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Usually, only crystalline basement is strong enough to store the massive strain energy that can be released in a damaging earth-
quake. By contrast, sedimentary cover is weak, because of its relatively high porosity and fluids. Therefore, it generally cannot 
accumulate enough energy for strong earthquakes. On January 31, 2010, a M5.0 earthquake occurred near the border of Suining 
and Tongnan in China. It excited strong short-period Rayleigh waves Rg, indicative of its shallow focal depth. The focal depth is 
constrained to less than 4 km, most probably in the range of 1–3 km, by modeling amplitude dependence on the frequency and 
waveforms of teleseismic depth phases (pP, sP). Because the local Mesozoic sedimentary cover is about 6 km thick, this earth-
quake should have occurred in the sedimentary cover. Though some shallow earthquakes with magnitudes up to M4 occur in Pa-
leozoic sediments, this earthquake is the first M5 event studied in Mesozoic sedimentary cover. This event provides a rare oppor-
tunity to study seismogenic processes of damaging earthquakes in sedimentary basins. 
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Most strong earthquakes occur at inter-plate boundaries, 
with much less frequent damaging earthquakes occurring 
within stable plates [1]. For example, since 1941, three M6+ 
earthquakes (with the strongest having a magnitude as great 
as M7.1) have struck the Yilgarn Craton in Western Austra-
lia, one of the oldest cratons in the world (http://www. 
seismicity.see.uwa.edu.au/welcome/seismicity_of_western_ 
australia/wa_historical). India, another stable geological 
unit, also suffered substantial loss from the 1993 Latur and 
2001 Gujarat earthquakes. Previous studies have found that 
the distribution of focal depths for events in stable conti-
nental events shows a bimodal pattern, with most events in 
two seismogenic layers, the upper one third of the crust and 
the lower one third of the crust, with M4.5–8 earthquakes 
predominantly occurring with a depth less than 7 km [2].  
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There are many earthquakes that have occurred at depths 
less than 5 km (and perhaps as shallow as 1 km) in both 
southwestern Australia [3] and the Lake Ontario region of 
North America [4,5]. Recently, a study of the aftershock 
sequence of the 2008 Great Wenchuan earthquake also re-
ported events shallower than 5 km in the northeastern tip of 
the Wenchuan earthquake rupture zone [6]. All these shal-
low earthquakes took place in the rigid rocks of Paleozoic 
strata or plutonic bodies, both of which are very strong and 
accumulate massive strain energy. Large stress associated 
with the strain can only exceed the strength of the shallow 
part of the crust and cannot overcome the strength of the 
deeper part of the crust. Therefore, shallow earthquakes 
occur in stable continental regions [3]. Note that there is a 
very limited number of reports of damaging earthquakes in 
sedimentary cover. For example, an M4.2 earthquake that 
occurred in Kentucky at a depth of 1.7 km is believed to 
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have occurred in the Paleozoic cover [7]. 
The Sichuan Basin is a rigid stable block surrounded by 

mountain belts. Situated in the center of the Sichuan Basin, 
the Suining-Tongnan area experiences very low seismicity 
with historical earthquakes generally less than M3. How-
ever, a M5.0 earthquake struck this area on January 31, 
2010, leading to one fatality and 12 injuries in addition to 
the economic loss of tens of millions of dollars. Because of 
the low seismicity, this area is only covered with a sparse 
seismograph network. Therefore it is very difficult to de-
termine accurate focal depths with travel times. Typically, a 
dense network is needed for high-resolution focal depth 
determinations if only travel times are used. For example, 
the closest station ideally should be closer than 1.4 times the 
focal depth [8]. However, the closest station for the Suin-
ing-Tongnan event is more than 80 km away, and therefore 
other methods are necessary to reliably determine focal 
depth. The focal depth solution from the China Seismic 
Network Center is 10 km (www.csndmc.ac.cn), which is not 
consistent with well-developed short period (1–2 s) Ray- 
leigh waves Rg. The Rg is strongly dispersive, indicating a 
low shear velocity in the top few kilometers of the crust. 
Moreover, Rg is much stronger than the corresponding body 
waves, suggesting a depth less than 4 km [9]. After com-
paring data with synthetic seismograms at regional dis-
tances (to examine amplitude dependence on frequency) 
and at teleseismic distances (depth phases pP and sP), we 
confirm that the hypocenter of the event is shallower than 4 
km and very probably shallower than 2.5 km. 

This event occurred in a gas field within the Suining- 
Tongnan area, where the sedimentary cover is about 5–7 km 
thick [10–12]. The gas field is situated in the center of the 
Sichuan Basin, where Archean to Jurassic sedimentary 
strata are well developed. Prior to the middle Triassic, the 
sedimentary rocks are of marine origin, and then transgress 
into terrestrial deposition in the late Triassic. The Jurassic 
strata formed from lake deposition are predominantly lacus-
trine [10,11]. The geological strata are well understood from 
oil wells in this area. For example, the Jialingjian group is at 
depth of 3 km [12]. If this earthquake hypocenter was shal-
lower than 3 km, it almost surely would have occurred in 
Triassic or younger strata. These young sedimentary rocks 
are porous and fluid-filled, and therefore should be weak 
and incapable of storing sufficient energy for damaging 
earthquakes, although they could trigger micro-seismicity 
(M2–3 or weaker). If this event indeed occurs in Mesozoic 
strata, it would be a very rare event, demanding more de-
tailed studies of its seismogenic processes. 

1  Short period surface waves Rg 

Strong Rg waves (with periods between 0.4 and 2.5 s) are usu-
ally observed at distance ranges of 50–125 km for very shallow 
earthquakes and explosions [9,13–15]. In this frequency range  
(0.4–2.5 s periods correspond to frequencies of 0.4–2.5 Hz), 

Rg is strong only for depths less than 5 km, with most en-
ergy in the upper 2–3 km. Therefore, short period Rg are 
not observed for events deeper than 4 km. Kafka [9] and 
Bath [16] proposed that clear Rg is a reliable indicator of 
shallow earthquakes. 

The Suining-Tongnan earthquake excited strong Rg waves 
at most stations in the Sichuan and Chongqing seismic net-
works (Figure 1). As mentioned, the stations in this region are 
sparse because of low historical seismicity with the closest 
station located at least 80 km away from the earthquake. This 
limits the possibility of reliable focal depth calculations from 
travel times alone. Instead, waveform modeling techniques 
should be used to constrain focal depth. 

Indeed, strong Rg waves are observed on many stations 
inside the Sichuan Basin, indicating that the event is shal-
low (Figure 2). Because of the low shear velocities in the 
shallow part of Sichuan Basin, the Rg waves show dramatic 
dispersion, with shorter period waves lagging longer period 
waves. Because the amplitude of Rayleigh waves decays 
exponentially with depth, shallower earthquakes generate 
stronger short period Rayleigh waves. And because of the 
lower group velocity of the short period waves, the ampli-
tude of later-arriving short period wave trains are stronger 
than that of former-arriving long period wave trains excited 
by shallow earthquakes. 

Although short period Rg provides qualitative evidence 
for focal depths less than 4 km, depths can be more quanti-
tatively constrained with waveform modeling. We investi-
gate the Rg amplitude dependence on frequency with syn-
thetic seismograms computed with the FK method [17]. We 
adopted a velocity model by Wan et al. [18] who developed 
a finite-frequency inversion algorithm for reliable 1D veloc-
ity profiles. Earthquake source parameters are inverted from 
waveforms, and a fault plane solution shows the thrust 
mechanism (strike 15°, dip 50° and rake 87°). We assume 
that Qs is 100 for the upper 3 km and 300 for deeper regions. 

 

Figure 1  The Suining-Tongnan earthquake (star) and seismographic 
stations (triangle). The labeled stations show strong Rg waves. 
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Figure 2  Record section of vertical component seismograms show strong 
Rg, manifesting strong dispersion and indicating shallow depth. 

From Figure 3, we observe that longer period waves (4 s 
and longer, with arrivals at around 25–30 s) are well 
matched for focal depths of 4 km, but shorter period waves 
(periods of around 1 s with arrivals near 31 s) are too weak. 
The focal depth is set to 2.5 km and the whole wave trains 
fits well, suggesting that the 1D shear velocity model and 
the focal depth are probably appropriate for this study. If Qs 
is chosen to be 50 for the upper 3 km, a focal depth of 1.5 
km can explain the observed waveforms. The seemingly 
different depths of 2.5 km for Qs=100 and 1.5 km for Qs=50 
are caused by cancellation of stronger amplitudes from 
shallower depths and the more highly attenuated amplitude 
from lower Q. Saikia et al. [17] investigated in detail the 
effects of Q on Rg amplitude, and obtained a Q model for 
the New England region of the United States. As New Eng-
land is geologically older than the Sichuan Basin, the Qs for 

the Sichuan Basin should be lower, and therefore a shallower 
focal depth is needed to generate strong Rg (Figure 3(b)). 

In the epicentral region, no ground rupture is observed 
from field instigations and damage is limited in extent. 
Therefore, the event cannot be too shallow (i.e. < ~0.5 km). 
This is because an M5 earthquake (typically with rupture 
dimension of 1–3 km) would break the ground if the cen-
troid depth was too shallow (i.e. shallower than half the 
rupture width). Another shallow earthquake, with a centroid 
depth of 320 m, was claimed by Dawson et al. [19] to be the 
weakest earthquake observed with INSAR. Based on these 
factors, we think that the centroid depth of the Suining- 
Tongnan earthquake is within the range of 2±1.5 km. 

Although Rg is a good indicator of shallow earthquakes, 
there are some limitation for its application. First, the 
crustal structure should be simple. Otherwise, 3D heteroge-
neity and topography would cause strong scattering or even 
destruction of Rg, making it particularly challenging to 
identify. Second, if Q is very low in the shallow crust, Rg 
can be very weak and hard to be observed at all. Third, the 
radiation pattern of Rg from tectonic earthquakes is not iso-
tropic, which leads to an absence of Rg on certain paths. 
Therefore, the absence of Rg does not automatically support 
a deep hypocenter for the earthquake [9].  

2  Teleseismic depth phase pP and sP  

To confirm that the earthquake occurred in the very shallow 
part of the crust, we also modeled teleseismic P waves. 
Typically, teleseismic P and its depth phases (pP and sP) 
can be observed for Mw5.0 at teleseismic distances of 
30°–90°. Teleseismic P waves propagate by diving from the 
hypocenter, but the depth phases pP and sP form when 
up-going P and S waves are reflected from the free surface. 
Engdahl et al. [20] proposed the EHB method for locating  

 

Figure 3  (a) The 1D shear velocity model from Wan et al. [18]; (b) comparison between data (black) and synthetic vertical seismograms (grey). When 
Qs=100 and focal depth=1.5 km, Rg is too strong on synthetic seismograms. But when focal depth = 4 km, Rg is too weak. A focal depth of 2.5 km provides 
the best waveform match for Qs=100, but synthetic seismograms with Qs=50 and depth=1.5 km fit observation equally well. 
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global earthquakes. This involves the use of multiple seis-
mic phases including P, pP and sP plus others such as S, 
PKiKP, PKPdf, and pwP. As compared to locations deter-
mined from ISC and NEIC, the depth resolution of the EHB 
method is much higher. Because of the very close raypaths 
of P, pP and sP, the differential times of pP-P and sP-P are 
almost only sensitive to focal depth and are not affected by 
the velocity structure of the Earth’s interior. With even a 
small change of focal depth, the differential times of pP-P 
and sP-P are changed appreciably. For example, for a 2 km 
depth change, pP-P changes by about ~0.6 s, and sP-P 
changes by ~0.9 s, which would be obvious on short period 
P wave records. Therefore pP and sP can be used to obtain 
precise focal depths. 

Two high quality seismographic stations (COLA and 
WRAB) from GSN/IRIS were chosen for teleseismic P 
waveform modeling. Their epicentral distances were 69.5° 
and 57.0° respectively. Instrument responses were first re-
moved to obtain velocity ground motion. Then a 0.7–2 Hz 
band pass filter was applied to suppress microseism signals, 
which were very strong in the frequency band of (0.05–0.3 
Hz). Focal mechanisms and velocity models are the same as 
those used in section 1. 

For different focal depths, we computed synthetic seis-
mograms (red in Figure 4(b)) and compared them with ob-
served waveforms (black in Figure 4(b)). As expected, for 
larger focal depths, pP and sP lag much later than P, and 
when focal depth is very small (1–2 km), the three seismic 
phases (P, pP and sP) almost merge into one signal. Syn-
thetic seismograms with a focal depth of 1 km can explain 
data very well for both COLA and WRAB stations. How-
ever, for depths of 4 km or larger, the synthetic waveforms 
are very different from the observed ones. Therefore, the 
earthquake is indeed considered to be shallower than 4 km.  

Of course, seismological datasets (teleseismic or local 

waveforms) cannot resolve focal depth at length scales 
much smaller than one wavelength because of the interfer-
ing nature of waves. Geodetic methods such as INSAR or 
ground leveling measurement can provide higher resolution 
focal depths; therefore seismology and geodesy should be 
combined for future earthquake studies. 

3  Discussion and conclusion 

Both local waveform modeling of Rg and teleseismic P 
waveforms confirm that the Suining-Tongnan earthquake 
occurred at a shallow depth, probably in the range of 2±1.5 
km, and definitely less than 4 km. From geological studies, 
1D waveform modeling is determined to be appropriate in the 
study region because of nearly horizontal strata [21,22]. Also, 
the event is located near wells #1 and #2 of the Moxi gas field 
where well-logging and seismic exploration data can provide 
detailed information of the geophysical properties of the geo-
logical strata. The crystalline basement is well resolved at a 
depth of >6 km, and the upper 3 km of the sediments are Tri-
assic or younger. Moreover, the strata are almost horizontal, 
without any instances of rigid rock intrusions into the shallow 
sediments (Figure 5). Therefore, the Suining-Tongnan earth-
quake should occurr in the Mesozoic sedimentary cover.  

Although there are regions on Earth with very shallow 
earthquakes (e.g. the 0.5 km deep event in Western Australia 
[19] and the 2 km deep Latur earthquake in India [23]), these 
regions are located on old cratons and the crystalline base-
ment is very shallow. One established case of an earthquake 
in sediments is the 2003 M4.2 earthquake in Kentucky, but 
that occurred in Paleozoic strata. There are other reports of 
M4+ earthquakes in Paleozoic sedimentary rocks [24], but 
there have been no reported cases of damaging earthquakes 
(M5+) in Mesozoic rocks, as far as all the literature that we 

 

Figure 4  (a) Suining-Tongnan earthquake (star) and two seismograph stations (triangle); (b) synthetic teleseismic waveforms (red) and observed ones 
(black) at stations WRAB and COLA for different depths. A depth of 1 km provides the best waveform fit. 
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Figure 5  Geological section of the study region [21]. The dot indicates the earthquake hypocenter. 

investigated is concerned.  
As the top 3 km of strata in the Suining region is Meso-

zoic and the porosity has a high fluid content, the rocks 
should be very weak and are not expected to store sufficient 
energy to cause damage during release in an earthquake. So, 
that this M5 earthquake is confirmed to occur in Mesozoic 
sedimentary cover, is indeed surprising. More puzzling is 
that no known faults have been found to be associated with 
the earthquake. Therefore, geophysical researchers are pre-
sented with a rare opportunity to study seismogenic proc-
esses in weak Mesozoic sediments. 
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(02092410) and the Knowledge Innovation Program of the Chinese Acad-
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