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Abstract. Tidal triggering evidence of intermediate earth- 1 Introduction
quakes in the Vrancea region (Romania) is investigated. The
Vrancea seismic zone is located in the bend region of theAlthough the amplitude of the tidal stress change is two or
South-Eastern Carpathians {486° N, 25.5-27.8 E) and  three orders smaller than the stress drop of earthquakes, the
is known as one of the most active seismic zones in Eu-idal stress rate could be comparable to the tectonic stress rate
rope. We selected earthquakes occurred between 1981 arathd generally larger than this. It is reasonable to expect tidal
2005 from the RomPlus catalog provided by the Institute oftriggering of an earthquake when the stress in the focal area
Earth Physics of Bucharest wittfw>2.5 and focal depths is near the critical level (Tanaka et al., 2006).
between 60 and 300 Km. At the intermediate seismic focal depth levels
We assigned a tidal component phase angle for each evengo km<focal depth300km), the gravitational force
which is computed from the earthquake occurrence timejs the main outside force which could affect the dynamic
Then the phase angle distribution was obtained by stackingrocess of the inner Earth. Its systematic variations are
every angle value in a 360 degree coordinate. Main lunar andontrolled by the lunar-solar attraction forces on each
solar semidiurnal tidal componeni$2 andS2 are consid-  terrestrial point. It can be calculated through the precisely
ered. The phase angle distributions are tested by Permutatiofiefined periods of the earth tides that vary from few hours
test which are introduced for the first time to a tidal trigger- (e.g. diurnal and semi-diurnal waves) to years (Melchior,
ing study. We compared results with classical Schuster's test1978). Earth tides are deeply modulated signals which
Both tests produce one valug, for Permutation test and depend on the Sun and Moon’s orbital parameters. For
ps for Schuster’s test, which represent the significance levethe main position on orbits, declination, ellipticity, and
for rejecting the null hypothesis that earthquakes occur ranpositions of the nodes, each is related to the absolute sidereal
domly irrespective of tidal activitied/2 andS2 phase distri-  reference. Local and regional heterogeneities lead to a
bution are random for the complete data set. However, whenjifferent response from one zone to another in accordance
we set up a one year window and slide it by 30 d step, signifi-with the geological and tectonic background and it could
cant correlations were found in some windows. As aresultofalso be influenced by the regional characteristics of the
the sliding window, data set systematic temporal patterns remantle-crust interface with a viscous coupling mechanism.
lated to the decrease of tm andps values seem to precede In summary, the response of a seismic zone to tidal pe-
the occurrence of larger earthquakes. riodicities depends on its specific geology, tectonic history
and stress accumulation mechanisms in this region. The tidal
modulation tendencies in seismic activity could help explain
some aspects of the physical mechanism of rupture forming.
A remarkable number of studies have been devoted to the
possibility of triggering of earthquakes by earth tides. Most
have reported negative conclusions about the correlation be-
tween the earth tide and earthquake occurrence (Schuster,
1897; Knopoff, 1964; Simpson, 1967; Shudde and Barr,
Correspondence td\. Cadicheanu 1977; Heaton, 1982; Curchin and Pennington, 1987; Ry-
(cadichiannicoleta@yahoo.fr) delek et al.,, 1992; Vidale et al., 1998). However, many
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Histogram bar and the fitting curve

Fig. 1. Time series partition into selected time peribd An event
E; occurring at time; will defined by an angle; .

1 3 4 B 3 7 3
Number of sectors, N
120 180 240

Phase (deg)

a 10 i 12

Mumber of events or average values of the parameter for each sector

1} 60
L 0 deg

300

360

Table 1. Earth tide components and their periodicities. 360 dog

Fig. 2. A histogram bar model with 12 sectors, representing the dis-

Earthtide — Doodson Angular Periodicity .Amp“tUde tribution of the seismic activity or the average value of the parameter
component argument frequencyh) (h) (microgal) . . . -
for each sector and the corresponding sinusoidal fitting curve.
S2 273.555 30.000000 12.000000 42.286
M2 255.555 28.984104 12.421000 90.812

each component, the original phase is fixed from astronomi-
cal data. The event; occurred at time; was characterized
recent papers have indicated positive correlations (Enescby the phase;. For the selected tidal peridd a histogram
and Enescu, 1999; Stavinschi and Souchay, 2003; Stroumf events is established as a function of the We divide
2007; Tsuruoka et al., 1995; Tolstoy et al., 2002; Tanaka etistogram intoS sectors with length equal to 36@. The
al., 2002, 2006; Zugravescu et al., 1985, Zugravescu et alvalue ofS is selected when a significant number of events in
1989; Wilcock, 2001). Based on the recent positive studiessach sector could be obtained.
by Tanaka et al. (2002, 2006) we reinvestigated the role of We modelled the interactions of tidal components and
the earth tides on triggering earthquakes in Vrancea areaearthquake with a cosine function adjusted to the histogram.
one of the most active seismic zones in Europe (Knapp efThe amplitude and phase of the cosine show the links, in
al., 2005). In this paper, we statistically test the significanceterms of modulation, between the stacked events and the cho-
level of the effect of the two semidiurnal components on in- sen tidal components (Fig. 2). Two main tidal components
termediate depth earthquakes in Vrancea (Table 1). were selected for this research: the solar semidiurnal wave
We applied the same Schuster’s statistical test which hag2 and the lunar semidiurnal wavwé?2.
been widely used in tidal triggering studies (Tanaka et al.,
2002, 2006). A different approach based on the Permutation
test was also introduced. It could extend statistical studies3 Statistical tests
where Schuster’s test is not adequate. Validation of the con-
clusions becomes more robust if both tests show similarities3.1  Schuster’s test

To begin, we statistically investigate the correlation be-
tween the tidal components and earthquake occurrences us-
ing Schuster’s test. This test is a classical approach, which
has been applied in past (Heaton, 1975, 1982; Tsuruoka et
A stacking analysis method named HiCum (Histogram Cu-al., 1995; Tanaka et al, 2002, 2006).

mulating) (van Ruymbeke et al., 2003, 2007, Cadicheanu et In Schuster’s test, each earthquake is represented by a unit
al., 2006), is applied to compute the tidal potential phaselength vector in the direction defined by its tidal phase angle
angles of earthquakes. First, time based events are divided; which was introduced in the Fig. 1.

into a series of intervals with a priori selected constant pe- The vectorial sunD is defined as:

riods T which could be any tidal component. This time pe- v N
riod T is represent_ed l_:Jy an |nte_rva1—1360’. Ther_1 th(_e time Dzz(z COSa;)2+(Z sina;)2,
base for each period is normalized as shown in Fig. 1. For = =

2 Method of analysis

@
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Vrancea, HICum M2, Mw>=2.5, with aftershocks: 1981-2005 Vrancea, HiCum M2, Mw>=2.5, without aftershocks: 1981-2005
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Fig. 3. The Vrancea earthquakes epicentres distribution (1981—

2005) from RomPlus Catalog provided by Institute of the Earth Fig- 5. Gravity theoretical valuega) and(b), and the number of
Physics of Bucharest. earthquakes distribution$c) and (d), as a function ofM/2 phase

angle (black curves). The presence of aftershocks is tacked in ac-
count only in (a) and (c) cases. The fitting curves corresponding to
each distribution are in red colour.

Vrancea, HiCum S2, Mw>=2.5, with aftershocks: 1981-2005 Vrancea, HiCum $2, Mw>=2.5, without aftershocks: 1981-2005
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Fig. 6. Gravity theoretical valuega) and(b), and the number of
whereN is the number of earthquakes. When thes dis- earthquakes distribution§&;) and(d), as a function o2 phase an-

tributed randomly, the probability that the length of a vecto- gle (plack curves). The presence pf aftershocks is tackeq in account
rial sum is equal to or larger tha is given by Eq. 2): only in (a) and (c) cases. The fitting curves corresponding to each
e distribution are in red colour.

De=exp (_%2> @) 3.2 Permutation tests
We choose the permutation test which is well-known among
o ) biologists and geneticists because it is always free to choose
Thus, p;<5% represents the significance level at which the e statistic which best discriminates between hypothesis and
null hypothesis that the earthquakes occurred randomly withyjternative. Permutation tests also allow for calculating the
respect to the tidal phase is rejected. probability (p,) of the significance level to reject the null
To avoid the risk of spurious conclusions, which Schus-hypothesis in which the distribution is random.
ter’s test could induce, we must confirm the conclusions’ ro- It is also called a randomization test, re-randomization
bustness by a different approach. Thus, we introduce anothdest, or an exact test; it is one type of statistical signifi-

statistical test. cance test in which a reference distribution is obtained by

www.nat-hazards-earth-syst-sci.net/7/733/2007/ Nat. Hazards Earth Syst. Sci., 7402807
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Vrancea - HiCmn M2 in moving time windows of 365.25 days shifted by 30 days, Mw=2.5, without aftershocks: 1981-2005
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Fig. 7. The 3-D distribution of the HiCum fitting curves amplitudes expressed as the number of seismic events, and their corresponding 2-D
view. For the HiCum analysis thif2 wave period in sliding windows of one year, shifted by 30 days.

Vrancea - HiCun S2 in meoving time windows of 365.25 days shifted by 30 days, Mw=2.5, without aftershecks: 1981-2005
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Fig. 8. The 3-D distribution of the HiCum fitting curves amplitudes expressed as the number of seismic events, and their corresponding 2-D
view. For the HiCum analysis thif 2 wave period was used in sliding windows of one year, shifted by 30 days.

calculating all possible values by rearranging the labels on If p,<5%, it represents the significance level at which re-

the observed data points. ject the null hypothesis, i.e. that the earthquakes occur ran-
In other words, the method is allocated to subjects in andomly with respect to the tidal phase angle.

experimental design that is mirrored in the analysis of that Both tests are applied on the entire earthquake catalogue

design. If the labels are exchangeable under the null hypothand on the one year windowed data (sliding by one month)

esis, then the resulting tests yield the exact significance levfrom 1981 to 2005. The, and p,—values are evaluated and

els. Then confidence intervals can be derived from the testscompared.

The theory has evolved from the work of R. A. Fisher and

E. J. G. Pitman (R. A. Fisher, 1935; E. J. G. Pitman, 1938).

Permutation distribution is given by EgB)( 4 Vrancea seismic zone

" Earthquakes used in this study were selected from the
sz(z Ap/r 3) RomPlus catalogue provided by the National Institute
1=0 of Earth Physics, Bucharest. It contains nearly 3000
Amplitude Ap was obtained by a co-sinusoidal function intermediate-depth earthquake&®f/#>2.5) since 1981 to
which was fit to the distribution of HiCum stacking results 2005 (Oncescu et al., 1999) (Fig. 3).
after we produce random permutations distributions. We  All epicentres are mainly located in a very narrow zone in
apply the HiCum on each permutation distribution and se-the South-Eastern Carpathians (486" N, 25.5-27.5 E)
lect only those that are significant according to amplitudesat the intra-continental collision between the East European
A;>Apg (i=0, 1, 2...m wherem<r). plate, Intra-alpine, and Moesian micro-plates (Ardeleanu,

Nat. Hazards Earth Syst. Sci., 7, 7336, 2007 www.nhat-hazards-earth-syst-sci.net/7/733/2007/
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HiCum M2 period, sliding windows, Mw = 2.5
Seismic activity without aftershocks (1981-2005)

LEGEND

® Schusters's test Py~ values
® Permutation test p 5 values
Mo > 5.0

O Earthquake with

zone with p - values< 500

HiCum $2 period, sliding windows, Mw = 2.5
Seismic activity without aftershocks (1981-2005)

LEGEND

# Schusters's test Py~ values

® Permutation test p ;5 Values

O Earthquake with Mpw > 5.0
zome with p - values< 5%
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Fig. 9. (a) Temporal variation of thep;—value (blue) andpp,—  Fig. 10. (a)Temporal variation of the,—value (blue) ang ,—value
value (red) in every sliding window for HiCum with a2 pe-  (red) in every sliding window for HiCum with S2 period. The ver-
riod. The vertical bar represents the standard deviation opthe tjcal bar represents the standard deviation ofthand p —values.
andp, —values.(b) Magnitude—time plot of the earthquake occur- (1) Magnitude —time plot of the earthquake occurrendési&3.0).
rences {/w=>3.0). The aftershocks sequence was eliminated usingrne aftershocks sequence was eliminated using the Kossobokov-

the Kossobokov-Romashkova method. Romashkova method.

1999). Itis characterized by a prevailing intermediate depthiy Taple 2. The aftershocks sequence was eliminated by the
seismicity which is in distinct confined volume (Bazacliu et Kossobokov-Romashkova metHotihis method proposed a
al., 1999) (Fig. 4). new way to characterize aftershocks according to a system-
Important historical earthquakes happened on 10 Novematic analysis of the earthquakes. It defined all quakes, which
ber 1940 g=150km, Mw=7.7), 4 March 1977 =94 km, occurred in the following 2d as aftershocks after an earth-
Mw=7.4), 30 August 19864131 km, Mw=7.1), and 30 quake withMw from 2.5 to 5.0, 4d fow from 5.0 to 5.5,
May 1990 (=91 Km, Mw=6.9). These earthquakes reflect
a predominantly compressive stress regime at this subcrustal lkossobokov, V. and Romashkova, L. Re-establishing
range. The compressive tendency is becoming stronger W'trihtermediate-term real-time prediction of strong earthquakes in the
depth (Bala et al., 2003). Vrancea region, CE-Project, Extreme Events: Causes and Conse-
Earthquakes wittw >5.0 from 1981 to 2005 are given quences, Perugia 2—6 September, 2006.

www.nat-hazards-earth-syst-sci.net/7/733/2007/ Nat. Hazards Earth Syst. Sci., 7402807
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Table 2. Intermediate—depth earthquakes in the Vrancea zoneMitt»5.0 (1981-2005).

Year Month Day Hour Min Sec Lat.(deg) Long.(deg) Depth(km) Magu)
1981 7 18 0 2 59 45.69 26.42 166.1 5.5
1983 1 25 7 34 50 45.75 26.64 149.8 5.6
1985 8 1 11 17 36 45.79 26.77 118.6 5.2
1985 8 1 14 35 4 45.73 26.62 93.5 5.8
1986 8 30 21 28 37 45.52 26.49 1314 7.1
1987 9 4 1 40 30 45.68 26.43 160.2 5.0
1990 5 30 10 40 6 45.83 26.89 90.9 6.9
1990 5 31 0 17 48 45.85 26.91 86.9 6.4
1999 4 28 8 47 56 45.49 26.27 151.1 5.3
2000 4 6 0 10 39 45.75 26.64 143.4 5.0
2004 10 27 20 34 36 45.78 26.73 98.6 6.0
2005 5 14 1 53 22 45.68 26.54 148.3 5.1
LEGEND LEGEND

HiCum M2 period, sliding windows, Mw = 2.5
Seismic activity without aftershocks (1981-2005)

# Schusters's test Dy~ values

® Permutation test 2, values

O Earthquake with Miv > 5.0
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Fig. 11. HiCum M2 period: sliding windows in whiclp; and p,—
values are 5% (18 values for, coefficient and 20 values fqp

coefficient).

8 days forMw from 5.5 10 6.0, 16 d foMdw from 6.0 to 6.5,

32d forMw from 6.5 to 7.0 and 64

2000 2005

d from 7.0 to 9.0.

HiCum S2 period, sliding windows, Mw > 2.5 # Schusters's test P - values
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Fig. 12. HiCum S2 period: sliding windows in whiclp; and p,—

values are<5% (11 values fop, coefficient and 12 values fqr
coefficient).

5 Application and results

After we analyzed the semidiurnal tidal effect on both
cases with aﬁershockg\]FZQQZ) and without aftershocks We studied mainly the semidiurnal tidal Components because
(2242)’ we found some |arger aftershocks series could in.the graVitational tidal forCing is a force, which could affect
duce bias peaks in the distribution. To avoid this, we decideche dynamic processing at such depths. In the tidal potential,
to consider the cases without aftershocks.

Nat. Hazards Earth Syst. Sci., 7, 7346, 2007

M2 is the lunar principal wave with 12.42 h period and its
amplitude is two times larger than ti$2 which is the solar
principal wave having a 12 h period.

We computed the/2 and S2 tidal phase angle of each
earthquake Mw>2.5, focal depth>60km) and attribute
gravity values at the moment of earthquake occurrence which

www.nat-hazards-earth-syst-sci.net/7/733/2007/
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Table 3. Results of Schuster’s and permutation tests applied on there_garding rob'ustnes-s of the tidal triggering effect qbtained
all sets of earthquakes. with Schuster’s test is strengthened by the Permutation com-

plementary test.
Wave With aftershocks Without aftershocks When we test the distribution determined from all phase
angles of earthquakes, no correlation has been found by ei-
ther tests. However, when we selected a series of one year
length sliding window with a 30 days moving step, there is
significant correlation between the tidal potential and earth-
quake occurrence for some windows.

was calculated from a local model by Tsoft (Van Camp and A systematic temporal pattern related to the decrease of

Vauterin, 2005). We obtained the distribution of gravity val- the p-values precedes the occurrence of larger earthquakes

ues and earthquake numbers as a function of tidal phase a#l the Vrancea seismic region. This pattern could be con-

gle. The dynamic patterns of tidal components were com-Sidered as a klnq of precursor. The po§S|bIe physical conse-

pared with the tendency of earthquake occurrence. guences of the tidal effect could constrain the research on the
The same tendencies in the two cases are observed ev&§ismic source characteristics and their dynamical patterns.

if the aftershocks change the phase and the amplitude of the We could imagine that for seismic zones, tidal modulation

fitting curves (Figs. 5 and 6). This also changes the result®f fluid pressure is acting before the rupture process.

of the two significance tests for a threshold at 5% (Table 3).

There is one exceptior§2 wave with aftershocks not elim- AcknowledgementsiVe thank M. Radulian and M. Popa, the
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distribution of all events in tha/2 andS2 cycles for a series  mous reviewers for helpful comments, and English improvement
of sliding windows with one year length where the sliding by T. van Dam. Thanks M. Everaerts for his contributions.
step is 30d. There are 287 set distributions (Figs. 7 and 8)
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