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Abstract---Serpentinite gouges from cataclastic fault zones in the Voltri Massif (NW Italy) are dominated by few 
discrete, boundary-parallel (Y) shears and oblique synthetic Riedel (R~) shears separating domains of massive 
gouge. Unlike natural clay-rich fault gouges, the cohesive microbreccia domains only rarely show foliations. 
These structures dominated by discrete shears indicate a significant degree of localization of the deformation at 
the scale of the gouge. The dominant gouge-forming mechanisms were fracturing of olivine and pyroxene grains 
along (serpentinized) grain boundaries, and initiation of transgranular fractures in pyroxene grains in domains of 
lattice bending and grain indentation. Syn-tectonic serpentinization added to the weakening of fragments. 
Textural similarities with experimentally formed gouges suggest that the Voltri fault zones were dominated by 
stick-slip sliding, hence that they may represent fossil seismogenic faults. A notable aspect of the gouge texture in 
the Voltri fault zones is a sigmoidal shape of the Riedel shears which bend into parallelism with the Y shears. It is 
argued that this geometry was largely controlled by local perturbations of the stress field near heterogeneities on 
Yor P shears. The average spacing between the Rt shears increases linearly with 0.47 times the distance between 
bounding Y shears. This proportionality may reflect a balance between the cohesive strength of the gouge 
material and the shear stresses acting on the bounding slip planes. 

I N T R O D U C T I O N  

AN IMPORTANT objective in m o d e r n  structural analysis of  
thrust  belts and extensional  terrains is to assess the sense 
of  m o v e m e n t  on faults and shear zones.  Field and 
exper imental  studies have shown that  the most  reliable 
kinematic  indicators in brittle fault rocks are the sense of  
deflection of  foliations (S) or  synthetic P shears near  
their intersection with synthetic Riedel  (R1) shears,  the 
obliquity of  R1 shears with respect  to bounda ry  parallel 
faults (Y shears),  and the sense of  offset of  Y shears by 
RI shears (Fig. 1) (e.g. Logan  et al. 1979, Ru t te r  et al. 
1986 and references  therein).  All of  these structures are 
very c o m m o n  in clay-rich gouges  and have been exten- 
sively studied (e.g. Riedel  1929, Skempton  1966, Tcha-  
lenko 1970, Logan  et al. 1979, Chester  et al. 1985, Rut te r  
et al. 1986, Chester  & Logan  1987, Evans  1988, 1990, 
Tanaka  1992). Howeve r ,  exper imental  work  on quartz  
(Byerlee  et al. 1978, Power  & Tullis 1989) and qua r t z -  
montmor i l loni te  gouges  (Logan  & R a u e n z a h n  1987) 
shows that  foliations and P shears may  not  develop in 
c lay-poor  gouges,  and that  the smallest macroscopical ly  
visible fractures  in such composi t ions  may  be closely 
spaced R1 shears.  The  or ienta t ion of  these R1 shears is 
opposi te  to that  of  the sigmoidal foliations and P shears 
deve loped  in clay-rich gouges ,  but  their geomet ry  may  
be virtually identical. This geometr ic  similarity is fur ther  
accentua ted  by the fact that  RI shears may  also have a 
sigmoidal shape. This imposes an ambiguity in the 
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in terpreta t ion of  brittle fabrics developed in natural  
c lay-poor  gouges,  especially if there  are no offset 
markers  to confirm the m o v e m e n t  sense on the gouge.  
Such ambiguity invites a study into possible kinematic  
reasons for  the sigmoidal geomet ry  of  the R~ shears as 
well as into simple geometr ic  rules, if any, to discrimi- 
nate be tween closely spaced Riedel  shears and gouge 
foliations or  P shears. 

There  is no unique relationship be tween the type of  
gouge fabric and gouge composi t ion.  This is clearly 
demons t ra t ed  in exper iments  on,  for  example,  illite 
gouge  (Moore  et al. 1989) showing that not  only the clay 
content  but  also the deformat ion  condit ions may  influ- 
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Fig. 1. Diagram showing geometrical relationships between the most 
common planar discontinuities in fault gouges. Synthetic (Rt) Riedel 
shears and boundary parallel slip planes (Y) have the same sense of 
shear as the fault zone, consistent with the deflection of the foliations 
(S) or synthetic P shears. These deflections indicate that shear strains 
increase towards the R1 and Y shears. Antithetic Riedel shears (R2) 
and tensile fractures (T) are oriented at large angles to the gouge-host 

boundary. 
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Fig. 2. Simplified tectonic map of the western Alps and northern Apennines. The Austo-Alpine basement and cover nappes 
are part of the former Apulian continental margin. Fragments of the European passive margin are preserved in the Penninic 
and Helvetic thrust units. Section A is a schematic profile through the Voltri Massif (see tectonic map for location). Section 
B shows in greater detail the Alpine thrust structures developed in the eastern part of the Voltri Massif. The studied fault 
gouges are allied to the brittle thrusts and sinistral strike-slip fault zones dissecting the peridotites of the Erro-Tobbio Unit. 

ence the gouge microstructure. On the one extreme, 
samples deformed at low temperatures and high slip 
rates show homogeneous deformation and associated 
development of a pervasive foliation analogous to that in 
natural clay-rich fault zones. In contrast, samples de- 
formed at lower displacement rates and higher tempera- 
tures show distinct localization eventually leading to 
textures dominated by few discrete shears (R and Y 
shears) separating domains of massive gouge. 

Despite growing evidence from experimental studies 
that gouge fabrics dominated by discrete subsidiary 
shears are closely linked to seismogenic faulting (Dieter- 
ich 1981, Sibson 1986, Moore & Byerlee 1991), little 
attention has as yet focused on natural fault zones 
showing such extreme localization at the scale of the 
gouge (e.g. Logan et al. 1979, House & Gray 1982, 
Chester et al. 1993). In nature, such gouges have been 
observed in cataclasites derived from felsic and mafic 
basement rocks as well as in faulted clay-poor sedi- 
ments. Below we focus on ultramafic cataclasites devel- 
oped in serpentinized peridotites from the Voltri Massif, 
NW Italy (Fig. 2). We investigate the gouge microstruc- 
tures to infer the dominant deformation mechanisms 
leading to the development of the gouge. Based on 
textural analogies with experimental gouges we infer 
that the brittle faults in the Voltri Massif may represent 
fossil seismogenic faults dominated by stick-slip sliding. 
Special attention is paid to frequently observed sig- 
moidal geometries of the Riedel shears, and a simple 
geometric relationship is proposed between Riedel 
shear spacing and the distance between bounding slip 
planes. 

FAULT ZONE STRUCTURES AND GOUGE 
FABRICS 

Geological setting 

The Voltri Massif in NW Italy forms part of a series of 
ophiolite massifs, emplaced in the Alpine suture zone 
during Eo-Oligocene collision of the African-Apulian 
and European plates (Fig. 2). The Voltri Massif is made 
up of a stack of meta-sedimentary, mafic and ultramafic 
units, separated and transected by brittle thrusts, strike- 
slip faults and minor normal faults. Early ductile shear 
zone fabrics in the ultramafic units (Drury et al. 1990, 
Vissers et al. 1991, Hoogerduijn Strafing & Vissers 1991, 
Hoogerduijn Strating et al. 1993) were partially reacti- 
vated and are overprinted by collision-related brittle 
fault zones. The dominant transport direction was 
towards the north-northwest, and faulting continued 
intermittently until at least the Late Miocene (Hooger- 
duijn Strating et al. 1991, Hoogerduijn Strafing in press). 

Structures in outcrop 

The host rocks of the studied brittle faults are massive, 
slightly serpentinized peridotites of the Erro Tobbio 
Unit (Fig. 2). The faults are continuous on a scale 
ranging from a few decimetres to a few kilometres. The 
larger thrusts and strike-slip faults are characterized by 
cataclastic zones up to 50 m wide, accommodating 
displacements of at least several hundreds of metres. 
Metre-scale duplex structures in the fault zones are 
common, and early structures in the wall rock such as 
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Fig. 3. Different types of serpentinite gouge fabrics observed in the 
Voltri Massif. (a) Well developed gouge with Y, R 1 and P shears. The 
upper boundary fault is offset along the R1 shears. Note sigmoidal 
shape of the R1 shears, especially in between the continuous P shears, 
and the variable spacing of the R 1 shears, changing from about 1 cm on 
the left side, to about 3 mm in between the P shears. (b) Widely spaced 
(2-3 cm) R1 shears bounded by Y shears. Some P shear developed in a 

left-stepping overlap zone between two Y shears. 

foliations and mafic dykes are displaced and locally 
dragged. The fault surfaces usually are somewhat 
polished and contain lineations defined by striations and 
serpentine fibers. In most cases, these lineations are 
about perpendicular to the intersections of R1 and Y 
shears such that they seem reliable indicators of the main 
shear direction (cf. Tanaka 1992). 

Gouges are developed along discrete through-going 
fault surfaces of highly localized deformation. The 
gouges consist of centimetre to millimetre-scale angular 
to subrounded fragments of the wall rock, embedded in 
a very fine grained, white-weathered matrix. Two planar 
features are commonly observed: Y shears parallel to 
the gouge-host rock boundary, and oblique R1 shears 
(Figs. 3 and 4a). Some P shears developed and these 
may form continuous slip planes similar to the P ramps 
reported by Swanson (1988). However, gouge domains 
characterized by pervasive foliations are extremely rare. 
The sense of movement inferred from the orientation of 
the slip planes with respect to the fault zone margin is 
consistent with the offset of markers in the wall rock and 
displacement of fragments in the gouge. Where present, 
the spacing between the foliation planes is always much 
smaller than the spacing between any of the slip planes. 
Commonly, the R1 and P shears curve asymptotically 
into the boundary faults, whilst the R1 shears bend into 
parallelism with the continuous P shears. The sense of 
curvature between RI and Y shears, and R1 and P shears 
is always opposite to the bending of foliations or P shears 
into the Y shears. The R1, Y and P shears all have 
striated surfaces indicative of displacements along these 
planes. In contrast, there are generally no striations 
observed on the occasional gouge foliations, suggesting 
that these foliations are oriented close to the plane of 
finite flattening. 

The angle between the R1 and Yshears varies between 
20 ° and 35 °, with a mean of 25 °. It is noted that these 
angles are larger than the 10--20 ° commonly observed in 
clay-rich gouges (e.g. Rutter et al. 1986, Chester & 
Logan 1987, Tanaka 1992) and experimentally de- 

formed serpentinite gouges (Moore et al. 1986). The 
angles also exceed values predicted from theory. For 
example, in a non-dilational, simple shear fault with a 
maximum compressive stress oriented at 45 ° to the fault 
boundary, a Coulomb-Navier criterion predicts the 
angle between the Y and RI shears to range from 8 ° in a 
lizardite-rich gouge (coefficient of internal friction 
ke = 0.3) to 17 ° in an antigorite-rich gouge ~ = 0.7; 
frictional coefficients from Reinen et al. 1992a). 

The spacing between individual slip planes is not 
constant (Figs. 3a & b). Instead, from an analysis of a 
limited number of gouge fabrics it is clear that the 
spacing between the R1 shears increases linearly with the 
distance between bounding Yor P shears, whilst the sub- 
millimetre spacing between foliation planes in the gouge 
remains constant. Within the range of observation, the 
ratio of R1 vs Yshear spacing is found to be 0.47 (Fig. 6). 
Notably, in contrast to other studies (Rutter et al. 1986, 
Babaie et al. 1991) there is no discernible relationship 
between clast dimensions in the gouge and shear band 
spacing. 

Microstructures  

The peridotite wall rock adjacent to the fault zones 
consists of partially serpentinized olivine, pyroxene and 
spinel. Microstructural and petrologic studies (Hooger- 
duijn Strating & Vissers 1991, Scambelluri et al. 1991) 
have revealed a complex sequence of serpentinite 
growth in the wall rock preceeding the development of 
the brittle gouge zones considered in this paper. At the 
microscale, early, low-temperature static serpentiniza- 
tion is most advanced along pyroxene (100) planes, and 
along fractures in the olivine grains defining a 
chrysotile-lizardite mesh texture. These early, static 
serpentinite fabrics in the wall rock are overprinted by 
high-temperature, serpentinite shear zones that are 
characterized by antigorite + magnetite foliations. In 
the brittle gouge zones discussed here, low-temperature 
serpentinization is again dominant, both during defor- 
mation and as late static overgrowth. 

The serpentinite gouge (Fig. 4b) consists of massive 
microbreccia domains with angular to sub-rounded frag- 
ments of serpentinized pyroxene and olivine, embedded 
in a fine-grained matrix (Fig. 4c). The microbreccia 
domains are bounded by slip planes defined by bands of 
aligned serpentine, magnetite and chlorite. In contrast, 
alignment and elongation of fragments leading to 
macroscopic foliation development in the microbreccia 
domains is rare. The pyroxene and olivine grains in the 
gouge are almost completely replaced by lizardite, chry- 
sotile (identified with X-ray diffraction) and magnetite. 
Abundant static overgrowth structures suggest that this 
transformation is essentially post-kinematic. Lizardite 
in pseudomorphs after pyroxene shows a strong lattice 
and shape preferred orientation parallel to the original 
pyroxene (100) planes. Similar pseudomorphs after pyr- 
oxene with an oriented lizardite microstructure are also 
common in undeformed serpentinized peridotite wall 
rock. The microstructure of the pseudomorphs suggests 

5G 1 6 : 9 - 8  



1208 E . H .  HOOGERDUIJN STRATING and R. L. M. VISSERS 

that replacement was entirely controlled by the pyrox- 
ene lattices. X-ray diffraction analysis of very fine- 
grained material in the slip planes shows a predomi- 
nance of low-temperature serpentine minerals (i.e. 
chrysotile, lizardite), as opposed to the antigorite-rich, 
high-temperature assemblages preserved in pre-existing 
shear zone in the wall rock. The chrysotile-lizardite 
assemblage in the gouge constrains ambient tempera- 
tures during brittle deformation to a maximum of 
around 300°C (Evans 1977). The serpentine mineralogy 
and mineral chemistry do not provide a pressure con- 
straint, but documented field relations between brittle 
faulting and deposition of Tertiary scarp breccias (Hoo- 
gerduijn Strating et al. 1991, Hoogerduijn Strating in 
press) (see Fig. 2) suggest that confining pressures must 
have been low (i.e. <1-2 kbar). 

The presence of some intact pyroxene grains in the 
gouge indicates that crack propagation along (partially 
serpentinized) grain boundaries has been important 
during fragmentation of the wall rock (see also Hippler 
& Knipe 1990, Babaie etal.  1991). Subsequent fragmen- 
tation and grainsize reduction of pyroxenes involved slip 
along the original (100) planes and preferential micro- 
fracturing in areas with a weak to strong undulose 
extinction. Microfractures are also common close to 
point contacts between fragments, which indicates that 
stress concentration and lattice bending were important 
during the initiation of new transgranular fractures. The 
dimensions of single crystal olivine fragments in the 
gouge are approximately equal to the spacing of the 
serpentine mesh in wall-rock olivine grains (Fig. 7). We 
therefore suggest that fragmentation of the olivine crys- 
tals during cataclasis was largely controlled by crack 
propagation along olivine grain boundaries and serpen- 
tine mesh textures. The strong alteration of the olivine 
grains in the gouge precludes reliable assessment of how 
the microstructures evolved during progressive frag- 
mentation. Precursor spinels are preserved in the gouge 
domains as deformed aggregates of strongly aligned 
magnetite and chlorite. These grain shape fabrics 
suggest pre- and/or syn-kinematic transformation of the 
spinels and, consistent with the lack of any evidence for 
brittle fracturing, an essentially ductile behaviour of the 
chlorite-magnetite aggregates. 

The gouge material adjacent to the slip planes is 
completely serpentinized and such domains do not pre- 
serve any olivine or pyroxene grains. Instead, foliations 
may be well developed (Figs. 4d and 5a & b). The 
foliations are defined by very fine-grained, aligned chry- 
sotile, lizardite, chlorite and extended magnetite aggre- 
gates, indicating syn-kinematic growth of this low- 
temperature mineral assemblage. In addition to the syn- 
kinematic magnetite in the serpentine foliation, there 
are euhedral to subhedral magnetite neoblasts adjacent 
to the slip planes (Fig. 5a) and the slip planes proper are 
often coated with magnetite (Figs. 4d and 5a & b). Even 
at the micron scale, backscatter electron microscopy of 
this magnetite reveals no deformational features, 
suggesting essentially post-kinematic growth of the mag- 
netite coating and neoblasts. Locally the shear foliations 

adjacent to Riedel shears are dissected by small slip 
planes with a synthetic shear sense (Fig. 5b). These 
subsidiary slip planes most likely developed as second- 
ary synthetic Riedels shears within the primary Riedel 
structures. The angles between the shear foliations and 
the slip planes vary from about 30 ° (Fig. 5a) to less than 
8 ° (Fig. 5b). Assuming non-dilatant simple shear, these 
angles correspond to shear strains ranging from about 1 
to more than 7 (Ramsay & Graham 1970). Syn- 
kinematic transformation of olivine and pyroxene to 
serpentine minerals results in a significant volume in- 
crease, hence the inferred shear strains only provide a 
minimum estimate. It follows that considerable dis- 
placements must have been accommodated by move- 
ment along the discrete slip planes in the gouge. In 
addition to the major slip planes, which are continuous 
on the centimetre- to decimetre-scale, there are abun- 
dant small discontinuous slip planes. These occur as 
splays from major displacement zones, generally in R1 
orientations, and as isolated features in the gouge in 
between major slip planes. Such isolated slip planes are 
approximately parallel to R~ or Y shears. 

There is no compelling textural evidence for syn- 
kinematic dilation along the R1 shears, not even in those 
sections of the slip planes oriented at a large angle (i.e. 
>30 °) to the Y shears. Moreover, only the presence of 
small voids adjacent to rotated pyroxene fragments in 
the gouge reveals that some dilation has occurred adjac- 
ent to releasing bends in the slip planes, despite the fact 
that considerable deformation must have occurred in 
order to maintain volumetric compatibility. This may 
suggest that the deformation in the microbreccia 
domains adjacent to the slip planes has been dominated 
by grain boundary sliding and grain rotation resulting in 
some form of bulk cataclastic flow. 

Tensile fractures are only observed at the microscopic 
scale and these are oriented at approximately 45 ° to the 
fault zone margins. In the direct vicinity of large pyrox- 
ene fragments their orientation may be more irregular, 
possibly due to local perturbations of the stress field 
imposed by these fragments. The fractures and small 
voids adjacent to rotated fragment are filled with fan- 
shaped aggregates of lizardite and/or chrysotile (Figs. 5c 
& d). In the fractures, these aggregates tend to nucleate 
on one side of the fracture leading to an asymmetric 
fracture fill (Fig. 5c). Whilst asymmetric fracture fill is 
also observed in other natural fracture systems (e.g. 
Blenkinsop & Sibson 1992), the reason for the asym- 
metry is as yet unknown. Sigmoidal tensile fractures and 
deformed or overprinted fracture arrays are uncommon, 
which suggests that most tensile fractures were devel- 
oped at a relatively late stage of gouge formation. 

The microscopic observations suggest that fragmen- 
tation of the peridotite and serpentine wall rock in- 
volved preferential crack propagation along olivine and 
pyroxene grain boundaries previously weakened during 
serpentinization. Serpentine mesh textures in olivine 
have been particularly important in this process. Frag- 
mentation of serpentinized pyroxene grains involved a 
combination of slip on (100) planes, lattice bending and 
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transgranular fracturing. At the scale of the gouge, a 
considerable part of the fault displacement was localized 
along discrete Y and R] shears. Bulk deformation of the 
microbreccia domains in between these slip planes in- 
volved grain boundary sliding, rotation of fragments, 
and limited movements on small, isolated slip planes. 
Enhanced serpentinization close to the slip planes indi- 
cates that fluids must have been present throughout the 
deformation history, but the static transformations of 
the pyroxenes and olivines as well as magnetite coating 
of the slip planes suggest that serpentinization continued 
after faulting and cataclastic flow ceased. 

DISCUSSION 

Because of its relevance to earthquake prediction, 
there is a strong focus of experimental and theoretical 
work on the ambient conditions that may be associated 
with frictional or stable sliding in fault zones (e.g. Logan 
et al. 1979, Dieterich 1981, Ruina 1983, Biegel et al. 
1989, Chester & Higgs 1992, Linker & Dieterich 1992, 
Reinen et al. 1992b). In general, the development of 
discrete subsidiary sliding surfaces within the gouge 
seems to be a necessary condition for frictional insta- 
bility (Dieterich 1981, Chester et al. 1993). Moreover, 
experiments on sheet silicate gouges including serpen- 
tine and illite suggest that the maximum angle between 
RI shears and boundary faults might be indicative of 
fault sliding behaviour (Moore et al. 1989, Moore & 
Byerlee 1991); i.e. it is inferred that stick-slip faults 
display a predominance of RI shears oriented at rela- 
tively large angles to the boundary faults. Experimental 
serpentinite gouges deformed at 1 kbar confining press- 
ure and displacement rates of 4.8 and 0.048/tm s-  1 show 
stable sliding at low temperatures, and stick-slip behav- 
iour at temperatures exceeding approximately 200°C 
(Moore et al. 1983, 1986). On the basis of comparison of 
the observed microstructures and inferred P - T  con- 
ditions with experimentally deformed gouges (Higara & 
Shimamoto 1987, Moore et al. 1983, 1986, 1989, Moore 

& Byerlee 1991) we infer that the brittle faults studied 
from the Voltri Massif were dominated by stick-slip 
sliding, and that the Voltri fault zones may represent 
fossil seismogenic faults. We have not found any pseu- 
dotachylytes corroborating this hypothesis. However, it 
is expected that the inferred high fluid pressures may 
have inhibited frictional melting (cf. Sibson 1986). On 
the other hand, it is noted that, in view of the ultramafic 
compositions involved, any glass quenching from a 
pseudotachylyte-generated melt would almost instan- 
taneously devitrify to form crystalline products difficult 
to distinguish from the adjacent ultramafic wall rocks (de 
Jong personal communication 1993). 

Sigmoidal  slip planes in faul t  gouges 

The sigmoidal shape of the Riedel shears is a very 
characteristic but poorly understood feature in many 
natural and experimental fault gouges. Logan et al. 
(1979) suggested that the curvature might be associated 
with a decrease of the angle of friction close to the Y 
shears, because the generally finer-grained material 
adjacent to the boundary faults would probably be 
weaker than the coarse-grained gouge material away 
from the slip planes. The microstructures in the studied 
serpentinite gouges, however, do not show any appreci- 
able correlation between enhanced grain size reduction 
close to the boundary faults and Riedel curvature. 
Therefore, although a gradual increase of the frictional 
angle away from the Y shears may have contributed to 
the curvature of the Riedel shears, it does not seem to 
provide a satisfactory explanation for their curved 
geometry. 

An alternative explanation for the observed sigmoidal 
shape of the Riedel shears invokes rotation of the slip 
planes during progressive deformation (cf. Hiraga & 
Shimamoto 1987). Several studies have shown clear 
evidence for synthetic or antithetic rotation of R1 shears 
(e.g. Riedel 1929, Hempton & Neher 1986, Swanson 
1988). Significant synthetic rotation of the R1 shears in 
the serpentinite gouges can be ruled out because syn- 
kinematic dilation has not occurred along the slip 
planes. Although we cannot exclude a contribution of 
antithetic rotation, several features suggest that the 
sigmoidal geometry was initial, and developed during 
fracture initiation. 

(1) Natural as well as experimental fault zones often 
show half-sigmoidal R1 shears which curve into a Y or P 
shear at only one end, whereas the other end terminates 
in the gouge layer (see also Figs. 3 and 8). Such RI 
fractures must have accommodated extremely limited 
displacements, inconsistent with any explanation of the 
curvature near the Y and P shears in terms of progress- 
ively accumulated finite strain. 

(2) Riedel shears developed in experiments on simu- 
lated quartz gouge (Byerlee et al. 1978) have been shown 
to initiate at the boundary faults as small, asymmetric 
disruption zones. These incipient disruption zones were, 
most probably, spatially associated with strong regions 
on the boundary faults (cf. Dieterich 1981). The Riedel 
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Fig. 7. Size distribution of olivine clasts in a serpentinite gouge, and of olivine fragments bounded by serpentinite mesh in 
two Iherzolite wall rock samples with slightly different initial olivine microstructure and grain size. N is the number of clasts 
with a diameter greater than D. In each thin section, all grains within a representative area are measured up to a maximum 
of 100 grains per sample (all measurements at 40 times magnification, smallest grainsize measured 10/~m). The frequency- 
size distributions are almost identical, suggesting that the olivine grain sizes in the gouge are strongly controlled by the 
serpentinite mesh texture in the wall rock olivine grains. It is noted that the data are not suited to test the frequency-size 

distribution on scale-invariant relationships (cf. Biegel et al. 1989, Blenkinsop & Sibson 1992). 

shears grew progressively f rom these heterogenei t ies ,  
until they merged  with disruption zones deve loped  at the 
opposi te  boundary .  For  present  purposes  we emphasize  
that ,  even at the earliest stages of  fracture growth,  the 
incipient R~ shears in these exper iments  tend to curve 
away gradual ly f rom the Y shears.  

(3) In addit ion to the above  observat ions  in natural  
and simulated gouges ,  we note  that  isolated Riedel  
shears (i.e. Riedel  shears that  do not  intersect with Y or  

(a) 

I - - ' 1  
2 mm 

(b) 

, 

R1 ' l m  

Y 

Fig. 8. Line drawings of Riedel shear patterns developed in (a) 
experimentally deformed simulated quartz gouge (Byerlee et al. 1978) 
and in (b) a segment of the Yorks Cliffs strike-slip fault zone (Swanson 
1990). Note the occurrence of both high- and low-angle intersections 
between R and Y shears. Slightly sigmoidal antithetic Riedel shears are 
observed in the Yorks Cliff fault. It is suggested that the geometry of 
these subsidiary faults might be related to the presence or absence of 

heterogeneities on the boundary faults (see also Fig. 9). 

P shears) are general ly not  sigmoidal. This lends suppor t  
to the hypothesis  that  the Y or  P shears are in some way 
involved in the deve lopment  of  the sigmoidal geomet ry .  

All of  these microstructural  observat ions  suggest that  
the sigmoidal geomet ry  of  the Riedel  shears is not  a 
pr ior i  related to progressive deformat ion  along existing 
slip planes,  but  that  it may  reflect ambient  condit ions 
during fracture initiation. We  therefore  consider  the 
stress t ra jectory pat tern  in a fault zone.  Bo th  theoret ical  
(e.g. Chinnery  1966, Segall & Pollard 1980, Bilham & 
King 1989, Olson & Pollard 1989, Cruikshank et al. 

1991) and experimental  studies (e.g. F reund  1974, Hye t t  
& H u d s o n  1990, Rawnsley  et al. 1992) predict  that  the 
displacement  field (hence the stress field) in the vicinity 
of  an he terogenei ty  will be disturbed. Based upon  the 
general  results of  these studies we have drawn sche- 
matically the deflection of  stress trajectories near  three 
s trong points  on bounda ry  faults of  a non-di latant  simple 
shear fault zone (Fig. 9). I t  should be noted  that  we did 
not  pe r fo rm a numerical  simulation to confirm the exact  
shape of  the trajectories. A t  the compress ion side of  the 
heterogenei t ies ,  the max imum compressive stress al  will 
rota te  towards  the bounda ry  fault. In addit ion,  M o h r -  
Cou loub  criteria dictate that  the max imum shear  stress 
in the direct vicinity of  the s trong regions should in- 
crease,  which favours the initiation of  new fractures.  
Possible traces of  C o u l o m b - N a v i e r  shear  fractures 
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Fig. 9. Schematic representation of the stress trajectories (continuous lines) in a non-dilatant simple shear fault zone 
containing strong heterogeneities (black squares) on the gouge-wall rock boundary. Consistent with the orientation of the 
tensile fractures in the gouge, the maximum compressive stress outside the fault zone is assumed to be oriented at 45 ° to the 
boundary (see also Mandl et al. 1977, Byerlee 1992). Dashed lines indicate traces of possible synthetic and antithetic Riedel 
shears expected for a Coulomb-Navier failure criterion, assuming a coefficient of internal friction of approximately 0.7 for 
the gouge material. Note the relatively low intersection angles expected between the boundary faults and subsidiary faults in 

the direct vicinity of the heterogeneities. 

initiating near the heterogeneities are indicated, and it 
follows that the sigmoidal shape of the R1 shears can be 
directly related to such a perturbed stress field. The 
stress trajectory pattern also suggests that the finite 
geometry of the Riedel fractures may depend on the 
presence or absence of strong spots near their intersec- 
tion with the opposite boundary fault. In case an hetero- 
geneity is present,  symmetric sigmoidal fractures with 
curving low-angle intersections may develop. Other- 
wise, higher-angle intersections between the two slip 
planes are anticipated. Examination of natural and 
experimental fault geometries shows that both high- 
angle and low-angle curving intersections occur (Figs. 3 
and 8). 

It is noted that the perturbed stress field of Fig. 9 
applies only to the stages prior to initiation of secondary 
fractures. Upon development of such new fractures, the 
stress field will modify and this may lead to further 
complicating fault geometries. We also note that in real 
fault zones, whether natural or simulated, perturbations 
of the stress field are to be expected not only near 
asperities on the boundary faults but also near clusters of 
relatively rigid fragments derived from the wall rock, or 
near mechanically weak domains in the gouge (e.g. 
serpentinite-, chlorite- or clay-rich domains). As a 
consequence, the orientation of the slip planes near 
these clusters may vary, and such clusters may act as 
preferred sites to initiate new fractures (see also Rutter  
et al. 1986). We suggest that the variable orientations of 
the tensile fractures seen in the serpentinite gouges near 
pyroxene fragments also reflect perturbations of the 
bulk stress field. 

Another  complicating factor in natural fault zones is 
the role of pore fluids. The pervasive serpentinization 
and the abundant mineral growth provide ample evi- 
dence for the presence of fluids in the studied fault 
zones. Moreover ,  both shear fractures and tensile frac- 
tures developed in the serpentinite gouges. This suggests 
that the minimum effective stress has not been constant 
but that it varied from compressional to tensile. The only 
mechanically feasible way to allow significant variations 
of the minimum effective stress during overthrusting 
(i.e. the effective overburden pressure) involves fluctu- 

ations of ambient fluid pressures (Sibson 1986, Chester 
et al. 1993). The growth of fan shaped serpentine aggre- 
gates, rather than crack-and-seal fibre textures, indi- 
cates that the opening-rate of the tensile fractures 
exceeded the rate of mineral growth, and that they 
remained open for time spans long enough to allow the 
undisturbed growth of the serpentine aggregates. This 
demonstrates that high fluid pressures persisted in the 
fault zones in question after development of the tensile 
fractures. The general lack of evidence for deformation 
post-dating the formation of the tensile fractures 
suggests that such high fluid pressures only occurred 
during the waning stages of overthrusting. 

An additional aspect of fluid pressures in fault zones 
relevant to the geometry of the secondary faults has 
recently been addressed by Byerlee (1992). It is shown 
that an increase of the pore pressure reduces the effec- 
tive frictional coefficient and thus the angle between ol 
and the Coulomb-Navier  shear fractures. However ,  
such an effect probably does not account for the gradual 
reorientation of subsidiary shears in small-scale fault 
zones, since it would require considerable fluid pressure 
gradients to be maintained over short distances within 
the gouge layer. A 5 ° decrease of the angle between (71 
and the shear fracture requires the pore fluid pressure 
ratio to increase by about 10%. At a depth of 5000 m this 
implies a relative fluid pressure increase of about 0.1 
kbar. Although it may be feasible to have high fluid 
pressure gradients across permeability barriers like the 
gouge-wall rock interface (cf. Blanpied et al. 1992), it 
seems problematic in our view to maintain such gradi- 
ents at a scale of a deforming microbreccia. 

R1 shear spacing 

The fault rocks from the Voltri Massif show a linear 
relationship between average Riedel shear spacing and 
the distance between the bounding slip planes (Fig. 6). 
Our  own observations in some cataclastic fault zones in 
SW Spain as well as in published experimental gouges 
(Byerlee et al. 1978, Moore et al. 1986) and natural fault 
zones (Chester & Logan 1987, Swanson 1990) indicate 
that a similar linear relationship may apply to quartz- 
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dominated gouge zones. The preliminary data suggest 
that the ratio of R1 vs Y shear spacing in the quartz- 
dominated gouges is about 0.44, which is very similar to 
the value of 0.47 obtained from the serpentinite gouges. 
We do not fully understand the mechanical explanation 
for such linear relationships. However, the proportion- 
ality between the R1 and Y or P shear spacings is 
reminiscent of two other natural fault geometries. (1) In 
sedimentary rocks there is commonly a linear relation- 
ship between bed thickness and joint spacing (e.g. 
Ladeira & Price 1981, Narr & Suppe 1991). (2) Theoreti- 
cal models for the development of duplex systems in 
fold-and-thrust belts suggest a constant thickness-length 
ratio of horses in a system subjected to constant over- 
burden pressure (i.e. topographic slope -~0 °; Bombolak- 
is 1986). The development of both fracture systems is 
strongly controlled by (a) the shear stresses acting on, 
respectively, the bed interface or the floorthrust, and (b) 
the strength of the material making up, respectively, the 
competent bed or the horses. If the mechanism control- 
ling the Riedel spacing is indeed somewhat comparable 
to the mechanisms dictating joint or thrust ramp spacing, 
it may thus be expected that the Riedel spacing is 
dependent on the cohesive strength of the gouge 
material and the shear stresses acting on the bounding Y 
or P shears. Consequently, the Riedel spacing should be 
sensitive to the normal stress across the Y or P shears 
and the rheology of the gouge material: the spacing 
should theoretically decrease with increasing normal 
stress or decreasing gouge strength (cf. Ladeira & Price 
1981, Bombolakis 1986). Although the number of perti- 
nent observations is as yet very limited, Byerlee et al. 

(1978) reported such a decrease of the Riedel spacing 
with increasing confining pressure from their experi- 
ments on synthetic quartz gouge. Further work is clearly 
needed to clarify a possible relationship between Riedel 
spacing, gouge strength and shear stress. Nevertheless, 
the empirical relation shown in Fig. 6 may be used as a 
simple geometric rule to discriminate narrowly spaced 
Riedel shears in natural fault zones from gouge folia- 
tions. If the spacing between oblique fabric elements in 
an outcrop is systematically related to the spacing be- 
tween bounding slip planes, and the spacing ratio is close 
to 0.5, the oblique fabric elements are most likely R1 
shear planes. In contrast, the spacing between gouge 
foliations is fully independent of the distance between Y 
or P shears, and the spacing ratio will be much smaller 
than 0.5. This may help to remove some of the ambiguity 
in the interpretation of brittle fabrics developed in clay- 
poor gouges, especially if there are no offset markers to 
confirm the movement sense on the gouge. 

CONCLUSIONS 

Experimental work on illite and halite gouges indi- 
cates that, apart from the composition of the host rock, 
ambient deformation conditions largely determine 
whether the deformation in cataclastic fault zones will be 
homogeneously distributed or extremely localized in 

few discrete shears. Most natural examples of catacla- 
sites developed in clay-rich compositions are character- 
ized by rather homogeneous deformation in the fault 
zones. In this paper we described several examples of 
natural, serpentine-dominated fault zones in which the 
deformation is extremely localized. 

The microstructures indicate that the most important 
gouge-forming mechanisms were fracturing along (ser- 
pentinized) olivine and pyroxene grain boundaries, and 
initiation of transgranular fractures in domains of lattice 
bending and stress concentrations near grains contacts. 
Cataclastic deformation was allied with a marked degree 
of progressive serpentinization in the fault zones, which 
added to a mechanical weakening of olivine and pyrox- 
ene grains. Textural similarities with experimentally 
formed gouges suggest that the Voltri fault zones moved 
by stick-slip sliding; i.e. they may represent fossil seis- 
mogenic faults. 

The textures in the studied fault zones are dominated 
by discrete Y and R1 shears separating domains of more 
homogenous, massive gouge. Many of the R1 shears 
have a clearly sigmoidal shape and gradually curve into 
Y or P shears. This geometry is inferred to result from 
perturbations of the stress field near strong heterogen- 
eities on the bounding Y or P shears. 

There is a distinct relationship between R1 shear and 
Y or P shear spacing, such that the average spacing 
between the R1 shears increases linearly with 0.47 times 
the distance between bounding slip planes. It is sugges- 
ted that this proportionality may reflect a balance be- 
tween the cohesive strength of the gouge material and 
the shear stresses acting on the bounding slip planes. 
This proportionality provides a simple geometric rule to 
discriminate, in outcrop, between narrow spaced Riedel 
shears and gouge foliations. This may help to remove 
some of that ambiguity in the interpretation of clay-poor 
natural gouge fabrics. 
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