic event in Japan. The portions of the data inside the dashed boxes in Panels (a1) 

and (b1) are shown in Panels (a2) and (b2), respectively. 

 

To further test our method we applied it to the array record of another teleseismic 

event (see Event 4 in Table 3.1) as shown in Figure 3.3.3. The frequency of the data 

was also extended to 0.04 Hz. Under this frequency extension the surface wave can be 

clearly identified in the retrieved seismic profile in Figure 3.3.3(b1), where other low 

frequency energy exists following the surface wave. All the low frequency events are 

unclear in the profile data before retrieving the low frequencies (Figure 3.3.3a1). The 

portion containing the first arrivals was enlarged in Figure 3.3.3a2 and Figure 3.3.3b2, 

respectively. Same events following the first arrivals are retrieved.  
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3.4 Discussion 

Despite of the importance of measuring low-frequency seismic signals, the high 

cost of the modern broadband digital seismometers prevents their usage in large 

quantities like that in exploration seismology with the deployment of thousands of 

seismic sensors. In the foreseeable future the short-period seismic sensors will still be 

the major tools for exploration seismology and, to a less extent, for crustal seismology. 

Therefore, how to better retrieve the low-frequency signals from the short-period data 

will remain be a significant research topic for a long time. 

The comparative study described in this paper verifies the value of joint 

deployment of broadband and short-period seismometers in assessing the reliable 

frequency range and retrieving the low-frequency signals from the short-period 

seismic data. We found that the PSD ratio method is a convenient way to quantify the 

spectral response of the short-period sensors. The marked frequency of the geophone, 

which is 4.5 Hz in our tested cases, is the low-corner frequency of the geophone 

because above it the PSD ratio is about unity until the high-corner frequency of the 

sensor. Below the low-corner frequency the PSD ratio retains its linearity until the low 

limit of retrievable frequency below which the PSD ratio curve behaves nonlinearly. 

For a given short-period sensor, though its low-corner frequency is somewhat a 

constant, the low limit of retrievable frequency varies with respect to different events 

and different signals. This last point may be appreciated using the comparison 

example shown in Figure 4. The good match of the surface waves in Figure 4c 

suggests that the estimated low limit at 0.04 Hz is appropriate for these surface waves. 
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However, there are significant mismatches in the body waves of the data due to the 

low SNR of the short-period data at low frequencies. Therefore, in further analyses, 

we may consider to use different reliable frequency ranges for different seismic 

phases of each event. 

In exploration seismic surveys, it is reasonable to assume that the reliable 

frequency range of the interested seismic signals, such as primary reflections or first 

breaks from active sources, may not vary much with similar receiver conditions. 

Under the condition that the above assumption holds true, we may consider joint 

deployments of broadband seismometers with the short-period sensors at a small 

number of ‘typical’ receiver sites of the survey area. The choice for such ‘typical’ 

receiver sites shall consider variations in receiver conditions such as lithology, 

topography, environmental noise level, and source-to-receiver distance and azimuth. 

Thus, we may use the testing data from these receiver sites to quantify the reliable 

frequency range of each site based on the PSD ratio method. The resulted map of the 

reliable frequency range, extrapolated from the measured sites, may allow a practical 

retrieval of low-frequency signals from the massive amount of short-period sensors. 

 

3.5 Summary 

By deploying geophone-TEXAN pairs at a broadband seismologic station, we are 

able to quantify the reliability of the low-frequency data of the short-period sensors by 

constructing the power spectral density (PSD) ratio from the joint records of the same 
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event. We found that the marked frequency of the geophone, which is 4.5 Hz in our 

study, can be regarded as its low-corner frequency. Above this frequency the PSD 

ratio is around unity until the high-frequency limit of the sensor, and below this the 

PSD ratio increases linearly until a split frequency where the PSD ratio becomes 

nonlinear. We interpret the split frequency as the lowest measurable frequency of the 

short-period sensor. The linear PSD ratio between the lowest measurable frequency 

and the low-corner frequency of the geophone means the retrievability of the recorded 

low-frequency signal through processing. For the 4.5 Hz geophone-TEXAN pairs 

deployed in Yichang, China, the lowest measurable frequency is about 0.04 Hz for a 

M6.2 teleseismic event, about 0.2 Hz for a M5.2 teleseismic event, and about 0.3 Hz 

for a small local earthquake. 
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CHAPTER 4  

SEISMICITY IN THE TGR REGION 

4.1 Introduction 

The precise locations of seismic events are crucial in seismological study, such as 

the interpretation of the distribution of the active fault and the tomographic study of 

the underground velocity structure. Many methods have been developed to estimate 

the location of seismic events (Shearer, 2009; Thurber, 2011). There are two major 

categories of the event location methods: the travel-time based method and the 

waveform-based method. The travel-time based method uses the first-arrival travel 

time of seismic events to locate earthquakes. The error of location mainly comes from 

the error in picking arrival times, the velocity inaccuracy and the nonlinearity of the 

location problem (Husen and Hardebeck, 2010). Although the picking error is reduced 

by using the differential travel time, the velocity ambiguity is still a problem for the 

travel-time based event location method. The waveform event location method is 

mainly limited by the azimuth coverage of the seismometers (Zou et al, 2009). The 

better azimuth coverage provides the better sampling of the wavefield. The focus 

energy at source point is increased by the constructive interference, and the noises are 

canceled by the destructive interference. 

The local TGR network locates at the header of the Three Gorges Reservoir (TGR) 
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region. Due to the sparse distribution and the narrow covering area it provides limited 

coverage for event location study. Since most of the earthquakes have very small 

magnitude only the first arrivals at near-offset stations can be recognized. On the 

other hand, due to the highly weathering of the heterogeneous near surface the seismic 

velocity varies significantly both vertically and horizontally. The small coverage area 

of network, the weak first-arrival waveforms of the microearthquakes and the 

complex near-surface velocity structure challenges the seismic location study in the 

TGR region.  

In this chapter a hybrid travel-time based event location method is introduced to 

mitigate the influence of the velocity-depth ambiguity. Combining with the newly 

developed tomographic velocity model the relocated earthquake hypocenters show 

better depth control, and match well with the geological structure and the inverted 

velocity structure. To further increase the capability of the identification of 

microearthquakes, a waveform based Reverse-Time Imaging (RTI) method is 

established to image the earthquake sources. The RTI method is suitable to image the 

microearthquakes with weak first arrivals. The reliability and accuracy of the RTI 

method are tested by the synthetic data. When applying the RTI method to the field 

data we found the multiple earthquakes in the TGR region. Both the relocated 

earthquakes and the RTI earthquakes increase the knowledge in studying the 

interaction between the earthquakes and the nearby faults.  
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4.2 The event location by travel-time based method 

The travel-time based event location methods have been applied to locate the 

local, the regional and the teleseismic events for a long time (Thurber, 2011). Four 

parameters need to be inverted when locating the seismic events, i.e. (x0, y0, z0, t0). 

The (x0, y0, z0) and t0 represent the location of the seismicity and the origin time of 

this event, respectively. The input of those event location methods are the travel times, 

which can be the absolute travel time or the differential travel time. In this section I 

first introduce the event location methods using the absolute and the differential travel 

times, and then introduce the hybrid method to mitigate the velocity-depth ambiguity 

in event location. 

 

4.2.1 Travel time calculation 

The fist step of the event location is the estimation of travel time at each station. 

Travel time computation methods like the finite difference (Vidale, 1988, 1990) or the 

shortest path (Moser, 1991) are both fitting our needs. Since the shortest path method 

has better accuracy (Cerveny, 2002; Klimes & Kvasnicka, 1994) we choose shortest 

path method for travel time computation.  

Accuracy of the shortest path method is limited by the angular coverage and 

evenness of the forward star, which is the group of grids surrounding the selected grid 

and waiting to be updated. The angular coverage will be improved by increasing the 

density of grids, but the computation will be very expensive in terms of efficiency. 
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Here I use the shortest path ray tracing method with high-order forward star. The 

second order scheme is introduced by Rawlinson et al. (2008). Figure 4.2.1 shows the 

structures of 2nd order and 4th order forward star. The extension to 3D high-order 

forward star is straightforward. 

 

Figure 4.2.1 (a): the structures of 2nd order forward star (Rawlinson et al. 2008). (b): the 

structures of 4th order forward star.  

 

In 3-D homogeneous media the travel time fields computed using 2nd and 4th 

order forward stars are shown in Figure 4.2.2. As indicated by arrows the travel time 

field of the 4th order scheme has much smoother travel time front than the 2nd order, 

which is correct in homogeneous media. 

 

Figure 4.2.2 Comparison of the travel time field calculated by 2nd order (a) and 4th order (b) 
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forward stars. The color shows the travel time. Arrows show the differences in travel time 

fields. 

 

Another reason for choosing the high-order forward star is the computation 

efficiency. The high-order scheme allows the INTERVAL scheme to update forward 

stars in 3-D shortest path ray tracing (Klimes & Kvasnicka, 1994). The application of 

the INTERVAL is more efficient than the HEAP introduced by Moser (1991) in terms 

of the computation time (Klimes & Kvasnicka, 1994). My test shows that the 

high-order forward star will not increase the computation time significantly than the 

1st order structure of forward star. 

 

4.2.2 The event location based on absolute travel time  

The traditional travel-time based method uses the absolute travel time to locate 

the earthquakes, and needs the accurate travel-time picks and the accurate velocity 

model. It can be achieved by an iteration scheme based on the linearization of the 

travel time equation for the homogeneous velocity (Shearer, 2009). However, this 

method will not perform well for the inhomogeneous velocity where the location 

problem is actually nonlinear. The event location based on searching the minimum 

stacking value of travel time residuals overcomes the nonlinearity of the event 

location (Husen and Hardebeck, 2010). Although this is a very old method, its 

application is still widely accepted due to its stability and simplicity (Thurber, 2011; 
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Pujol, 2004).  

The principle of the absolute travel time location method is shown in Figure 

4.2.3. 

 

Figure 4.2.3 The carton showing the principle of the event location method using absolute 

travel time (L1 norm). (a-c): The travel time residual for individual stations. (d): The stacked 

travel time residual of all stations. The colors show the travel time residual value. The dashed 

lines show the minimum travel time residual for individual stations. The triangles and stars 

represent the location of stations and sources, respectively. 

 

Suppose that the travel time field and the picked arrival times for the station i are 

represented by ti(x, y, z) and Ti (i = 1, 2, 3), respectively. The time residual field can 
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then be written as 

iii Tzyxtzyxr −= ),,(),,(                      (1) 

Here the L1 norm is used since the L1 norm is more robust than the L2 norm for 

the situation with outliers (Shearer, 2009). Panels (a) – (c) show the time residual field 

for the individual stations. The stacking of the time residual field is shown in Panel 

(d). The location with minimum stacking value is determined as the event location. 

 

 

Figure 4.2.4 The velocity model of TGR region used for event location. The origin is at 

(109.78E, 30.68N). 

 

The seismic events in the TGR region are relocated by use of the absolute travel time 

from the local permanent stations and the 3-D velocity model inverted by tomography, 

as shown in Figure 4.2.4. Comparison of the relocated seismic events and the 

published catalog is shown in Figure 4.2.5. The comparison shows the high similarity 

for the distributions of hypocenters in both 3-D view and the depth slices. In the depth 

slices the published distribution of hypocenters shows the layering distribution of 
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event at different depths. This indicates that the published catalog uses the 1-D 

layer-cake velocity model, which forces the hypocenters of earthquakes concentrate 

on the velocity boundaries, as indicated by the pink circles in Figure 4.2.5 (c). The 

relocated hypocenter shows more reasonable distribution and concentration than the 

published catalog. 

 
Figure 4.2.5 The comparison of the location of the events in TGR. The blue dots and the 

green triangles represent the hypocenters of local earthquakes and the locations of local 

stations. From top to bottom: the panels show the 3D view, the XOZ depth section, and the 

YOZ depth section of the earthquake locations, respectively. (a-c): the location of events 

from the published catalog. (d-f): the location of events estimated by the traditional location 

method. The units of axis are kilometers. 
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4.2.3 The event location based on differential travel time 

The differential-time event location methods can use the differential travel times 

among events (also called the relative location methods, Shearer 2009) or those 

among stations (the master station method, Zhou 1994). The event location method 

using the differential travel time mitigates the errors in picking the travel times and 

increases the sensitivity for location of earthquakes. In the following the basic 

principle of the master station method will be introduced. 

The master station method estimates the location of events by searching the 

minimum value of differential travel-time residuals along the equal differential time 

(EDT) surface in the work area. Instead of selecting the reliable ‘master’ station we 

calculate the EDT surfaces for all station pairs, and then stacking the differential 

travel time field. The location of the event is then the location with the minimum 

differential travel time residual. So the method used here is a modified master-station 

method, which will be called the master station method in the following for 

convenience. 

Suppose that the travel time field and the picked arrival time for the station i is 

represented by ti(x, y, z) and Ti, respectively. The differential time residual field can 

be written as 

jjiiij TzyxtTzyxtzyxr −−−= ),,(),,(),,(                 (2) 

The principle of the modified master station method is shown in Figure 4.2.6. 
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Figure 4.2.6 The carton showing the principal of the modified master station method. (a-c): 

differential travel time residual. (d): the stacking of the differential travel time residuals. 

Triangles and stars represent stations and epicenters. The green dashed lines show the 2-D 

EDT surface. 

 

Panels (a) – (c) show the differential travel time residuals for individual station 

pairs. Panel (d) shows the stacking of all differential time residuals. Comparing with 

the panel (d) in Figure 4.2.3 this location method provides less constraint on the event 

location. This is due to the symmetric distribution of the stations, and can be 

improved by involving more stations. In practice, the picking error, original time error 

and velocity inaccuracy could decrease the sensitivity and accuracy of traditional 

method significantly, but the master station method still performs well for enough 
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station coverage, as shown in Figure 4.2.7. After involving the error in arrival time 

and in origin time the traditional method tends to give the wrong location of event and 

decrease its sensitivity by flattening the residual time surface near event location, 

while the master station method still shows high sensitivity and accuracy of event 

location. But both of them cannot estimate the event location correctively if the 

velocity is not correct. This will be discussed in Section 4.2.4. 

 

 

Figure 4.2.7 Synthetic examples showing the influence of the picking errors and the origin 

time on the traditional event location method (a & c) and the master-station method (b & d). 

Top (a & b): map view of the residual time surface. Bottom (c & d): side view of the residual 

time surface. The pink arrows show the correct location of the event. The blue arrow show 

the location determined by the traditional method. 
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Using the collected data from the local TGR network the earthquake locations in 

published catalogs and those relocated by the master-station method is shown in 

Figure 4.2.8. The locations of the events estimated by the master station method 

distribute in the whole region. This shows the high sensitivity of the master station 

method on the acquisition geometry and the velocity accuracy near the stations.  

In the TGR region, most of the earthquakes have small magnitude less than 

ML1.0, so the signals of the microearthquakes are very weak and can only be recorded 

by several stations with sufficient SNR. For the collected data of local TGR network 

most of the events are recorded by less than 10 stations. So the modified master 

station method does not work as well as the traditional method. On the other hand, 

most of the microearthquakes are shallow events. However, the near-surface velocity 

can hardly be estimated accurately using the sparsely distributed network. So the 

velocity-depth ambiguity is significant. In the next two sections a hybrid location 

method will be introduced to overcome the velocity-depth ambiguity for shallow 

earthquakes. 
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Figure 4.2.8 The comparison of the location of the events in TGR. The blue and red dots 

represent the hypocenters of local earthquakes on the published catalog and relocated by 

master station method, respectively. The green triangles represent the locations of local 

permanent stations. From top to bottom: the panels show the 3D view, the XOZ depth section, 

and the YOZ depth section of the earthquake locations, respectively.  

 

4.2.4 The influence of velocity on the event location 

Two sources of location errors, the picking error and the nonlinear error, can be 

improved by using the differential travel time and the grid-searching algorithm, 

respectively (Husen and Hardebeck, 2010). The major source of errors is then the 

accuracy of the seismic velocity for the travel-time based event location method. 

To test the sensitivity of the event location on the inaccuracy of seismic velocity, 
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we carry out a synthetic ‘impulse test’ using the homogeneous velocity model. The 

acquisition geometry of the synthetic test is shown in Figure 4.2.9. The velocity used 

here is 5 km/s and homogeneous in the whole space. The impulse source is set in the 

middle of the working space to form the even coverage of the stations.  

 

Figure 4.2.9 The impulse test showing the event-location sensitivity to the inaccuracy of the 

seismic velocity. Left panels (a, c and e): the results of traditional event location method 

using the absolute travel time. Right panels (b, d and f): the master station method using the 

differential travel time. Top (a & b): the distribution of all stations (triangles) on surface. The 

color slices show the distribution of the time residual on the correct velocity model. Middle 

(c & d): the depth slices showing the estimated locations (red circles) and the true locations 

(yellow circles) for 5% slow velocity. Bottom (e & f): the depth slices showing the estimated 

locations (red circles) and the true locations (yellow circles) for 5% fast velocity. 
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The middle slices (c & d) show that, for the slower velocity, the traditional 

method yields a shallower depth of the impulse than its true location, while the master 

station method shows a deeper depth. On the contrary, when the seismic velocity is 

higher than the true value the traditional method yields a deeper depth of the impulse, 

while the master station method does a shallower depth. For both cases the average 

event locations estimated by the two methods fit the true location better than those 

estimated by the individual method, as shown in Figure 4.2.10. Combination of the 

location of traditional method and the master station method is called the hybrid event 

location method in this thesis. 

 

 

Figure 4.2.10 Event location estimated by three event location methods for 5% higher 

velocity: the traditional method (red circle), the master-station method (pink circle), and the 

hybrid method (green circle). The open square shows the true location of impulse. 
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Since the homogeneous velocity model is used in this synthetic test, the ray paths 

at the source location are all downward. This is similar with the near-offset case in 

practice. For the far-offset events there are turning waves and the ray paths connecting 

far-offset receivers direct upward at the source locations. In that case the hybrid 

method may provide the results with accuracy in the middle between traditional 

method and the master station method. This will be analyzed in Section 4.2.5. 

 

4.2.5 The hybrid event location method 

Besides the picking error and the non-linear error, the coverage of acquisition 

geometry and the velocity inaccuracy still have significant influence on the location 

error. In the TGR region most of the earthquakes are recorded by nearby stations, and 

the average number of picks per event is 6, which means one event is recorded by 6 

stations at the same time. The more picks of an event mean it can be identify on more 

stations, and may indicate the higher quality of picks. To get better coverage and 

higher quality of picks we select the events with more than 10 picks. 356 events in the 

work region are selected. The selected events are relocated by traditional and master 

station methods, and shown in Figure 4.2.11. The map views (a & c) show that the 

traditional method has better clustering on epicenters than the master station method. 

The relative location of the hypocenters estimated by those two methods is shown in 

Figure 4.2.11(e). It shows that the estimated locations of the events are consistent at 
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around 20 km, but significantly different for the depth less than 10 km. For those 

shallow events the hypocenters estimated by the traditional method are deeper than 

those estimated by the master station method. According to the analysis in Section 

4.2.4 this indicates the near surface seismic velocity is higher than the true value, and 

indicates the significant velocity-depth ambiguity of the event location for the shallow 

earthquakes. 

 

Figure 4.2.11 The distribution of earthquakes in the TGR region estimated by the traditional 

method and the master station method. Left (a & c): the top view of the distribution of event 

locations. Right (b & d): the side view along the west-east direction. Top (a & b): results of 

the traditional method. Middle (c & d): results of the master station method. Bottom (e): the 
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comparison of the relative locations of events estimated by two methods. The hypocenters of 

earthquakes estimated by traditional and master station methods are represented by blue and 

red asterisks, respectively. The major city Badong (BD) and the TGR dam are labeled by the 

pink circles and the blue stars on the top view, and arrows on cross sections, respectively. 

The triangles represent the local permanent stations.  

 

Combination of the solutions of traditional method and the master station method 

gives the solution of hybrid method, as shown in Figure 4.2.12. Both the top view and 

the side view of the distribution of hypocenters are improved significantly. On the 

map view the distribution of the epicenters shows linear trends along Yangtze River. 

On the west of Badong (BD) the epicenters are coherent with the existing faults at 

northeast-southwest direction on surface and are circled by the dotted ellipse in Figure 

4.2.12. On the side view the earthquakes concentrated on the west of the TGR dam, 

which is the location of the up-stream of the Yangtze River and the head of TGR. 

There are two basins in our working area: the Zigui Basin between Badong (BD) and 

the TGR Dam, and another sedimentary basin on the west of BD. Most of the events 

distribute along the bottom of the basins. The relation between the event distribution 

and the location of faults is discussed in Chapter 5. 
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Figure 4.2.12 The distribution of earthquakes estimated by hybrid event location method. 

Left: top view. Right: side view along west-east direction. The hypocenters of earthquakes 

are represented by asterisks. The cyan dotted lines represent the distribution of faults. The 

other symbols are the same with those in Figure 4.2.11. The coherence of hypocenters with 

the faults is circled by the dotted ellipse. 

 

4.2.6 The synthetic resolution test  

To test the influence of acquisition geometry on the event location the synthetic 

test is done using the same velocity model. The synthetic sources are placed at 9 km 

and 16 km depth, and distributed with 5 km interval in X direction (west-east) and 10 

km interval in Y direction (south-north). Since the event location is based on the 

shortest-path ray tracing method, it’ll be better to use another ray-tracing method to 

avoid the compensation of the travel time errors from the same travel time calculation 

method. Here, I use the bending ray tracing method (Um and Thurber, 1987) to 

calculate the travel time and the ray path in the forward modeling of the synthetic test. 

The synthetic ray paths connecting the sources and the origin point are shown in 

Figure 4.2.13. Due to the gradient variation of velocity the ray paths for far-offset 
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events shoot almost horizontally. This causes the weak control of the depth and the 

inaccurate event location biased by the velocity heterogeneity. This effect is obvious 

for the shallow events. 

 

Figure 4.2.13 The ray paths connecting the synthetic sources and the origin point. Left: 

sources at 9 km depth. Right: sources at 16 km depth. 

 

The results of synthetic test are shown in Figure 4.2.14. According to the 

distribution of the events shown in Figure 4.2.12 the earthquake-prone regions are 

enclosed by the blue dashed lines. The events with the obvious depth error locate out 

of the local TGR network, as circled by the dark green dotted ellipse. Those events 

lack the vertical constrains from the nearby stations and their depths are biased by the 

velocity variation.  
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Figure 4.2.14 The resolution test of the event location method. (a) & (b) show the events at 

16 km and 9 km depth, respectively. The asterisks and triangles represent the hypocenters 

and the TGR local stations, respectively. The blue dashed lines enclose the event-prone 

region. The location with the significant depth errors are circled by the dark green dotted 

ellipses. 
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The root-mean-square (RMS) location errors of all events at X, Y and Z direction 

are (0.4918, 0.4702, 0.6531) km at 16 km depth and (0.4444, 0.4448, 1.4378) km at 9 

km depth, respectively. As previously discussed, the shallow events have less control 

of the depth due to the small dip angles of ray paths at the source points. The error 

range of this synthetic test is comparable with a similar test using some other relative 

location methods with similar station coverage and scale of working area (Lin and 

Shearer, 2005), although the velocity model are different.  

 

4.3 The reverse-time imaging method for event location 

Locating small seismic events is one of the important issues in the study of the 

region with potential induced microseismicity. The traditional methods for locating 

earthquakes and estimating focal mechanism need the input of first arrival time and 

first arrival waveforms. For weak amplitudes at near offsets, it’s difficult to pick the 

arrival time and define the first arrival waveform accurately. The reverse time image 

(RTI) method provides a way to identify earthquakes through construction and 

destruction of the seismic wavefield, which makes the RTI method advantageous in 

identifying the sources even for data contaminated by noise in some degree (Gajewski 

and Tessmer, 2005). The RTI method has been used widely in solid earth study (Hu 

and McMechan, 1988; Larmat et al, 2006; O’Brien et al, 2010). In seismological 

studies, the seismograms are usually filtered into very low frequency band (such as 

less than 1 Hz, Larmat et al, 2006; O’Brien et al, 2011), and the small scale influence 
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of the waveform can be ignored. However, seismograms of local small earthquake are 

dominated by high frequencies. Application of RTI method to such a case is limited 

by the frequency range (Steiner, Saenger, and Schmalholz, 2008). Their RTI results 

shows that the shallow (about 1.5 km) microtremors generated during oil production 

in an oil reservoir can hardly be identified from the background when the seismic data 

within 10 Hz - 20 Hz frequency band are used (Steiner, Saenger, and Schmalholz, 

2008). Their results also suggest the choice of 1 Hz - 6 Hz to find tremors around an 

oil reservoir. 

 

4.3.1 The reverse time imaging method 

The waveform location method can be achieved by stacking waveforms (Kao and 

Shan, 2004; Rentsch et al., 2007), or the reverse-time back projection of seismic 

waves, which is called reverse time imaging (RTI) method (Hu and McMechan, 1988; 

Gajewski and Tessmer, 2005; O’Brien et al., 2011). The reverse time imaging method 

is to back project the seismic records into the earth. In mathematic point of view this 

process actually is to solve the boundary condition of wave equation (Hu and 

McMechan, 1988). The seismic sources are rebuilt as the sharp amplitude peak of the 

imaged wavefield at image time through the construction and destruction of wavefield 

(O’Brien et al, 2011). The source location should have relative stable energy within a 

time period around the image time. Because the source has finite time duration of 

releasing the seismic energy, the waves generated should also have a finite time 
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period with enough energy. If we define the time with maximum amplitude as the 

image time, which is actually the maximum fracturing time, the amplitude at source 

region should also have the stable amplitude concentration before and after the image 

time. 

 

 

Figure 4.3.1 The principal of reverse time imaging method. 

 

4.3.2 Reverse time imaging of microearthquakes– 2D case 

Here we conduct the elastic RTI method using a displacement seismogram, 

band-filtered to 1 Hz - 10 Hz. The data are recorded by an array of 4.5 Hz 

geophone-TEXAN pairs. The RTI estimated both the source location and the origin 

time of the small earthquakes. The results show the consistence in time and space with 

the published data determined by the traditional travel time method. The resolution of 

earthquake locations around the source regions is also shown by a synthetic resolution 

test at the end of this section. The knowledge here can be applied to the passive 
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seismic study of an oil reservoir. 

 

4.3.2.1 Data 

In June 2009, we conducted a straight array crossing the header of Three Gorges 

Reservoir (TGR). The 34 stations are deployed as an array from north-west to 

south-east, as shown in the Figure 4.3.2. The total length of the array is 180 km. The 

instrument we used is TEXAN-geophone pairs. The geophone has the natural 

frequency at 4.5 Hz. The array is set to cross the area with concentration of small 

earthquakes in past. During the acquisition period several small earthquakes with 

magnitude less than ML3 under our array has been recorded. Two of them are selected 

and shown as S1 and S2 on the map in Figure 4.3.2. The two earthquakes are a ML2.9 

event occurred in 31.032°N, 110.327°E at local time 06:19:30.49 on June 4th and a 

ML2.1 event at 30.925°N, 110.787°E at local time 20:54:31.46 on June 23rd, 

according http://data.earthquake.cn/data/. The common-source records of those two 

events are shown in Figure 4.3.3a and Figure 4.3.3b. One reason for selecting those 

two earthquakes is that they both have clearly first breaks and can be well located by 

the traditional method using arrival time, and the locations can be used to compare 

with the reverse time imaged results.  
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Figure 4.3.2 Regional map of the TGR region in China showing topography, the acquisition 

geometry of seismic stations (∆), and the locations of two small earthquakes, S1 and S2 (red 

stars).  
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Figure 4.3.3 Raw data of events S1 (a) and S2 (b). The distance is calculated according to the 

published source locations. 

 

The input of our elastic RTI method is vertical component displacement records, 

which is generated by integrating the velocity seismograms. The seismic velocity in 

Three Gorges Reservoir (TGR) region is relative homogeneous in shallow crust (Zou 

and Zhou, 2011), so the homogeneous velocity model (Vp=5.6km/s, Vs=3.1km/s) are 

used here. This velocity choice may also avoid the transfer waves generated on 

velocity boundaries. In the imaged wavefield, damping of the surface energy by 

multiplying an h1/4 factor (h represents depth) has been applied to all the grids to 
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avoid the influence of the surface energy. 

 

4.3.2.2 Hypocenter location results 

To compare the imaged sources with the published locations we shift the 

horizontal offset for the records of S1 and S2 in Figure 4.3.3 by 20 km and 50 km 

respectively. In our 2D profile we use [distance, depth] to represent the locations of 

seismic events. The published seismic locations of S1 and S2 are [20 km, 7 km] and 

[50 km, 6 km] respectively. The data of the stations within 100 km, which is ±50 km 

in Figure 4.3.3, are used as input for source imaging. Because the records at far offset 

have small amplitude contribution at the source location and enlarge the working area, 

which increases the computation cost. The imaged wavefields of S1 and S2 are shown 

in Figure 4.3.4.  

After searching the maximum amplitude within a 1.2-s time window, we find that 

the travel time of S1 and S2 are [06:19:30.55] and [20:54:31.63], respectively. This 

means the predicted shock times of S1 and S2 are 0.06 s and 0.17 s earlier than that in 

published event catalog (personal communication with Hubei Seismic Administration). 

We also show a snapshot of the image field before and after the imaged time in Figure 

4.3.4(a1) and Figure 4.3.4(a3) for S1, and Figure 4.3.4(b1) and Figure 4.3.4(b3) for 

S2. The results show that the focusing of the energy around the source location can be 

easily identified within the selected time period. And the amplitude of the source 

region is the highest amplitude within the time period 0.6 second before and 0.6 

second after the image time. This is one of the indications of the reliable source 
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location. Figure 4.3.4(a2) and Figure 4.3.4(b2) show that the highest amplitude locate 

at [20 km, 7.0 km] and [49.6 km, 7.5 km] respectively. They are sharper than the 

snapshots at other time and are recognized as the source locations. Comparing with 

the published locations the reverse time imaged S1 has the same location with the 

published location, while the S2 has a difference of 0.4 km in distance and 1.5 km in 

depth with the published location. Both the location and origin time matches with the 

arrival time methods. 

 

 

 

Figure 4.3.4 The reverse time image results. Panels (a1) (a2), and (a3) show snapshots of the 

imaged field of S1 with -0.2 s, 0 s, and + 0.4 s time shifts from the image time. Panels (b1) 

(b2), and (b3) show the snapshot of the imaged field of S2 with -0.4 s, 0 s, and + 0.4 s time 

shifts from the image time. The horizontal and vertical curves show the maximum amplitude 

of each column and row, respectively. The boxed areas in (a2) and (b2) show the enlarged 

source regions, and arrows inside the boxes represent the displacement vectors. 
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4.3.2.3 Resolution test 

To verify the resolution of our algorithm we also conduct a resolution test, which 

is a numerical reverse time imaging test using the field acquisition geometry in Figure 

4.3.2. The purpose of this test is to show the interaction between the wavefield of 

sources at different depth, and make sure this algorithm can be used to recognize the 

sources within the source region.  

In this test the source wavelet is the Ricker wavelet with a central frequency at 5 

Hz. The focal mechanisms of all the sources are assumed to be double couple. 

Comparison of the theoretical sources (Figure 4.3.5a) and reverse time imaged 

sources (Figure 4.3.5b) is shown in Figure 4.3.5. The color in Figure 4.3.5 represents 

the relative amplitude, so the red dots in this figure show the location of sources. In 

the numerical forward modeling, the sources are set at 3 km, 5 km, and 7 km in depth, 

and evenly spaced with 5 km interval in horizontal direction. Figure 4.3.5b shows the 

distribution of the reverse time imaged wavefield. The regions containing seismic 

sources S1 and S2 are circled by the dashed lines, under which the approximate 

horizontal locations of the S1 and S2 are labeled. The high relative amplitudes inside 

those two rectangles are sharp and can be easily distinguished from the background 

amplitudes. This means those two rectangular regions have good resolution of seismic 

sources. Some artifacts near the top surface are caused by the high amplitude energy 

with small spherical spreading and the amplitude that cannot cancel with each other 

due to the sparse distribution of receivers. If we have good coverage of seismic 

stations the shallow seismicity can also be identified (Zou and Zhou, 2009).  
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Figure 4.3.5 The synthetic test showing the resolution of multiple sources. (a): The 

distribution of actual seismic sources. (b): the reverse time imaged sources. The triangles 

show the locations of stations on surface. The color scales for (a) and (b) are the same. The 

areas including S1 and S2 are specified by dashed lines. 

 

Several factors may limit the application of the 2-D RTI method, including 

topographic variation, acquisition geometry, velocity model error, and frequency 

bandwidth. First, in this study the reverse time imaging with topography has been 

tested. The results show no significant changes on the image of sources since the 

depth of earthquake is much greater than the topographic variation. Second, the 

acquisition geometry of this study has limited the resolution of the sources under array. 

As shown by the resolution test in Figure 4.3.5, the sources on the boundary and 

under the big gap of the array have relative weak amplitude and can be easily 
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the focusing of energy. This is one of the topics we want to address in the future. 

Finally, broad frequency band is required in order to generate a sharp source imaging. 

Here we shows that the 1 Hz – 10 Hz seismogram can be used to image the sources as 

deep as 7.5 km. The higher frequency limit should be test later. On the other hand, the 

RTI method has the potential to estimate the focal mechanism of the imaged sources. 

The quality of the focal mechanism will also be influenced by the aforementioned 

factors. 

 

4.3.3 Focal mechanisms  

 In seismological study it is important to uncover the details about various types of 

focal mechanisms. There are four major types of seismic sources: the double-couple 

source corresponding to faulting, the single-couple source corresponding to landslides, 

the single-force source corresponding to collapses and volcanic eruptions, and the 

explosions. In this study, we examine the ability to distinguish source types using a 

reserve time imaging (RTI) method for data acquired using 4.5 Hz geophones. 

 The RTI method is able to image the particle motion in the source region based 

on the destruction and construction of seismic wave fields (O’Brien et al, 2010). The 

elastic RTI method solves elastic wave equation using the boundary condition (Hu 

and McMechan, 1988). The elastic RTI method estimates the source location through 

searching the maximum amplitude of reconstructed wave field, and acquires the 

estimated radiation pattern of the source, which may lead to the focal mechanisms. 

While the elastic RTI method has been used to image the large earthquakes and 
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microseismicity near volcanoes and oil reservoirs (Larmat et al, 2006; Larmat et al, 

2008; O’Brien et al, 2010; Steiner et al, 2008), the resolvable focal mechanisms by 

elastic RTI method is limited to the very low frequency range, usually lower than 0.02 

Hz (Larmat et al, 2006; Larmat et al, 2008). This means a major challenge for 

distinguishing source types using the RTI method in exploration seismology where 

the data frequency is usually higher than 1 Hz. Here we suggest an alternative way to 

use the RTI method for data frequency band within 1 Hz - 10 Hz to distinguish three 

types of seismic source. Considering that the double couple, single couple, and single 

force are the three most likely natural source types for our study, we focus on 

distinguishing these three source types from the images of the particle motions from 

the RTI method. This method is applied to identify the source type of a small 

earthquake in the Three Gorges Reservoir (TGR) region, China. 

 

4.3.3.1 Method 

We construct a RTI method using the pseudospectral elastic modeling (Kosloff et 

al, 1984) to propagate the seismic wave fields. The radiation patterns of different 

seismic sources are represented by the combination of particle motions near the 

source region (White, 1965). For simplicity a homogeneous background velocity 

model is used.  

To show the radiation pattern of three source types a 2D elastic modeling is 

conducted. On a 50 km wide and 20 km depth cross section, the source depth is 8 km, 

Vp = 5800 m/s, and Vs = 3500 m/s. The receivers locate on the surface of working 
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area and space with 100 meters. All the sources located at 7.5 km. The source wavelet 

is chosen as the Ricker wavelet with central frequency at 5 Hz. In Figure 4.3.6 Panels 

(A) – (C) show the calculated radiation pattern for double couple, single couple, and 

single force source types. The direction and length of the arrows in each panel 

represent the direction and the amplitude of the displacement in the source region. 

Using elastic RTI method, the corresponding sources were imaged using the vertical 

component of a receiver array on top. The solutions of the source images are shown in 

Figure 4.3.6 (A1) – (C1). In these panels the background color shows the relative 

amplitude distribution around source region. The results indicate that only the upper 

parts of the double couple and single couple source radiation patterns can be imaged. 

Because the imaged results of those two source types are similar with that of the 

single force, it is difficult to distinguish the source types based on their amplitude 

distribution in space. On the other hand, in Figure 4.3.6 (A1) – (C1) the source type 

can be identified using an additional help from the displacement directions of the 

imaged sources. However, in noisy environment the weak amplitudes around the 

source can be contaminated easily by noise. So more constrains are necessary for 

determining the source type uniquely. Here, we suggest using the time history around 

the source region as an additional constraint. 
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Figure 4.3.6 Source radiation patterns and the corresponding imaged results. (A), (B), and (C) 

are the radiation patterns of double-couple, single-couple and single-force sources. (A1), 

(B1), and (C1) are the corresponding imaged radiation patterns in the source regions for 

double couple, single couple and single force sources. The dashed lines in Panel (A1) show 

the location of time-depth slice (dark dashed line) and time-distance slice (red dashed line). 

The color denotes the relative amplitude. 
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that shown in Figure 4.3.6(A). The displacement values along those two lines at all 

time steps are shown in Figure 4.3.7. Since one of the dimensions of those two lines is 

in depth and distance, we call them the time-depth slice and time-distance slice, 

respectively.  

The results indicate the time-depth slice of a single force source gives two 

equal-amplitude peaks (Figure 4.3.6 (C)), while the time-depth slices of double couple 

and single couple sources only have one peak, as shown in Figure 4.3.6 (A) and (B). 

The time-distance slice of the single force source also shows the same double-peak 

pattern. This means the single force source can be easily distinguished from the 

double couple and single couple sources in both the time-depth and time-distance 

slices. However, the time-depth slice can not be used to distinguish the double couple 

source and single couple source, because their amplitude distributions in time-depth 

slices are almost the same, as shown in Figure 4.3.7 (A) and (B). The evidence from 

time-distance slice may be used to identify those two sources. But in practice the 

noise and acquisition geometry may distort the amplitude along the peak and resulted 

in a similar pattern on the time-distance slices for those two sources. We need more 

evidence to distinguish the double couple and single couple sources. 

 

Figure 4.3.8 shows the displacement distribution in the time-depth slice. The 

displacement on the bar crossing the source along time direction shows much 

different patterns between the two source types: divergence of the displacement vector 

for the double couple source and convergence for the single couple source. The 
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patterns are stable at different depths for those two sources. So the variation of the 

displacement with time can be used to distinguish the double couple and single couple 

sources.  

 

 

Figure 4.3.7 Time-depth slice and time-distance slice. Panels (A), (B), and (C) are the 

time-depth slices for double couple, single couple, and single force sources, respectively. 

Panels (A1), (B1), and (C1) are the time-distance slices for double couple, single couple, and 

single force sources, respectively.  
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Figure 4.3.8 Distributions of the displacement vectors in time-depth slices for double couple 

source (left) and single couple source (right). Each insert on the upper-right corner of each 

panel shows the displacement distribution along the short black bars crossing the imaged 

source. 
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at 31.032°N, 110.327°E. We choose the stations within 50 km from this published 

location as input of our RTI program. The source location is identified by a sharp 

spike in the imaged wavefield shown in Figure 4.3.9 (A). Our results indicate this 
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section, which agrees with the published location using arrival-time location method. 

The time-depth slice and time-distance slice are shown in Figure 4.3.9 (B) and (C). 

Comparing with Figure 4.3.7, the amplitude distributions in Figure 4.3.9 (B) and (C) 

show that the event is not a single-force source because there is only one amplitude 

peak. Compare Figure 4.3.9 (C) with Figure 4.3.7 (A1) and (B1) the source is more 

like a double couple source, but the long amplitude tail makes the distinction not very 

decisive. When we compare the displacement variation with time in the time-depth 

slice in Figure 4.3.9 (B) with that in Figure 4.3.8, we see clearly this small earthquake 

is a double couple source.  

 

Figure 4.3.9 The imaged wavefield (A) and the corresponding time-depth slice (B) and 

time-distance slice (C). The displacement variation with time inside the dashed rectangle in 

Panel (B) are enlarged  in an insert on the lower-left part of Panel (B), and with a carton of 

five black arrows showing the displacement vectors along a horizontal line crossing the 

center. 
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4.3.4 Reverse time imaging of microearthquakes – 3D case 

Micro-earthquakes are referred to events of magnitude less than M2.0 (Bohnhoff, 

et al. 2010). In earthquake-prone areas such as the subduction zones and volcanic 

areas, micro-earthquakes may occur nearly simultaneously at nearby locations; they 

are referred here as the multiple micro-earthquakes. Due to the higher occurrence rate 

for smaller earthquakes, the chance of occurrence of multiple micro-earthquakes 

naturally rises for smaller earthquakes in tectonically more active regions, such as 

near the water impounded reservoirs like the Three Gorges Resevior (TGR) along the 

Yangtze River in China. However, it is difficult to determine the hypocenters of 

multiple micros-earthquakes using traveltime methods, because their seismic 

waveform signals may overlap with each other (Kao and Shan, 2004).  

The TGR region has seen a rise of several times in the number of earthquakes 

after the full impoundment of the reservoir in 2003. Most of the events are 

micro-earthquakes under ML2.0 occurring along existing faults, and the multiple 

micro-earthquakes should be common. However, no multiple earthquakes in TGR 

have been reported so far due to several possible reasons. First, the amplitude of the 

micro-earthquakes may be too weak to be detected at far distance, and their first 

arrivals are difficult to be picked on noisy seismograms. Second, the high topographic 

relief of the region may cause inconsistency between seismic waves from the same 

event recorded at different stations. Third, the time-depth compensation of multiple 

micro-earthquakes causes the overlapping of their waveform records.  

The multiple earthquakes may be determined using the reverse time imaging (RTI) 
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method through finding the peak amplitude of the imaged wavefield at the origin 

times (O’Brien et al., 2011). Most applications of the RTI method map either single 

cluster of micro-tremors with weak energy and unclear first breaks (Kao et al., 2005; 

Steiner et al., 2008; Lokmer et al., 2009; Lamat et al., 2009; O’Brien et al., 2011), or 

single earthquake with low frequencies (Lamat et al., 2006; Lamat et al., 2008). The 

RTI method discussed here is able to map the tremors occurred within a short time 

period at nearby locations. This is important for micro-earthquakes since the rate of 

occurrence increases for smaller earthquakes (Lee and Stewart, 1981; Fehler and 

Phillips, 1991; Abercrombie, 1996). For those advantages the RTI method is also able 

to map low-frequency tremors such as slow earthquakes (Shelly et al., 2007).  

In June 2010 we deployed a temporary seismic array of 43 TEXAN’s in the TGR 

region. During the one-month recording period the multiple micro-earthquake 

phenomenon was observed. Due to the overlap of the signals from the two 

micro-earthquakes, only a shallow event with earlier and sharper first breaks was 

recognized by the permanent seismic network. By applying the RTI method to the 

short-period vertical-component data acquired by our temporary array, we are able to 

map two nearby events with similar origin times but clearly different hypocentral 

positions. The resolution of the hypocentral solutions is verified via a resolution test. 

The results are indicative of the interaction between the faults near the detected 

earthquakes. 

 

4.3.4.1 Field data  
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We deployed a temporary seismic array in the TGR region for one month in 2010 

to monitor the local earthquakes. The array consists of 43 TEXANs (Reftek 125A) 

coupled with 4.5 Hz vertical component geophones. Figure 4.3.10a shows the 

distribution of the temporary stations (black triangles) in comparison with the 

permanent stations (green triangles) that are operated by the Hubei Seismologic 

Bureau, which routinely publishes the earthquake catalog in this region. The station 

spacing is about 15 km for the permanent stations, and about 5 km for our temporary 

array. The sparse spacing in the North-South direction for the permanent stations is 

greatly improved by our temporary array, especially around Badong, where most of 

earthquakes are concentrated.  
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Figure 4.3.10 (a) The distribution of seismic stations (triangles) and major faults (solid 

and dashed curves) in the TGR region. Major cities (pink circles) in the region include 

Badong, Wushan, and Xingshan. The red and blue stars represent the epicenters of two 

micro-earthquakes, S1 and S2. Letters c and d denote two stations whose records were 

selected for spectra analysis in (c) and (d). (b) The field seismic records containing the signal 

of two micro-earthquakes. Records of stations c and d are at offsets 4 and 9 km, respectively. 

The red dashed curve denotes the first arrivals from S2. Panels (c) and (d) are the 

time-frequency spectra of stations c and d, whose traces are scanned with 1 octave bandpass 

filter for the frequency range from 0.1 to 15 Hz. The blue and red arrows denote the signals 

of two events. (e): the synthetic vertical-component seismograms of the local permanent 

stations show the overlapping of the first-arrival waveforms of S1 (pink) and S2 (blue). 

Eleven local permanent stations located on the west of Longitude 110.6 in panel (a) are 

(e) 
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selected. 

 

During the monitoring period more than 30 small earthquakes were detected by 

our temporary array and the local permanent network. According to the published 

earthquake catalog, four events have magnitude larger than ML2.0, and most of the 

events are smaller than ML1.0 (personal communication with the Hubei Seismologic 

Bureau). We found that the seismic record of a published ML0.1 earthquake contains 

the signal of another earthquake. We call this published event S1 and the hidden event 

S2. Figure 4.3.10b shows the common-shot gather of S1 after a bandpass filtering of 

1-12 Hz. The offset shown for each station is the distance to the published epicenter 

of S1. The offset is positive when the latitude of the station is higher than that of S1. 

In Figure 4.3.10b the first arrival waveform of S1 is seen clearly between 0 and 10 

seconds, and followed by another event with similar slope at negative offset, and 

opposite slope at the positive offset. We highlight this event with a red dashed curve 

in Figure 4.3.10b. To further verify the conflict at positive offset we analyze the 

spectra of two channels located at 4 km and 9 km offsets (recorded by stations c and d 

in Figure 4.3.10a) as shown in Figure 4.3.10c and 1d, respectively. The spectra are 

generated using a 1-octave band-pass filter to scan the frequency range from 0.1 Hz to 

15 Hz of the data with the instrument response correction down to 0.5 Hz. The trends 

of their central amplitude variations with time are different. So they are the signals 

radiated from two earthquakes located at opposite sides of channels c and d. The wave 

from S2 is identified later as shear wave. The mixing of seismic signals from the two 
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earthquakes makes it difficult to pick the first breaks of the second event and locate its 

hypocenter using the traditional travel time location method, as shown in Figure 

4.3.10(e). This motivated the use of the RTI method.  

 

4.3.4.2 Reverse time image of multiple micro-earthquakes in the TGR region 

The input to our RTI algorithm is the processed displacement records. From field 

vertical-component velocity seismograms, we first correct for the instrument response 

down to 0.5 Hz, then apply a 1-10 Hz band-pass filter, and finally integrate the 

filtered data to generate the displacement seismograms. The input displacement 

records are selected carfully and the amplitude of each channel is normalized by its 

maximum.  

To increase the computation efficiency, we selected 21 stations out of the total 43 

stations, and put them on a flat surface to form a small array over the multiple 

micro-earthquakes. The grid spacing used in the RTI is 0.3 km. The velocity model 

has homogeneous velocities of Vp = 5.8 km/s and Vs = 3.1 km/s. The 2D velocity 

models from tomography studies of the same area indicated the P-wave velocity 

varies from 5.5 km/s near the surface to 6.4 km/s at 20 km depth (Zhang et al., 2009; 

Zou et al., 2011). This depth variation of the velocity may result in similar accuracy 

on the event location in comparison with that using homogeneous and gradient 

velocity models (Rietbrock and Scherbaum, 1994).  

 

4.3.4.3 The origin times of multiple micro-earthquakes 
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RTI maps hypocenters through finding the energy peaks in the imaged wavefield 

as a function of space and time. Since the seismic wave has time duration, single 

snapshots are insufficient for finding stable source locations (Lokmer et al., 2009). 

For field-data applications the stacking process will help suppressing the influence of 

noise. Here we stack the amplitude of the imaged wavefield within a sliding time 

window centered at each time step. The widths of the time windows are 0.2 s for 

event S1 and 0.3 s for event S2.  

To specify the relation between the resolved origin times with the published 

origin times, we set the published origin time of S1 as the zero time and set the time 

direction of the reverse-time image in the positive direction. So the time before the 

published origin time is negative, as shown in Figure 4.3.11.  
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Figure 4.3.11 Smoothed temporal variations of the maximum amplitude of the imaging 

wavefield. (a): At depths of 1.8 km, 2.1 km, 2.4 km, and 2.7 km, respectively. (b): Within a 

depth range from 13.5 to 18 km. The width of the smoothing window is 0.3 s. 

 

In Figure 4.3.10b the imaged event S1 has first break at around 1 s for the 

channel around offset at 1 km. So the source image can only be found after 1 s. The 

smoothed amplitude at depth shallower than 1.8 km is highly contaminated by the 
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surface waves, and the smoothed amplitude deeper than 2.7 km decays quickly with 

depth. Thus, Figure 4.3.11a shows only the smoothed amplitude at depth from 1.8 km 

to 2.7 km. The highest amplitude at the time around 0.8 s is identified as the image 

time of S1. This indicates that stacking the imaged wavefield in the time window 

from 0.9 s to 0.7 s improves the imaging of S1. The image time is earlier than the 

origin time by the length of the input wavelength (Rietbrock and Scherbaum, 1994). 

In our case the input data for S1 has significant frequencies as low as 6 Hz (see Figure 

4.3.10c and d). So after substracting the wavelength of 0.17 s we obtain the the origin 

time of S1 at 0.63 s before the published origin time (Figure 4.3.11a).  

In contrast to the narrow amplitude peak of S1, the amplitude of S2 has a wide 

peak over the temporal range from 1 s to 0 s, as shown in Figure 4.3.11b. The spatial 

location of the amplitude of the source image of S2 (from 0 s to 1 s) is stable, between 

14 to 16 km in depth and within ±2 km on the map view, thanks to the low frequency 

and long duration of the S2 source wavefield. The image time appears at the end of 

the high-amplitude plateau in the imaged wavefield. Then the time of the last peak 

around time zero (0.09 s) is the image time of S2. Since the signal of S2 has 

significant amplitude at frequencies as low as 1 Hz (Figure 4.3.10c and d), the origin 

time of S2 should shift by 1 s, which is 0.91 s before the published origin time of S1. 

Thus event S2 occurred about 1.5 s earlier than event S1.  

 

4.3.4.4 The locations of multiple micro-earthquakes 

Figure 4.3.12a and b show the locations of events S1 and S2 on the imaged 
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wavefields at their origin times and the location of the selected stations. The colors 

shown on the map view (X-Y) and vertical slices (X-Z and Y-Z) denote the relative 

amplitude. As indicated by the color bar, areas of amplitude less than 60% of the 

maximum value are whitened, and areas of amplitude higher than 90% of the 

maximum value are in dark-red color. The locations of the imaged sources are circled. 

The locations of the vertical slices are represented by dashed lines on the map-view. 

The point, where the dashed lines cross each other, represents the epicenter, which is 

at (27.3 km, 17.1 km) for S1 and at (50.1 km and 34.5 km) for S2, respectively. The 

published location of S1 is at (26.9 km, 19.5 km), which is about 2.4 km from the RTI 

location.  
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Figure 4.3.12 The RTI results based on the field data. Each of Panel (a) to (d) shows three 

orthogonal slices. (a) and (c) show the imaged wavefield and particle motion on the slices 

traversing through S1, and (b) and (d) show the imaged wavefield and particle motion on the 

slices traversing through S2. See an animation of Panel (b) in locating S2. On the two 
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map-view slices in (a) and (b), blue triangles are stations with their numbers shown, red 

squares show the location of the event on the local catalog. In Panels (a) to (d) the color 

shows the relative amplitude of the imaged wavefield. The arrows are the particle motion 

vectors projected on each slice. (e) The maximum amplitude of the stacked image field at 

each depth. The stacked time window used for S1 and S2 are (0.9 s ~ 0.7 s) and (0.24 s ~ 

-0.06 s), respectively. Arrows indicate the amplitude peaks for source images S1 and S2. (f) 

The common-shot-gathers for S2. The red dashed lines show the approximate location of the 

first arrivals from S2. The clear waveforms of S1 are circled by the pink dotted line. 

 

The depth of the imaged source can be determined on the maximum amplitude 

versus depth curve. The depths of S1 and S2 are respectively at 1.2 km and 15.3 km 

below the sea level, and the average elevation of the stations is at 0.6 km above the 

sea level. Because the location of S1 is very shallow, the velocity used may be higher 

than the real velocity value. This will generate an earlier image in the time-reversed 

snapshots, but it has less effect on the map-view location of S1 due to its good angular 

coverage of surface stations.  

To verify the locations of these two micro-earthquakes we re-arranged the 

seismograms in Figure 4.3.10b into a common-shot gather according to the offset 

from the epicenter of S2, as shown in Figure 4.3.12f. The offsets are positive for the 

stations with latitudes higher than that of the earthquakes. The first-arrival wavefront 

from S2 is clearly seen in Figure 4.3.12f.  

Due to their neighboring locations and similar origin times, the recorded seismic 
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signals of S1 and S2 overlap with each other. The first arrivals of the earlier-occurring 

deep earthquake are masked by the seismic waves from the later-occurring but earlier 

arriving waves of the shallow event. That is the reason that the local permanent 

network (green triangles in Figure 4.3.10a) only identified the shallow ML0.1 

earthquake, although the stations have three components long-period seismometers in 

a low-noise environment. 

 

4.3.4.5 The focal mechanisms 

The RTI method has been successfully applied to resove the focal mechanisms of 

low-frequency events, such as large magnitude earthquakes and glacial earthquakes 

(Larmat et al., 2006; Larmat et al., 2008). However, for short period data the RTI 

method meets with the challenges from noise and network coverage in determining 

the focal mechanisms of micro-earthquakes. Figure 4.3.12c and d show the 

distributions of displacement amplitude and the particle motion around the imaged 

sources S1 and S2. The focal mechanism of an imaged source from the RTI may be 

inferred from the particle motion in the source region. The particle motions for S1 and 

S2 are dominated by the vertical components. This is partially due to the 

single-component input which radiates more vertical motion and can be inferred from 

the radiation pattern of the input data which are considererd as the single forces (Pujol, 

2003).  

Although the determination of focal mechanisms on the imaged wavefield is 

ambiguous (Hu and McMechan, 1988; Rietbrock and Scherbaum, 1994; Gajewski and 
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Tessmer, 2005; O’Brien et al., 2011), the stable vertical direction of the particle 

motion is indicative of the first motion direction of these earthquakes at their image 

times (this notion will be verified in the supplemented materials using a synthetic 

resolution test). Since the particle motion in Figure 4.3.12c and d are stable in the time 

history of the imaged events S1 and S2, the first motion of those two sources should 

generate enough vertical motion at their origin time. As shown on the map view in 

Figure 4.3.10a, there are two reverse faults located near S1 and S2. These two faults 

are active after the water impoundment of the TGR reservoir. Thus, events S1 and S2 

are likely caused by the activity of those reverse faults.  

 

4.3.4.6 Synthetic resolution test 

Due to the unsymmetric distribution of seismic stations the interference of 

seismic wavefields may generate high-amplitude artifacts in cases of uneven station 

coverage and colored noise. There are chances to take the artifacts as the imaged 

sources. To assess the capability to resolve the location and the focal mechanism 

multiple micro-earthquakes, we set the two single-force sources at the location of S1 

and S2 and made a synthetic test to verify the capability of our acquisition geometry 

in resolving the multiple micro-earthquakes.  

In the synthetic test the size and the grid spacing are the same with the real-data 

RTI. The sources are put at the locations of imaged sources by the real data, which are 

(x0, y0, z0) = (27, 17, 2) km for S1 and (x0, y0, z0) = (50, 34, 15) km for S2, 

respectively. To generate both P- and S- waves we use single-force sources directing 
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to the earth surface. Both sources are assumed to be Ricker wavelets centered at 3 Hz. 

The velocity structure and the acquisition geometry are the same with that for the field 

data. The grid spacing for both the forward modeling and the RTI is 0.5 km. 
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Figure 4.3.13 A synthetic resolution test for imaging multiple micro-earthquakes. (a) 

Comparison between the synthetic seismograms and field data for the multiple 

micro-earthquakes. The blue, red and black curves represent the S1 data, S2 data and field 

data, respectively. The enlarged versions of first arrival waveforms in the dashed boxes are 

shown below. The amplitudes of the synthetic waveforms (red), which is the stacking of S1 

and S2, are reduced by 2500 times in order to be comparable with that of the field data 

(black). (b) and (c): The temporal variation of the maximum amplitude of the imaged 

wavefield within the depth ranges of 1.5 to 3 km for S1 and 10 to 20 km for S2. (d): The 
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depth variation of the maximum amplitude of the imaged wavefield for S1 and S2 at their 

image time. (e) and (f): The orthogonal slices of the imaged wavefield traversing through S1 

and S2, respectively. The arrows show the particle motion projected onto each slice. The 

color shows the relative amplitude of the wavefield over 60% of the maximum value.  

 

Suppose the magnitude of event S2 is N times that of event S1. Through 

comparing synthetic seismograms with the field data we found N = 5 fulfills the 

relative amplitude relation between S1 and S2. This ratio is consistent with the spectra 

analysis of the field records of S1 and S2 in Figure 4.3.10, where S2 has much higher 

amplitude at lower frequencies than S1. Usually a larger earthquake has lower 

frequency content than a smaller event in local region (Lee and Stewart, 1981). To 

challenge our RTI method we use the source wavelets with the same frequency 

content. That means the spectral analysis cannot be used to separate the waveform of 

events through the difference of the frequencies for different events. 

Figure 4.3.13a compares the synthetic seismograms of the multiple 

micro-earthquakes with the 1~10 Hz band-pass filtered real data. The time zero here 

corresponds to the origin time of S1, which is determined by our RTI method. The 

blue and red curves denote the waveforms from S1 and S2, respectively. A reasonable 

match is seen for S1 between the field and synthetic data in both travel time and 

waveforms at nearby stations. Through the comparison we found the high-amplitude 

waveforms for S2 in field data match well with the synthetic S-wave, and there are no 

clear P-wave arrivals. The input to the RTI algorithm is the stacking of the waveforms 
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of S1 and S2. Parts of the input waveforms are compared with the real data and 

enlarged at the bottom of Figure 4.3.13a. In the enlarged plots the amplitude of the 

synthetic waveform (red curve) is adjusted to fit with that of the field data. The 

several first motion waveforms of S1 and S2 within green and cyan dashed lines are 

indicated by the green and cyan arrows. The mismatch in seismograms, such as the 

P-wave arrival of S2, may be caused by the inaccurate focal mechanism and velocity 

model. 

We use the same 21 selected stations shown in Figure 4.3.12a and 3b for RTI 

processing using the synthetic data. The input is the synthetic vertical-component data 

mixed with 1-10 Hz filtered white noise. The amplitude of the white noise is 40% of 

the maximum amplitude of the synthetic seismogram. The RTI results of the synthetic 

test are shown in Figure 4.3.13 (b)-(f).  

Figure 4.3.13 b and c show the time history of the highest amplitude for S1 and 

S2 within the depth ranges of 1.5 to 3 km and 10 to 20 km, respectively. The imaging 

times are determined at the times of the highest amplitudes, which are 0.37 s and 

-1.12 s for S1 and S2, respectively. Both values are about 0.37 s before the origin 

times of S1 and S2. This advanced time period corresponds to the length of the 

wavelet with frequency of 2.7 Hz, which is slightly lower than the 3-Hz central 

frequency of the source wavelet.  

The locations of the sources are shown in Figure 4.3.13d-f. The focal depths of 

the two synthetic micro-earthquakes are the depths of the highest amplitude for the 

curves in Figure 4.3.13d, which shows the maximum amplitude at each depth in the 
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whole 3D imaged wavefield. Those curves show similar patterns with those shown in 

Figure 4.3.12(e) for the field data. The small peak near S2 in blue curve is constructed 

by the waveform of S2. This indicates the construction of the S2 is relative stable 

along time. 

The locations of the multiple micro-earthquakes are shown in Figure 4.3.13e and 

f. The arrows in those figures show the particle motion vectors. The sources S1 and 

S2 are both recognized with sharp peaks over the surrounding in the slices of the 

imaged wavefield. The particle motion of the imaged sources in Figure 4.3.13e and f 

show the vertical motions around the source region are recovered by the RTI with 

only vertical-component input data. The particle motion directions of the highest 

amplitude are consistent with the directions of single-force source. Comparing with 

Figure 4.3.13e and f, we see similar patterns in Figure 4.3.12c and d, indicating the 

imaged sources from the field data do contain significant vertical motion. The strong 

S-wave in Figure 4.3.13a also suggests a significant shear component of event S2. 

Assuming double-couple focal mechanisms, sources S1 and S2 are likely to be 

reverse faulting, according to the radiation pattern (Pujol, 2003). 

 

4.4 Summary 

In this chapter the location methods using the travel time are first established to 

study the seismicities in TGR region. By combination of traditional absolute travel 

time location method and the master station method the better constrain of the depth 
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of earthquake is achieved. The improved location results show the coherence with the 

distribution of faults on surface. On the depth slice the hypocenter distribution fits the 

bottom of the Zigui Basin and a basin on the west of Badong.  

Secondly, the RTI method using waveforms are established to locate the weak 

earthquakes recorded by only several local earthquakes and without clear first arrival 

waveforms. For a 2-D case study the locations of source are identified by a stable 

amplitude spike on the imaged wavefield within the imaged time window. A good 

consistency is observed between our results and results from the traditional 

travel-time location method. To verify the validity of our algorithm, we have 

conducted a synthetic resolution test. The results indicate reasonable resolution of 

small earthquakes in the source region under our 2D array. 

Thirdly, for the mechanism study on the 2-D depth slice a processing flow is 

suggested to identify the double couple, single couple, and single force source types 

from imaged results by an elastic RTI method. Although those three source types are 

difficult to be distinguished in space domain, they can be identified in space-time 

domain without much ambiguity. The single force source can be identified using a 

combination of the time-depth slice and the time-distance slice. The double couple 

source can be distinguished from the single couple source from their displacement 

variations with time at the source location. The source type of a small earthquake in 

the TGR region is identified as a double couple source clearly. The method developed 

in this study can be easily extended to identify other types of source with different 

focal mechanisms. 
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Finally, we present a case study of determining hypocenters of multiple micro- 

earthquakes by applying a RTI method to vertical-component short-period seismic 

waveforms acquired in the TGR region. The origin times and hypocenters of two 

micro-earthquakes are determined as the two high-amplitude peaks in the imaged 

wavefield. The two well-separated events are mapped clearly in space and time. The 

deep event occurred 1.5 s earlier than the shallow event, though most of the P-waves 

of the shallow event reached to the surface stations earlier than the visible arrivals of 

the deep event. The hypocenter and origin time of the shallow event fit reasonably 

well with the solution of travel-time location method employed by the local seismic 

network. The deep event was missed by the network due to overlapping first arrivals 

and weak P-wave signals. Although the spectra of the visible arrival of those two 

events are different the types of waves (P- or S- wave) are not clear. On the other hand, 

if the spectra of those events are similar the spectral analysis will not work in 

identifying the arrivals. We test the capability of our array in resolving events S1 and 

S2 with the same spectra using synthetic resolution modeling. The results show a 

clear separation and accurate locations of these two earthquakes even with the same 

frequency content. Clearly, the RTI method is an effective way to identify multiple 

micro-earthquakes. 

Due to the uneven angle coverage of the recording array and the influence of 

noise and scattering waves, it is difficult to determine focal mechanisms of 

micro-earthquakes by the RTI method. Nevertheless we can capture some clues about 
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the first motion directions at hyposenters by comparing the observed radiation 

patterns with synthetic results. The comparisons indicate these events may have tight 

relation with the nearby reverse faults. Further studies shall improve the station 

coverage and use more accurate velocity models. The sensitivity of the hypocentral 

solutions on the station coverage and velocity model need to be evaluated further. 

The RTI method can be applied to map the micro-seismicity during 

hydraulic-fracturing experiments, the micro-earthquakes and non-volcano tremors 

near subduction zones, and other tremor events without clear first arrivals. In those 

cases the earthquakes are often clustered in time and space with the overlapping 

signals. The RTI is an effective way to identify those multiple earthquakes.  
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CHAPTER 5 

LAYER STRUCTURE BENEATH THE TGR REGION 

5.1 Introduction 

The TGR region is situated near the northern margin of the Yangtze platform and 

it is bounded at north by the Qinling-Dabie Orogenic Belt (Zhang, et al, 2009). As one 

of the oldest blocks in central China, the collision between the Yangtze platform and 

the Qinling-Dabie Orogenic Belt has resulted in a complex geologic history and a 

highly heterogeneous distribution of lithological units, with a combination of igneous 

and sedimentary rocks in the TGR region. According to the distributions of seismic 

velocity variations and gravity anomalies central China can be divided into a western 

region and an eastern region (Sun and Toksöz, 2006; Zhang, et al, 2009), and the crust 

and lithosphere is thinning from west to east (Li et al, 2006; Sun and Toksöz, 2006; 

Teng, et al., 2003; Zhang, et al, 2009; An and Shi, 2006). The TGR region is in the 

transition zone between those two regions. The dramatic changes of surface 

geological structure and lithology indicate the complexity of the crustal structure and 

the geodynamic processes in TGR region.  

The crustal structure and the geodynamics beneath the TGR region have been 

studied for many years using the geologic and the geophysical data (e.g., Chen, 1992, 

2002; Xia and Li, 2004). Several models of the crust and upper mantle beneath the 

TGR can be inferred from publications on the crust and lithosphere structure of China 
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(Li et al, 2006; Sun and Toksöz, 2006; Teng, et al., 2003; Zhang, et al, 2009; An and 

Shi, 2006; Li et al., 2009). All of the published models indicate that the Moho and the 

base of lithosphere under the TGR region are dipping towards the west in general 

(Figure 5.1.1), though the thickness of crust and the dipping angle of the Moho vary 

amongst different models. Some of the previous works placed the crustal thickness in 

the TGR from 36 km on the west to 32 km on the east (Sun and Toksöz, 2006; Teng, 

et al., 2003), while the other placed a deeper Moho with depth from 40 km on the 

west to 34 km on the east (Zhang et al, 2009; Li et al, 2006), see Figure 5.1.1. A 

recent result from receiver functions indicates a much deeper Moho at around 46 km 

depth in the TGR region (Chen, et al, 2010).  

 

Figure 5.1.1 The west-east profile crossing the TGR region. Top: the long profile at latitude 

30N (Sun and Toksöz, 2006). The horizontal axis shows the longitude. It approximately starts 

from North India to the East China Sea. Bottom: the local 2D tomographic profile of the 

Moho 

Moho 
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TGR region (Zhang et al., 2009). The horizontal axis is distance in kilometers. 

 

However, many details on the crustal structure and the geodynamic history of the 

TGR cannot be resolved well in part due to current limit in the distribution of 

seismologic stations in the TGR. Aiming to study the detail of the crustal structure 

under the TGR, we deployed temporary seismologic networks in the region during the 

three summers from 2008 to 2010. These networks were able to record many local 

small earthquakes, and produced several 2D seismic profiles. In addition, we built 

several 2D velocity models by applying a new deformable layer tomography (DLT) 

method (Zhou, 2006) to traveltime data from the permanent seismologic network in 

the region. This chapter presents our interpretations along a west-east profile through 

the central TGR region based on the new seismic waveform data, tomographic 

velocity model, virtual source imaging and gravity survey. 

 

5.2 The reflectors of crust and upper mantle from local 

earthquake data 

5.2.1 Acquisition of seismic profile data 

During each of the three summers from 2008 to 2010 a temporary field seismic 

monitoring network has been deployed in the TGR region. The instruments include 

geophones, short-period sensors, and a broadband seismometer. The geophones and 

short-period sensors are paired with TEXAN recorders, and the broadband 
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seismometer is the BBVS-60 in Yichang seismological station. The working area and 

the location of the seismic networks are shown in Figure 5.2.1. 

 

Figure 5.2.1 Map view of the TGR region. The light- and dark-gray colors denote 

topographic highs and lows, respectively. Three temporary networks of seismic stations were 

deployed in 2008 (pink stars), 2009 (blue circles), and 2010 (red triangles). S1 and S2 denote 

the locations of two earthquakes recorded. The green-color corridor indicates the position of 

the seismic tomography profile in Figure 5.2.4.  

 

Parts of the three new mobile networks are overlapped with each other and cover 

the route of a previous seismic array deployed in late 1980s (Zhang et al., 2009). 

Considering the densely distributed population in the study areas, we used the 

temporary seismic networks to record natural earthquakes in the TGR region and 

elsewhere. A number of different seismic profiles along a general west-east direction, 

such as the green-color corridor in Figure 5.2.1, can be drawn by selecting the 

S1 

S2 
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relevant seismic source and receivers from the data of all networks. Two sample 

seismic waveform profiles are shown in Figure 5.2.2. The locations of the sources, S1 

and S2, are indicated in Figure 5.2.1. Because the two earthquakes occurred on the 

linear seismic array deployed in 2009, the reflections in each the seismic profiles were 

from the reflectors directly beneath the corresponding profile. 

 

  

Figure 5.2.2 Two recorded seismic profiles for earthquakes S1 (left) and S2 (right). Locations 

of the two earthquakes are shown in Figure 5.2.1. The amplitudes of the seismograms are 

normalized by the maximum amplitude of each trace. 

 

5.2.2 Processing of the 2D waveform and tomography data 

The newly acquired seismic reflection profiles were processed first using 

band-pass filtering (5 Hz ~ 15 Hz) and the amplitude balance referring to the 

maximum amplitude of each channel to improve the S/N ratio. We then applied 

forward waveform modeling using two velocity models. The first one is a 1D velocity 

model that is currently used by the Hubei Seismological Bureau (Liao et al. 2007). As 

Offset [km] Offset [km] 
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shown in Figure 5.2.3a, this P-wave velocity model consists of five crustal layers with 

velocity from 5.4 to 6.6 km/s, plus an 8 km/s upper mantle layer whose top interface 

is the Moho at 40 km depth. The raypaths of first arrivals and reflections in this model, 

from a source at 4.2 km depth, are shown in Figure 5.2.3b. In Figure 5.2.3c the 

recorded seismic profile of event S1 is compared with the predicted traveltimes of the 

first arrivals and four reflections from the 1D model. The traveltimes from the two 

shallow interfaces at 2 km and 6 km are omitted in the figure. 

In Figure 5.2.3c a blue-color curve denotes predicted traveltime of the first 

arrivals. The two cyan-color curves represent the predicted reflection times from two 

mid-crustal reflectors R1 and R2 at depths of 14 km and 23 km, respectively. The 

original hypocenters of the seismic events were taken from the official catalog, and 

the hypocenters were refined by minimizing the misfit error. Notice that the amplitude 

of the reflections corresponding to the cyan curves is greater at far offset than at near 

offset. In searching for the Moho on the observed data in Figure 5.2.3c, however, we 

cannot see a coherent and strong Moho reflection along the predicted Moho time 

curve in pink color. The waveform data quality shall be good enough to reveal the 

PmP Moho reflection waves. Hence, there are only two explanations, either the Moho 

is a gradient boundary in the region, or the Moho is much deeper. The waveform data 

does reveal a strong reflection event that is denoted as M1 in Figure 5.2.3c. The 

traveltime of M1 is 3.5 s longer than the predicted traveltime of Moho reflection at 

near offset in Figure 5.2.3c. In the current 1D model, the traveltime of M1 will place 

it at a depth of 54 km, which is much deeper than the Moho depth in the region from 
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all previous studies. Another argument against the possibility of a Moho at 54 km 

depth is that the tomographic model shows that the upper mantle velocity of 7.8 to 8 

km/s is reached at depth of at most 46 km. We therefore conclude that in the TGR 

region traversed by our profiles the Moho is likely a gradient boundary, and there is a 

strong upper mantle reflector at the depth of around 54 km below the sea level. 

 

 

 

Figure 5.2.3 (a) 1D velocity model for the TGR. (b) Cross section showing raypaths of first 
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arrivals (black color) and reflections (gray color) from a source at 4.2 km depth in the model. 

(c) The predicted traveltimes of first arrivals (blue curve) and four reflections (R1, R2, Moho, 

and M1) in comparison with the recorded seismic profile of S1. 

 

 

Figure 5.2.4  2D DLT velocity model based on regional earthquake traveltime data. (a) 

Initial reference model. (b) Final DLT model with seismic events (red stars) and stations 

(blue triangles). The locations of the TGR dam and several cities are indicated. (c) Final DLT 
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model. A portion of the model in the blue dashed box is used in forward modeling shown in 

Figure 5.2.6. (d) Raypaths of the first arrivals in the DLT model.  

 

The second velocity model for our waveform modeling effort was derived from a 

2D traveltime tomography exercise. Prior to this study the first arrivals from regional 

seismic events recorded by the permanent seismologic stations in the TGR region 

have been used to invert for the 3D P-wave velocity model of the upper and middle 

crust of the TGR (e.g., Li et al., 2009). However, the sparse ray coverage due to 

uneven distribution of stations and events in the TGR region has been a major 

obstacle for resolving velocities in the lower crust. To overcome this obstacle we 

applied a recently developed deformable layer tomography (DLT) method that is able 

to invert for the geometry of velocity interfaces directly (Zhou, 2006). The DLT 

method is more advantageous than the traditional cell tomography in crustal 

applications (Zhou, et al., 2010). In this study, we apply the DLT along a west-east 

corridor which overlaps with the position of the seismic waveform profiles in Figure 

5.2.1. The first arrival data are chosen from the datasets compiled by the regional 

seismologic networks; we used only high quality events and raypaths near and parallel 

with the seismic profile. 

The 2D velocity model from the DLT is shown in Figure 5.2.4 with color-coded 

layer velocities. Areas of the model with poor ray coverage are masked out in the 

figure. The initial reference velocity model with flat layers is shown in Figure 5.2.4a, 

and the final DLT model is shown in the remaining three panels of the figure. 
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Distributions of the seismic events and stations used are shown in Figure 5.2.4b, and 

the raypaths of the first arrivals are shown in Figure 5.2.4d. In Figure 5.2.4c we can 

easily identify the bottom of the Zigui Basin which is outlined by the bottom of the 

top velocity layer. This basin reaches to a depth of around 10 km. A high-velocity 

dome feature in the middle crust is seen under the Huangling Craton, which is a 

granite intrusion that is bounded at the surface by the Xinhua-Xiannushan fault to its 

west and Yuanan fault to its east. Within the cross section of this model, the crust has 

very strong thickness variation, and the position of the deepest Moho or the thickest 

crust along this profile is between the TGR dam and the city of Yichang. 
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Figure 5.2.5  Interpretation of major reflectors on seismic profiles with a reduction velocity 

of 6 km/s. (a) The S1 seismic profile recorded in 2009. (b) The S1 profile with interpreted 

major reflectors. The four dashed curves are the reflection times in the 1D velocity model 

shown in Figure 5.2.3a. The four dotted curves correspond to the events interpreted by Zhang 

et al. (2009). The solid curves are interpretations from this study. (c) Another 2D profile 

recorded in 2008 with three interpreted crustal reflectors. 
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Two observed waveform profiles are shown in Figure 5.2.5 using reduced 

traveltime as the vertical axis, and the reduction velocity is 6 km/s. These waveform 

data are compared with three groups of interpreted traveltimes. The first group has 

predicted reflection times in the 1D velocity model shown in Figure 5.2.3a. The 

second group has the reflection times interpreted by Zhang et al. (2009) based on the 

data from the Xixiangkou shot in the seismic exploration experiment conducted in 

1980s. The location of the Xixiangkou shot in the previous study is very close to the 

small earthquake S1 in this study. We therefore project the interpreted reflection times 

of the Xixiangkou shot by Zhang, et al. (2009) onto our new seismic profile for 

comparison. The third group of interpreted traveltimes is from this study, based on 

analysis of the observed waveform data in comparison with the forward modeling 

results using the 1D velocity model and 2D DLT velocity model. Our analysis verifies 

the existence of two crustal reflectors at depths of around 10 km. The layer at depth of 

around 20 km is also visible. Those two reflectors correspond to the bottom of the 

layer two and layer four in the 2D DLT model shown in Figure 5.2.4. However, in the 

new waveform data it is difficult to find the third reflection (blue dotted line in Figure 

5.2.5b) and the Moho reflection interpreted by Zhang et al. (2009). On the other hand, 

our new data reveals a high-amplitude reflection below the predicted Moho reflection 

time in the 1D model by 3.5 s at near offset (Figure 5.2.3c). We interpret that this deep 

reflection, M1, is from a reflector in the upper mantle. The reflection M1 is quite 

distinctive in the reduced-time profile shown in Figure 5.2.5b. This deep reflector is at 
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depth of around 54 km, which is much deeper than the Moho depth at 41 km as 

estimated by Zhang et al. (2009). 

 

5.2.3 Verification and interpretation of the upper mantle reflector 

 

 

Figure 5.2.6 (a) Comparison between the synthetic seismograms (blue color) using the 2D 

DLT velocity model with the observed waveform data (red color). Four reflectors (R1, R2, 

Moho, and M1) are indicated. (b) A snapshot of the synthetic wavefield at 800 ms from a 

source (red star) located at 6 km depth in the 2D DLT model. 
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To verify the depth of the deep reflector M1, we conducted another forward 

waveform modeling exercise using a new 2D velocity model. This model is a portion 

of the DLT model in the blue dashed box shown in Figure 5.2.4c. The depth of the 

Moho is around 47 km in this new model as shown in Figure 5.2.6b. We also added a 

deep reflector at 54 km depth which is the bottom of the model shown in Figure 

5.2.6b. In Figure 5.2.6a, the observed waveform data in red color are compared with 

the synthetic waveforms in blue color that were generated using a source at 6 km in 

depth (the red star in Figure 5.2.6b). In Figure 5.2.6a the predicted reflections from 

the Moho and the deep reflector M1 are denoted by the pink and red arrows, 

respectively. The mismatch in the waveform comparison may be largely due to the 

error in the source depth and the ignorance of the surface topography in our forward 

modeling computation. Nevertheless, those errors have small influence on the 

calculated reflections, and the overall match between the predicted and observed 

waveform is reasonable. In particular, the variation of the amplitude versus offset of 

the observed first-arrival waveforms matches well with that of the synthetic results. 

This also verifies the existence of the shallow reflectors around 10 km and 20 km in 

their depths. The wave front from the 54-km-deep reflector matches well with the 

observed deep reflection event. Combining the travel time analysis and the 

interpretation of the reflection phases, we conclude that M1 is an upper mantle 

seismic interface in the TGR region.  
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5.3 The layer structure of crust and upper mantle in TGR region 

As shown in the last section several layers in the crust of TGR region are found 

on the reflection profile of local small earthquakes. However, the seismic reflection 

records of local earthquakes normally have very low SNR. The local noise from the 

human activity and the water current in rivers, and the scatters from the shallow small 

scale structures burry the reflection signals in the local earthquake records. So it’s 

hard to estimate the reflection structures, especially for the shallow structures, using 

only the local earthquake records. The virtual-source imaging method provides a way 

of imaging the reflectors using the short-period teleseismic records (Yang et al. 2012). 

For the consistent waveforms and the low frequency of the teleseismic waves the 

virtual-source imaging method is suitable to image the upper crust structure of the 

TGR region. 

 

5.3.1 Virtual source imaging method 

The virtual source imaging method considers the reflection from the earth free 

surface as the virtual source (Yu and Schuster, 2001; Yang et al. 2012). Figure 5.3.1 

shows the principle of the virtual source imaging. The direct arrival Pp contains the 

information of the structures along the whole ray path, which can be the interfaces 

around the earthquake origin, near the receivers or on the ray path between source and 

receivers. The process of the wave propagation can be considered as the convolution 

of source wavelet with the structures represented by a serial of impulses. The 
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reflections from the reflectors other than the receiver locations can be reduced by 

selecting the depth and the distance of events. So the reflections in the data are mainly 

from the reflectors at the receiver side, and the seismic data is the convolution of the 

source wavelet and the reflectors near the receivers. This can also be interpreted as the 

convolution of virtual source wavelet with the underground interfaces, as shown in 

Figure 5.3.1. This process is verified by the pioneer work of Claerbout (1968) for plan 

waves.  

The virtual source imaging method first estimates the source wavelet and the 

reflections through convolution, and then removes the source wavelet from the 

crosscorrelated seismogram through deconvolution. So the process is similar with that 

used in receiver function studies (Tseng and Chen, 2006; Yang et al. 2012).  

 

Figure 5.3.1 The carton showing the principle of virtual source imaging method in crustal 

study. The major reflections are labeled by their names. The Moho discontinuity and a 

reflector are labeled in the model. The virtual source is represented by a red star. The green 

triangles represent the stations.  
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There are two steps for virtual source study: the source function estimation and 

the deconvolution of source function. Here the estimation of source function is 

achieved by the cross correlation and the stacking of the first arrival waveforms (Yang 

et al. 2012). The deconvolution used here is achieved in the time-domain (Gurrola, et 

al. 1995).  

 

5.3.2 Data 

In the summer of 2011 our temporary network in the TGR region recorded 46 

teleseismic events over M5.5 around the world. The farthest event identified on the 

records is the M6.4 earthquake in source America, which is about 170 degrees from 

TGR. The criteria for sorting the events are similar to that of Tseng and Chen (2006). 

The hypocenter of earthquakes are selected with enough depth to avoid the 

free-surface reflections at source side and with enough offset to allow the generation 

of the homogeneous waveforms. For the shallow structure study the focal depth 

should be deeper than 20 km and have offset from 25 degree to 80 degree. For the 

deep structure study the focal depth should be deeper than 100 km and have offset 

from 30 degree to 80 degree.  

According to those criteria five teleseismic events are selected with the 

appropriate azimuth coverage and the reasonable data quality. The information of 

those events is listed in Table 5.1. The event location relative to the TGR and the 
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processed short-period data of those earthquakes are shown in Figure 5.3.2. All the 

data are processed using the low-frequency recovery method illustrated in CH3 and 

are filtered from 0.3 Hz to 2 Hz. 

 

Table 5.1 Parameters of earthquakes used in this study (According to USGS catalog) 
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Figure 5.3.2 The map-view locations and the data of events shown in Table 5.1. The blue 

square and the red stars on the map represent the location of Three Gorges and the epicenters 

of earthquakes, respectively. The data start from their origin time. 

 

5.3.3 Imaging the shallow structure of TGR region 

The virtual source imaging results of the shallow structures for six teleseismic 
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events are shown in Figure 5.3.3. The results clearly show the geometry of two basins 

on east and west sides of Badong, where the Gaoqiao Fault (GQF) goes through. 

According to the geological map the Zigui Basin locates between 110.4E and 110.8E. 

The strong negative reflections indicate the bottom of Zigui Basin, which are marked 

by the green curves in Figure 5.3.3.  

It shows that all the imaged bottoms of Zigui Basin pinch out at longitude 110.8E, 

i.e. the east boundary of Zigui Basin. This corresponds well with the geological map 

shown in Figure 1.1.2. It shows that the east boundary of Zigui Basin is a relative 

straight contact interface with Huangling Dome from south to north. 

The structural images in the middle of Zigui Basin are inconsistent. The different 

geometries of Zigui Basin are mainly due to the different azimuth of teleseismic 

events, in which case the seismic waves travel through the different part of the basins. 

As shown in Figure 5.3.2 the Event 2, 3, 5, 6 locate at the north side of TGR, while 

the Event 1 and Event 4 locates at the south west and south east. So the images of 

Event 2, 3, 5, 6 and Event 1, 4 reflect the structures of the north and south parts of 

Zigui Basin, respectively. This indicates the depth Zigui Basin increase southward. 

The variation of the basin bottoms near longitude 110.4E are even complex. This 

can be explained on the geological map in Figure 1.1.2. The map shows that the west 

boundary of Zigui Basin is more crooked than the east side. Divided by the Yangtze 

River the size of south part of Zigui Basin is much smaller than the north part. This 

explains the reason that the image of the west boundary of Zigui Basin for EVT 4 is 

on the east side of that for EVT 3, 5, 6. The image also shows that the image of EVT 1 
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has the boundary of Zigui Basin on the west side of the boundary of EVT 2, 3, 5, 6. 

This is consistent with the wider width of Zigui Basin near the Yangtze River than its 

north part on the geological map. By using the average velocity of 5.5 km/s the depth 

of the south part of Zigui Basin is about 5 km. 

Although there are no clear basin boundaries on the west side of Badong 

according to the geological map all the virtual-source images show the strong 

reflections clearly on the west side of Badong. It is likely to be the bottom of another 

basin, the top of which has been heavily weathered.  

On the virtual source images the faults can be identified through searching the 

polarity conversion points. Under the longitude 110.8E there is a clearly polarity 

conversion point on all images, which indicate the structure changes across the 

conversion point. According to the location of faults this is the location of Xiannvshan 

Fault (XNSF). Since the polarity conversion point is about 5 km in depth the XNSF 

should be a deep fault dipping toward east.  

The amplitude of the virtual source image also shows the change of geological 

bodies. The weak amplitudes between XNSF and TGR Dam show that there is a 

homogeneous geological body, which cannot show significant reflections. On the 

geological map it is the location of Huangling Batholith. All the images of Huangling 

Batholith show a consistent strong reflector (the dark red line). This reflector may 

have the relation with the periods of the evolution of Huangling Batholith. 
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Figure 5.3.3 West – east P-wave profiles constructed by the virtual source imaging method. The vertical axis shows the one-way travel time. The green curves 

show the bottom of Zigui Basin. The red lines represent the faults. The orange curves represent the top of basins. The cyan dashed line and the dark red lines 

represent the strong reflections under Huangling Dome. The red and blue arrows show the location of faults and TGR Dam, respectively.  
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To show the relative location of the geological bodies and the faults the 

virtual-source images can be reorganized according to the azimuth of the 

corresponding events, as shown in Figure 5.3.4. It shows clearly that the depth of 

Zigui Basin increases southward, while the depth of the basin on the west of Badong 

decreases southward.  

 

Figure 5.3.4 Mapping the virtual source images according to the relative azimuth of 

teleseismic events. Red arrows show the location of Gaoqiao Fault (GQF) and Xiannvshan 

Fault (XNSF). The black arrow shows the direction of north. 

 

To further verify the geometry of Zigui Basin the images of the shallow structure 

are compared with the velocity model inverted by the DLT in Figure 5.3.5. In the 

tomographic velocity model there is a low-velocity basin between Badong and the 
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TGR dam. This velocity anomaly obviously shows the coherence with the basin 

bottom on the reflection profile. The deeper velocity anomaly is mainly caused by the 

inaccurate location of hypocenters, in which case the deep hypocenters try to increase 

the thickness of the high velocity layer. As the depth of earthquakes moving shallower 

the low-velocity layers, such as the pink layer in the top panel of Figure 5.3.5, will 

become thicker and its bottom won’t be as deep as the current blue layer.  

 

 

Figure 5.3.5 Comparison of the inverted P-wave velocity model (top) and the virtual source 

image of reflections (bottom). The black crosses in top panel represent the location of 

hypocenters. The triangles show the location of stations. 

 

5.3.4 Deep structure of TGR region 

As shown by the information in Table 5.1 only Event 4 fulfills the criteria for the 
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deep structure imaging. The deep image of Event 4 is shown in Figure 5.3.6. At the 

time around 6.5 s and 7.5 s there are two layers. By converting into depth using the 

average velocity of 6.5 km/s the suspected Moho is around 42 km, while the deep 

layer is around 49 km. The depth of Moho of TGR region has been estimated less than 

45 km (Liao et al. 2007; Zhang et al. 2009). The imaged reflector at 42 km depth may 

correspond to the reflection from Moho. Comparing with the local reflection profile 

the deep reflector here may correspond to the upper mantle reflector discussed in 

Section 5.2.  

 

 

Figure 5.3.6 The deep reflection image of Event 4. 

 

Due to the strong reflectors the internal multiples are also very strong for the 

deep structure study. A lot of reflections may mix with the surface-related multiples, 
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which may also causes the discontinuities for deep reflections. The method removing 

the multiples, such as that suggested by Fan et al. (2006), may be helpful for further 

interpretation of the interfaces. 

 

5.4 The depth of basins and the dipping of faults 

The virtual-source images show the structures of the crust and the upper mantle 

of the TGR region. To discuss the current regional activity we shall analyze the 

distribution of faults in depth and compare with the distribution of seismic reflection 

structure and velocity. The distribution of earthquakes can be interpreted according to 

the distribution of hypocenters of earthquakes. Figure 5.4.1 shows the distribution of 

the earthquakes in CH 4 on the top of P-wave velocity model estimated by the 3-D 

DLT. The Yangtze River is not shown on this map; it can be considered as almost a 

straight line between BD and the TGR Dam. As shown on the map view most of 

earthquakes occur along the two major faults: the Gaoqiao Fault and the Xiannvshan 

Fault, which locate on both sides of Zigui Basin and are activated by the water 

impounding. As shown on the side view the bottoms of Zigui Basin (Basin-2) and the 

basin on the west of Badong (Basin-1) are well constrained by the distribution of 

hypocenters. To further interpret the faults on depth slices and the interaction between 

different geological bodies we enlarge the depth slices of earthquake distribution and 

show in Figure 5.4.2.  
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Figure 5.4.1 Distribution of earthquakes on top of the P-wave velocity model. The cyan 

shadow region shows the location of Zigui Basin (Basin-2). GQF: Gaoqiao Fault; XNSF: 

Xiannvshan Fault. BD: Badong city; Dam: TGR dam.  

 

In Figure 5.4.2 the distribution of hypocenters has a sharp boundary on the east 

side. This is actually the boundary of Zigui Basin and the Huangling batholith. This 

indicates that although the surface has been heavily weathered the Huangling 

batholith is still strong in the deep region. However, the contact region between 

Huangling Batholith and Zigui Basin is highly fractured and shown as the Xiannvshan 

Fault (XNSF) on earth surface. The highly fracture zone is mainly the unconformities 

between the uplifted geological beds and the lately fractures generated by 

compression. On the west side of Zigui Basin the Gaoqiao Fault (GQF) is the major 

active fault during the water impounding. As indicated by the distribution of 

hypocenters and the focal mechanisms discussed in CH4 it should be a reverse fault 

over 10 km in depth. The hidden fault discussed in CH4 is indicated by F1. It shows 
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no earthquakes occur on this fault at near surface. This may be the old fault existing 

before and stirred by the water impounding. So the earthquake-prone zone at the 

bottom of basins may be the unconformity that was highly fractured, which can form 

a region with the sharp contrast of seismic impedance. This may be the reason that 

there is a strong reflection interface on the virtual-source images. 

 

Figure 5.4.2 The relation between the faults and the distribution of hypocenters. BD: Badong 

city; Dam: TGR dam; HLB: Huangling batholith. The black dotted curve indicates the 

suspected bottom of basins. The black dashed line indicates the surface of the Huangling 

Dome before the erosion. The blue lines represent faults. The dark red curve represents the 

top of Huangling Intrusion. 

 

5.5 Comparison with gravity survey 

Since the reflection amplitude can be influenced by both the seismic velocity and 

the density it would be better to interpret the structure of the TGR region by the help 

of the comparison between seismic and gravity studies. Figure 5.5.1 shows the result 

from the gravity survey. Panel (a) shows that there is a very strong density contrast at 

Distance (km)

de
pt

h 
(k

m
) 

Dam BD XNSF

HLB F1

GQF



Texas Tech University, Zhihui Zou, August 2012 

145 

around 10 km depth. The depth of the density contrast is consistent with the former 

discussed bottom geometry of Zigui Basin. In geological history the rocks under basin 

bottom were highly fractured before the forming of Zigui Basin. Under the pressure of 

gravity and the compression from the surrounding basins the lately deposits in 

Jurassic became denser than the fractured old rocks. On the other hand, the density 

under Huangling Dome is higher than the surrounding region, which means the rock 

of Huangling Batholith is stronger than the surrounding rocks. The sharp contrast of 

the density of Huangling Batholith and the Zigui Basin are shown as the significant 

changes of litholigy on geological maps in Chapter 1. This is also consistent with the 

distribution of earthquakes in Section 5.5.4.  
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Figure 5.5.1 (a): The Bouguer anomaly of TGR and surrounding region. (b): Real gravity 

data (red solid line) and the predicted data (blue dashed line) along the profile AA’ in Panel 

(a). (c): The density profile under AA’. (1) Zigui Basin; (2) upper-crust layer; (3) Huangling 

Batholith; (4) Dangyang Basin; (5) High-density layer; (6) mid-crust layer. F1: Xiannvshan 

Fault; F2: Yuan’an fault. My study area is circled by the gray rectangle in map view and gray 
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vertical line in depth slice. (After Zhou et al. 2012)  

 

5.6 Integrated interpretation: 

We speculate that the upper mantle reflector may be related with the creation of 

the Huangling Craton that was likely part of the tectonic activities of the Rodinia 

supercontinent (Xiong et al., 2004). This may comparable with the tectonic activity 

during Trans-Hudson orogen (Baird et al., 1995). The upper mantle reflector in the 

TGR region was likely generated during the accretion of the Qinling-Dabie orogenic 

belt. After the collision the remnant Moho may not be removed completely during the 

period of post-orogenic extension, and caused a gradational crustal root (Baird et al., 

1995). This crustal root should have gradient velocity variation. The composition of 

the material may change gradually and produce a boundary layer of gradient velocity 

change. For a gradient velocity boundary the reflected seismic wave has small 

amplitude at near offset and large amplitude at far offset (Larkin et al., 1997). The 

new seismic profile verified such a pattern of amplitude variation as shown in Figure 

5.2.2. The gradient velocity change around the Moho is consistent with the result of 

the receiver function study in this region (Chen et al., 2010), though their estimated 

Moho is at 46 km depth. 

Several crustal seismic reflectors are revealed along a west-east reflection 

profiles beneath the TGR region based on the new waveform data from three passive 

seismic surveys and a tomographic model constrained using regional earthquake data. 
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A reflector at the depth of about 5 km defines the bottom of the Zigui Basin. Another 

reflector is seen around 20 km in depth on the local earthquake profiles. The 

amplitude of the reflection from the Moho around 40 km in depth is quite weak, 

indicating that the Moho in the region may be a gradient rather than a sharp boundary. 

The new seismic data also reveal an upper mantle reflector at around 50 km in depth 

in the TGR region. The gradient Moho and the upper mantle reflector were likely the 

products of the activity of the Qinling-Dabie orogen which did not remove the 

previous crustal root completely. 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

6.1 Discussion 

The SNR is important for all seismological studies. The SNR varies for studies 

with the different definitions of signal and noise. For example, the first arrival 

waveforms are considered as the signal in the tomography using the first arrivals, but 

are referred as the noise in the seismic reflection studies. For the recovery of the 

lowest reliable frequency of geophone data we refer the noise to the instrument self 

noise. So the SNR is the ratio between the amplitudes of the ground motion and the 

self noise of seismometers, which is actually the inverse instrument response. The 

recoverable frequencies are those within the frequency band maintaining the 

acceptable SNR. The lowest recoverable frequency can be estimated by the PSDR 

method with enough stability. Although the method estimating the self noise can also 

be used to identify the lowest recoverable frequency our PSDR method is more 

convenient and easy to be applied. Beside of the crust study the PSDR method has 

also been applied to oil-field exploration. The improvement of the SNR of the 

reflection profile at low frequencies is significant. However, the experiments show 

that the deployment of the low-frequency seismometer in field is inefficient and not 

stable. That limits the application of PSDR method in dense array data processing. 

For the geophones with good consistence of frequency response and noise level the 
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PSDR method can be applied to the neighbor stations in the dense array. Our initial 

results shows that this neighborhood PSDR method can estimate the lowest 

recoverable frequency equally well with the co-deployment PSDR method. 

The depth variation of velocity is another important issue in the seismological 

study of the TGR region. The vertical gradient of seismic velocity is very high in 

shallow crust due to the heavy weathering, and is almost homogeneous in the middle 

crust of the TGR region. The velocity increases from 4.5 km/s at near surface to 5.8 

km/s at 5 km depth, but only changes by about 0.5 km/s from 5 km depth to 20 km 

depth. This velocity distribution challenges the study of the earthquake location and 

the seismic velocity inversion using the data acquired by the sparse distribution of 

stations. The accuracy for traditional event location and the velocity inversion 

influences with each other. Since the new proposed hybrid location method less relies 

on the velocity accuracy it may be suitable to establish a flowchart for joint inversion 

of the earthquake locations and the velocity model. In our study the 3D tomographic 

velocity model is used to estimate the location of earthquakes using the hybrid 

location method. Although this process can be considered as the first iteration of the 

joint inversion, the standard deviation of the P-wave first arrival time decreases from 

over 0.4 s to 0.26 s. We can expect the further improvement of standard deviation 

with more iterations of updating the velocity and the event locations.  

The tomographic velocity model also shows the significant heterogeneous 

velocity distribution at shallow depth. Two basins are identified on the tomographic 

profiles: the Zigui Basin and the western Badong basin. The existence of those two 
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basins is further verified by the distribution of hypocenters and the virtual source 

images. The distribution of earthquake hypocenters indicates the impounded water 

leaks at the contacts/faults at basin boundaries, and then sinks down to as deep as 10 

km along the basin bottom, where the contacts of the upper crust layers provide the 

porosity and the permeability for the high-pressure water. However, the earthquakes 

disappear suddenly at the boundary between Zigui Basin and Huangling Batholith. 

Two suspicions are suitable to explain this phenomenon: hard/rigid Huangling 

Batholith and highly fractured Huangling Batholith. The old Huangling Batholith may 

be still very rigid at middle crust. The sharp contact of the sediments and intrusions 

keep the water out of Huangling Batholith. But this explanation seems to be contrary 

with the velocity inversion under the Huangling Batholith, which suggests a 

low-velocity anomaly in the middle crust. Another explanation suggests a highly 

fractured Huangling Batholith (discussion with H. Zhou). Due to the concentration of 

stress from Sichuan Basin and Qinling-Dabie Orogen the Huangling Batholith has 

been highly fractured. The deformation of rocks in this region is ductile instead of 

brittle. So there are small chances for the occurrence of the big earthquakes in this 

weak environment. This explanation matches with the inverted velocity model of the 

TGR region.  

Since the upper crust of the TGR region is weak the seismic activity will be very 

sensitive to the temporal perturbations of the background stress field, such as that 

caused by the water impoundment and the regional big earthquakes. A typical record 

of the earthquake swarm is shown in Figure 6.1.1a. Within 5 minutes about 8 
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earthquakes occurred. As more earthquakes are triggered there are more chances for 

the occurrence of the multiple earthquakes and the repeated earthquakes. The multiple 

earthquakes discovered during 2010 microearthquake swarm uncovered the potential 

of the connection of Gaoqiao Fault and another fault on the south of Badong in the 

deep region. Since the middle crust is highly fractured the relation of faults is 

complex in the deep region. Our analysis indicates an even coverage and dense 

network may be necessary to provide the reasonable locations and the focal 

mechanisms of the multiple earthquakes for the analysis of the fault distribution using 

earthquake hypocenters.  

Due to the weak amplitude of microearthquakes only the stations surrounding the 

earthquakes can acquire the signal with the acceptable SNR. This limits the 

determination of focal mechanism, which needs wide azimuth coverage/aperture of 

the seismic data. For example, at the near offset the first arrival waveforms of the 

single couple source may be similar with that of the double couple source by adjusting 

the parameters. As discussed in CH 4 one way of reducing the nonuniqueness is the 

analysis of the time history of the source images. Combining the particle motion on 

the source image and the time history of amplitude at the source locations the focal 

mechanisms of the single force, the single couple and the double couple are 

distinguished. Another way of reducing the nonuniqueness may be using the P-coda 

wave, which contains more waves from the lower hemisphere of the source. 

Besides of the multiple earthquakes, the repeated earthquakes are another seismic 

phenomenon in TGR. One example of the repeated earthquakes occurred in Xietan is 
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shown in Figure 6.1.1b. A small event circled by the pink dashed line is identified at 

2.5 s following the main shock through the autocorrelation. No relative delay time 

was found at different stations, this indicated those two earthquakes may occur at the 

same location. The coherency of the waveforms indicates they have the similar focal 

mechanism. The repeated earthquakes may have the relation with the motion history 

of the faults. The RTI method may be used to map the repeated earthquakes onto the 

faults to show its time history. The further study of the repeated earthquakes may help 

to understand the patterns of the fault processes in the TGR region.  

 

 

Figure 6.1.1 (a): the record of an earthquake swarms in TGR. About 8 earthquakes occurred 

within a 5 minutes period. (b): The repeated earthquakes identified by the crosscorrelation. 

 

The layer structure in the TGR region is complex. The strong interfaces at 

shallow crust generate the strong multiples, which interrupt the interpretation of the 

deep reflections. In this thesis, instead of removing multiples the shallow reflection 

interfaces are imaged by the virtual-source image method. The deep reflections may 

be identified by removing the multiples and stacking the images of different events. 

However, the imaged basin bottom may be the helpful constrains for the DLT, which 
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will be better for inverting the velocity of each layers after constraining the geometry 

of the velocity boundaries.  

The criteria illustrated in CH 5 for sorting the teleseismic events seem to be 

incomplete. Some of events fulfill those criteria, but cannot generate the reasonable 

image. One of the reasons may be the complexity and long duration of the source 

wavelet. It shows that some of the source wavelets have the long-time duration and 

the weak amplitude, which can hardly be estimated by stacking the first arrival 

waveforms. Although the cross correlation in our method has improved the quality of 

estimated source wavelet in some extent the detail criteria for the quality of source 

wavelet and the relation with focal mechanism still need to be further studied.  

 

6.2 Conclusions 

In this thesis a systematic seismic study of TGR region has been accomplished 

from field design to data processing and interpretation. Several methods about data 

processing, event location and structural imaging have been established and applied in 

the TGR region. In conclusion the following goals have been reached:  

Firstly, the dense temporal networks have been deployed during the summer of 

2008, 2009, 2010, and 2011 in the Three Gorges Reservoir region, China. With the 

average spacing of 5 km this network is capable to capture the microearthquakes with 

magnitude less than ML 0.1 in TGR region, and image the upper crust using the 

teleseismic data of the events with magnitude over Mb 5.5 and offset over 30 degrees.  
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Secondly, a simple and robust method estimating the lowest reliable frequency of 

the geophone data has been established. The recovered short-period data has similar 

quality with the broad-band seismometers within the reliable frequency band. The 

lowest reliable frequencies of the TEXAN-geophone pairs in the TGR region can be 

0.02 Hz for an Mb 6.2 teleseismic event with about 30 degree offset, and 0.3 Hz for 

the ground noise data without the significant seismic event data. This method is 

suitable for the application to all kinds of short-period seismic recording systems, 

such as the TEXAN-geophone pairs and the traditional 10 Hz exploration acquisition 

systems. 

Thirdly, according to the shallow depth and the weak energy of microearthquakes 

in TGR region a hybrid event location method is established to improve the 

velocity-depth ambiguity. The improved hypocenter distribution shows the coherence 

of the earthquake prone zone with the bottom of the basins estimated by the seismic 

tomography and the gravity inversion. The distribution of the hypocenters is also 

coherent with the active faults at the boundary of Zigui Basin. To overcome the poor 

SNR of the microseismic data the RTI method is established to estimate the 

earthquake locations using waveforms. Both 2-D and 3-D results show the robust 

results of source images. Using the RTI method the multiple earthquakes are first 

discovered in the TGR region. The multiple earthquakes may indicate the interaction 

between the conjugated or connected faults near Badong City. 

Finally, the crustal and upper mantle structures have been found in detail. 

Combining the results of tomographic inversion, event location and virtual source 
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imaging the bottom of basins in the TGR region are well constrained. A deep reflector 

at about 50 km depth and two strong crustal reflectors at 5 km and 20 km have been 

discovered by the elastic forward modeling and ray tracing. According to the previous 

studies of Moho depth at 40 km this layer should be at the upper mantle. Those results 

uncover the strong tectonic activities in the geological history of the TGR region. 
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