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Abstract. A mathematical analysis of the Newtonian and parametrized Post-Newtonian tidal stresses
is applied to tidal triggering mechanism for earthquakes. We investigate a possible correlation.

The procedure used for calculating the solid earth tidal stress is described by the Newtonian theory
and the parametrized Post-Newtonian metric. We calculate tidal stress histories for earthquakes be-
tween 1908 and 1991 in Greek area. Although no significant tidal correlation was found for the entire
data set, which contained earthquakes of magnitude M = 6.0, a fairly striking correlation was observed
for an earthquake-tide correlation by computing tidal functions at the time and place of the earthquake
events. A successful correlation as used in this paper means that: earthgnake events occur during a
certain part of the tidal cycle.

Also, we have studied a variation of the gravitational constant according to the variation of the
velocity of the Earth and the uniform velocity of the Solar System with respect to a “preferred
Universal rest frame”.

1. Introduction

The lunar tidal potential function U, at a test point P on the Earth’s surface is
defined by

_GM,  GM,
d |d-R|’

U= 1)
where G = gravitational constant; R = radius of the Earth; M; = mass of the
Moon; d = distance from tne Earth to the Moon (|d| = d); and the mass of the
test body at the point P is taken as unit.

Expanding Equation (1) in powers of R/d we find that
_GM, GM,

+
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r d d

[Po(cos v)+ SPl X
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where R/d <1, P;(cosy),i=0,1,2,3, ... are Legendre polynomials and v is the
angular separation between the sublunar point and test body at the position P.
Similarly the Solar tidal potential function Us at the same point P is defined by

Us=— GMs + GMs [Po(cos )+ BPl(cos )+
D D
R2
+ EPz(cos n+ - ] , (3)

where M = mass of the Sun; D = distance from the Earth to the Sun; I' = the
angular separation between the subsolar point and point P.

Now, using a coordinate system that has the center of mass of the Earth as
origin we get Pi(cos y) = Py(cosT) = 0.

Hence, the joint lunar and solar tidal potential function is defined by

GM, R? 5
Urpar = U + Us = ‘—d_é“ [PZ(COS v) + sz(cos F)] > )

where D =~ 400d. That is to say a sum of periodic components.
In Equation (4) we have taken the leading first terms of the expansions (2) and
(3). Also, Equation (4) can be written as

2
Urpar = %GAC%R [3 cos’y—1+ %(3 cos” " — 1)] . (4a)

2. Newtonian Tidal Theory. Tidal Triggering of Earthquakes

Now, we shall use the known relations
cos y = sin #sin 6, + cos Gcos 0, cos(¢ —~ @) , 5)
cos I = sin #sin fs + cos 6 cos s cos{e — ¢s) , 6)

where 0’s are the latitudes and ¢’s are the longitudes; the test body P is at the
position (R, 0, ¢), the sublunar point at (R, 6, ¢.), and the subsolar point at
(R, Os, QDs).
As the Earth rotates the points (R, 8, ¢), (R, 0., ¢,) and (R, 85, ¢s) move over
its surface with the passage of time.
In the Newtonian framework space, using Equations (4a), (5) and (6), we get
1GM m

Uripar = NPT R*{3[sin @sin 0, + cos §cos 6, cos(p — ¢, )]* +

+ i—f[sin @sin s + cos 6 cos 85 cos(p — @s)]* — %} , (7)

where m has been considered as the mass of the test body.
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From Equation (7) we note a physical effect: high tides occur at time intervals
of about 12"42 and low tides at times halfway between them.

In Equation (7) several of the parameters are time-dependent as the Earth
rotates; the sublunar and subsolar points move over its surface; the lunar and
solar distances and the celestial coordinates (e.g., right ascension and declination)
change with the passage of time. Hence, Urpar. fluctuates in a complex manner.

The expression for the vertical component (directed upward) of acceleration
due to the Moon and Sun is defined by

al]TIDALB (IR| =R)

£ 7SR R

or

g= 0Urmpar _ GMy,

R e R{3[sin #sin 8, + cos fcos 8, cos(¢ — ¢, )] +

+ 11 [sin @sin 85 + cos 8cos O cos(¢ — es)? — = 8)

Equation (8) gives a change in gravity.

The tidal potential function Urpar is investigated as a factor in producing
stresses which may trigger earthquakes in an active region. This work has been
done on the idea that Earth tides may trigger earthquakes. So, it can be shown
on certain assumptions that the potential at any given site (R, 6, ¢) on the Earth’s
surface is proportional to the magnitude of a bulge along the line joining Moon
{and Sun) and center of the Earth, facing out toward the Moon (considered as
positive) and another equal bulge at the antipodes of the sublunar point (con-
sidered as negative) (Dionysiou et al., 1993).

The search for an earthquake-tide correlation is conducted by computing tidal
functions at the time and place of the earthquake events. Here the events are
earthquakes of magnitude M = 6.0 in Greek area. We believe that the use of large
catalogues of earthquakes from a large geographic areas has failed to demonstrate
significant tidal triggering. Therefore, in the future, we shall try any tidal corre-
lation of earthquakes in a small region, in a certain magnitude range, or of a
particular type of earthquakes (Dionysiou et al., 1993).

3. Parametrized Post-Newtonian Formalism

The Newtonian gravitational constant GG as measured by means of Cavendish
experiments may depend on the observer’s velocity relative to a Universal rest-
frame. Some metric theories of gravity single out the mean rest-frame of the
Universe as a preferred frame. In this work, the Solar system is assumed to be in
uniform motion relative to the preferred Universal rest-frame.

The solar system’s motion through the Universe is due to its (nearly circular)
orbital motion around the Galaxy and the peculiar motion of the Galaxy itself.
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On the other hand, if the Newtonian constant G is determined by the distribution
of matter in the Universe, then it should depend on where in the Universe one
is, as well as when. Particularly, as one moves from one position to another one
in the Solar system, closer to the Sun and then farther away, one should see the
change of the Newtonian constant. This is possible in our work, as in most metric
theories of gravity but not in General Relativity.

The Parametrized Post-Newtonian (PPN) formalism (Nordtvedt and Will, 1972;
and references given there) contains a set of parameters called “PPN parameters”
that can be specified. These parameters, whose values vary from theory to theory
have a physical or conceptual significance. When one writes in a coordinate system
which moves with a velocity w relative to some “preferred frame” the PPN metric
may contain additional terms which depend on w; these additional terms depend
on the “PPN parameters” and may produce observable effects.

Finally, the “preferred-frame” effects give geophysical results which alter the
state of stress of the Earth’s lithosphere and then perhaps causes triggering of
earthquakes.

4. Semidiurnal Variations in G. Tides of the Solid Earth

The semidiurnal variations in G are completely analogous to the tides produced
by the Moon and the Sun, i.e., the tidal potential function Uripar and the
variation AG/G have the same period of 12 hr.

Following Nordtvedt and Will (1972), and references given there (i.e., using
the Parametrized Post-Newtonian (PPN) formalism) and long but straightforward
calculations we find retaining only term with 12-hr period that

AG

= 1, {5w? cos® B cos® L cos 2(0 — € — a) +

+ 3wt cos 8(1 — cos ) cos® L sin[(2Q + @)t — 26 — a] ~

— 3wu cos 8(1 + cos 6) cos® L sin[(2Q — o)t — 2e ~— a] +

+ 31 sin” 6 cos® L cos 2(Qf — €) —

— 512(1 — cos 6)? cos® L cos[2(Q + w)r — 2€] —

~ 5u%(1 + cos 6)? cos® L cos[2(Q — w)t — 2€]}, 9)

where the test body P is defined by: L latitude, € longitude; a = 318° a right
ascension, 6 = 48° a declination; 6 = 23%5 is the tilt of the Earth relative to the
Earth orbit (ecliptic); u is the Earth’s velocity and w is the solar system’s uniform
velocity through the Universe (1 ~ 530 km/sec, w = 200 km/sec);  is the angular
frequency and ) is the Earth’s rotation frequency (w <€)); «, is a parameter
which depends on the motion through Universal rest-frame (Ja,| <3 % 1072).
The tides are affected not only by the variation of G but also by the variation
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of the Earth’s radius, and by the deformation of the Earth. Hence, to the required
approximation, Equation (9) becomes, after some simple calculations

AG/G = %18 (3 X 1078) cos® L cos 2(Qut — € — 318°) . (10)

Now, since (cf. Nordtvedt and Will, 1972)
Aglg =1.18AG/G,
where g is the gravity, it follows that
Aglg = a5(3 X 1078) cos® L cos 2(Qt — € — 318°) ; (12)

i.e., as the Earth rotates the anisotropy in G produces “Earth-tides”. In Equation
(12) the value Ag/g has a period around 12 hr and varies with latitude according
to cos® L. This is completely analogous to the tides produced by the Moon and
the Sun (Equations (7) or (8)).

5. Spherical Variation in Earth’s Gravitation

The effect considered here is not the same as in the Newtonian theory. It produces
a spherical contraction and expansion of the Earth every year. Such periodic
pulsations can be accounted according to Nordtvedt and Will (1972). Hence, we
obtain, after some, but straightforward, calculations (we shall use the language
and notation of the PPN formalism) that

AGIG = (%az + a3 — ay)wu cos Bsin(wt — A) , (13)

where a4, a;, a; are the parametrized Post-Newtonian parameters; u is the Earth’s
orbital velocity; w is the solar system’s uniform velocity through the Universe; @
is the angular frequency; B8, A some constants (8= 60°, A = 346°).

Equation (13) predicts a sinusoidal variation in the value of G with a period of
sidereal year independent of the latitude, but it has no counterpart in Newtonian
tidal theory (Equations (7), (8)). Substituting in Equation (13) the numerical
values

u =30 km/sec, w =~ 200 km/sec, B = 60°, A = 346°
we obtain that
AGIG = (G + a3 — a1)(3 X 107%) sin(wt — 346°) . (14)

Furthermore, according to Sabbata and Rizzati (1977), we may conclude that the
frequency of the earthquakes with focus either near the surface or in the depth
(magnitude 5.5 to 7) has a sinusoidal behaviour whose period is a year, taking a
maximum about the middle of June (the Earth is at aphelion), and a minimum
about the middle of December (the Earth is at perihelion). Also this behaviour
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Fig. 1. Distribution of the number (n) of the earthquakes as a function of the Moon age (¢).

is independant of the latitude and the hemisphere. Comparing the above with
Equation (13) in fact one sees a sinusoidal variation of G with a period of a
sidereal year.

6. Investigation of Tidal Triggering of Earthquakes

We consider main carthquakes of surface-wave magnitude M; = 6.0-7.4 which
occurred in the Aegean and surrounding regions (latitude = 34-42° N, longitude =
19-29°E) from 1908 to 1991 inclusive. As data sources have been used the
earthquake catalog of Makropoulos et al. (1989) for the time interval 1908-1986
and the Bulletin of the Seismological Institute of the National Observatory of
Athens, Greece, for the time interval 1987-1991. The earthquake sample exam-
ined is complete for M,=6.0 and is consisted of 100 shaillow (focal depth
h <75 km) and 14 intermediate depth (A = 75-200 km) earthquake events.

As a first approach of investigating tidal triggering of earthquakes we have
examined the frequency distribution of the Moon day, d, corresponding to the
origin times of the 114 seismic events considered (Figure 1). Assuming normal
distribution for the number of events reported per Moon day and computing
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confidence levels as «- o + m, where o = standard deviation, m = mean of d
respectively and « = parameter, we may conclude that the peaks at d =27 and
d =28 are significant at the 98% and 95.45% levels, respectively. When only
shallow earthquakes are considered, the peak at d = 27 is significant at the 99%
level, while the peaks at d =26 and d = 28 are significant at the 90% level.
Smoothing out the frequency distribution of d, the result does not change.

Previous results indicate that an earthquake triggering effect from Moon gravi-
tational forces may occur at the 26th-28th Moon days. However, the earthquake
size, as expressed by surface-wave magnitude, Mg, does not seem to depend on
the lunar and solar tidal potential function, U ar, computed from Equation (7)
at the timers and locations of the earthquakes (Figure 2).

The search for an earthquake-tide correlation is further conducted by using
Equations (7), (12) and computing Uripar, AG/G at the times and locations of
the earthquakes. From Equation (4a) we see that

UrmpaL >0, when vy ~0°or 180°— cos® y ~ 1

I~ 0° or 180°— cos?T — 1 )
UrmpaL <0, when vy~ 90° or 270° — cos® y ~ 0 (i)
T ~ 90° or 270° — cos*T ~ 0 .
Therefore,
1 GM, R? ( ) 15 16) 16 GM, R*
U max = 3cosy + —cosI'—— ) =— ,
(Ui at)ms =573 LT W 11 d°
8 GM.R*
(UripAL)min = — H FERN
15 16
U =0, when 3cos’y + —cos’l'——=0
TIDAL Y 1 1

<e.g. cosy == 1/3—3

,cos'= = %) (Dionysiou et al., 1993).

Figure 2 shows Urpar. as a function of the time of occurrence of the earthquake
events analyzed. The main feature is that although the highest absolute values of
Uripar appear in its positive field, a percentage of 64% of the earthquakes
occurred when Urmpar was negative.

Moreover, Figure 3, which represents Ag/g equation (12) as a function of the
carthquake origin time on a 24-hr basis, indicates that 78% of the earthquakes
took place between 00.00 and 18.30 hr. Simultaneously, Ag/g is negative.

Table I shows the calculated coordinates of the sublunar and subsolar points
and the values Urmpar, Ag/g, where

AFT Latitude of the test point (appropriate position).
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AFL Latitude of the sublunar point.
AFS Latitude of the subsolar point.
ALT Longitude of the test point (appropriate position).
ALL Longitude of the sublunar point.
ALS Longitude of the subsolar point.
AAL Moon’s right ascension.

AAS Sun’s right ascension.

ATO Sidereal time when MG =0
AMG Mean time of Greenwich (MG).
AUU Potential function Uppap.

RL =ALT- ALL.

RS =ALT- ALS.

RRD = Ag/g.

In Table I there are 26 dependent events (foreshocks and aftershocks) which have
not been considered in our results.

Concluding Remarks

The purpose of this paper was first to explain the methods used to correlate
earthquakes with tides, and then to estimate the significance of results. These are
then discussed and interpreted for the Greek area. Also, assuming that there is a
link between earthquakes and variation of G we search for periodicity in earth-
quake occurrences.
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