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Abstract—The little destruction to the deployment site and

high repeatability of the Controlled Accurate Seismic Source

(CASS) shows its potential for investigating seismic wave veloci-

ties in the Earth’s crust. However, the difficulty in retrieving

impulsive seismic waveforms from the CASS data and identifying

the seismic phases substantially prevents its wide applications. For

example, identification of the seismic phases and accurate mea-

surement of travel times are essential for resolving the spatial

distribution of seismic velocities in the crust. Until now, it still

remains a challenging task to estimate the accurate travel times of

different seismic phases from the CASS data which features

extended wave trains, unlike processing of the waveforms from

impulsive events such as earthquakes or explosive sources. In this

study, we introduce a time-frequency analysis method to process

the CASS data, and try to retrieve the seismic waveforms and

identify the major seismic phases traveling through the crust. We

adopt the Wigner-Ville Distribution (WVD) approach which has

been used in signal detection and parameter estimation for linear

frequency modulation (LFM) signals, and proves to feature the best

time-frequency convergence capability. The Wigner-Hough trans-

form (WHT) is applied to retrieve the impulsive waveforms from

multi-component LFM signals, which comprise seismic phases

with different arrival times. We processed the seismic data of the

40-ton CASS in the field experiment around the Xinfengjiang

reservoir with the WVD and WHT methods. The results demon-

strate that these methods are effective in waveform retrieval and

phase identification, especially for high frequency seismic phases

such as PmP and SmS with strong amplitudes in large epicenter

distance of 80–120 km. Further studies are still needed to improve

the accuracy on travel time estimation, so as to further promote

applicability of the CASS for and imaging the seismic velocity

structure.

Key words: Controlled source, Wigner-Ville distribution,

Wigner-Hough transform, seismic waveform, seismic phases.

1. Introduction

The active seismic techniques, such as deep seis-

mic sounding, provide high resolution measurements

of the crustal velocity structure. Fruitful results on the

seismic velocity structure of the crust have been

achieved by classic active seismic techniques with

explosion source, which is very important to infer the

composition, the tectonic process and evolution of the

crust (CHRISTENSEN and MOONEY 1995; LI et al. 2006;

NIELSEN and THYBO 2009). Because of its destruc-

tiveness to the environment and difficulties in high

repeatability of the explosion source, the Accurately

Controlled Routinely Operated Signal System

(ACROSS) was developed for investigating crustal

seismic velocities (YAMAOKA et al. 2001; IKUTA et al.

2002; IKUTA and YAMAOKA 2004; SAIGA et al. 2006),

which demonstrates its potential in imaging the seis-

mic wave velocities of the crust and monitoring its

temporal variation. For example, temporal variations

of about 2 ms for both P and S waves, together with

shear wave anisotropy in a distance of 2.4 km from

the source to the receiver, were observed at a site near

the rupture fault of the 1995 Kobe earthquake (M7.2)

during the 15-month experiment by the ACROSS

(IKUTA et al. 2002; IKUTA and YAMAOKA 2004). Similar

powerful low-frequency controlled vibrators had also

been tested as a source for active seismology (ALEK-

SEEV et al. 2005; NIELSEN and THYBO 2009). Recently,

the Controlled Accurate Seismic Source (CASS),

which is similar to the ACROSS, has also been

developed and tested in the study of shallow and deep

crust structures in north China (WANG et al. 2009a), in

the rupture area of the 2008 Wenchuan earthquake in

Sichuan Province (YANG et al. 2010) and in the res-

ervoir in South China (Yang et al. 2011).

Compared to a chemical explosive source, the

CASS is a non-destructive and highly repeatable
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source, and can continuously work without destroying

the surrounding ground. These advantages make it

appropriate for investigating the subsurface velocities

structure and its possible long-term variations, such as

the coseismic and postseismic temporal changes of

crustal seismic velocities observed in many studies

(LEARY et al. 1979; SCHAFF and RICHARDS 2004; PENG

and BEN-ZION 2006; NIU et al. 2008; BRENGUIER et al.

2008; WU et al. 2009; XU and SONG 2009; HAD-

ZIIOANNOU et al. 2011; REASENBERG and AKI 1974;

SILVER et al. 2007; WANG et al. 2011). The CASS may

become an important active source in the investiga-

tion of the seismic velocity structure in the shallow

and deep crust if the various seismic phases could be

identified reliably and their travel times could be

measured accurately. However, due to its current

limitation in resolution and accuracy as compared to

the DSS with explosive source, the CASS could

become a helpful complement for the DSS.

The travel times of different seismic phases are the

fundamental dataset for imaging the spatial variations

of the subsurface structure by using seismological

techniques, such as deep seismic sounding and seismic

travel time tomography. However, unlike distinct

wave pulses usually shown on seismograms from

earthquakes and explosive sources, the signals from

the CASS data typically feature extended wave trains

of oscillation. Retrieval of impulsive seismic wave-

forms and subsequent reliable identification of the

crustal seismic phases (such as Pg, PmP, Sg, and SmS)

still remain a substantial challenge, thus further

application of the CASS is limited (YAMAOKA et al.

2001; IKUTA et al. 2002; IKUTA and YAMAOKA 2004;

SAIGA et al. 2006; WANG et al. 2009a; YANG et al. 2010,

2011). Thus, retrieval of impulsive waveforms from

extended wave trains of the CASS dataset is helpful for

identification of the seismic phases and accurate

measurement of their arrival time. In this study, we

introduced a time-frequency analysis method to

retrieve the seismic waveforms from an experiment of

a powerful (40-ton) CASS vibrator. Crustal seismic

phases (PmP and SmS) are identified on the processed

waveforms, and their travel times are also estimated in

higher accuracy than previous processing methods

such as waveform cross correlation and deconvolution

(WANG et al. 2009a; YANG et al. 2010). Our method

attempts to provide another method for the CASS data

processing in deep seismic sounding, seismic hazard

mapping, seismic station calibration as well as large-

structure integrity testing (ALEKSEEV et al. 2005). It

may also improve the possibility for monitoring the

pre- and post-seismic velocity changes if higher

accuracy of phase identification can be achieved.

2. Data

2.1. Instrumentation of the Experiment

The seismic data of the CASS are collected from

an experiment around the Xinfengjiang reservoir,

Guangdong Province of south China during Novem-

ber 2009–January 2010 (Fig. 1). The sinusoidal

vibrator of the CASS used in this experiment is the

CASS-40 type from the Beijing Gangzhen Mechan-

ical and Technology Co. Ltd. The CASS used in this

experiment is similar to that used in the studies of

IKUTA et al. (2002, 2004), SAIGA et al. (2006) and

ALEKSEEV et al. (2005), and has proved successful in

north China (WANG et al. 2009a) and at the rupture

zone of 2008 Wenchuan earthquake (Mw 7.9) (Yang

et al. 2010). The CASS generates a sinusoidal force in

vertical direction by rotating a pair of eccentric

masses in opposite directions (shown in Fig. 2) (LIAO

et al. 2003; WANG et al. 2009a). The pair of eccentric

masses is driven by a pair of 55 KW servo motors

with a phase feedback controller. The rotation of the

servo motors is accurately controlled with synchroni-

zation by the GPS clock. The phase precision of the

rotation of the eccentric mass pair is always better

than 0.3�. The CASS used in this experiment sweeps

in the frequency bands between 5 and 10 Hz, and its

effectiveness and reliability have been proven in the

utilization in north China (WANG et al. 2009a). In

total, 81 temporary EDAS-BS60 broadband (flat

response in the band of 60 s-80 Hz), three-component

seismographs are deployed to record the ground

motions excited by CASS (Fig. 1), with epicentral

distances (the distance between the seismic stations

and the CASS vibrator) from 5 to 200 km. One

seismograph is deployed very close to the CASS

sources (with distances about 30–50 m) to record near

field vibrations, which will be used to extract the

source time function. A sampling rate of 200 samples-

per-second (sps) are used for all seismic stations.

816 Z. Li et al. Pure Appl. Geophys.



2.2. Description of the Experiment

The CASS was deployed at four sites around the

Xinfengjiang reservoir, Guangdong Province, south

China (Fig. 1). Since Xinfengjiang reservoir began

filling with water in 1959, seismicity has increased

rapidly in the reservoir area, producing one of the

largest induced earthquake of M6.1 on 19 March

1962 (YANG et al. 2011). In order to investigate the

crustal velocity structure and its possible relations to

the reservoir induced earthquakes, a deep seismic

wide-angle reflection/refraction profile with two

explosion sources, 81 temporary seismic stations,

together with the CASS vibrators at four sites were

deployed around the Xinfengjiang reservoir (YANG

et al. 2011). For the CASS vibrators, rather than

using the single frequency signals as adopted in the

previous studies (IKUTA et al. 2002; IKUTA and

YAMAOKA 2004), the linear frequency modulation

(LFM) signals were excited by the CASS vibrator-1

(Yingde source), vibrator-3 (Longchuan source) and

vibrator-4 (Zengcheng source) (Fig. 1). For the CASS

vibrator-2 (Heyuan source), a sinusoidal frequency

modulation scheme was adopted for exciting seismic

signals, and is not included in this study. The

excitation of one cycle lasts 1 h. As shown in

Fig. 3a, the CASS works for the first 3,000 s

(excitation stage) with five small cycles with duration

of 600 s, and is at rest in the last 600 s (rest stage) for

each hour. In the 600 s of each small cycle, the LFM

signals are sweeping linearly from 5 to 10 Hz in the

first 300 s and 10 to 5 Hz in the last 300 s, then

totally repeat five times (as shown in Fig. 3b). The

waveforms and spectrograms of the 1-h LFM signals

recorded at the CASS vibrator-1 (Yingde source) are

Figure 1
Four CASS vibrators (green circles) and 81 temporary seismic stations (red triangles) deployed around the Xinfengjiang reservoir.

The red square in the inset map shows the location of this experiment
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displayed in Fig. 3. In the last 600 s in each hour, the

CASS is at rest and only background noise is

recorded in the seismic waveforms, making it con-

venient to compare the signals and the noises in the

two stages. The CASS at each location worked for

37 h during the experiment, and most of the exper-

iments were conducted at mid-night due to the

relatively lower background noise.

3. Method and Data Analysis

3.1. Method

In previous studies of rotational vibrators, three

methods of transfer function, waveform correlation

and deconvolution were adopted to retrieve wave-

forms and measure travel times of seismic waves

(IKUTA et al. 2002; IKUTA and YAMAOKA 2004; ALEK-

SEEV et al. 2005; SAIGA et al. 2006; WANG et al. 2009a;

YANG et al. 2010). However, it’s difficult to determine

spatial distribution of temporal variation of velocities

because no distinct seismic phases of impulsive waves

can be identified. Seismic waveforms from the

approaches of correlation and deconvolution are also

characterized by relative low time resolutions, which

is partially due to the narrow frequency band of the

excited signals (5–10 Hz). Thus, the well defined

seismic phases on seismograms from earthquakes and

chemical explosions, such as Pg, PmP, Sg, and SmS,

cannot be clearly identified in the processed waveform

from CASS experiments. Since the crustal seismic

phases are essential for monitoring the velocity

variations and imaging the crustal structures, it’s

necessary to retrieve the impulsive seismic wave-

forms, identify the crustal seismic phases and interpret

their travel times from the CASS data.

It would be ideal if a seismic source excites a delta-

function source time function (very short pulse). But

for a strong enough impulsive excitation, the deploy-

ment site will be damaged and repeatability is difficult

to achieve. Instead, the CASS spreads excitation

energy in time (up to 300 s) and frequency (5–

10 Hz); therefore, it will not cause substantial damage

to the deployment site. However, the challenge is to

reconstruct impulsive signals from the extended wave

trains. The CASS excites the LFM signals in two

stages. In the first stage, the frequency increases from 5

to 10 Hz and in the second stage, the frequency

decreases from 10 to 5 Hz (Fig. 3b). The LFM signal

Figure 2
a The equipment of a CASS vibrator. b The seismic signal excitation mechanism of the CASS. A pair of eccentric masses are driven by a pair

of 55 KW servo motors with phase feedback controller and rotating in the opposite directions, which generate a sinusoidal vertical force up to

40 tons in the vertical direction

818 Z. Li et al. Pure Appl. Geophys.



(a)

(b)

Figure 3
a One-hour raw 3-component seismic data recorded by the seismic stations very close to the CASS vibrator-3. b The spectrograms of the

vertical component data from the CASS vibrator-3 analyzed with a Short-Time Fourier Transform (STFT) algorithm. The linear frequency

modulation (LFM) signals vary between 5 and 10 Hz in each 300 s time window, which are very clear in the spectrograms. In addition, the

multiple harmonic LFM signals are also very clear
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has been widely used in the RADAR, SONAR and

communication systems (BARBAROSSA 1995). Time-

frequency analysis algorithms, such as Short-Time

Fourier Transform (STFT), Wavelet Transform (WT)

and Wigner-Ville Distribution (WVD), have proved

effective for processing the LFM signal. However, the

width of the windowing function of STFT is fixed, and

the time window of WT is also varying with frequency,

which could compromise the resolution in both time

and frequency domains for signal detection and

parameter estimation (HAIMOVICH et al. 1994). Whereas

the WVD algorithm has the best time-frequency

concentration capability for the LFM signals (RAO

and TAYLOR 1990), which makes it especially appro-

priate for processing the seismic signals in this study.

The WVD of signal x(t) can be defined as:

WVDxðt; f Þ ¼ 1

2p

Zþ1

�1

x t þ s
2

� �
x � t � s

2

� �
e�j2pf sds

ð1Þ

The time-frequency convergence capability of the

WVD for the LFM signal is the best (RAO and TAYLOR

1990). But when processing the multi-component

signals such as the CASS data., the cross-term will

contaminate the resolution in both time and fre-

quency domains because the WVD is a bilinear

function of the signal (SELIN and WILLIAM 2005).

As the WVD can desirably concentrate the LFM

signals in the time-frequency plane, the Hough

transform (HT) can be applied with the WVD to

suppress the cross-time interference, which is better

than the WVD in detecting the multi-component LFM

signals (CHOI and WILLIAMS 1988; BARBAROSSA 1995).

The Wigner-Hough transform (WHT) is defined as:

WHxðf ; bÞ ¼
Zþ1

�1

Z

T

xðt þ s
2
Þx�ðt � s

2
Þe�j2pðfþbtÞsdtds

ð2Þ

3.2. Seismic Data of the CASS

In order to improve the SNR and reduce compu-

tation cost, the original CASS data are pre-processed,

including the band pass filtering and down-sampling.

The original data are band pass filtered between 5 and

10 Hz since the signals excited by the CASS only

contain source energies between 5 and 10 Hz, and

down-sampled into 20 sps from 200 sps. The WHT is

applied on each 300 s segment of CASS data with the

frequency increasing (5–10 Hz) or decreasing

(10–5 Hz) signals (as shown in Figs. 3, 4). Theoret-

ically, the energy excited by the CASS increases with

the frequency due to the mechanical implementation

scheme. Actually, the amplitudes of the observed

waveform from the CASS vibrator-1 are not monot-

onously increasing with the frequency (Fig. 3a). One

possible reason could be attributed to the site response

beneath the CASS. In order to enhance the mechanical

coupling with ground, CASS is installed on the top of

soil, that is, at site of unconsolidated sediments. The

disadvantage of installing the instrument on sediment

is that the soils may present frequency dependent

amplification of the ground motion, thus leading to

some distortion to the input source signals.

Figure 4 shows the raw seismic data and its

spectrograms of processed three-component data

recorded at station sp1_1, and the source is the CASS

vibrator-1. The spectrograms of the waveforms are

analyzed with a STFT algorithm, and its time-

frequency concentration capability is not as good as

the WVD. However, given its small epicentral

distance (*5.6 km) to the CASS, the LFM signals

at the source and station sp1_1 are still very similar

and clear (Fig. 4b). Figure 5 shows the spectrograms

of the down-sampled vertical component data

recorded at the source site of CASS vibrator-1 and

station sp1_1, which are analyzed using the WVD

algorithm. Compared to the spectrograms from the

STFT algorithm displayed in Figs. 3b and 4b, the

LFM signals from the WVD algorithm are much

clearer (Fig. 5). It suggests the outstanding time-

frequency convergence capability of the WVD for the

LFM signal (RAO and TAYLOR 1990). When the

epicentral distance becomes larger, the LFM signals

become unclear on raw spectrograms, but can still be

retrieved using the WHT method.

4. Results and Discussion

With the WHT algorithm, we processed the seis-

mic data excited by the three CASS vibrators with

820 Z. Li et al. Pure Appl. Geophys.



(a)

(b)

Figure 4
a One-hour raw 3-component seismic data recorded by the seismic station of sp1_1 from the CASS vibrator-1. b The spectrograms of the

vertical component analyzed by using a STFT algorithm. The epicentral distance from the sp1_1 station to the CASS vibrator-1 is about

5.6 km. The LFM signals are also very clear in the spectrograms
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LFM signals (vibrator-1, vibrator-3 and vibrator-4).

The waveforms recorded at the source site and

remote stations are all processed. In the processing,

seismic waveforms are retrieved from each 300-s-

long data with 5–10 and 10–5 Hz LFM signals, and

then stacked to improve the SNR. Waveforms for the

frequency increasing stage (5–10 Hz) and decreasing

stage (10–5 Hz) are retrieved respectively, as the

WHT algorithm only works for a window of data

with one linear trend of frequency modulation. Fig-

ure 6 shows the seismic waveforms retrieved from

the vertical component data recorded at the source

site of the CASS vibrator-1, vibrator-3 and vibrator-4.

As shown in the upper row of Fig. 6, the waveforms

retrieved from each 300-s-long data are highly simi-

lar, which can also match each other very well,

indicating the excellent repeatability and the high

accuracy of the waveform retrieval of the CASS data

(Note that the amplitudes of these waveforms are not

normalized). For the noise data in the last 600 s of

each hour, no obvious signals emerge in the retrieved

waveform (Fig. 6), which also proves that the

waveforms retrieved from 0 to 3,000 s in each hour

are excited by the CASS. Since there are five cycles

of excitation for each hour, for the whole 37 h of

experiment, we obtain 175 samples of waveforms for

(a)

(b)

Figure 5
The spectrograms of 300-s length vertical component seismic data analyzed with the WVD algorithm. a The data is recorded near the CASS

vibrator-1; b the data is recorded at the station sp1_1. Note that the LFM signals are much clearer than the spectrograms derived from the

STFT algorithm

822 Z. Li et al. Pure Appl. Geophys.



the 5–10 Hz stage and the 10–5 Hz LFM stage. High

quality waveforms are stacked to form the waveform

to be used as source time function for the CASS

vibrator-1, and the zero time is defined to be aligned

with the highest amplitude. The lower row of Fig. 6

shows the source time function for 5–10 and 10–5 Hz

LFM signals after stacking, as well as the final

wavelets (sum of source time function for both 5–10

and 10–5 Hz stage) for the CASS vibrator-1, vibra-

tor-3 and vibrator-4. All the retrieved waveforms

from the same vibrator are extremely similar.

In order to quantify the repeatability of each

CASS vibrator, we calculated cross-correlation

coefficients of all waveform pairs retrieved from

different time windows. Figure 7 shows the distri-

butions of all the cross-correlation coefficients for the

CASS vibrator-1, vibrator-2 and vibrator-4. For the

waveform pairs of the CASS vibrator-1 (Fig. 7a),

more than 32 % of cross-correlation coefficients for

5–10 Hz LFM signals and more than 21 % for

10–5 Hz LFM signals are greater than 0.998. For the

CASS vibrator-3 (Fig. 7b), the percentages of the

cross-correlation coefficients increase to more than

36 % for 5–10 Hz and more than 34 % for 10–5 Hz

LFM signals greater than 0.998. The CASS vibrator-4

(Fig. 7c) has the greatest percentages of cross-corre-

lation coefficients higher than 0.998. The percentages

are more than 60 % for both 5–10 and 10–5 Hz LFM

(a) (b) (c)

Figure 6
The waveforms retrieved from the 1-h vertical component data (upper) and stacked waveforms (lower) from the CASS a vibrator-1,

b vibrator-3, and c vibrator-4. The time period has been labeled on the left side of retrieved waveforms in Fig. 6a, which is the same for

Fig. 6b, c. No obvious signals appear in the time period of 3,000–3,600 s, when CASS is at rest. The retrieved waveforms can overlap each

other very well, suggesting the high repeatability of the signal excitation of the CASS. Note that the amplitude of waveforms are not

normalized
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signals. The high percentages of cross-correlation

coefficients higher than 0.998 suggest the equivalent

or better repeatability compared to the repeated

earthquakes (SCHAFF and RICHARDS 2004; WANG et al.

2009b) and air gun (CHEN and LI 2007a; CHEN et al.

2007b; WANG et al. 2010).

Noticeable differences between the retrieved

waveforms for the 5–10 and 10–5 Hz LFM signals

are observed, especially for the CASS vibrator-1. As

shown in Fig. 6a, the side lobes with smaller ampli-

tudes appear at *1 s after the peak of the waveform

for the 5–10 Hz LFM signals, while they are at *1 s

before the peak for the 10–5 Hz LFM signals. The

systematic differences could probably be induced by

the CASS itself or the site response to different fre-

quencies. In order to determine whether the CASS

itself induces the sidelobes for different LFM signals

or not, we also compared the retrieved waveforms for

the CASS vibrator-3 and vibrator-4, but no obvious

sidelobes are found. The sidelobes of the CASS

vibrator-4 are a litter stronger than the CASS vibra-

tor-3 but much weaker than the CASS vibrator-1.

Thus, we infer that the sidelobes appearing in the

retrieved waveforms are possibly not induced by the

CASS itself. The site response, including the velocity

structures of the sediments beneath the CASS vibra-

tor and/or the seismic station, may induce the

resonance of seismic wave at some frequency

(NI et al. 1997). These could be the possible sources

of the sidelobes in the retrieved waveforms.

In order to check how far the LFM signals can

propagate through the crust from the 40-ton CASS,

we also processed the seismic data recorded at remote

stations far away from the CASS vibrators. The epi-

central distances are from *5 to *140 km. Figure 8

shows record sections of the retrieved waveforms

with high SNR recorded at epicenter distances from

*5 to *110 km for the CASS vibrator-1 (Fig. 8a),

vibrator-3 (Fig. 8b) and vibrator-4 (Fig. 8c). Since

the retrieved waveforms are aligned with respect to

(a) (b) (c)

Figure 7
Distributions of the cross-correlation coefficients of the all retrieved waveform pairs for the CASS vibrator-1 (a), vibrator-2 (b) and vibrator-4

(c). The upper row shows the distributions of cross-correlation coefficients between waveforms with 5–10 Hz LFM signals. The middle row

shows the same figures as the upper row but for waveforms with 10–5 Hz LFM signals. The lower row shows the distributions of cross-

correlation coefficients between waveforms combined with both 5–10 and 10–5 Hz LFM signals. High correlations between the waveforms

indicate the excellent repeatability of the CASS vibrator

824 Z. Li et al. Pure Appl. Geophys.



the peak of the source time function, the arrivals of

the seismic phases are then defined with their peaks

rather than the onset time of the seismic phases in

traditional observations for earthquake and explosion

sources. For distances less than 40 km, the first and

second peaks could possibly represent the arrivals of

the direct Pg and Sg, respectively, inferred from the

apparent velocities around 5–6 km/s for the first

peaks and 2.6–3 km/s for the second peaks. Particu-

larly for the waveform at a distance of 5.55 km

(Fig. 8a), a peak with *15 s delay appears with

apparent velocity of *0.37 km/s. We interpret it as

the Rayleigh wave induced by the ACCORSS

vibrator. Similar characteristics are also shown both

for the CASS vibrator-3 (Fig. 8b) and vibrator-4

(Fig. 8c), except the Rayleigh wave with high fre-

quency (5–10 Hz) has been rapidly attenuated with

the increasing of epicenter distance. Compared to the

retrieved waveforms by the cross-correlation algo-

rithm, obvious oscillations appear in their results,

which is hard for identification of the seismic phases

and accurate measurement of their arrival times.

In order to identify the seismic phases in the

waveform and measure their travel times for our

observations, we firstly calculated synthetic wave-

forms from 1-D models with the frequency-wave

number integral method (ZHU and RIVERA 2002)

(Fig. 9). A four-layer 1-D model of south China

(Fig. 9b) was proposed by LI et al. (2006). As we

only want to compare the direct waves (Pg and Sg)

and the reflected waves (PmP and SmS) from the

Moho discontinuities; therefore, we propose another

1-D model, which is basically a smoothed version of

LI et al. (2006) (Fig. 9d). The synthetic waveforms

(Fig. 9c) from this model show similar characteristics

to the observed seismic record sections for the

explosion experiment, suggesting that this 1-D model

is proper for performing forward ray tracing and

implementing the comparison with the controlled

source profiles. The deep seismic sounding profiles

are not in the same location as in our controlled

source observation, which could be the reason why

their four-layer 1-D model does not work well in this

area (LI et al. 2006).

(a)

(b) (c)

Figure 8
The retrieved waveforms with the WHT algorithm for data of the CASS vibrator-1 (a) vibrator-2 (b) and vibrator-3 (c). Note that the epicenter

distance (km) from the seismic station to the source is labeled on the left below each waveform
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We plot the retrieved waveforms with reduced

velocity of 8.0 km/s for P-waves (Fig. 10a) and

4.6 km/s for S-waves (Fig. 10b). In order to imple-

ment the comparison conveniently, the waveforms

are normalized to 1. Synthetic arrival times of Pg,

PmP, Sg and SmS are also overlaid with the seis-

mograms. The 1-D velocity model shown in Fig. 9d

is adopted in the travel time computation. As

expected, the delay times of the first and second

major peaks are consistent with the first arrival of Pg

and Sg within *40 km epicentral distance in all

cases. For epicentral distances up to 80–120 km, the

first and second major peaks are consistent with the

arrival time of PmP (Fig. 11a) and SmS (Fig. 11b),

respectively. In Fig. 10b, the predicted arrival times

of SmS also fit well on the waveform peaks at

55–65 km epicentral distances for vibrator-3. The

good consistency between the theoretical arrival

times of PmP and SmS and high SNR of the wave-

forms are quite clear in the Fig. 11 when the

waveform profiles are zoomed and compared to the

synthetic waveform with single force source in the

epicentral distances between 80 and 120 km. BAKUN

et al. (1984) and HUTTON et al. (1987) observed

systematic strong amplitudes in the seismic wave-

forms at epicentral distances from 60 to 125 km and

attributed these energy with strong amplitudes to the

SmS. If the crustal structure is appropriate, the SmS

will be fully reflected in the post-critical distance and

become much stronger than the direct S wave (MORI

and HELMBERGER 1996; LIU and TSAI 2009; LUO et al.

2010). In addition, the high frequency Rayleigh wave

excited by the 5–10 Hz LFM signals should rapidly

attenuate with epicentral distance. Therefore, we

infer that the maximum peaks are most probably the

SmS wave rather than the Sg wave or Rayleigh wave.

Identification of the Moho-reflected waves for PmP

or SmS is crucial for studying the velocity structure

and its temporal variation of lower crustal structures,

which are believed to be more ductile and deform-

able. For example, postseismic processes including

afterslip and relaxation after large earthquakes ([M7)

(a) (b)

(c) (d)

Figure 9
Synthetic P-waves from two 1-D models. The four-layer model (b) is derived from LI et al. (2006), and the smoothed 1-D model (d) is used to

analyze our observation
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typically occur in middle and lower crust, and their

time scale is in the range of months up to years (DIAO

et al. 2011).

Another interesting characteristic is that the

amplitudes of the peaks on the retrieved waveforms

rapidly varies, even for two stations at very close

epicentral distances. Usually the peaks represent the

energy of different seismic phases, the rapid varia-

tions of the amplitude of the peaks may be possibly

attributed to the very different site response beneath

the seismic stations or rapid lateral variation in deep

crust or Moho topography for the case of Moho-

reflected phases of PmP and SmS. For example, the

thickness and the S-wave velocity of sediments will

largely alter the amplitudes of certain seismic phases

at different frequencies (NI et al. 1997), which will

probably complicate the analysis of the retrieved high

frequency waveforms. Further efforts are still needed

to estimate the accurate absolute travel times of dif-

ferent seismic phases. However, clear waveforms

have already been retrieved from the CASS as far as

*140 km distance by the WVD and WHT methods.

The high repeatability of the CASS has also been

suggested by our results. If much clearer seismic

(a)

(c)

(b)

Figure 10
All retrieved P-waves (a) and S-waves (b) from the CASS vibrator-1, vibrator-3 and vibrator-4. Reduced velocities are 8.0 km/s for P-waves

and 4.6 km/s for S-waves. Theoretical arrival time of Pg, PmP, Sg and SmS from 1-D model are all plotted within this map. (c) Scheme of

seismic phases traveling through the crust. PmPcl is the PmP phase at close distance far from the post critical distance, whereas PmPpc is the

PmP phase at overcritical distances
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phases and more accurate travel time could be

achieved from the CASS data, by using the travel

time difference between two retrieved waveforms

from the CASS data in different period, it could be

possible to monitor temporal variations of the seismic

velocities beneath the reservoir, the fault zone with

active seismicity and even the whole crust. It could

also be very helpful to imaging the spatial variation

of crustal velocities.

However, there are some issues not taken into

account in this study such as possible wave dispersion

and attenuation for different frequencies. Theoretically,

higher frequency signals attenuate more with larger

distances, therefore the signals recorded at a remote site

could show different spectrum as the source time

function. Moreover, waves could propagate at different

speed for different frequency (i.e., dispersion), which

also may complicate our study. For simplicity, we

assume both effects of dispersion and attenuation are

not significant, as demonstrated by the relatively stable

waveforms recovered for different distances.

5. Conclusion

The CASS may become a useful source for

investigating seismic wave velocity structure of the

crust in the future. However, the difficulty of

retrieving the impulsive waveforms from the CASS

data, identifying the seismic phases and measuring

their travel times greatly prevent its wide applications.

In this study, we introduced the time-frequency

analysis algorithms of WVD and WHT into the

waveform retrieval from the CASS data. The WVD

algorithm has the best time-frequency concentration

capability for the LFM signals. The WHT algorithm

is helpful to suppress the cross-time interference in

the signal detection and parameter estimation for

the multi-component LFM signals. Application of the

WVD and WHT algorithms are also conducted on

the 40-ton CASS data from the experiment in the

Xinfengjiang reservoir. The results suggest that it is

effective in the waveform retrieval, seismic phase

identification and travel time measurement, especially

(a) (b)

Figure 11
Recorded sections of P-waves (a) and S-waves (b) for vibrator-3 (upper row) and vibrator-4 (middle row) zoomed in the epicentral distances

between 80 and 120 km. The bottom row shows the synthetic P- and S-waves calculated from the 1-D model. Note that the amplitude of PmP

(SmS) is much larger than Pg (Sg) in the synthetic waveforms
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for PmP and SmS phases with strong amplitude in

some epicenter distances. The seismic source with

high repeatability, such as the CASS, is indispensible

for monitoring temporal changes and imaging the

spatial variations of the subsurface structure. Our

method provides a feasible way to process the CASS

data and advance its application in monitoring the

crustal processes. However, in order to meet the

requirement on the accuracy for imaging the seismic

wave velocity structure and its temporal changes of

the crust with CASS data, further studies are still

needed to improve the accuracy of phase identifica-

tion and travel time estimation.
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