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Introduction

Rock fragmentation plays an import-
ant role in a variety of natural
processes such as tectonic fault-
ing ⁄ fracturing, weathering, volcanic
explosions and impacts (e.g. Hart-
mann, 1969; Curran et al., 1977;
Fujiwara et al., 1977; Atkinson,
1987; Hooke & Iverson, 1995). Rock
comminution along faults produces
lenses and bands of cataclastic rocks,
also known as fault cores (Chester
et al., 1993; Caine et al., 1996). The
physical properties of fault cores are
of considerable social importance
because they influence storage and
recovery of hydrocarbon and ground-
water from faulted strata (e.g. Anto-
nellini and Aydin, 1994, 1995; Caine
et al., 1996), flows of chemical and
radioactive contaminants through
rocks (National Research Council,
1996, 2000), and friction along seis-
mic faults (Byerlee, 1978; Allègre
et al., 1982; Sibson, 1986). For these
reasons, several studies have been
performed on the parameters control-
ling the evolution of fault cores (e.g.
Jones et al., 1998; Holdsworth et al.,
2001). In laboratory experiments,
several authors have demonstrated
that cataclasis is a pressure-sensitive

process (Rutter et al., 1986; Wong
et al., 1997; Wibberley et al., 2000;
Mair et al., 2002). Amongst other
effects, the rate of gouge formation
depends linearly on normal stress
(Archard, 1953; Yoshioka, 1986).
Accordingly, different structural fab-
rics and particle size distributions are
expected for cataclastic rocks devel-
oped along transpressional faults with
different strikes within a regional-scale
brittle shear zone.

The present contribution explores
the relationship between particle size
distribution of fault rocks and the
fault transpressional angle, i.e. the
acute angle that locally a transpres-
sional splay fault forms with the
master pure strike-slip fault (Fig. 1).
It presents the results of statistical
analyses on particle size distributions
from four small-scale fault cores (i.e.
less than 1 m thick) developed in
shallow-water carbonate rocks with
different transpressional angles within

the regional-scale left-lateral Mattina-
ta strike-slip fault, southern Italy
(Fig. 2).

Amongst a variety of statistical
relationships used to correlate data
on the size distribution of fragments,
fractal distributions have been proved
to successfully describe particle size
populations of fault core cataclastic
rocks (e.g. Blenkinsop, 1991). Particle
size distributions (i.e. particle number
vs. size) are defined as fractal within a
given range when

logN � �D logr; ð1Þ

where N is the number of particles
with size � r, and D is the fractal
dimension of their distribution, i.e. the
slope of the logarithmic function (e.g.
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Fig. 1 Schematic diagram (map view) of
a strike-slip fault. Note the transpres-
sional angle, i.e the acute angle that
locally a transpressional splay fault
forms with the master pure strike-slip
fault.

Fig. 2 Location map for the study site:
San Simeone Quarries along the Matti-
nata Fault in the Apulian foreland of the
Apennines fold-and-thrust belt, Italy.
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Turcotte, 1986). Fractal particle size
distributions are scale-invariant, and
the fractal dimension provides a
means with which to quantify scale
invariance (Mandelbrot, 1967). Frac-
tal dimensions of particle size distri-
butions increases with increasing the
relative content of finer particles (e.g.
Sammis et al., 1986; Turcotte, 1986).

Fault zone structure

The studied fault cores are from
four small-scale fault zones (FZ1–4)
exposed at the San Simeone Quarries
within the damage zone of the Matti-
nata Fault (Fig. 3a). The Mattinata
Fault is an E–W-striking left-lateral
strike-slip fault system (Salvini et al.,
1999; Billi and Salvini, 2001), which
cuts across Mesozoic shallow-water
carbonate rocks in the foreland of the
Southern Apennines thrust-fold belt
(Fig. 2). The Mattinata master fault at
the San Simeone Quarries is N92�-
striking (Fig. 3a), whereas mesostruc-
tural faults strike between N80� and

N135� and show strike-slip to slightly
oblique-slip slickenlines (Fig. 3b).
Solution cleavage occurs as closely
spaced subvertical surfaces with a
general trend of N120–130� (Fig. 3c).
The studied fault zones (Fig. 4) are
subvertical (FZ1, FZ3 and FZ4) to
high angle (FZ2). Slickenlines on stri-
ated fault surfaces indicate strike-slip
to slightly oblique-slip movements.
The strike of the fault zones varies
from N94� to N156� (Fig. 4). By
referring to the N92� strike of the
Mattinata Fault (Fig. 3b) at the San
Simeone Quarries (Servizio Geologico
d’Italia, 1970) as the pure strike-slip
fault orientation, the transpressional
angle of each fault was computed as
the acute angle between the strike
of the investigated faults and the
N92� strike of the Mattinata Fault.
These angles fall between 2� and 64�
(Table 1). In the case of a transpres-
sional orientation of the Mattinata
master fault at the San Simeone
Quarries (Salvini et al., 1999), the
computed transpressional angles

would be increased by the same
amount. This will not affect the trend
of the relationship hereafter discussed
between particle size distributions of
fault rocks and the fault transpres-
sional angle.

The analysed fault zones show the
same asymmetrical structural archi-
tecture (Fig. 4), comprising: (i) the
damage zone, which contains solution
cleavages and extensional fractures
that dissect the cleavage domains at
high angle; (ii) the fault surface, which
separates the damage zone from the
fault core at one side of the fault core;
(iii) the fault core, enclosed on both
sides by the damage zone and consist-
ing of two adjacent subvertical bands:
the gouge zone, adjacent to the fault
surface, and the breccia zone, in
between the gouge zone and the dam-
age zone.

The thickness of the fault cores
ranges between 0.035 m (FZ1) and
0.760 m (FZ4). The thickness of the
gouge zones is between 2 and 3%
(FZ4) and 85% (FZ2) of the thickness
of the respective fault cores (Table 1).
The actual displacement of the ana-
lysed faults could not be measured.
However, by referring to the relation-
ship between fault displacement and
gouge zone thickness (fig. 2 in Scholz,
1987; reference therein), a comparable
displacement on the order of 1 m
could be estimated for all the analysed
faults.

Methods

Particle size distributions of carbonate
cataclastic rocks from fault cores were
determined by using a sieving-and-
weighting technique (e.g. Exner, 1972;
Sammis et al., 1986; Hooke and Iver-
son, 1995) adapted as follows (Storti
et al., 2001). (i) Samples were disag-
gregated in a nondestructive ultra-
sonic device and sieved by using a
standard seven sieve array with mesh
apertures of 4.000 · 10)3, 2.000 ·
10)3, 1.000 · 10)3, 0.500 · 10)3,
0.250 · 10)3, 0.125 · 10)3 and 0.063 ·
10)3 m. (2) By assuming a nearly
spherical geometry of rock clasts
(e.g. Hooke and Iverson, 1995), the
number of equivalent spherical parti-
cles was determined by dividing the
weight of the residue in each sieve (i.e.
except the residue in the largest sieve
that contains all larger particles) into
the weight of the reference spheres

Fig. 3 (a) Location map for the fault zones studied within the San Simeone Quarries.
(b) Contouring to fault slicks (Schmidt net, lower hemisphere) collected in the San
Simeone Quarries area. (c) Histogram (rose diagram) of solution cleavage azimuths
collected in the San Simeone Quarries area.
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having the density of a pure lime-
stone (Turcotte and Schubert, 1982)
and the diameter equal to the mesh
aperture of the next larger sieve.
From this processing the number of
equivalent spherical particles corres-
ponding to the following six classes
of size was obtained: 4.000 · 10)3,
2.000 · 10)3, 1.000 · 10)3, 0.500 ·
10)3, 0.250 · 10)3 and 0.125 ·
10)3 m. (iii) The number of equivalent
spherical particles was projected

against the corresponding size rank
in log–log graphs, and data were fitted
with a power-law best fit of the type

logðyÞ ¼ �DlogðxÞ þ A; ð2Þ

where D is the fractal dimension of the
analysed particle size range.

Particle size distribution

The fault cores studied (Fig. 4) consist
of uncemented to poorly cemented

cataclastic rocks with grain sizes gen-
erally less than 0.001 m in the gouge
zone, and less than 0.004 m in the
breccia zone. The gouges are very
weak and friable with no foliations,
whereas the tight packing of coarse
breccia clasts give the breccia zones
stronger frictional properties. On
approaching the gouge zones, breccia
clasts show evidence of slight transla-
tion ⁄ rotation with respect to one
another and clast packing becomes
looser. In each fault zone, one sample
was taken from the gouge zone and
one from the adjoining breccia zone
(Fig. 4). Sample weights vary between
285.77 and 1787.26 g. Data from the
analysed samples are listed in Table 2.
In Fig. 5, the number of equivalent
spherical particles of each sample is
plotted against the corresponding
size rank on log–log graphs. On
these graphs, the log–log distributions
of data are satisfactorily fitted by a
linear function (i.e. the correlation

Fig. 4 Schematic sections of the fault zones studied: (a) FZ1, (b) FZ2, (c) FZ3 and (d) FZ4. Photographs from the fault zones:
(e) FZ1 and (f) FZ3.

Table 1 Summary of fault zone structural parameters

Fault zones

FZ1 FZ2 FZ3 FZ4

Fault strike N123� N94� N137� N156�
Fault dip 89�NNE 59�S 84�NE 86�ESE

Slick pitch 173� 21� 178� 169�
Kinematics strike-slip strike-slip strike-slip strike-slip

Transpressional angle 31� 2� 45� 64�
Fault core thickness 0.100 m 0.035 m 0.140 m 0.760 m

Gouge thickness 0.050 m 0.030 m 0.045 m 0.020 m
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coefficient, R2, is between a minimum
of 0.993 and a maximum of 0.999).
The fractal dimension, D, is between a
minimum of 2.009 (SSIM6) and a
maximum of 3.040 (SSIM3). Samples
from the gouge zones, being finer-
grained, have D-values always greater
than samples from the corresponding
breccia zone (Fig. 5).

Note that owing to the limited range
of size investigated (from 4.000 · 10)3

to 0.125 · 10)3 m), the fractal dimen-
sions from the studied particle size
distributions can exceed the theoretical
limit of 3, i.e. a distribution with D ¼ 3
over the entire size range of the sample
would completely fill the available
volume (Steacy and Sammis, 1992).

Fault transpressional angle
vs. D-value

Figure 6(a) shows the relationship
between the fault transpressional
angles and the corresponding D-val-
ues. The relationship is linear for both
the gouge and the breccia series.
D-values increase as the transpres-
sional angle decreases from 64�
(FZ4) to 2� (FZ2). The direction
coefficients computed from the two
linear fits are very similar, i.e. 73.852
for the breccia series and 76.048 for
the gouge series. Accordingly, a
roughly linear relationship exists also
between D-values from the gouge
series and D-values from the corres-
ponding breccia series (Fig. 6b).

Discussion

Fractal dimensions from the studied
particle size distributions of fault
rocks show an inverse linear correla-
tion with the fault transpressional
angles. This relationship applies to
both the gouge and the breccia series.

In the breccia series, where bulk
crushing of particles prevails over
particle grinding (e.g. Hattori and
Yamamoto, 1999), a physical explan-
ation for the occurrence of this rela-
tionship can be found in the
progressive increase of the normal
stress across faults with increasing
transpressional angle (e.g. Sanderson
and Marchini, 1984). Such a stress
increase, in fact, raises the rock resist-
ance to macroscopic failure (Jaeger
and Cook, 1979; Turcotte, 1986) and,
consequently, influences the fracture
density in the rock volume from which
the prospective fault core nucleates.
Fracture density, in turn, controls the
shape and size of particles in the early
stages of fault core evolution, i.e.
before rotation-enhanced particle
grinding.

Unlike breccia, gouge develops
mainly by particle grinding during
fault slip ) it is a displacement-sensi-
tive process (Marone and Scholz,
1989) ) probably by reworking an
earlier breccia (e.g. Hattori and
Yamamoto, 1999). The parallel
relationships between the fault trans-
pressional angle and the fractal
dimensions from the gouge and the
breccia particle size distributions indi-
cate that the mechanism of particle
grinding that led to the formation of

Fig. 5 Log–log graphs of the number of equivalent spherical particles (ordinate)
against the particle diameter (abscissa), for the fault zones studied: (a) FZ1, (b) FZ2,
(c) FZ3 and (d) FZ4. Note that D is the fractal dimension and R2 is the correlation
coefficient.

Table 2 List of data used for analyses of particle size distribution. Note that D is the

fractal dimension

Fault

zone Sample D

Weight

(g)

No. of equivalent spherical particles by diameter

4 mm 2 mm 1 mm 0.5 mm 0.25 mm 0.125 mm

FZ1 SSIM1 2.678 285.77 50 317 2051 13 755 98 597 482 057

FZ1 SSIM2 2.392 796.41 218 936 3972 19 564 111 816 986 546

FZ2 SSIM3 3.040 626.65 69 732 6474 55 372 392 215 2638 267

FZ2 SSIM4 2.791 1276.44 216 1881 13 491 93 719 608 523 3481 066

FZ3 SSIM5 2.463 741.82 187 1118 6024 34 464 183 862 961 368

FZ3 SSIM6 2.128 1787.26 304 1592 6160 21 775 87 197 367 611

FZ4 SSIM7 2.233 979.36 358 2129 10 424 48 262 206 694 861 568

FZ4 SSIM8 2.009 972.20 685 3573 15 995 66 259 276 965 1155 472
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the gouge zones is sensitive to the
initial rock fabric (i.e. the fractal
dimension of the breccia). However,
it is less sensitive to the fault trans-
pressional angle ) regardless of the
transpressional angle, in fact, the
difference between D-values from
the gouge and the breccia series is
between 0.2 and 0.3 in all the fault
cores. This provides further support
to the inference that the displace-
ments on the faults studied are com-
parable.

Amongst other factors, fault dis-
placement strongly influences the par-
ticle size distributions of fault rocks
(e.g. Engelder, 1974; Yoshioka, 1986;
Blenkinsop, 1991). The resolution of
the displacement-to-gouge thickness
relationship used to assess the dis-
placement on the studied faults
(Scholz, 1987), is insufficient to
appraise very low amounts of dis-
placement. This means that the
displacements estimated from the
respective gouge thickness, despite
being comparable on the order of
1 m, may differ by up to centimetres.
Laboratory experiments (e.g. Mandl
et al., 1977; Marone and Scholz, 1989)
suggest that even such a low amount
of displacement discrepancy may have
played a role in the final particle size
distribution, regardless of transpres-
sional angle. For this reason, further

validation is needed on faults in which
displacement can be better con-
strained.

Conclusions

1 Particle size distributions from eight
samples of carbonate fault rocks col-
lected within four small-scale fault
cores are well fitted by power-law
functions over the 4.000 · 10)3 to
0.125 · 10)3 m size range.
2 The fractal dimension (D) of parti-
cle size distributions is between a
minimum of 2.009 and a maximum
of 3.040. In each fault core, the
value of D from the gouge sample is
greater than the value of D from
the breccia sample. In all the studied
fault cores their ratio is about 0.97,
and their difference is about 0.2–0.3,
regardless of the fault transpressional
angle.
3 D-values are greater for samples
from fault cores with lower transpres-
sional angles. This relationship is
linear for both the gouge and the
breccia series, and parallel between
them.
4 The fractal dimension-to-transpres-
sional angle relationship, although
preliminary, has implications for the
assessment of permeability and fric-
tion across transpressional faults. In
particular, this study shows that the

production of gouge along faults and
its particle size properties are sensitive
to the inherited rock fabrics, which, in
turn, are influenced by the fault trans-
pressional angle.
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