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Abstract  Using the maximum amplitude ratios of vertical component of P and S waves recorded by a regional network, 
921 focal mechanisms of Dayao earthquake doublet sequence are determined by means of synthetic seismograms of a point 
source of dislocation in a plane layered medium. Among them, 389 focal mechanisms are in the aftershock sequence of M6.2 
earthquake occurred on 21 July, 2003 and the other 532 focal mechanisms are in the aftershock sequence of M6.1 earthquake 
occurred on 16 October, 2003 in Dayao, Yunnan. The focal mechanism consistent parameter a of the two aftershock se-
quences are calculated and analyzed. According to the focal mechanism consistent parameter a, the focal mechanisms of the 
first aftershock sequence are more consistent than those of the second. According to the comparison of CMT solutions of the 
two M6 earthquakes, the physical mechanism of the doublet in the intra-plate earthquake is very complex, and many proc-
esses are involved and interacted with each other. This doublet provides insights into earthquake clustering, triggering and 
stress cycling. 
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1 Introduction  

Earthquake is a natural phenomenon of a sudden 
release of energy in the Earth’s crust that propagates 
seismic waves. Focal mechanisms of earthquakes are the 
basic data for studying the regional stress field. There-
fore, the temporal evolution of stress field in the source 
region derived from the focal mechanisms of earth-
quakes occurred in this region is important for under-
standing and forecasting the process of earthquake 
preparation. Many seismologists have made great efforts 
to searching correct methods to describe the stress dis-
tribution in the processes of earthquake preparation, oc-
currence and development in order to understand the 
evolution process of the source region (Mc Kenzie, 1969; 
Sadovsky, 1972; Kagan, 1997; Reasenberg, 1999; 
Tanimoto and Okamoto, 2000; Kubo and Fukuyama, 
2003). On the basis of the study on the foreshocks of 
Haicheng earthquake, Chen (1978) proposed that the 
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consistent parameter of focal mechanism can be used as 
a new parameter to judge foreshock. Diao et al (2004) 
developed this method and used it to forecast strong 
aftershocks, for example, the 1991 Datong earthquake 
(M5.8), the 1999 Datong earthquake (M5.6) and the 
1999 Zhangbei earthquake (M5.6) (Zhao et al, 2004). 
They obtained the result that the focal mechanism con-
sistency was low before strong earthquakes occurred in 
Jiashi in China (Diao et al, 2005), Kurile Islands area in 
Japan (Wang and Diao, 2005) and so on. 

A large earthquake is soon followed by an event of 
comparable size, either on an adjacent portion of the 
fault that ruprured initially or a separate fault, and such 
event are termed doublet (Lay and Kanamori, 1980; Xu 
and Schwartz, 1993). The Dayao doublet occurred suc-
cessively on 21 July and 16 October, 2003 in Dayao, 
Yunnan province induced human casualty and economic 
losses to a certain extent. Following the two earthquakes, 
a set of digital mobile seismographs was installed at the 
earthquake site as a near-source observation network, 
which could record digital data of seismic waves near 
the source and monitor the spatial and temporal varia-
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tion of seismic sequence in the real time. They have 
provided a convenient condition for studying the 
changes of stress field in the area of Dayao earthquake 
sequences. In our study, we selected the waveforms of 
earthquake events recorded by four or more stations 
from the reports compiled by Qin et al (2005) and com-
puted the focal mechanisms of earthquakes by using the 
maximum amplitude ratios of vertical component of P to 
S waves (Liang et al, 1984). On the basis of these focal 
mechanisms, their differences in the earthquake doublet 
sequence were discussed in detail by using the parame-
ter of focal mechanism consistency, in order to provide 
insights into earthquake clustering, triggering and stress 
cycling (Lay and Kanamori, 1980; Xu and Schwartz, 
1993; Kagan and Jachson, 1999). 

2 Data 
A network of seven recording stations was set up 

around the epicentral location of Dayao earthquake oc-
curred on 21 July, 2003 by the Earthquake Administra-

tion of Yunnan province. The distribution of stations is 
shown in Figure 1. The seismic geophone in Santai sta-
tion was FBS-3A and those in the other stations were 
JC-V100-3D. The recorders in Tanhuaxiang station was 
EDAS-24L3 and those in the other stations were 
EDAS-3M with the same sampling rate of 100 Hz. 2 173 
aftershocks were recorded by this seismic network from 
08:56 (Beijing Time) July 22 to 13:40 August 21 and the 
maximum aftershock was ML4.7.  

After the M6.1 earthquake occurred on 16 October, 
2003, a temporary seismic network composed of five 
digital stations was deployed around the main shock by 
the Earthquake Administration of Yunnan province 
(Figure 1). The seismic geophones in all stations were 
JC-V100-3D and the recorders in all stations were 
EDAS-3M with the same sampling rate of 100 Hz. 3 793 
aftershocks were recorded from 05:13 (Beijing Time) 
October 17 to 15:00 November 17 and the maximum 
aftershock was ML4.6.  

 

Figure 1 Epicentral distribution of Dayao earthquake doublet sequence with focal mechanisms and 
distribution of station. The circles indicate the epicenters of aftershocks of M6.2 earthquake with focal 
mechanisms and the triangles denote the stations deployed after the M6.2 earthquake; the crosses represent 
the epicenters of M6.1 earthquake with focal mechanisms and the squares are the stations deployed after 
the M6.1 earthquake. 

The spatial distribution of epicenters with focal 
mechanism in the two M6 Dayao earthquake sequences 
shows that the two M6 earthquakes extended from NW 
to SE, but the two aftershock sequences extended from 
SE to NW, which dovetailed each other (Figure 1). The 
spread of the first M6.2 earthquake is dispersed and 
longer than that of the second, while the distribution of 

the second M6.1 aftershock sequence is more central-
ized. The focal depth has a significant change with time 
from the 30-point running average. The focal depth of 
the first M6.2 earthquake underwent a deep-shallow- 
medium deep-shallow evolutionary process; the second 
earthquake sequence occurred mostly in the shallow 
crust (Figure 2).  
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Figure 2 Focal depth change with seismic sequence. The triangle indicates the occurrence time of M6.2 and 
M6.1 earthquake. The black line is the 30-point running average of the depth. 

3 Calculation and analysis of focal 
mechanism 

The focal mechanisms of the two M6 earthquake 
sequences are determined by means of synthetic seis-
mograms of a point source of dislocation in a plane lay-
ered medium, using the maximum amplitude ratios of 
vertical component of P and S waves recorded by a re-
gional network (Liang et al, 1984). We select strictly 
some high-quality data to determine the focal mecha-
nism. The selecting rules are as follows: 1 the event 
should be recorded by at least four stations; 2 the 
waveform has at least a clear first motion. The parame-
ters of Chuxiong (west) velocity model (Hu et al, 1986) 
are used. We calculate 389 focal mechanisms in the af-
tershock sequence of M6.2 earthquake occurred on 21 
July, 2003 and determine 532 focal mechanisms in the 
aftershock sequence of M6.1 earthquake occurred on 16 
October, 2003. 

Figure 3 shows the normalized frequency distribu-
tion per 10° for different parameters of the focal mecha-
nisms of the two M6 Dayao earthquake sequences. In 
the statistics of nodal-plane parameters, the fault plane 
and auxiliary plane are not separated from each other, 
but are calculated together. On the basis of the statistics 
of different parameters, we have found that the focal 
mechanism parameters of the first M6.2 sequence are 
more consistent than those of the second, which shows 
that the focal area is still controlled by the focal stress 
field and in a high stress level before the M6.1 earth-
quake. The statistics result of the M6.1 sequence is dis-
persed and the stress regime is transformed to a low 
level after the M6.1 earthquake. 

The directions of stress field are expressed by three 
principal stress axes of σ1, σ2 and σ3, which are perpen-

dicular to each other; and the orientations of focal 
mechanism are shown by three stress axes of P, N, T 
that are also perpendicular to each other (Figure 4). 
Then, the consistent parameter for defining focal 
mechanism and tectonic stress field is (Wang and Diao, 
2005) 
 γβα ++=a  (1) 

where α =∠σ1OP, β =∠σ2ON, γ =∠σ3OT. The maxi-
mum value for the consistent parameter is 270° and the 
minimum value is 0°. 

Scholz (1990) presented a criterion to simply dis-
tinguish large and small earthquakes under the condition 
that only physical cause of rupture was considered. The 
criterion is a relation between total rupture scale and 
thickness of the rupture loop. Large earthquake refers to 
the event with the total rupture scale larger than or equal 
to the thickness of the rupture loop. When earthquake is 
large, the rupture scale has to extend horizontally and its 
mean aspect ratio increases gradually. As a result, its 
upper end extends to the ground and its lower end to the 
bottom of the rupture loop. Certainly, the thickness of 
rupture loops differs in locations and thus the magnitude 
for division is also different. For example, the rupture 
loop of San Andres fault is only about 15 km thick and 
its magnitude for division is 6−6.5; while the rupture 
loop in the underthrust zone is much thicker, therefore 
its magnitude for division is about 7.3. Whether an 
earthquake is large or small depends on different scale 
relations, which shows different geometrical conditions 
and boundaries. When we consider quantitatively the 
role of earthquakes in geological structure, only large 
earthquakes are included. Therefore, we take P, N, T 
axes of the M6.2 earthquake as a reference frame of 
stress. The azimuths and dips of principal stress axes σ1, 
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σ2 and σ3 are 155° and 11°, 321° and 78°, 65° and 3°, 
respectively. Then the consistent parameter a of each 

focal mechanisms and tectonic stress field is calculated 
in the 3-D space. 

 
Figure 3 Normalized frequency distribution per 10° for different parameters of focal mechanisms. (a) M6.2 
earthquake sequence; (b) M6.1 earthquake sequence. 

The consistent parameter a calculated for each se-
quence focal mechanisms of Dayao doublets is shown in 
Figure 5. The average value and standard deviation of 
the consistent parameter a of the M6.2 earthquake se-

quence are 161.78° and 38.88°, respectively (Figure 5a); 
while the average value and standard deviation of the 
consistent parameter a of the M6.1 earthquake sequence 
is 175.89° and 37.72°, respectively (Figure 5b). There is 
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a significant difference in the stress regime between the 
two seismic sequences. The consistent parameter a of 
the former sequence is smaller than that of the latter, 
which indicates that the aftershocks of the M6.2 earth-
quake are controlled by the main shock and the stress 
state of the focal area is at a high level. After the M6.1 
earthquake occurred on 16 October, the release of en-
ergy and the stress field of the focal area have a process 
of adjustment. Many factors may be involved in this 
complex adjustment process, such as rupture heteroge-
neity of the M6.2 earthquake, stress triggering of the 
M6.2 earthquake (Hua et al, 2006), fluid invasion into 
fractures, the regional stress field, etc. 

 

Figure 4 Included angles for three principal axes N, P 
and T of tectonic stress field and principal stress axes of 
focal mechanism. 

 

Figure 5 Consistent parameter a calculated for each sequence focal mechanisms of the Dayao doublets. 
The dashed line indicates the average of consistent parameters. (a) indicates the consistent parameters of the 
M6.2 earthquake; (b) indicates the consistent parameters of the M6.1 earthquake. 

We put two aftershock sequences together to cal-
culate the consistent parameter a (26-point moving av-
erage) for each focal mechanism with the magnitude of 
ML≥2.5 (Figure 6). We found that there is an interesting 
phenomenon that consistent parameter a decreased to a 
very low level in the later period of the M6.2 earthquake 
though the number of the solution is very small because 
the temporary seismic network stopped recording at 
13:40 on August 21, 2003.  

From Figure 1 and Table 1, we have found that the 
two solutions are basically identical and only the 
non-shear component of the latter is larger than that of 

the former (Figure 1). The DC (Double Couple) com-
ponent of the M6.2 earthquake is 95% and the M6.1 is 
75%. The physical causes of this phenomenon are not 
yet well understood. It is likely that more than one 
process is involved, such as the geometrical fault com-
plexity, tensile failure, dilatancy, and fluid flow in 
faulting (Julian, 1998). The generation of compound 
earthquakes indicates heterogeneity in the faulting 
process, which has been attributed to a specific pattern 
of fault plane heterogeneity consisting of closely spaced 
asperities (areas with increased strength) on the fault 
contact plane such that the failure of one asperity trig-
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gers immediate slip of adjacent asperities (Horikawa, 
2001). Wang et al (2007) inferred that there are likely 
two faults intersecting with each other in the Dayao fo-
cal area based on the 3-D vP, vS, QP structures obtained 
by inversion of travel time and waveform data. The 3-D 
imaging results show an obvious WNW faults with low 

vP and low QP anomalies and a ENE fault that dips 
westward and exhibits low vP, low vS and low QP fea-
tures. The ENE fault limited the seismicity to extend 
eastwards and there may be asperity in the south of the 
fault. 

 

Figure 6 Consistent parameter a (26-point moving average) calculated for each focal mechanism with 
magnitude ML≥2.5. The dashed line indicates the threshold value of consistent parameter; the arrow indicates 
the occurrence time of the M6.1 earthquake. 

Table 1 CMT solutions of two M6 strong earthquakes 
P axis  T axis  N axis Nodal plane 1 Nodal plane 2 

No. 
Pl/° Az/°  Pl/° Az/°  Pl/° Az/° Strike/° Dip/° Rake/° Strike/° Dip/° Rake/° 

DC 

1 11 155 3 65 78 321 200 80 −6 291 84 −170 95% 
2 2 333 1 243 88 135 18 88 −1 108 89 −178 75% 

 Note: The data are from http://www.globalcmt.org/CMTsearch.html 
 

4 Discussion and conclusions 
A doublet on a local scale is a pair of seismic 

events with similar waveforms, but different origin 
times, and is considered to be the result of stress release 
on the same fracture (Moriya et al, 2002). Through 
analysis on the detailed differences of the focal mecha-
nisms of Dayao earthquake doublet sequence, we have 
found that the stress regime in the focal area have a 
process of transform. Earthquake doublets not only pre-
sent particular challenges for seismic hazard assessment 
after a large event, but also provide insights into earth-
quake clustering, triggering and stress cycling, which is 
a powerful tool for detailed studies of seismotectonic 
structures and propagation characteristics of seismic 
waves (Augliera et al, 1995). 

The dominant orientation of each parameter of fo-
cal mechanisms approaches the CMT solutions; the 

strike of the nodal plane is consistent with the long axis 
direction of epicentral distribution area. The strikes of 
nodal plane are WNW-ESE, which are consistent with 
the extension of aftershock distribution and the dip an-
gle is nearly vertical. The strike-slip accounts for major-
ity of the focal mechanisms of aftershock sequences. 
The azimuth of P axis is NNW, the azimuth of T axis is 
ENE and the dip angle is nearly 0°. The dip angle of N 
axis is nearly vertical. This characteristic is similar to 
the orientation of local tectonic stress field and is con-
sistent with the focal mechanisms of medium and strong 
earthquakes occurred in recent years nearby (Wu et al, 
2004). The analysis above shows that the orientation of 
regional stress field is relative stable. 

According to the comparison of CMT solutions of 
the two M6 earthquakes, it is likely that more than one 
process is involved, such as the geometrical fault com-
plexity, stress trigger, fluid and fault plane heterogeneity. 
Recently, Felzer et al (2004) demonstrated that the sta-



Earthq Sci (2009)22: 667−673 673 

tistics of earthquake data in several catalogues were 
consistent with a single triggering mechanism responsi-
ble for the occurrences of aftershocks, foreshocks and 
multiplets; and they were caused by the same physical 
process. They found that the high rate of multiplets in 
several subduction zones might be explained simply by 
a high regional aftershocks rate and earthquake density. 
However, the physical mechanism of the doublet in the 
intra-plate earthquake is very complex, and many proc-
esses are involved and interacted with each other.  
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