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ABSTRACT

Three earthquake sequences, each with two main earthquakes of almost the same magnitudes (ML from 5.9 to 7.0 with

differences less than 0.1), have recently been observed in Taiwan. The two largest earthquakes in each sequence occurred with

a short delay time between them, were strikingly similar in terms of magnitude, location and/or focal mechanism and are

referred to as doublets. They were markedly distinct from typical single mainshock sequences. Our estimated static stress field

generated by the first shock in the doublet shows that the second shock and most of their aftershocks were located within a

region where static stress increased substantially. Thus, a possible explanation for earthquake doublet is that seismic energy for

each shock had accumulated independently within adjacent crustal volumes, separated by an asperity, and that the second shock

is triggered by the increased static stress after the first one. An important implication of doublet sequence is that works by

emergency response teams after the first earthquake could be made more hazardous by the second.
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1. INTRODUCTION

On 26 December 2006, an earthquake sequence with

two identical major earthquakes (ML = 7.0) occurred off the

southwest coast of Taiwan, approximately 20 ~ 30 km west

southwest of Hengchun, a small town at the southern tip of

Taiwan (Fig. 1). Both the Japan Meteorological Agency and

the Pacific Tsunami Warning Center immediately issued a

tsunami warning for the South China Sea region, particu-

larly the northern Luzon islands. Although there was ulti-

mately no direct tsunami damage, the earthquake sequence

did sever several submarine communication cables and dis-

rupted Internet services in Asia. Also two residents in Heng-

chun were killed in a house that collapsed after the second

major earthquake. In addition to this damage, one of the most

salient points for the scientific community is that the two ma-

jor earthquakes virtually had the same magnitude (ML = 7.0)

and were only 8 minutes apart. It has historically been rare

that two major earthquakes of similar magnitude with only

a short time-span between them.

As rare as the Hengchun doublet was, it was not in fact

unprecedented because two other instances were found in the

Taiwan area. We have carefully examined all of 214 earth-

quakes (ML > 5.5) listed on the Earthquake Catalogue from

1974 to 2006 and found another two earthquake sequences

with two identical moderate or strong earthquakes whose

magnitude differences are less than 0.1. They were the Suao

doublet on 6 March 2005 and the South China Sea doublet on

8 Oct. 2006. The local magnitudes (ML) of the two largest

earthquakes were 6.0 and 5.9 in the Suao sequence, and 6.1

and 6.1 in the South China Sea sequence. In addition to be-

ing close in magnitude, the two largest earthquakes in each

earthquake sequence were in close proximity in both time

and space. In short, these two as well as the Hengchun dou-

blets share distinct characteristics and deserve further study.
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These three earthquake sequences stand in stark con-

trast to the typical earthquake sequence, where one main-

shock is easily identified because of its significantly larger

magnitude when compared with that of other earthquakes

in the sequence. Under what circumstances a doublet in-

stead of a single mainshock occurs becomes a difficult, yet

interesting, problem. It must be noted that rescue work af-

ter the first shock could become very dangerous if the earth-

quakes that follow have seismic energy as great as (or even

greater than) the first earthquake. Therefore, understanding

the possible mechanisms that generate those doublet-shocks

may help us eventually in reducing hazards for the rescue

teams.

In this study, we first look at the temporal and spatial re-

lations of the earthquakes in the three doublets using hypo-

central determinations reported by the Central Weather Bu-

reau in Taiwan. We then calculate the changes in static stress

(Okada 1985) after the first shock of each doublet based on

the focal mechanisms determined by the Broadband Array in

Taiwan for Seismology (BATS) and the National Earthquake

Information Center (NEIC). Finally, we summarize the ge-

neral characteristics of doublets and discuss the possible

mechanisms for their generation.

2. DOUBLET EARTHQUAKES

The earthquake data used in this study were recorded by

two seismic networks in the Taiwan area, the Central Wea-

ther Bureau Seismic Networks (CWBSN), with 79 stations

on Taiwan (Shin et al. 2000) and offshore islands, and

BATS, with a total of 22 stations. We use location informa-

tion from the CWB Earthquake Catalogue and the Central

Moment Tensor (CMT) solutions from BATS (Kao and Jian

1999). The NEIC CMT solutions are used for earthquakes

whose focal mechanisms are not determined by the BATS.

We first present the origin times, locations and focal mecha-

nisms for the three doublets.

2.1 The Suao Earthquakes

On 6 March 2005, the first of our three doublets took

place near Suao harbor in the Ilan plain (Fig. 2a), located
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Fig. 1. Locations and focal mechanisms of the three sets of dou-

blet-shocks in the Taiwan area. The general tectonics including the

plate motion (large arrow), subduction (thick dashed lines with trian-

gles), and suture zone (thick dashed line with double arrows) are shown

in the map.

Fig. 2. (a) Seismicity and focal mechanisms of the two moderate earth-

quakes in the Suao earthquake sequence. The contours in this and in the

following figures show the delta CFF on the surface generated by the

dislocation along the inclined dip-slip fault (a rectangle) of the 1st

largest earthquake. The red contours are for stress increase and blue

are stress decrease. The locations of Suao and Ilan towns are marked by

squares. The insert map shows the location of the earthquake sequence

marked in grey in the Taiwan area. (b) Time variations in the earth-

quake sequence. Arrows indicate the two largest earthquakes.

(a)

(b)



near the western end of the Okinawa Trough. The seismicity

in the Suao area is high (Fig. 3); it is associated with the

complex tectonic effects of both the northward subduction

of the Philippine Sea plate and the opening of the Okinawa

Trough (Liu 1995). Based on CWBSN data, two moderate

earthquakes, almost identical in magnitude (ML = 5.9 and

6.0), occurred at (121.84�E, 24.65�N, 6.4 km) and

(121.80�E, 24.65�N, 7.0 km). Their occurrence times were

only 68 seconds apart (Fig. 2b). In addition to their physical

proximity, the CMT solutions determined by the regional

broadband seismic network (BATS) were almost the same

(Fig. 2a). Based on the EW-elongated aftershock zone in the

few days that followed the two moderate earthquakes, the

EW-striking left-lateral fault plane was taken as the rupture

plane. In short, the two earthquakes not only occurred within

a short time-span but also exhibited remarkable similarities

in terms of magnitude, location and focal mechanism.

2.2 The Earthquakes in the South China Sea

On 9 Oct. 2006, two strong earthquakes with practically

identical magnitudes (ML = 6.1) occurred (Fig. 4a) in the

South China Sea, where the oceanic slab of the Eurasian

plate subducts eastward beneath the Luzon islands along the

Manila Trench (Fig. 5) (Lin et al. 1999). The CWB catalogue

reports that the two strong earthquakes were 57 minutes

apart (Fig. 4b) and located at (119.83�E, 20.70�N, 28.0 km)

and (119.93�E, 20.77�N, 8.0 km). Since both earthquakes

were 160 ~ 170 km southwest of Taiwan, the CMT solutions

determined by the BATS were not well constrained due to

poor station coverage. Instead, the NEIC CMT solutions are

used. As shown in Fig 4a. both focal mechanism solutions

show pure normal faults striking in the NW-SE direction. In

the following few days, the doublets were followed by more

than 200 aftershocks, clustered around the hypocenter of the

second strong earthquake (Fig. 4a).

2.3 The Hengchun Earthquakes

On 26 December 2006, two major earthquakes of all but

almost equal magnitude (ML = 7.0) occurred offshore of

Hengchun at the southern tip of Taiwan (Fig. 6a). The

hypocenters of the doublet-shocks were located at (120.56�E,

21.68�N, 41.1 km) and (120.42�E, 21.97�N, 44.0 km) and

with a mere 8-minute time delay between them (Fig. 6b).

Most of the aftershocks were clustered around the location

of the 2nd major earthquake (Fig. 6a). These earthquakes are

interpreted to be a part of the east-dipping Wadati-Benioff

zone (Fig. 5). The BATS focal mechanisms show the 1st

earthquake to be a pure normal faulting, and the 2nd one as a

strike-slip focal mechanism with a normal faulting compo-

nent. Based on conventional concepts, the 2nd earthquake

was more like the mainshock not only because its magnitude

was larger, albeit only slightly, than the 1st one but also be-

cause most of the aftershocks were clustered around it. In

fact, it was previously reported that the 1st earthquake could

be considered the foreshock because it was by and large ab-

sent of aftershocks (Lin 2004).

In addition to general seismic features mentioned above,

it might be interesting to see the b-values from three earth-
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Fig. 3. (a) Locations of background seismicity (small circles) and earthquake doublets (large circles) with focal mechanisms in the northern Taiwan

area, and (b) projections of all earthquakes along the N-S profile for showing the northward subduction (a large arrow).

(a) (b)



quake sequences with the doublets. Figure 7 shows that the

aftershocks of the three doublet-shocks earthquake sequ-

ences are very similar, around 0.75 or 0.76. Those b-values

are smaller than the average value of b = 1.1 obtained from

shallow earthquakes in Taiwan (Wang 1988). The results in-

dicate that the aftershocks are skewed toward larger magni-

tudes for those three sequences when compared to that of

background seismicity in general.

3. DISCUSSION

The doublets discussed in this paper have similar mag-

nitudes (less than 0.1), relatively short delays between the

two events in each pair (2 to 57 minutes) and occurred within

a short distance of each other (several to tens of kilometers).

Furthermore, it is worth noting that the largest two earth-

quakes in both of the Suao and South China Sea earthquake

sequences had almost the same focal mechanisms.

To explore how a doublet may occur we consider two

possible hypotheses. First, the strain could have been re-

leased and then accumulated soon or immediately after the

1st earthquake occurred. However, since the recurrence in-
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Fig. 6. (a) Seismicity and focal mechanisms of the two strong earth-

quakes in the Hengchun earthquake sequence. The delta CFF is calcu-

lated at the depth of 20 km. (b) Time variations in the earthquake se-

quence.

(a)

(b)

Fig. 4. (a) Seismicity and focal mechanisms of the two strong earth-

quakes in the South China Sea earthquake sequence. The delta CFF is

calculated at the depth of 5 km. (b) Time variations in the earthquake

sequence.

Fig. 5. (a) Locations of background seismicity (small circles) and two

earthquake doublets (large circles) with focal mechanisms and (b) pro-

jections of earthquakes along the W-E profile for showing eastward

subduction (a large arrow).

(a)

(b)



terval of an ML = 5.9 ~ 7.0 earthquake is normally on the

order of years, or tens of years, not in several or tens of

minutes, this is not a tenable idea. The second possibility is

that the seismic energy of the 2nd earthquake had been stored

within an isolated volume at the vicinity of the 1st one. Such

a model could work for three doublets as they are located in

fairly complex tectonic zones (Fig. 1), where crustal asperities

may be abundant. For example, the Suao doublet took place at

the complex conjunction between the subducting Philippine

Sea plate and the opening Okinawa Trough (Fig. 3). The other

two doublets occurred around the tectonic transition zone

from the Luzon subduction to Taiwan collision (Fig. 5). In

other words, the accumulated seismic energy for the dou-

blet-shocks in each sequence might very well have been se-

parated by strong aspereities in the crust. However, it is not

clear why doublets should have nearly identical magnitude.

To further understand the possible relationship between

the two events in the Suao, South China Sea, and Hengchun

doublets, we calculate the the delta CFF (temporal changes

in Coulomb Failure Function) generated by the 1st largest

earthquake using the elastic dislocation of a rectangular fault

in a half-space (Okada 1985, 1992). Based on the CMT solu-

tions of the 1st largest earthquake, we assume three inclined

dip-slip faults (Table 1) to estimate the change in the delta

CFF from the dislocation theory of an earthquake source.

We use the strike, dip, and rake of the fault as well as the

fault depth have been obtained directly from the CMT solu-

tions. The fault depth in the calculated dislocation model is

measured from the top of a fault. But the fault length, width

and slip have been roughly estimated from the earthquake

magnitude since they cannot be exactly obtained without

further observations and analyses. Although the calculated

delta CFF is also affected by the selection of these fault pa-

rameters, the general pattern of the delta CFF is not very sen-

sitive to them. In other words, variations in fault length,

width and slip do change the contour lines of the delta CFF,

but the areas where the delta CFF increased mostly remain

the same.

The calculated results clearly show that the 2nd largest

earthquake as well as most of the aftershocks clustered in

areas where the delta CFF increased after the 1st largest

earthquake (Figs. 2, 4, and 6). Such a good consistency be-

tween the increased delta CFF patterns and the subsequent

earthquakes, including the 2nd largest earthquake and most

aftershocks, indicates that the earthquakes that followed

were likely triggered by the static stress generated by the 1st

largest earthquake. This result is similar to previous findings

with respect to static stress triggering (e.g., King et al. 1994;

Stein et al. 1994; Deng and Sykes 1997; Gomberg et al.

1998; Stein 1999; Ammon et al. 2008), rather than from dy-

namic triggering (Freed 2005). Alternatively, the triggering

of 2nd largest earthquake might be a result of rupture propa-

gation beyond fault discontinuities (Kase and Kuge 2001;

Duan and Oglesby 2006; Kase and Day 2006). However, the

detailed relationship between the events in a doublet should

be investigated further.

In addition we would like to point out the potential

hazard the 2nd earthquake could cause, perhaps even more
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Fig. 7. Plots of accumulative number of earthquakes versus magnitude from three earthquake sequences (2005 Suao, 2006 Hengchun, and 2006 South

China Sea).



than the 1st one, not only because the magnitude of the 2nd

earthquake is at least or nearly that of the 1st one but also be-

cause structures damaged during the first one are likely to be

destroyed by the second one. The Hengchun earthquake se-

quence is a prime example of this. A house in the town of

Hengchun was partially damaged by the first earthquake, but

nobody was killed but the seond one totally destroyed the

house. Therefore, in the case of earthquake doublets rescue

work in buildings where the construction is made unsound

because of the 1st earthquake becomes ever so much more

dangerous if the seismic energy of the 2nd earthquake is same

as that of the 1st.

4. CONCLUSION

Three earthquake sequences with two identical largest

earthquakes have been observed in Taiwan recently. The two

largest earthquakes in each earthquake sequence formed

doublets, having similar magnitude and focal mechanisms,

close to each other, and with a relatively short delay between

them. These doublets differ from the more common main-

shock and aftershock sequences. We found that the second

shock in the doublets and most of the aftershocks were lo-

cated generally in the region of increased static stress fol-

lowing the first shock, suggesting that these events were

triggered by the first through static stress transfer. We pro-

pose that for doublets similar to those we studied the seismic

energy of the doublets have been independently accumu-

lated within adjacent volumes separated by an asperity. In

other words, the triggered earthquake could be as large as the

1st largest earthquake and thus the rescue work becomes

more dangerous in the strongly crustal heterogeneous area.
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