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This study examines the possibility of tidal triggering 
in the aftershock sequence of the MS 8.0 Wenchuan 
earthquake on 12 May 2008. Two methods, the Schus-
ter spectrum and KORRECT (correlation with a rec-
tangular pulse) methods, were used to explore the 
periodicities of the aftershock sequence. Firstly, we 
detected the latent periodicities through the Schuster 
spectrum method; then, we used the KORRECT  
method to verify and confirm these periodicities. 
Moreover, the aftershock catalogue was divided into 
two subsets using 16 km focal depth to discuss the im-
pact of focal depth on tidal triggering. Results show 
that the aftershocks in the first few days following the 
mainshock were mainly triggered by semidiurnal and 
diurnal tides. In the Longmen Shan Thrust Belt, shal-
low earthquakes were triggered by diurnal tides and 
deep earthquakes were triggered by semidiurnal tides. 
 
Keywords: Aftershock, earth tides, KORRECT method, 
schuster spectrum, 2008 MS 8.0 Wenchuan earthquake.  
 
THE oceans and solid earth are periodically deformed  
under the forces of celestial bodies (mainly the Sun and 
the Moon). We usually refer to them as solid tides and 
ocean tides. Related research indicates that although the 
variation of the solid tidal stress is 103 Pa, which is much 
smaller than the average stress drop of the earthquake, the 
rate of accumulation is usually greater than the tectonic 
stress1. Therefore, when the pressure in the focal area is 
close to the critical level at which the earthquake occurs, 
the tides may trigger an earthquake. Studying tidal trig-
gering can provide clues to the physical mechanisms that 
solve fault rupture.  
 Because stress changes due to the earth’s tide can be 
predicted, some studies have studied the relationship  
between the earth’s tide and aftershocks. Early in 1966, 
Berg2 supposed that the unloading of the crust by large 
ocean tides may be considered a triggering mechanism 
for the Alaska earthquake of March 1964, and its major 
aftershocks. Mohler3 considered that when tidal stress is 
favourable for motion on the fault plane, notable events 
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are continuously triggered during the entire sequence and 
large integral aftershock occurs. Tanaka4 used the Schus-
ter test to determine that the Sumatra megathrust earth-
quakes and Tohoku-Oki earthquake5 were triggered by 
tides. Xie6 observed the obvious diurnal tides in the 
Ning’er area of the Yunnan province with the Schuster 
spectrum.  
 The Wenchuan earthquake (MS = 8.0) occurred in a 
well-monitored zone. As a result, an almost complete 
record of all aftershocks of local duration magnitude 
ML ≥ 2 is available. Li and Jiang7 and Li8 have found 
Wenchuan aftershocks activity was triggered by tidal 
forces and have systematically studied them based on the 
Schuster test. Chen9 preliminarily found tidal force trig-
gering of the MS 8.0 Wenchuan earthquake and its strong 
aftershocks by calculating azimuths, scale, and rate of 
change of the tidal force.  
 In this study, we investigate the correlation between 
the 2008 MS 8.0 Wenchuan earthquake sequence and 
earth tides using the methods of the Schuster spectrum10 
and KORRECT11. Firstly, the Schuster spectrum method 
is used to analyse the seismic sequence in order to obtain 
the possible periods of aftershocks. Furthermore, the 
KORRECT method is used to test the significance level 
of the tidal periods found in the results of the Schuster 
spectrum. Moreover, we preliminarily discuss the charac-
teristics of the tidal triggering effect on the MS 8.0 Wen-
chuan earthquake and its aftershocks.  
 The MS 8.0 Wenchuan earthquake occurred at 
06:27:56.8 UT on 12 May 2008, at the Longmen Shan 
Fault Zone in the Sichuan province of China. The epicen-
tre was located at 31.0°N, 103.4°E, the focal depth was 
16 km and the rupture length was 330 km (ref. 12)  
(Table 1). Aftershock activity was very frequent. Accord-
ing to the data from Huang12, by the end of 18 May 2008, 
the number of aftershocks was about 536. The times of 
these data were converted into world time in our follow-
ing tidal calculations. The spatial aftershock distribution 
is shown in Figure 1. Figure 2 shows the depth and mag-
nitude distributions of aftershocks.  
 The MS 8.0 Wenchuan earthquake occurred in the 
Longmen Shan Thrust Belt on the eastern margin of the 
Qinghai–Tibet Plateau. The belt extends from the north-
east to the southwest. As seen in Figure 1, aftershocks 
were mainly concentrated in the upper plate of the Bei-
chuan–Yingxiu Fault, the lower part of the Wenchuan–
Maoxian Fault and Qingchuan Fault13–16.  
 Since the aftershock sequence is irregularly spaced, 
with no associated amplitude, routine methods are not 
suitable for detecting periodicities11. We enlisted two  
methods to study possible periodicities in the aftershock 
sequence: the Schuster spectrum and the KORRECT me-
thod.  
 The Schuster spectrum is popularly used in periodicity 
examination; it provides a way to detect any unknown  
periodicity in a catalogue and analyse any non-uniformity 

of seismicity rate6,10,16. The length of the sequence and 
the periodicity need to satisfy the equation: εT = t, where 
t represents the length of the sequence and T represents 
the latent periodicity. ε determines the subset of periods 
at which the spectrum will be computed, and the value of 
ε is at least 1 (ref. 10). In this communication, we set 
ε = 2, because of the Nyquist theorem.  
 The KORRECT method (correlation with a rectangular 
pulse) not only verifies the results obtained by spectral 
analysis, but also provides some new details11. The 
KORRECT method is basically the correlation between 
the occurrence time of aftershocks and the rectangular 
pulse sequence in a particular period. By counting the 
number of aftershocks within the pulse, we obtain a 
‘phase variation curve’, which determines the aftershock 
density as a function of phase at a particular period. This 
method was originally developed to detect triggering of 
aftershocks by the free oscillations of the earth17.  
 Firstly, we use the Schuster spectrum to detect the  
latent periodicity in aftershocks; then, we use KORRECT 
to verify whether the obtained periodicities correspond to 
the tide periodicity.  
 We analysed the aftershocks using the Schuster spec-
trum and KORRECT methods. Firstly, we calculated the 
Schuster spectrum and phase variation curves for 0–3 
days, 1–4 days, 2–5 days and 3–6 days following the 
mainshock (Figure 3). Periodicity becomes a significant 
rather than an arbitrary value when it surpasses 95% con-
fidence10. The Schuster spectrum exhibits obvious semi-
diurnal periodicity in Figure 3 a, c and e, we also find a 
trace of diurnal periodicity in Figure 3 a, corresponding 
to the semidiurnal and diurnal components of the earth’s 
tide. 
 Encouraged by the results of the Schuster spectrum, we 
used the KORRECT time-domain method for further  
verification. According to the method of KORRECT, we 
move one day in order to detect the periodicity clearly. In 
other words, the first data set starts the first day after the 
mainshock with a duration of three days; the second data 
set starts the second day after the mainshock with a dura-
tion of three days, etc. Through this method, every 3 days 
of aftershocks can include more than 100 aftershocks. A 
pulse series is used in the calculation by repeating a  
finite-width rectangular pulse at regular intervals. The  
 
 

Table 1. Parameters for the 2008 MS  8.0 Wenchuan earthquake 

Parameters     Value 
 

Occurrence time 2008-05-12, 14:27:56.8 
Location 31.00°N, 103.34°E 
ML 8.0 
Depth 16 km 
Strike 247° 
Dip 62° 
Rake 131° 
Friction 0.4 
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Figure 1. Distribution of Wenchuan aftershocks and the tectonic setting of the study region. The size of the cir-
cle represents the magnitude of aftershocks; the colour of the circle represents time after the mainshock, increas-
ing through orange, green, blue and purple. The colour chart on the right side of the figure indicates elevation.  

 
 

 
 

Figure 2. Depth and magnitude distributions of aftershocks. 
 
 
period of the pulse series was made equal to the periods 
obtained in the spectral analysis.  
 Figure 3 b, d, f and h show the phase variation curves at 
a period of 0.5 days with a pulse of 0.1 days. The number 
of aftershocks within the pulse can be used to plot a 
phase variation curve, which displays aftershock density 
as a function of phase for a particular period. The after-
shock density demonstrates cyclic behaviour with a min-
imum and maximum separated by about 180° in phase, 
similar to a sinusoidal curve. By the end of the 6th day 
after the mainshock, cyclic behaviours were no longer 

observed in the phase variation curves. These results in-
dicate that aftershocks may mainly be triggered by semi-
diurnal tides.  
 Figure 3 a, c, e, and g do not show clear patterns of  
aftershock density, but Figure 3 b, d, f and h have declin-
ing trends over the semidiurnal period. By the end of the 
6th day, the data lose their inherent features; therefore, 
we did not calculate the remaining aftershocks.  
 Figure 3 a demonstrates obvious semidiurnal and diur-
nal periodicity. Therefore, we further verified the 1 day 
period using the aftershocks between 0 and 3 days 
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Figure 3. Schuster spectrum and phase variation curves for (a) 0–3 days, (b) 1–4 days, (c) 2–5 days and (d) 3–6 days  
after the mainshock.  

 

 
 
Figure 4. Phase variation curves for 0–3 days after the main shock. 
The period of the pulse series is 1 day and the pulse width is set to 0.2 
days.  

(Figure 4). The pulse width was set to 0.2 days. In this 
case, cyclic behaviour in the aftershock density with  
two minimums and two maximums was observed, which 
indicates that aftershocks may be triggered by diurnal 
tides.  
 Thereby, using two approaches, we find that, after-
shocks in these time spans were triggered by tides,  
including semidiurnal and diurnal tides.  
 In order to test the effect of depth on tidal triggering, 
the data set was divided into two subsets: set A contains 
the shallow aftershocks (0 ≤ depth < 15 km) and set B 
contains deep aftershocks (15 ≤ depth ≤ 30 km).  
 We separately analysed aftershocks from 0–3 days  
after the mainshock in sets A and B.  
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Figure 5. Schuster spectrum and phase variation curves 0–3 days after the mainshock in sets A and B. 
 
 
 Figure 5 a and c show the results of the Schuster spec-
trum. The Schuster spectrum exhibits obvious diurnal pe-
riodicity in set A (Figure 5 a), and obvious semidiurnal 
periodicity in set B (Figure 5 c). Figure 5 b and d show 
the phase variation curves corresponding to Figure 5 a 
and c. The phase variation curves in Figure 5 b have a  
period of 1 day with pulse width of 0.2 days; the phase 
variation curves in Figure 5 d have a period of 0.5 days 
with pulse width of 0.1 days. These phase variation 
curves show cyclic behaviour in the aftershock density, 
with a minimum and maximum indicating that the after-
shocks at both depths may be triggered by tidal stress.  
 Thereby, through two analyses of two subsets of 0–3 
days aftershocks, we can preliminarily conclude that the 
shallow aftershocks were mainly triggered by diurnal 
tides, and the deep aftershocks were mainly triggered by 
semidiurnal tides.  
 Compared to the increasing confining stresses on 
faults, tidal dilations become relatively smaller with 
depth18–21. Therefore, shallow earthquakes are more easi-
ly triggered by earth tides. But our results illustrate that 
aftershocks were triggered by different tides regardless of 
shallow or deep earthquakes.  
 Figures 3 a, 5 a and 5 c also show clear periodicity 
near the 2 days point with 99% confidence. In order to 
explore this periodicity, we expanded the duration of the 
data set to 5 days after the mainshock (Figure 6). Figure 6 
is also used to analyse the influence of depth on the tidal 
triggering.  
 Figure 6 shows that the Schuster spectrum can exhibit 
obvious 2 days periodicity in all situations (Figure 6 a, c 
and e). From Figure 6, we also find that aftershocks at all 
depths display obvious semidiurnal periodicity (set B) 
and fuzzy diurnal periodicity (set A). In Figure 6 b, d, 

and f, the KORRECT method was used to obtain the cor-
responding phase variation curves with period of 2 days 
and pulse width of 0.2 days. These phase variation curves 
show cyclic behaviour in the aftershock density, with 
four minimums and four maximums. However, the 
earth’s tide does not have a 2 days component; the 2 days 
period may be the double effect of diurnal tide. There-
fore, aftershocks at all depths may be triggered by tidal 
stress.  
 In this study, we found that shallow earthquakes were 
triggered by diurnal tides and deep earthquakes were 
triggered by semidiurnal tides. This could be due to dif-
ferences in the crustal structure and tectonic implica-
tions21. According to the tectonic setting in Wenchuan, as 
the depth of the Longmen Shan Fault (the main fault) in-
creases, the dip of the fault decreases until the angle is 
nearly vertical22. There is a zone of low velocity and low 
resistivity23,24 in the Longmen Shan Fault at the depth of 
15–20 km, and due to the large amplitude of the semi-
diurnal tides compared with diurnal tides, it may have in-
duced the detachment layer of the nappe tectonic belt, 
and thus played a more significant role in deep earth-
quakes. Therefore, associated aftershocks may be influ-
enced by diurnal tides, and deep aftershocks may be 
influenced by semidiurnal tides.  
 In this study, we used the MS 8.0 Wenchuan earthquake 
sequence to analyse aftershocks from 12–18 May 2008. 
Through the Schuster spectrum and KORRECT methods, 
it is evident that the earth tides had strong influence on 
the occurrence times of aftershocks of the 2008 MS 8.0 
Wenchuan earthquake, and the aftershocks during the 
first few days were triggered by semidiurnal and diurnal 
tides. Moreover, we divided the aftershock catalogue into 
two subsets and concluded that shallow earthquakes were 
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Figure 6. Schuster spectrum and phase variation curves 0–5 days after the mainshock for all depths (a, b), set A 
(c, d), and set B (e, f ). The period of the pulse series is 2 days and the pulse width is set to 0.2 days.  

 
 
triggered by diurnal tides and deep earthquakes were 
triggered by semidiurnal tides in the Longmen Shan 
Fault.  
 The findings suggest that the tides may trigger an 
earthquake when pressure in the focal area is close to the 
critical level at which the earthquake occurs. Combining 
the Schuster spectrum and KORRECT methods may be 
feasible for detecting the latent tides.  
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Dwarka river basin, situated in the Birbhum district 
of West Bengal, India is endemic to fluorosis as 
groundwater contains fluoride as high as 14 mg/L 
(permissible limit 1.5 mg/L). Co-existence of boron (B) 
and fluoride (F–1) in groundwater, sometimes acts as a 
tool to predict the source of fluoride. This research 
was carried out with an objective to identify the  
geochemical relationship of these two elements and to 
find out their source(s) in groundwater. pH of 
groundwater of the study area was mostly neutral to 
alkaline, F– generally ranged from 0.1 to 10.6 mg/L 
and boron ranged from 0.01 to 0.5 mg/L. Fluoride and  
boron showed a strong positive correlation indicating 
similar source. Fluorapatite observed in sediment sam-
ples was considered to be the main source of fluoride. 
Clay minerals found in the sediment sample were con-
sidered to be the most probable source of boron. 
 
Keywords: Birbhum, boron, fluoride, fluoroapatite, 
groundwater, zeolite. 
 
IN groundwater, occurrence of fluorine (F–) and boron 
(B) together has attracted attention because of their  
effects on human health. Fluoride (F–1) bearing minerals 
such as fluorite, cryolite and fluorapatite are commonly 
found in granitic rocks1,2 which can contaminate ground-
water with F– through water–rock interaction. Occurrence 
of F– has also been reported in secondary rocks such as 
argillaceous carbonate rocks3, loess deposits4, flood plain 
deposits5,6. Occurrence of F– bearing minerals in hard 
rock terrains is well known, but F– dynamics in alluvial 
terrains is less documented7,8. Natural sources of B in-
clude both igneous rocks and sedimentary deposits. The 
main process for the origin of B in groundwater is water–
rock interaction in carbonate rocks, bentonites and evapo-
rites, and ion exchange phenomenon of aquifer materials. 
In soil, B, associated with organically bound clay and 
mineral-fixed fractions commonly occurs as borates of 
sodium (Na) and calcium (Ca). In the earth’s crust, aver-
age concentration of B is generally 10 ppm; its concentra-
tion in rocks ranges from 5 ppm in basalts to 100 ppm in 
shales9. Dwarka river basin (DRB) in Birbhum district 
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