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Abstract: Tectonic deformation occurs on a large range of scales in space and time. This stimulates the application
of fractal geometry concepts to tectonic deformation in discontinuous and continuous media. An extension of the original
concept of fractal has already been proposed to include anisotropic fractal objects. Discontinuous deformation in the brittle
regime can be characterised by multifractals. As a consequence, fault surfaces should be anisotropic fractoids and their di-
mension of tensorial nature.

Continuous (plastic) yielding mechanisms are indeed closely interconnected with discontinuous processes, and thus
a fractal approach to the former is also desirable. In fact the propagation of many plastic structures is geometrically controlled
by non Euclidian intracrystalline microfractures or dislocation arrays, which have anisotropic allometric growth explained by
fractal dimensional analysis.

Resumo: A deformacgédo tectonica ocorre a todas as escalas de tempo e espaco. Tal facto sugere a aplicagdo dos con-
ceitos de geometria fractal a deformacgdo natural das rochas em meio descontinuo e continuo. A extensdo do conceito ori-
ginal de fractal ja foi proposta de modo a incluir objectos fractais anisétropos. A deformagdo descontinua tipica do regime
fragil pode ser caracterizada em termos de multifractais. Como consequéncia, as superficies de falha deverdo constituir exem-
plos de fractéides anisotropos, cuja dimensdo deverd ser de natureza tensorial.

E possivel estabelecer relagdes de dependéncia entre os mecanismos de cedéncia continua (plastica) e os processos
responsdveis pela deformagdo descontinua das rochas, o que torna desejavel uma abordagem fractal aos primeiros. De facto
a propagagdo de muitas estruturas plasticas ¢ geometricamente controlada por microfracturas intracristalinas ou arranjos de
deslocagdes com geometria ndo Euclidiana e cujo desenvolvimento anisétropo e alométrico é explicado pela andlise de di-
mensdo fractal.

A Tectonica e Sismotecténica constituirdo, sem duvida alguma, um campo vasto e promissor para a aplicacdo da

teoria de sistemas dindmicos.

INTRODUCTION

The deformation of rock materials can be approa-
ched in a variety of ways. The theoretical phy-
sicist will be interested in deformation as a symme-
try-breaking process obeying laws of statistical
mechanics. The rock-mechanicist will be interes-
ted on a experimental approach, monitoring de-
formation in the laboratory, as well as in the
field. The structural geologist will be mainly in-
terested on natural yielding mechanisms and use
experimentation only as a tool to explain them.
However, irrespectively- of the purpose, tectonic
deformation occurs on an enormous range of scales
(from 10° km to 10" m) and strain rates (from
10" s to 10® sY); so, can we use the fractal
approach as a useful tool in the unification of
such range of space and time scales? As a matter

of fact, many laws in tectonics, and in rheolo-
gical behaviour, relating stresses and strains can
be estabilished as power-law functions, which have
expression in log-log graphs. Thus fractal dimen-
sional analysis can be an explanation for empirical
data and laws where dimensions (constant empi-
rical values) are often different from integers. Note
that fractals are only one branch of the immense
field of Dymamic Systems, which will be of ex-
treme utility in the study of complex processes
in the Earth Sciences (e.g. RIBEIRO, in press).

In the first part of the paper we will discuss the
extension of the fractal concept to include aniso-
tropic objects, such as those that appear more fre-
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quently in tectonics; we intend to explore the
example of fault surfaces as anisotropic fractoids.
Discontinuous deformation by fracture in the brit-
tle regime will be more amenable to the fractal
approach (RIBEIRO et al., 1990) than continuous
deformation. Nevertheless, we will show in the
second part of the paper that tectonic processes
change from continuous to discontinuous as the
scales change, and the fractal analysis can be used
even in objects that experienced a bulk plastic
deformation.

ANISOTROPIC FRACTOIDS: THE EXAM-
PLE OF FAULT SURFACES

The concept of fractal (MANDELBROT, 1982)
has been proved to be very useful in the chara-
cterisation of natural objects such as coast-lines,
clouds, topographic surfaces of Earth and other
Planets (for a review see KAYE, 1989), and te-
ctonic fault surfaces (AVILES et al., 1987; OKUBO
et al., 1987; RIBEIRO et al., 1990). In fact no true
fractals exist in nature because there is an «ine-
vitable break down (of fractal dimension) well
before the molecular scale is reached» (FALCO-
NER, 1990, p. 265). But the fractal nature of na-
tural objects is a good approximation for a spe-
cific large range of scales; for instance for fault
surfaces from 0.5 to 1000 km (AVILES et al., 1987).

As the domain of applicability of fractal geo-
metry was widening, the initial concept of fractal,
based on the notion of strict self-similarity, was
extended to include cases of self-affinity (MAN-
DELBROT, 1982), and multifractals (for a review
see FALCONER, 1990) where fractal dimension is
not constant and varies as a function of scale.

It was shown for studied fault surfaces that
these were in fact multifractals (AVILES et al,
1987; OKUBO et al., 1987). A further generalisation
is obvious in the case of fault surfaces: the fra-
ctal dimension along a fault trace in some planar
surface (that can be estimated by a great variety
of methods, see FALCONER, 1990), should be dif-
ferent for different fault trace directions. It is a
fact of experience for any tectonicist that the fault
surface irregularity is different in the direction
of movement or in a perpendicular direction to it
(ScHoLz, 1990, p. 147). Or in terms of kinematic
axes, the fault trace in the ac plane of movement
should have a different fractal dimension from a

fault trace in the ab plane; and these axes are
materialised in the fault trace by a variety of
features (for a review see, e g., RAMSAY & HUBER,
1987).

In the case of strict and statistical self-simila-
rity and self-affinity, the fractal dimension should
not be different with direction by definition; a
surface can be characterised by a single number
independent of direction or, in other words, frac-
tal dimension is of scalar nature. The fractal di-
mension of the surface, Dy, can be calculated
from the fault dimension of any trace, D,
using the relationship

Dsurt‘uce = Dlruce+ 1

that has been proved for fracture surfaces of me-
tals (MANDELBROT el al.,, 1984). The theoretical
basis for this is simply the consideration of topo-
logical and fractal dimension concepts (MANDEL-
BROT, 1982). If an anisotropy is present, as in a
wide range of usual and natural objects, the strict
concept of self-similarity is not observed. But we
can extend the concept of fractal and speak of
«anisotropic fractoids» with «multiple elliptical di-
mensions» (LOVEJOY et al., 1987). An example is
the geometry of clouds (and rain) due to atmos-
peric stratification; stratocumulus are obviously
anisotropic! /n anisotropic fractoids fractal dimen-
sion is of tensor nature. Fault surfaces should be
anisotropic fractoids and the fractal dimension of
a fault surface cannot be deduced from a single
fault trace, as in the case of the Hausdorff-Besi-
covich dimension (AVILES et al, 1987, OKUBO
et al., 1987).

A simple symmetry argument can guide our
thinking and our research. If the generating process
is highly symmetric the fractal geometry of the pro-
duct would reflect it. For instance an explosion, or
the Big-Bang, would produce an isotropic, although
inhomogeneous, distribution of fragments and
matter-radiation, respectively, with spherical
symmetry. A tensile axial test on a cubic metal
would produce a fracture surface with axial symme-
try; pressure solution with axial symmetry would
also produce stylotites with fractal dimension much
higher than a fault surface (between 2 and 3) but
independent on the magnitude of maximum com-
pressive stress, irrespective of intermediate and
minimum stresses. In a fault or shear zone the
symmetry of the generating process is orthorrombic



or lower, and the geometry of the fault surface
should be anisotropic; and similar, for a seismo-
genic process along an active fault with a double-
-couple generating mechanism.

These ideas can, and will be tested by the con-
touring of a natural, well exposed, and as large
as possible fault surface at the scale of 10! to
102 m and by computer simulations.

CONTINUOUS AND DISCONTINUOUS
DEFORMATION

The behaviour of rocks during tectonic proces-
ses, namely polymineralic, shows that deformation
can be discontinuous at submicroscopic-microsco-
pic scales (heterogeneous intracrystalline slip in-
duced by dislocation movement and/or intragra-
nular cracking) and continuous at mesoscopic
levels (bulk plastic deformation, expressed in the
language of Continuum Mechanics); again dis-
continuous at higher levels (mesoscopic plastic
yielding related with the development of narrow
macroscopic shear zones) and finally continuous
at even higher level (megascopic continuous de-
formation by distributed brittle faulting). A great
diversity of methods has been developed to quan-
tify continuous deformation at some higher levels
from discontinuous deformation at a lower level
(e.g. MOLNAR, 1983; RECHES, 1983). However,
the spatial coexistence and the interdependence of
active plastic and brittle mechanisms in the li-
thospheric crust, suggest that a fractal approach
can be useful for the connection and subsequent
characterisation of strain at the full range of scales.
In this respect we will refer to objects that are
not fractals at the same scale but controlled by
fractal entities and (deterministic?) behaviour at
a lower scale, using the image of allometry in te-
ctonics (RIBEIRO, 1990; RANNALI, 1980).

A typical example of allometry is the relative
development of the human beings head when com-
pared to other parts of the body (legs, trunk,
total height), during their growth. None of the
length dimension of the chosen variables in fra-
ctal, but the growth of each part is essentially
controlled by the development of the fibro-carti-
laginous and muscles masses, and blood and ner-
vous networks, which are typically fractal entities.
Thus we can say that these variables are «fra-
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ctally controlled». A tectonic analogue of the allo-
metric relationship should be the generation of
the strain elliptical marker non-fractal obtained
from a circular marker by the development of plas-
tic and/or brittle yielding microstructures with a
fractal distribution. As a matter of fact, under
appropriate P-T conditions the progression of slip
systems at the intracrystalline level is constrained
by the cooperative behaviour of different disloca-
tion sets. Their propagation enable the creation of
new point defects and other «debris» necessary for
the multiplication of non Euclidian linear defects,
or it may result in Jow-energy arrays or irregular
tridimensional networks of dislocations that are fair-
ly stable with respect to glide and climb. (e.g.
NICOLAS & POIRIER, 1976; KERRICH & ALLISON,
1978; WHITE, 1976, BARBER, 1985).

During rock deformation, recovery mechanisms
compete effectively with work-hardening processes
(e.g. POIRIER & GUILLOPE, 1979; LANGDON, 1985).
The former comprises the climb-assisted annihila-
tion of dislocations of opposite sign, the achieve-
ment of equilibrium concentrations of point defects,
and dislocation climb to form sub-boundaries often
with irregular geometry; subsequent dynamic re-
crystallisation lead the nucleation of «new» intra
and/or intergranular grains, developed following
power laws of growth (e.g. WHITE, 1977; GOTT-
STEIN & MECKING, 1985). Work-hardening embra-
ces the generation of dislocations on glide planes
(essentially constrained by Schmid’s law, defect
chemistry of the minerals, and P-T conditions),
and subsequent creation of inhomogeneous distri-
bution of the above linear anisotropies, with tight
forming in some regions (e.g. GOTTSTEIN & ME-
CKING, 1985; VAN HOUTTE & WAGNER, 1985).

At this point it is interesting to point out that
the principal mechanism of dislocation generation,
the Frank-Read source, produces a similar succes-
sion of dislocation loops in the glide plane. Under
different P-T conditions and a specific geoche-
mical environment, syntectonic dislocations can
be also generated at the tips of intragranular cra-
cks, at the intersections of deformation bands,
by twins and their interaction with grain bounda-
ries, and at second phase particles (e.g. ATKIN-
SON, 1984; MacDONALD, 1987, NEUMANN, 1987;
McMEEKING, 1987). These geometric variables
show, at least, a fractal distribution and are res-
ponsible for different degrees of linear work-har-
dening at low temperature conditions.
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Grain-boundary mechanisms, including inter-
granular slip at temperatures that anable the acti-
vation of diffusion creep processes, and grain-
-boundary hardening and/or pressure solution,
coupled with intergranular stress-corrosion respon-
sible for sub-critical propagation of microfractures
at medium-lower temperatures, are also extremely
important in continuous deformation (e.g. KER-
RICH, 1977; KRANZ, 1983; ATKINSON, 1987; DE
HOSSON & VITEK, 1987; INGRAFFEA, 1987; LOSCH,
1987; KNIPE, 1989). Their dependence on the geo-
metry of the grain boundaries is obvious, and
their development are certainly constrained by the
fractal dimension of the former.

Allometry can also explain the non linear rela-
tionship between length and displacement for stri-
ke-slip faults (RANNALIL 1980) and many empirical
relationships in Seismotectonics (RIBEIRO er al,
1990); allometry is then simply the consequence
of maintaining, during a short interval of time,
a constant fractal dimension for the variables (geo-
metric entities) involved in rock deformation. So,
using the fractal dimensional analysis (RIBEIRO
et al., 1990), the allometric relationship between
two variables, [ and L

I=a LP
can be expressed by

I= 10[(1-DI)/(1-DL)]

where D, and D, are the fractal dimension of the
variables, and a, b and 1, constants.

A logarithmic strain plot (RAMSAY & HUBER,
1983) is often used by tectonicists in order to
express domains in finite strain and strain paths
in progressive deformation. In some cases, strain
paths are straight lines, and these correspond to
allometry with b, relative growth ratio, constant;
otherwise, more complex curves will result. How
do we relate constant strain path with allometry?
If some deformation mechanism is operating (plas-
tic flow, pressure solution, cataclastic flow, etc.)
under an anisotropic stress state, the multiple elli-
ptic dimension parallel to the maximum compres-
sive stress and parallel to the minimum compres-
sive stress will be different; nevertheless, their
ratio can remain constant with time, and allo-
metry will inevitably result. If the ratio changes,
a more complex strain path will result, and as the

dimension is fractal the whole log strain plot will
be occupied.

Fractal dimensional analysis can also explain
the exponents from 3 to 8 in non linear power
laws for creep. In fact, if some mechanism de-
pends on the length dimension with integer ex-
ponents of 1, 2 and 3 in linear phenomena, and
if we consider the non-linear counterparts with
1 <L" <3, fractal exponents with values between
1 and 9 can result.

CONCLUSION

Given the very large range of scales in tectonic
deformation a multifractal approach to tectonic
deformation will be certainly more useful than
a simplistic unidimensional approach independent
of scale observations. There are in fact simila-
rities between plastic-brittle yielding at the atomic
and microscopic scales, and macroscopic rupture
related with seismic mechanisms. These similari-
ties have been used to calculate stress and strain
fields independently of scale using the Elasticity
Theory. So each scale will have to use both the
unified fractal approach and a specific treatment
(«scalar methodology» of GLANGEAUD, 1960).
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