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Abstract

By measuring S spacing, C spacing and the S±C angle (a ) in deformed rocks, this paper investigates the geometry of

previously published examples of S±C and S±C-like structures on a scale range between micrometres and several hundred
kilometres. The results indicate that common S±C fabrics of thin-section, hand-specimen and outcrop scale, and conjugate fault/
mylonite zones of map scale de®ne a simple function Cspacing � 2Sspacing, which depicts a scale-invariant geometry over ten orders

of magnitude. Logarithmic plots of cumulative frequency suggest that the S±C fractal set (D � 0:13) is restricted to the scale
range between 600±800 mm and 1 km where genuine S±C structures, characterized by antithetic shear on the S planes, can be
formed. Below 600±800 mm, grain scale processes seem to in¯uence the development of S±C structures. Above the upper limit

(1 km), only S±C-like structures with duplex kinematics (synthetic shear on S planes) occur. The S±C and S±C±C ' fractals are
envisaged as self-similar structures where the foliations work as both S or C planes, depending on which scale is
considered. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Scale-invariance within a speci®c scale range is a
characteristic of some non-deterministic (chaotic)
phenomena which are commonly referred to as fractals
in the literature (Mandelbrot, 1982). Mathematically, a
phenomenon is a fractal if the number of objects or
events N with a characteristic size or value (length,
area, volume, period of time, intensity, etc.) greater
than L satis®es a power-law distribution N1LÿD,
where D is the `fractal dimension' of the data distri-
bution. This fractal dimension re¯ects the relative
abundance of small and big objects in the fractal set
and characterizes the `roughness' of the data distri-
bution.

Geological phenomena are typically scale-invariant
over a certain size range. That is why we must include
a scale in any photograph of geological features, other-
wise it is commonly impossible to know if the photo
covers 10 cm or 10 km. Hence, it is not surprising that

the concept of fractals has been applied with success
to a number of geological processes and structures.
The reader is referred to Turcotte (1992) and Barton
and La Pointe (1995) for other geological applications
of fractals. In this paper, an attempt is made to inves-
tigate the fractal nature of S±C structures, a common
feature in anisotropic materials deformed in non-coax-
ial strain regimes in the ductile ®eld, and their possible
genetic connection with other structures of varied
scales, such as duplexes and conjugate mylonite zones,
which commonly show S±C-like geometries regardless
of resulting from di�erent mechanisms of formation.

2. S±C and S±C-like structures

An S±C fabric (BertheÂ et al., 1979) is a conjugate
set of two foliations which were synchronously formed
during a single, progressive, non-coaxial deformation
event. The C planes are parallel to the bulk shear
plane (de®ned by the shear zone boundaries), while the
S planes are assumed to be parallel to the XY plane of
®nite strain within the `low strain domains' between
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two consecutive `high strain domains' (C planes).
Hence, the obliquity of the S planes relative to the C
planes directly re¯ects the orientation of the ®nite
strain ellipsoid, making S±C fabrics a reliable shear
sense indicator (Simpson and Schmid, 1983; Hanmer
and Passchier, 1991). Ideally, at low shear strain, the
angle between S and C planes is close to 458, decreas-
ing with progressive strain due to rotation of the S
planes in parallel with rotation of the ®nite strain ellip-
soid during simple shear (Krohe, 1990). High strain
mylonites commonly show subparallel sets of S and C
planes. Eventually, a third set of planes (C ' planes)
may be formed at high angles to the maximum exten-
sion direction of ®nite strain in stretching shear zones
(Passchier, 1991). Figure 1 summarizes the main
characteristics of S±C fabrics.

Most strain in S±C fabrics is accommodated via
synthetic shear on the C planes which act as the main
fabric attractor (Passchier, 1997) during progressive
simple shear. C ' planes, when present, also accommo-
date synthetic shear. In contrast, a limited antithetic
shear may operate on the S planes in consequence of
rotation of the XY plane of ®nite strain (Krohe, 1990).
This antithetic shear occurs if the pre-existing S planes
are passively rotated in parallel with rotation of the
XY plane of ®nite strain. This process is analogous to
a card deck or set of dominos falling down, where
antithetic shear occurs between the individual cards.
Evidence for antithetic shear on S planes is more com-
mon in S±C structures of thin section and hand-speci-
men scales, appearing either as an o�set of broken
fragments (Hippertt, 1993), slip between basal planes
of mica in mica-®sh (Lister and Snoke, 1984) or asym-
metric quartz c-axis fabrics (Krohe, 1990).

Nevertheless, many S±C structures do not show any
clear evidence of shear on the S planes, making
obscure the meaning of S planes.

Depending on the material composition and rheol-
ogy, di�erent types of S±C fabrics are developed
(Lister and Snoke, 1984). In mylonitic micaceous
quartzites, for example, S and C planes may appear as
a discontinuous planar fabric de®ned by the shape pre-
ferred orientation of isolated mica ¯akes disseminated
in the quartzose matrix, not necessarily forming well-
de®ned mica folia. This microstructure re¯ects a low
degree of strain partitioning, as a consequence of a
relatively homogeneous deformation on a thin-section
scale via crystal±plastic processes in quartz and phyllo-
silicates. These S±C fabrics are not the focus of this
paper.

Another type of S±C fabric typically develops in
strongly anisotropic materials such as granitic mylo-
nites which were sheared at low/medium metamorphic
grade conditions, and correspond to the S±C fabrics
originally de®ned by BertheÂ et al. (1979) and type-II
S±C fabrics of Lister and Snoke (1984). In these rocks,
the S and C planes generally appear as well-de®ned
folia characterized by an enrichment in mica and
quartz as well as grain size reduction. In these rheolo-
gically anisotropic materials, the S and C planes sur-
round relatively rigid, mm- or cm-sized lenticular
domains (microlithons) generally constituted by feld-
spar porphyroclasts. The S and C planes, therefore,
should act as the main locus of movement in the
deforming rock. Thus, if we analyse these S±C fabrics
commonly observed in granitic mylonites on thin-sec-
tion and hand-specimen scales (Fig. 2) in a purely kin-
ematic point of view, we will see microzones of

Fig. 1. Sketch illustrating the main characteristics of S±C fabrics viewed on the XZ plane of ®nite strain. The parameters C spacing, S spacing

and S±C angle (a ) which are treated in this paper are indicated. The circles represent relatively rigid objects (porphyroclasts).
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Fig. 2. S±C structures of di�erent scales observed on the XZ plane of ®nite strain. (a) Typical hand-specimen scale S±C structure in a granitic

mylonite (Moeda±Bon®m shear zone, southeastern Brazil). Note the decreasing angle between S and C towards the high strain domain on the

top of photo. Width of view is 10 cm. (b) Outcrop scale S±C structure in a mylonitic gneiss from the eastern border of Puna, northwestern

Argentina (photo by F. Hongn). The overall shear sense is sinistral in the two photos.
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movement (the S and C planes) separating relatively
immobile lenticular domains (porphyroclasts). A simi-
lar situation occurs in conjugate sets of movement
zones of outcrop and map scales with S±C-like geome-
tries, which surround lenticular domains of relatively
undeformed rocks (Fig. 3).

Encouraged by this initial qualitative analogy, I
have performed a search of S±C fabrics and conjugate

fault zones and mylonite zones with S±C-like geome-
tries (thrust belts, duplex structures, etc.) previously
published in the literature. I have covered the whole
collection of the Journal of Structural Geology, the last
®ve years of Tectonophysics and have also included the
examples shown in three structural geology textbooks
(Davis, 1984; Twiss and Moores, 1992; Passchier and
Trouw, 1996). A total of 133 S±C and S±C-like struc-

Fig. 3. Sets of shear zones with S±C-like geometry on map. (a) Strike-slip shear zones in the Borborema Province, northeastern Brazil (Davison

et al., 1995). (b) Proterozoic strike-slip shear zones in the Mantiqueira Province, southeastern Brazil (modi®ed from Ebert et al., 1996). Patos

(PTSZ), Pernambuco (PESZ) and AleÂ m ParaõÂ ba (APSZ) shear zones are indicated.
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Fig. 4. Logarithmic plot of C spacing vs S spacing for published examples of S±C structures and fault/mylonite zones with S±C-like geometries.

The data plot on a straight line de®ning a simple function close to C � 2S with a goodness-of-®t R>99%.

Fig. 5. Plot of C spacing/S spacing ratio (C/S ) vs S±C angle (a ) for all database. Trends 1 (Dutruge et al., 1995) and 2 (Moeda±Bon®m shear

zone, southeastern Brazil) show the variation of C/S and a with progressive strain. Note that the C/S values converge to 1 at high strain levels

(arrows).
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tures shown on the XZ plane of ®nite strain were
found where there are well-de®ned S and C planes, an
indication of shear sense on these planes and an accu-
rate metric scale on the photo, sketch or map to per-
mit measurements. This paper describes the statistical
analysis carried out in this database.

3. Statistical analysis

I have measured the average spacing between adja-
cent S and C planes (S spacing and C spacing) in typi-
cal S±C fabrics as well as in conjugate movement
zones of di�erent scales which show a S±C-like geome-
try. Figure 4 shows a logarithmic plot of S spacing vs
C spacing for the entire database. S±C fabrics of
microscopic and hand-specimen scales and conjugate
movement zones (faults and mylonite zones) of map
scale plot on a same straight line according to a simple
function Cspacing � 2Sspacing, with a goodness-of-®t
R>99%. This simple function indicates that the re-
lation between S spacing and C spacing is statistically
constant along a scale range of ten orders of magni-
tude.

Although the whole database de®nes a simple func-
tion where the average C spacing/S spacing ratio (C/
S ) is around 2, the speci®c structures of any scale may
show C/S values varying between 0.5 and 10. The
range of C/S values becomes narrower with progress-

ive strain and decreasing angle between the S and C
planes (Fig. 5). At the highest strain levels, the C/S
ratio converges to a ®nal value of around 1, where the
S and C planes would be theoretically parallel. To
illustrate this trend, I have obtained C/S values for
one published example of S±C structures shown at
di�erent degrees of progressive strain (Dutruge et al.,
1995), and have also plotted the trend obtained in
samples from the Moeda±Bon®m shear zone (Fig. 2a).
These trends are shown in Fig. 5.

However, a scale-invariant geometry does not
necessarily de®ne a power-law data distribution which
can only be con®rmed if the data set de®nes a straight
central segment on a logarithmic plot of cumulative
frequency, where the negative slope of the power-law
segment gives the fractal dimension (D ) of the data
population. The terminations of the straight segment
may also indicate the lower and upper scale limits
where the phenomenon behaves as a fractal.
Geologically, the importance of identifying a power-
law segment is to de®ne the scale range where the
phenomenon results from the operation of the same
physical controls. The limits of the power-law segment,
therefore, may represent scale limits where other pro-
cesses begin to operate causing changes in the charac-
teristics of the phenomenon.

Fig. 6 shows a logarithmic plot of cumulative fre-
quency for both S spacing and C spacing of the entire
database. The curves show the typical three segments

Fig. 6. Logarithmic plot of cumulative number for S spacing and C spacing. Smoothly curved central segments (slope=0.13) appear between

600±800 mm and 1 km.
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present in power-law data distributions. The central
segment extends over six orders of magnitude (from
600±800 mm to 1 km) with an average slope D � 0:13.
Because this central segment is slightly curved, an
attempt was made to test the statistical validity of the
data set through plotting of simulated cumulative
curves with lower and higher cumulative numbers (Fig.
7). The simulated curves with N � 300, 600 and 1000
were constructed by computer simulation of data fol-
lowing the same variance and clustering pattern of the
real database. The simulated curves show progressively
less curved segments with increasing N, with a nearly
straight segment appearing with N � 1000. This simu-
lation indicates that the smooth curvature of the cen-
tral segment in the curves of Fig. 5 probably
represents a sampling e�ect (e.g. Walsh et al., 1994),
and not a deviation from the power-law distribution.
Even with the changes in curvature with di�erent N,
the terminations of the central segment around 600±
800 mm and 1 km are well-marked in all curves, re¯ect-
ing the probable limits of the power-law distribution.
Both the database and the simulated curves with N >
100 have central segments with similar slopes (0.12±
0.13).

As commonly occurs in irregularly sampled data-
bases, the logarithmic curves of S and C spacing (Fig.
6) show some gaps, the most noticeable one at the
scale of one hundred metres. This may be a conse-
quence of the lack of well-documented movement

zones on this scale, as these structures are too large to
be observed in an outcrop and too small to appear in
most regional or local geological maps.

4. Discussion

The results indicate that common S±C fabrics of
mm- and cm-scale and conjugate fault zones and mylo-
nite zones with S±C-like geometries and average spa-
cing in the order of several hundred metres ®t within
the same power-law data distribution with a fractal
dimension D � 0:13, suggesting the operation of the
same physical controls on their development. The
lower limit of the power-law distribution (600±800 mm)
probably represents the scale limit for in¯uence of
grain scale processes such as grain boundary mi-
gration, grain boundary sliding, pressure solution and
reaction softening, which commonly contribute to the
development of S±C fabrics of millimetre and micro-
metre scales (e.g. Gates, 1992). Indeed, below this size
limit, typical S±C fabrics with well-de®ned mica folia
are rare, and pervasive type-II S±C fabrics (Lister and
Snoke, 1984) are more common. Similarly, the upper
limit of the fractal set (1 km) may re¯ect the control
exerted by compositional di�erences over large areas
of a deforming rock on its rheology (e.g. variation of
mica content in a granitic protolith), in¯uencing the
resulting geometry of conjugate movement zones of

Fig. 7. Simulated curves produced through computer simulation of data with the same variance and clustering pattern as the database (N � 133).

Note how the curvature becomes smoother with increasing N (see text).

J. Hippertt / Journal of Structural Geology 21 (1999) 975±984 981



map scale. This limit is suggested to represent the
maximum dimension for occurrence of genuine S±C
structures which are characterized by antithetic move-
ments between C and S planes. Indeed, all the data
plotting above this limit in Fig. 6, i.e. in the steeper
termination of the curve, correspond to shear zones
and duplex structures with S±C-like geometries, but
with synthetic movements on the S and C planes. The

relative sense of shear along the S planes is in fact the
main di�erence between S±C structures and duplex
structures with S±C-like geometries.

The results indicate that, although all S±C and S±C-
like structures show a scale-invariant geometry over
ten orders of magnitude (Fig. 4), the fractal set is
restricted to the scale range between 600±800 mm and
1 km, where real S±C structures with respect to both

Fig. 8. Sketches showing the development of S±C structures in continuously decreasing scales. (a) Synthetic shear on the S planes leads to devel-

opment of three planar fabrics whose orientation and kinematics are consistent with a S±C±C ' geometry. (b) In contrast, the antithetic shear on

the S planes which is a characteristic of genuine S±C structures, impedes the appearance of C ' planes (Fig. 2b). Note how a particular movement

plane can be envisaged either as S or C plane depending on which scale is considered.
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the geometry and the kinematics (i.e. with antithetic
shear on S planes) can be formed. Figure 8 shows how
the relative movements on the speci®c planes of a S±C
structure leads to development of a fractal set, indu-
cing the formation of secondary S±C structures in con-
tinuously decreasing scales. It is interesting to note
how duplex kinematics (synthetic shear on the S
planes) lead to development of three planar fabrics
whose orientation and kinematics are consistent with a
S±C±C ' geometry (Fig. 8a). In contrast, an antithetic
movement on the S planes impedes the appearance of
C ' planes (Fig. 8b).

The database includes structures with S and C
planes making angles between 45 and 08. The average
C/S ratio for each angle decreases continuously from
about 2.5±2 (S±C angle around 40±458) to 1, when S
and C are parallel. This trend is well-re¯ected in the
two examples of progressive S±C fabrics shown in Fig.
5. In addition, the C/S values are spread on a wider
range of values at lower degrees of ®nite strain. These
relationships are interpreted to re¯ect a more promi-
nent nucleation of C planes (hence, decreasing the C/S
ratio) at low degrees of ®nite strain. In contrast, at the
high strain levels (a<158), where a pervasive set of C
planes is already developed, deformation can be e�-
ciently accommodated by passive rotation of the S
planes towards the C planes, without signi®cant gener-
ation of new C planes. As a consequence, the C/S spa-
cing ratio decreases with a lower rate. This explains
the kinks around 15±208 in the two trends plotted in
Fig. 5.

In summary, the results show that di�erent deforma-
tional processes can produce identical S±C geometries
on a wide range of sizes. The S±C geometry is, there-
fore, suggested to represent an ideal layout for oper-
ation of di�erent heterogeneous strain mechanisms
(such as foliation development, formation of anasto-
mosing sets of faults and shear zones, duplexes, etc.).
In this layout, the planes S, C and C ' are a suitable
strain pathway where larger scale homogeneous defor-
mation can be resolved into local ®nite strain com-
ponents, on a wide range of sizes. In contrast, the
magnitude and shear sense of the speci®c movements
on the S, C and C ' planes are diagnostic for each par-
ticular mechanism, whose operation is clearly scale-
dependent and controlled by factors such as the rock
rheology and the overall kinematic framework.

5. Conclusions

In answering the question `Are S±C structures,
duplexes and conjugate shear zones di�erent manifes-
tations of the same scale-invariant phenomenon?', this
paper has reached four main conclusions:

1. Common S±C fabrics of thin-section and hand-spe-
cimen scale ®t the same simple function,
Cspacing � 2Sspacing, as outcrop and map scale fault
zones and mylonite zones with S±C-like geometries.
This de®nes a scale-invariant geometry over ten
orders of magnitude.

2. The results indicate that although S±C and S±C-
like structures show a scale-invariant geometry, the
power-law distribution (slope=0.13) is restricted to
the scale range between 600±800 mm and 1 km,
where genuine S±C structures with respect to both
the geometry and the kinematics (i.e. with antithetic
shear on S planes) can be formed.

3. The lower limit of the fractal set is interpreted to
represent the beginning of in¯uence of grain scale
processes in the development of S±C fabrics. The
upper limit may represent a size limit beyond which
only S±C-like structures with a typical duplex kin-
ematics (synthetic movements on the S and C
planes) can be formed.

4. Most of the S and C planes present in a S±C struc-
ture of any size were probably formed at low/inter-
mediate strain levels (S±C angles between 45 and
258). At the high strain levels, strain is more e�-
ciently accommodated by passive rotation of the S
planes towards the C planes, without signi®cant
generation of new planes.
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