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Zusammenfassung

Heute glaubt man, daB die tektonischen Hauptphinomene aus progressiven Bewegun-
gen einer geringen Zahl fester Platten in der Erdkruste resultieren. Wenn diese Platten
sich entfernen, wird ein Expansionsgraben (von ozeanischern Typus) gedffnet; wenn die
Platten sich einander nihern, wird die Kruste verkiirzt und unter bestimmten Umstin-
den ein Faltengebirge gebildet. Beide Arten von Bewegungen verursachen Erdbeben
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auf den Plattenrindern, und die seismische Titigkeit soll Auskunft iiber die entspre-
chenden Bewegungen geben. Die Erdbeben weisen einen pulsierenden Charakter auf,
weil anscheinend Kontraktion und Expansion mit einer Periode von 11 Jahren ab-
wechseln. Fiir lange dauernde eintonige Plattenbewegungen kénnen Thermalkonvektion
oder radioaktive Undationen mbgliche Ursachen sein; fiir die kurzperiodisch abwech-
selnden Phinomene jedoch ist ein Pulsieren der Gravitation vielleicht die beste Ur-
sache. Eine pulsierende Gravitation kann eine Folgerung der allgemeinen Relativitiits-
theorie sein, wenn man ein angemessenes Modell des Weltalls iibernimimt.

Abstract

At present, it is believed that the main tectonic phenomena result from progressive
displacements of 2 small number of rigid plates which form the crust of the Earth.
If the plates separate, a rift (of oceanic type) will open; and, if they approach, com-
pression will shorten the crust and form eventually a mountain chain. Both rifting and
compression produce earthquakes at the plate borders, and the seismic activity must
depict the rate of movement of the plates. There is some indication that this seismic
activity occurs in pulses with a period of about 11 years, rifting probably alternating
with compression. For long lasting monotonic plate movements, thermal convection and
radioactive undations could be adequate causes; but, for these short-period alternating
phenomena, gravitational pulsations are considered the best available mechanism.
Gravitational pulsations seem to be a necessary consequence of General Relativity,
when applied to a convenient cosmological model.

Résumé

On croit, & présent, que les principaux phénoménes tectoniques résultent du déplace-
ment progressif d'un petit nombre de plaques rigides qui forment I'écorce terrestre. Si
les plaques s’éloignent, un rift (du type océanique) sera formé; et, si elles se rappro-
chent, la compression développée va raccourcir I'écorce et former a la longue une
chaine de montagnes. Tant l'ouverture de rifts que la compression orogénique pro-
duisent des tremblements de terre, cette activité séismique devant fournir des indica-
tions sur le mouvement des plaques. En fait, 'activité seismique montre un caractére
pulsatoire avec période de 11 ans, qui semble dériver de I'alternance de contraction et
d’expansion dans 'écorce. Les mouvements monotones de longue durée pourraient bien
étre dus aux courants de convection thermique ou aux undations radioactives; mais,
pour les phénoménes pulsatoires de courte période, les pulsations de gravitation
semblent étre maintenant le mécanisme le plus convenable. Ces pulsations peuvent étre
une conséquence de la théorie de la Relativité Générale, si I'on adopte un modéle
approprié pour I'Univers.

Resumo

Admite-se, presentemente, que os principais fendmenos tectonicos resultam do des-
locamento progressivo dum pequeno ntmero de placas rigidas que forman a crusta
terrestre. Se estas placas se afastam, forma-se um rift (de tipo ocednico); e, se clas se
aproximam, a compressio desenvolvida faz encurtar a crusta e pode vir a produzir uma
cadeia de montanhas. Ambos os tipos de movimento produzem abalos de terra ao longo
dos bordos das placas, a actividade sismica devendo dar indicagSes sobre a variagio
do deslocamento daquelas placas. Esta actividade tem cardcter pulsante, com periodo
de 11 anos, parecendo que na crusta a contrac¢io alterna com expansio. Para des-
locages mondtonas das placas, com longa duragdo, as teorias da convecgiio térmica ou
das unda¢des radioactivas podem oferecer mecanismos adequados; mas, para aqueles

75



Aufsiitze

fenomenos alternantes de curto periodo, as pulsagées de gravitagio parecem constituir
a explicagio mais conveniente. Estas pulsagfes de gravitagio podem ser uma con-
sequéncia da Relatividade Geral, se for adoptado um modelo cosmologico apropriado.

KpaTkoe comep:iamHe

B Hacroslllee BpeMs pacupocTpaHEHO MHEHHEe, YTO OCHOEHBIE TEKTOHHYECKHE
(heHOMEHBI BOBHHHAKT B pPEe3yJbTATe YCHIHBAIOMIHXCH IEHMEHHHA HeGONBIIOTO
4yHCJa eI 3eMHOM kopel. Horma aTH IIBIORI yAadgarorcd, NOSBJIseTca rpaben
pacmHpeHna {OKeaHHYEecKOT'O THIIA); eCJH Ke OHH COJIMKAIOTCH, KODa, YKOpadH-
BAEeTCA H TPH HEKOTOPLIX YCHIOBHAX o0pa3yroTcH celaadarble ropsl. OGa THOE,
OBHMKEHHH Ha KPafAxX IJIBIO BLIBBIBAIOT 3eMiaerpscenusn. CBegeHmda o6 5THX ABH-
JHEHHAX MOMKeT JaTh HaM CEeHCMHKA. 3eMJIETPACEHHA HOCAT NYJbCHPYHOIIHH Xa-
paxTep IOTOMY, YTO CXATHE H paclOHpeHHe CMeHSroTcA Kaxaele 11 mer. 3a Goaee
OPOACIIKHTeIbHEIC PABHOMEPHBIE JBHMEHHA MOIYT OBITE OTBETCTEEHHBIMH: TEILIO0-
Bafl KOHBEKI[HHA, MJH e pagHOAKTHEHEIe npolleccekl. IlepHoAsl, MIHMTEIBEHOCTH
KOTOPBIX MEHee 11 JeT, BRIZBAHEI, HABEDPHO, LYJLCHPYMOUICH TIpaBHTAIHed. DTy
IOCJIECAHIH MOX¥HO BRIBECTH H3 00IIeill TEODHH OTHOCHTEIbHOCTH,

Introduction

The new theory of global tectonics has provided a very important contribution
for understanding the spatial distribution of tectonic activity.

Time of occurrence of crustal movements (and associated earthquakes) is
another important aspect of the problem, which is not very thoroughly investigat-
ed yet.

This paper is an attempt to interpret the time variation of seismic and tectonic
activity and the mechanism responsible for these phenomena.

Some features of Earth tectonics

According to the theory of global tectonics (Morcax, 1968), the crust of the
Earth is supposed to be divided in several rigid plates (Fig. 1).

Movement of these plates produces along their borders two kinds of pheno-
mena. When two plates separate, a fracture (or fractured belt) will develop
along the common border, forming a rift of the type which is found at the middle
of the oceans. Opening of the mid-oceanic rifts is accompanied by intrusion of
basaltic dykes which form, in this way, new oceanic crust.

On the contrary, when two plates approach, one is forced to bend under the
other, producing the so called subduction (which usually occurs at the oceanic
trenches bordering some continents). Compression is now developed along the
boundary between the plates (orogenic belt) and a mountain chain will be
eventually formed.

The rigid plates are, therefore, growing at the midoceanic rifts and shortening
at the orogenic belts. On both types of belts, conspicuous seismic activity ac-
companies the tectonic movements. The distribution of earthquake epicentres is
indeed the best way to find the borders of the rigid plates (see Barazancr &
Dorman, 1968).

The tectonic activity seems to occur in cycles, as pointed out by several
authors (Bucuegr, 1933; Umscrove, 1947). This pulsating character was emphasis-
ed by Brroussov (1962).
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Fig. L. Outline of the rigid crustal plates (after Morcan, 1968).
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Fig. 2. World-wide sea level changes (based on data from BrLoussov, 1962).

Apparently, there are epochs when expansion at the rifts prevails over the
orogenic shortening, and epochs when the contrary occurs. As both phenomena
develop mainly in the oceans, regressions and transgressions of the sea will be
associated with the tectonic cycles.

In Fig. 2 we show the changes of average sea level since the Cambrian times
(based on data from Beroussov, 1962). The long orogenic cycles have a period
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Fig. 8. Yearly frequency of earthquakes in some islands of the Azores (after MacHaDO,
1973 a).

of about 200 million years, and on them is superimposed an irregular oscillation
with intervals of, say, 30 or 40 million vears.

According to Beroussov, these represent first and second order oscillations;
many others, with shorter periods, would be found in a more detailed geological
study.

The investigation of pulsating tectonic phenomena with very short periods is
better performed on the frequency of the associated earthquakes, which will
depict approximately the rate of movement of the rigid plates.

Smveson (1967; see also Macuapo, 1968) could find a definite seismic periodi-
city of 11 years, which he correlates with sunspot activity.

Much more informative is the seismicity of the Azores, which are situated at
the triple junction of the American, African and Eurasian plates (Fig. 1). Here,
one can expect to find earthquakes connected with the expansion of the mid-
Atlantic rift and with the contraction of the Alpine belt (along the boundary
between the African and Eurasian plates).

In fact, the main seismic swarms of the Islands Fayal and Pico alternate with
the swarms of Terceira and San Miguel, but both exhibit a definite 11-year
periodicity (Fig.3). By studying the Earth tide effect (which acts as trigger-force),
the main Fayal-Pico earthquake swarms were found to be associated with ex-
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panding phases, and the Terceira-San Miguel swarms with shortening phases
(MacmaDO, 1978 a).

This strongly suggests that everywhere expansion and contraction of the Earth’s
crust could alternate within an 11-year cycle. Tamrazyan (1962) also found some
oscillations of the crust with that same 11-year period.

Possible mechanisms for tectonic phenomena

Within present tectonic theories, rifting and compression along the borders of
the crustal plates are assumed to be a consequence of progressive displacement
of those plates.

The natural tendency is to suppose that the phenomena are continuous and
produced by permanent forces. Thermal convection in the Earth’s mantle, which
satisfies this condition, became then a popular mechanism (see, for instance,
Hormes, 1944, pp. 505—509; and Runcorn, 1965). The convective cells would
produce rifting over the ascending branches, and subduction when the subcrustal
currents bend downwards; the final result would be a drift of the crust in good
agreement with geological and palaeomagnetic data. Those currents could also
explain the high heat flow found along the mid-oceanic rifts (cf. LEE & Uvepa,
1963).

An alternative mechanism was provided by the undation theory (see van
BeMmeLEN, 1965; and also Beroussov, 1962, pp. 736—765) which assumes that a
portion of the Earth’s mantle is subject to high radioactive heating; this “unda-
tion” would produce warping of the overlying crust, followed by gravitative
sideward spreading. Rifting would then be produced at the middle of the
undation and compression at the margins.

Both these mechanisms are expected to last for a long time (of the order of an
orogenic cycle).

Variations of gravitation {or of the gravitational “constant”) were first intro-
duced to explain a continuous expansion of the Earth (Ecyep, 1960; Jompan,
1966). But, as the geological record suggested the presence of both contraction
and expansion, pulsating mechanisms have been afterwards proposed (STEINER,
1967; MacHADO, 1967; Krororkin, 1972).

Pulsations with period of 200 million years are adequate to explain the general
repetition of orogenic cycles, but cannot explain so easily the apparently simul-
taneous activity at compression belts and mid-oceanic rifts.

An 1l-year pulsation would, however, provide a mechanism capable of
accumulating displacements at the right boundaries of the plates (MacHaDO,
1968). Let us assume that expansion of the Earth’s interior alternates with con-
traction (as suggested by the seismic activity of the Azores).

Then, during a phase of expansion, fractures will open at the mid-oceanic rifts
and basaltic dykes will be intruded into the fractures. The dykes will solidify, at
least near the surface, avoiding that the next contraction phase close the fractures
again. Compression effects will, in this way, be shifted to the orogenic belts,
where subduction occurs, and a net drift of the plate will therefore appear.

The following phase of expansion will open a new fracture along the previous
semi-solid dyke and the process will be repeated again and again.
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Fig. 4. Possible mantle currents produced by shori-period gravitational pulsations.

Rifting and subduction will progress at different boundaries of the rigid plates.
These phenomena (which alternate with intervals of 5.5 years) produce a decrease
of pressure under the mid-oceanic rifts and an increase under the orogenic belts.
A compensation current will be enforced at some deep level of the mantle, thus
closing a convective cell (Fig. 4). This cell will explain the high heat flow at the
mid-oceanic rifts, exactly as it did in the thermal convection theory.

The proposed mechanism depends on the availability of magma, at the base
of the solid crust, ready to feed the assumed dykes. When magma is not available,
the crustal drift will stop until magma is produced again in the upper mantle.
This agrees with BrmeN’s (1967) quiescence intervals which he found in the
palaeomagnetic study of the southern continents.

These short-period pulsations have a small amplitude (with a relative value of
the order of 1077) and must be superimposed on the large oscillations of Fig. 2.

Gravitational pulsations

Changes of gravitation are apparently a convenient mechanism for the short-
period pulsating tectonic phenomena. It is, certainly, worth to try some insight
in its physical background.

Emstemn (1956; see also Krororrin, 1971) suggested that the mass of a body
could be expressed as

M = um (L

where p is a factor close to unity, depending on the prevailing potential due to
other masses of the Universe, and m ist the mass of a body in a point where
w=1.

Considering that only the actual expanding “visible” Universe may have
influence on the physical phenomena occurring in its centre, we must have (cf.

MacHADO, 1972 a, 1973 b)
p=VI1italw—y)=Vary ©)
with
x=8xnf/c (3)
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f being the gravitational constant and c the velocity of light; and

ye L / _re+ W g ”
4%@9 £V (t/R)?

where ug is the density in the infinitesimal volume d&2 at a distance r from the
centre of the spherical “visible” Universe; {2 is the volume of this Universe and R
the radius of its boundary; W is the total energy, per unit volume, contained in
df (no and W are referred to coordinates tied to df2). In equation (2), v, is a
reference potential which, according to MacH’s principle, is chosen to make u
vanish in an empty Universe (where y = 0), thus leading to the simplified form
of the equation.

We assumed, as usual, that in the expanding Universe every point is receding
from its centre with a velocity

v = Hr (5)
which at the boundary becomes
¢ = HR (6)

Here H is Hubble’s constant.

As equation (1) must apply to both the inert and the gravitational mass, the
movement of a particle (having unit mass when g = 1) in a gravitational field
must satisfy the equation

: ) 2 B ;
i(‘“dx&)=/_,c_‘”8yl (7)
dt dt 2 X

where x; (i — 1,2, 8) are cartesian coordinates and t the time (the 4 coordinates
form a local Minkowsxkr space-time).

On the other hand, according to General Relativity, the equations of movement
of a particle of unit mass must be a geodesic of the Riemannian space-time which
describes the Universe.

Within a fair approximation, equations (7) are the equations of a geodesic of
the orthogonal Riemannian space-time whose metric (as defined by the element
of arc ds) is

g ® 1 n . i
de=e M1 @xp— L3 @y ®

x* being now the time-like coordinate and x' the space-like coordinates.

It is important to note that, within a first-order approximation, this is equi-
valent to the metrics proposed in other relativistic theories of gravitation (cf.
Fock, 1964; McVrrTie, 1965). The ratio v/ ¢® is also analogous to the scalar field
introduced by Brans & Dicke (1961).

Assuming that u is independent of x4, substitution of the coefficients of the
metric (8) into FmnstE’'s field equations leads approximately to (Macuapo,
1972 a, 1973 b)
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22
Si d ::iz = —(ue + W/e?) ®)
(2 —1) = 15 p/2 (uo + W/c?) (10)

where p is the pressure. Here we used local Minkowskr coordinates and assumed
that the distributed gravitational energy equals the internal energy (of the fluid
equivalent to the Universe, considered in a large scale); other forms of energy
were neglected.

Equation (9) is Poisson’s equation near the centre of a field described by the
potential (4). And equation (10) describes the equilibrium of a perfect gas under
adiabatic conditions

n(y—po) /2 =yp/(y—1) (uo +W/c?) (11)

if %y, = 1, and if the ratio of specific heats under constant pressure and under
constant volume is y = 15/11. Here W/c¢* was added to the density, following the
ideas of Special Relativity,

Therefore, within the used approximation, the metric (8) not only leads to the
equations of motion (7), but satisfies also the field equations of General Relati-
vity.

The above considerations show that gravitational attraction, which is re-
presented by the right side of (7), depends on the factor u. As » is proportional
to f and @y /2 x; depends practically only on the “local” masses (which have
approximately a common value of u), we can give to the attraction its classical
expression if we assume that the gravitational constant is f g2 This “constant”
will thus vary with the point of space, because the visible universes of the various
points are likely to be slightly different (because they include different galaxies,
as well as different celestial diffuse masses).

We are assuming that the local values of x are fairly constant in time (which
implies a balanced creation of matter in the expanding Universe), but, as the
Sun travels along a galactic orbit, the gravitation in the solar system will depict
the variation of u® along that orbit (this could account easily for the relatively
large oscillations shown in Fig. 2).

For explaining the fair regularity of the 11-year pulsation the following model
has been proposed (MacuaDo, 1972 a).

The galactic plane (corresponding to the average orbit of the Sun) is assumed
to exhibit a maximum of y, which can be approximated by the equation

Y = y; (1—n®x?) (12)

where x is the distance of the Sun to that plane, and n is a constant, making nx
small as compared with unity; v, is the maximum of .

Then, the Sun, if deviated from the galactic plane, will oscillate according to
the equation

d?’x xc® dy
d .t 2 dx

e

—n*¢x (13)

82



F. Macuapo — Pulsation of tectonic phencmena and tectonophysical mechanisms

TRACE_OF
GALATIC ___
PLANE

5? ¥ DIRECTION OF
3 GALATIC CENTRE

Fig. 5. Possible oscillation of the Sun along the galactic orbit (after Macnapo, 1972 h).

where the approximate value v, 2 1/x has been used [following equation (2)
with u £ 1].

The period of the oscillation is 2 w/nc, n being adjusted to give a period of
22 years (which gives two maxima of u within each cycle). The resulting oscil-
lation is outlined in Fig,. 5.

This model implies that the Earth’s movement round the Sun would act as a
trigger-force for the associated seismic activity. This is in fair agreement with the
monthly distribution of the Azorean earthquakes (Macnapo, 1973 b).

An 1l-year pulsation, with a smaller yearly oscillation superimposed, seems
also to be present in the speed of the Earth’s rotation, as shown by Markowirz
(1970). This is easily explained by changes of the Earth’s moment of inertia
induced by the variation of .

Acknowledgments

The author is indebted to Dr. P. N. Kropotxin for kindly reading the manuscript and
offering important criticisms. This research was partly supported by a grant from
Instituto de Alta Cultura, in Lisbon.

References

Barazanct, M., & DomrMaN, J.: World seismicity maps compiled from ESSA Coast and
Geodetic Survey, epicenter data, 1961—1967. — Bull. Seism. Soc. Amer., 59, 368
—381, Berkeley 1968.

Brroussov, V. V.: Basic Problems in Geotectonics. — 816 p., New York (MeGraw Hill)
1962.

vaN BEMMELEN, R. W.: The evolution of the Atlantic mega-undation. — Tectonophysics,
1, 385—430, Amsterdam 1965.

Brans, C., & Dickg, R H.: Mach’s principle and a relativistic theory of gravitation. —
Phys. Rev., 124, 925935, New York 1961.

83



Aufsitze

Bripew, J. C.: Recurrent continental drift of Gondwanaland. — Nature, 215, 13341339,
London 1967.

Bucuer, W. H.: The Deformation of the Earth’s Crust. — 518 p., Princeton (Univ.
Press) 1933.

Ecyep, L.: On the origin and constitution of the upper part of the Earth’s mantle. —
Geol. Rdsch., 50, 251—258, Berlin 1960.

EmvstrN, A.: The Meaning of Relativity, 6th ed. - 169 p., London (Methwen) 1956.

Fock, V.: The Theory of Space Time and Gravitation. — 448 p., Oxford (Pergamon)
1964.

Horumes, A.: Principles of Physical Geology. — 532 p., London (Nelson and Sons)
1944.

Jorpan, P.: Die Expansion der Erde. — 180 p., Braunschweig (Vieweg) 1966.

KrororkiN, P. N.: Gravitation theory of K. A. Putilov and kinematic theory of Lorenz
(in Russian). — In: Pole y Materiya, 16—147, Moscow (Mosk. Gosudarstv. Univ.)
1971.

—: The state of stresses in the Earth’s crust as based on measurements in mines and
geophysical data. - — Proc. 24th Int. Geol. Congr., 3, 6470, Montreal 1972.

Leg, W.H. K., & Uyena, S.: Review of heat flow data. — In: Terrestrial Heat Flow
(W. H. K. Lee, ed.), 87—190, Washington (Amer. Geophys. Un.} 1965.

Macrapo, F.: Geological evidence for a pulsating gravitation. — Nature, 214, 1317
—1318, London 1967.

—: Sobre a pulsacio de fenémenos geologicos. — Bol. Soc. Geol. Port., 16, 253--265,
Lisboa 1968.

—: Variacies da gravitaciio na Relatividade Geral. — Rev. Fac. Cién. Lishoa, Ser. C,

17, 159174, Lisboa 1972 a.

—: PulsagGes na gravitagdo universal. — Gazeta de Fisica, 5, 153—157, Lishoa 1972 b.

— Periodicidade sismica nos A¢ores. — Com. Serv. Geol. Port., 56, 475—486, Lisboa
1973 a.

—: A hipodtese duma pulsacio de gravitacio com periodo de 11 anos. — Garcia de
Onrta, Ser. Geol., 1, 27—36, Lisboa 1973 b.

McVrrrie, G. C.: General Relativity and Cosmology, 2nd ed. — 241 p., London (Chap-
man) 1965.

Mazrkowitz, W.: Sudden changes in rotational acceleration of the Earth and secular
motion of the pole. — In: Earthquake Displacement Fields and the Rotation of the
Earth (L. Mansinha & A. E. Beck, ed.), 69—80, Dordrecht (Reidel) 1970,

Morcan, W.].: Rises, trenches, great faults, and crustal blocks. — J. Geophys. Res.,
73, 1959--1982, Washington 1968.

Runcory, S. K.: Changes in the convection pattern in the Earth’s mantle and continen-
tal drift: evidence for a cold origin of the KEarth. — Phil. Trans. Roy. Soc., 258,
228—251, London 1965.

Smvpson, J. F.: Solar activity as a triggering mechanism for earthquakes. —— Earth Plan.
Sci. Letters, 3, 417—4925, Amsterdam 1967.

Stemver, J.: The sequence of geological events and the dynamics of the Milky Way
Galaxy. — J. Geol. Soc. Austr., 14, 99132, Adelaide 1967.

Tamrazyan, G. P.: Correlation between rhythmic fluctuations of the Earth’s crust and
solar activity., — Doklady (Amer. transl.), 147, 2225, Washington 1962.

Umscrove, J. H. F.: The Pulse of the Earth, 2nd ed. — 358 p., Hague (Nijhoff) 1947.

84



