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Effects of the Earth Tide on Earthquake Occurrence: An Approach
by Numerical Simulation

Hiroshi TSURUOKA " and Masakazu OHTAKE"!

Abstract

0 O We conducted a numerical simulation to clarify the effects of the earth tide on earthquake
occurrence. In the simulation, fault planes, having different initial stresses, are loaded by
constantly increasing tectonic stress and cyclic stress due to the earth tide. Earthquakes are
assumed to occur when the shear stress reached a certain threshold level. The result of the
simulation indicates that the tidal effect on earthquake occurrence is strongly controlled by
the ratio of stress change rate between earth tide and tectonic stress accumulation;
earthquakes concentrate near phase angle 0°00 maximum tidal stressOwhen the ratio is large,
and they are distributed with a peak around O 90°0 maximum acceleration of tidal stress(]
when the ratio is small. This phase selectivity is very similar to the observations of tide-
triggered earthquakes reported so far, and rock failure experiments under cyclic loading,
suggesting that our approach may provide an important clue for clarifying the physical
mechanism of tidal triggerings of earthquakes. Schuster's test has been widely used for
detecting tidal effect on earthquake occurrence. However, it is shown by the numerical
simulation that the result of a test strongly depends on the size of a data set when
earthquakes have phase selectivity by nature, and that Schuster's p-value is not appropriate
to represent the strength of tidal effects. Alternatively, we propose to use O , which is the
amplitude of a sine curve fitted to the frequency distribution of earthquakes against phase
angle, to evaluate the strength of tidal effects. We also emphasize that the effect of ocean
loading is an important component of the earth tide, and cannot be neglected in a study of tidal
triggerings of earthquakes.
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Fig.010 Definition of tidal phase angle.
The maximum and the minimum of tidal stress
changes just before and after an earthquake are
assingned to 0° and + 180°, respectively, and the
tidal phase angle is defined by linearly dividing
the time interval between them. This figure
shows the example of 6 i 90°.
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Fig.020 Results of a re-investigation of Heaton
[J1982[0s data set of shallow dip-slip
earthquakes [0 100 events[] for the cases
of 0 all neglecting, andU b0 including the
effects of ocean loading.
The p values are 22.5% forOal] and
1.96% for O b0, respectively.
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Fig.030 Time history of the total stress change
for different stress rates of tidal shear
stress superimposed on the tectonic
stress accumulation.

The time is normalized by the cycle of
the earth tide. Region surrounded by
solid line in0d a0 is enlarged inO bl
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mulation without tidal effect.

The time is normalized by the cycle of
the earth tide.
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Table 10 The p values and atandard deviations for
different tidal effect on earthquakes, O .

oooo pOO00OO0O0OOOODO
N o 0 0.0 o 0o.2
100 51.84+ 3.07 32.09+ 2.64
200 49.73 + 3.09 19.38 + 2.44
500 52.36+ 2.80 [B.32+ 0.65
1000 50.50 + 2.77 .39 + 0.14
2000 49.99 + 2.87 [0.02 + 0.02
5000 50.16 + 2.94 [0.00 + 0.00
10000 4463+ 2.85 [0.00 + 0.00
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indicates standard deviation.

gboboboooooooooogoo

OSchuster0 000000000 0O0O0O0OO0O
gboooobobboobobooboobonboo
goboooobobooboobooboobonbo
gboboobooobobobbooboboobo
gbaoooooooboooobobooboo

viioogooo

O Tsuruoka et al.0 199500 000000000
0000 SchwiderskiD 198000 0 000000
0000000000000 Matsumoto et al.
gzo000000000000000000000O
0ooooooooooooooooooooon
000ooooogooooog2o00iMsS OO
00000D0Do0ooo0oooooooooooo
0ooo0oooooooooooooooooo
00oDo00ooooooooooooooooo

I —



st &3 5 2 ° e e o 1

o r=0.5

4 r=0.2
04 o r=0.14
Bo3r J

i
02F § I LS z & & & & g
k3
-3

01} 2 o ¢ o e E

102 10° 104

gbioc0ooo0oooooooooooooa d
goooooooo
goboooooob rO0o.a0o2005000
gooooboooOoooOooobooooao
oo

Fig. 10 Relation between tidal effect on earth-
quakes 0 and data numbers N.
Cases of r O 0.1, 0.2 and 0.5 of stress
rate ratio are shown in the figure.
Error bar indicates standard deviation.

000000D00000000ooodschuster
00oo0o0oooooooooooooooog
doooooooooooooooooood
gooooDooogogz0aMsOOn0Oood
Matsumoto et al.0 20000 D OO0 OOOOOO
dooodoooooooooooooooood
gooooooooooooooooogoood
00ooo0ooooooooooooooooog
dooodoooooooooooooooood
goooooooooooooooood

00oDoooooooooooooooooog
goooooooloi:igoooooomood
gooooooooooooooooooood
00oooooooooooooooooooog
ooovoooooooooooooooood
goooooooooopooooooogoood
00oooooooooooooooooooog
0ooodooooooooooooooooog
Joo0o0r0000OO0OO0ODOOOroo0.10 1000

oooooooooooooooooooooo
000oooooos00@oo0oonooooo
00000000000 ooDoooooooo
000000 3x 108Pal0 0000000 100
00oDo0ooooooooooogdov 0oo
O000000Ov O 102Pa/day D 0000000
oooooooooooooM2000000T
OosdayliOD0 0000000 ODOOOOOOO
Oal3x 103Pal 00000000000
0000000000 rd2mdlv TOD 10200
o0joooodooooooooooooooooo
000D000o0ooooDoooooooooo
0000o000o0dbOoooooooooos500
000odoo0ooooooooooooooo
00o0o00oo0oooooooDoooooooo
oooooooooooooooooooooo
00o0Do0ooooooooooooooDooo
000o000oo00oooooooDoooooooo
oooooooooooooooooooooo
00o0Do00o0oo0oooooooooooooo
000D000o0ooooDoooooooooo
oooooooooooooooooooooon
o0ooooooooooooo

ovoooooooooooooooooooo
000D0DO0DbOooooooooo ooo 9o O
000000 0o0o0oooDooooO0r0 1000
00oo 0Doopoooooooooooooo s
0oModooeo 0bobooooooooog
oO00ogoeo D00D0DODooOoUooDoooooD
000 0000oo0o0ooDoooooooooo
oooooooooooooooooooooon
0000000 0ooooDoooooooooo
0 O Tsuruoka et al.,[119950 0 0 0 19950 0 O0 O
0001995000 01997MSO 0 O O 2001MS[T]
000D00oo0oooooooooooooo
000D0000o0oDoooDoooooDooooo
000 Dieterichd] 198700 0000000000
0000oo0ooooooooooooooooo
000Do000oo0ooooDoooooooooo
oooooooooooooooooooooo
000D000oo0oo0ooooooooooo

I —



gooDooooooobooboobooobooa
Lockner and Beeler1 1999000 00000000
goooooboobooouobooboooooa
goboooooooooooooobooooooa
goooobbouoooooobobobbooood
gobooo0oooooooooobboooooa
goooooooooooobooboboooooa
gobobooooooooobbobuoooooa
goooo0ooooobooooooooooa
goooooooooooooobooooooa
ogdoo 30 0oooooobooooooooo
gooooooooooooooboboooooa
goooo0ooooooooooboboooooa
goobooooooooobbbbbbooood
gooboooooooooooobooooooa
ogoooooooao

VIQo O M M

goooboooobooboobgoboboobooboo
gobooboboooboboooooboobooboo
goboobooboboobooboooboobobooboo
gooobooogoobooboboooboboooo
goboobobooobobooobobobooboo

gbobobooooobooooboobobooboon

gooobooogoobooboboooboboooo
OO0O00O0Schuster0 000 pO0OdOOooog
gobooboobooobobooobobobooboo
gooboooooodg
igboooooboboooboobobooboooboo
gooobooboooboobobooobooboooboo
gborobobooboonon

DzoooooOoO0r0o100000000000OO0

gobooboooobo obobboobooobo
gobobooobooiliobobooooboooooobo
90° D0OUUDOOOOooOOoubbOOooboooo
goood
g3ooooobobooooobooboboooo
OO0O00O0OSchusterD 000 pO0OOOOOOO
gbooboobobooooogoon
400000000000 O0O00O0ODODObOO
goooboobooobobooboboobobooboo

gbobobooboobobta obooonog
gboboaboboobooboboobooo
gbobooooboobobobooobobooobo
gobooooboobooooboboobooobo
gbobooooboboooboobooobo
gboooobooboooboooboboobooobo
gbooboooobobooboboobobooobo
gboooobobboobobooboboobo
gboboobooobobobobooboboobo
gobooooooboboboboobobooobo
gbobooooooboobobobooobooog

oooo

oooooo7MsSOmoooooooooooooo
00000o0000o0o00Uoo0ooooooooooo
ooo .

Aoki, Y.0200100maging dike intrusion during
seismic swarms off the Izu Peninsula, JapanCand
its triggering mechanism. DSc thesis, University
of Tokyo.

0o0o00oo1esedddddnnoonn20sd
205-228.

Cotton, L.A.0O019220Earthquake frequency, with
special reference to tidal stress in the litho-
sphere. Bull. Seism. Soc. Amer., 12, 47-198.

Dieterich, J.HO 19870Nucleation and triggering of
earthquake slip: Effect of periodic stresses.
Tectonophysics, 144, 127-139.

Emter, D 199701[Tidal triggering of earthquakes
and volcanic events. In Wilhelm, H., Zurn, W.
and Wenzel, H.G. eds.: Tidal Phenomena. Lect.
Notes Earth Sci., 66, Springer-Verlag, 293-310.

Glasby, G.P. and Kasahara, J.00 2001t(nfluence of
tidal effects on the periodicity of earthquake
activity in diverse geological settings with
particular emphasis on submarine hydrothermal
systems. Earth-Science Reviews, 52, 261-297.

o000 o78dmopoooooooooooono
00000000o4301-100

0000 019950Mmooioooooooooooo
O0o0oooOoOoooOoOoooOooooooooooo
0000000000 DOD 20480521-5300

Heaton, T.H.O 19750(Tidal triggering of earth-
quakes. Geophys. J. R. Astr. Soc., 43, 307-326.

Heaton, T.H.O 1982[(i(Tidal triggering of earth-
quakes. Bull. Seism. Soc. Amer., 72, 2181-2200.

Hill, D.P., Reasenberg, P.A., Michael, A., Arabaz,
W.J., Beroza, G., Brumbaugh, D., Brune, J.N.,
Castro, R., Davis, S., dePolo, D., Ellsworth, W.L.,
Gomberg, J., Harmsen, S., House, L., Jackson,
S.M., Johnston, M.J.S., Jones, L., Keller, R.,
Malone, S., Munguia, L., Nava, S., Pechmann,

I —



J.C., Sanford, A., Simpson, R.W., Smith, R.B.,
Stark, M., Stickney, M., Vidal, A., Walter, S.,
Wong, V. and Zollweg, J.0 1993[1[Beismicity
remotely triggerd by the magnitude 7.3 Landers,
California, Earthquake. Science, 260, 1617-1623.

Kasahara, J. and Sato, T.0 200101(Tidal effects on
volcanic earthquakes and deep-sea hydrothermal
activity revealed by ocean bottom seismometer
measurements. J. Geod. Soc. of Japan, 47, 424 -
433.

Klein, FW.0 19761[Earthquake swarms and semi-
diurnal solid earth tide. Geophys. J.R. Astr. Soc.,
45, 245-295.

Lockner, D.A. and Beeler, N.M.[O 1999[1[Premoni-
tory slip and tidal triggering ot earthquakes. J.
Geophys. Res., 104, 20133-20151.

Matsumoto, K., Takanezawa, T. and Ooe, M.

[0 20001[0Ocean tide models developed by assimi-
lating TOPEX/POSEIDON altimeter data into
hydrodynamical model: A global model and a
regional model around Japan. J. Oceanography,
56, 567-581.

00o0oooooo oi1eeotoopoooooon
0000000000120 369-3780

Nasu, N., Kishinouye, F. and Kodaira, T. 00 193110
Recent seismic activities in the lzu Peninsula
O part 100 Bull. Earthg. Res. Inst., 9, 22-35.

000000000 O19950Mmuoooooonon
00 0650 285-2870

Oike, K. and Taniguchi, K.[0198810The relation
between seismic activities and earth tides in the
case of the Matsushiro earthquake swarm. Bull.
Disas. Prev. Res. Inst., Kyoto Univ., 38, 17-28.

Reasenberg, P.A. and Simpson, R.W.0O 1992010
Response of regional seismicity to the static
stress change produced by the Loma Prieta
earthquake. Science, 255, 1687-1690.

Sauck, W.A.[0 1975000The Brawley, California earth-
quake sequence of January, 1975, and tidal
triggering by earth tides. Geophys. Res. Lett., 2,
506-509.

Schuster, A.00 189701[0On lunar and solar periodici-
ties of earthquakes. Proc. Roy. Soc., 61, 455-465.

Schwiderski, E.WO 19801[0On charting global ocean
tides. Rev. Geophys. Space Phys., 18, 243-268.

0000 01978011975-1978 0 0 000000000
O0o0oooOo0ooOo0oOooOoooooOoooooo
000000 0D0O530815-8220

Shlien,0S] 1972t0Earthquake-tideCcorrelation.
Geophys. J. Astr. Soc., 28, 27-34.

gooogozooamMstooooooooooooo
00—000000o0O0o0oooo0—00ooooo
ooo

0000 oi1e8stdopooooooooooooo
0000o000oooO0oo287-3070

oooooleeeMsOmoooooooooooooo
00o0ooooooooooooo

0000 O199stMmiuoooooooooonoog
o0oooooOoooooooo

Tsuruoka, H., Ohtake, M. and Sato, H.OJ 1995010
Statistical test of the tidal triggering of
earthquakes: Contribution of the ocean tide
loading effect. Geophys. J. Int., 122, 183-194.

0000 01999000 .. 0ooooooo

Vidale, J.E., Agnew, D.C., Johnston, M.J.S. and
Oppenheimer, D.H.O 1998[1[Absence of earth-
quake correlation with Earth tides: An indication
of high preseismic fault stress rate. J. Geophys.
Res., 103, 24567-24572.

William, S. and Wilcock, DO 20011(dTidal triggering
of microearthquakes on the Juan de Fuca Ridge.
Geophys. Res. Lett., 28, 3999-4002.

020020 20 20000 ,20020 30 190000

I —



