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a b s t r a c t

A well developed fault-fracture mesh is observed in the Chrystalls Beach Complex, an accretionary
mélange within the Otago Schist on the South Island of New Zealand. In this study, an analysis of vein
thicknesses and clustering of veins is presented. Both shear and extension veins have a power-law
thickness distribution. Measures of vein spacing best fit a power-law distribution, but a small data set
limits this interpretation to a small fractal range. Vein clustering varies from random to moderately
clustered between outcrops, and is the greatest where a large proportion of relatively competent blocks
occurs within the mélange. Fractures are distributed within the mélange matrix, and this localized
deformation requires heterogeneity in rheology and/or fluid pressure distribution, whereas pervasive,
distributed deformation occurs in relatively homogeneous rock. The overall trend of this deformation
being mainly accommodated by thin veins required that new fractures formed preferentially over
refracturing existing veins, which highlights the distributed nature of deformation within a fault-fracture
mesh. The predominance of new fractures may result from vein material being stronger than the cleaved
wall rock, such that wall rock failure occurred instead of reopening of pre-existing shear and extension
veins.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrothermal veins are generally interpreted to form by brittle
fracture followed by fluid infiltration and subsequent mineral
precipitation (e.g. Ramsay, 1980; Cox and Etheridge, 1983; Ramsay
and Huber, 1987; Sibson, 1987; Urai et al., 1991; Robert et al., 1995;
Passchier and Trouw, 2005; Barker et al., 2006; Fagereng et al.,
2010). The distribution of veins within a deformed rock mass
therefore reflects both the local stress field at the time of fracturing
and the development of structural permeability and consequent
hydrological properties of the rocks. Statistical analyses of vein
systems, generally characterizing vein thickness and vein distri-
bution in 1-d, 2-d or 3-d, have therefore been applied by several
authors to address vein forming mechanisms and localization of
fracturing and fluid percolation (e.g. Velde et al., 1991; Sanderson
et al., 1994, 2008; Clark et al., 1995; Fisher et al., 1995; Gillespie
et al., 1999; Roberts et al., 1999; Simpson, 2000; André-Mayer
and Sausse, 2007; Ortega et al., 2010). These previous studies
have, however, focused on the distribution of opening mode
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fractures. Permeability is, on the other hand, in some instances
enhanced by the generation of a fault-fracture mesh (Hill, 1977;
Sibson, 1996). In a fault-fracture mesh, conditions governing the
location of both extension fractures and dilational shears (Fagereng
et al., 2010) are critically important to the development of perme-
ability. An understanding of the mechanism of mesh generation
may therefore be gained by a statistical study of the distribution of
shear and extension veins, in a location favoring the development
of an interconnected fault-fracture network.

Microstructures reflecting episodic fracture are evident in
‘crack-seal’ shear and extension veins within a fault-fracture mesh
in the Chrystalls Beach Complex, New Zealand (Nelson, 1982;
Fagereng et al., 2010). The distribution of these veins should give
clues to the processes governing their formation. Frequency-size
distributions of vein thicknesses should reflect differing nucleation
and growth rates (Velde et al., 1991; Clark et al., 1995) and the
degree of fracture connectivity and localization (Sanderson et al.,
1994, 2008; Roberts et al., 1999; Sanderson and Zhang, 2004).
Vein spacing size-frequency distributions can be used to infer the
processes governing the position of fractures becoming veins
(McCaffrey et al., 1993; Fisher et al., 1995; Gillespie et al., 1999;
Simpson, 2000), and if the vein spacing is non-uniform, the clus-
tering of veins quantifies the degree of pervasive versus localized
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fracturing (Manning,1994). This contribution presents a data set for
the thickness and spacing distributions of shear and extension
veins in the Chrystalls Beach Complex. The data are used to address
the processes during fracture network formation, with focus on the
development of a distributed fracture system versus localization in
a few existing fractures.

2. Geological setting

2.1. The Chrystalls Beach Complex

The Chrystalls Beach Complex is exposed along the southeast
Otago coastline, about 60 km south of the city of Dunedin (Fig. 1).
The complex has been interpreted as an accretionary mélange
(Nelson, 1982; Hada et al., 2001), deformed during Triassic-Jurassic
subduction along the Gondwana continental margin (Hada et al.,
2001). Although interpreted as part of the Otago Schist accretion-
collision assemblage (Mortimer, 1993), the stratigraphic position of
the complex within this metamorphic belt is uncertain (Coombs
et al., 2000). However, formation at the base of the accretionary
prism has been suggested (Fagereng and Cooper, 2010a). In the
Otago Schist, regional metamorphic gradients result from burial
and later uplift of the rocks in the prism (e.g. Mortimer, 2000). The
highest metamorphic grades are recorded along the Otago
Fig. 1. a) Location of the Chrystalls Beach Complex and regional geological setting of the So
Geology of coastal outcrops of the Chrystalls Beach Complex, after Nelson (1982), Hada et a
dismembered bedding as inferred by Hada et al. (1988), F2 are open, upright folds of foliat
Antiform, along the center of the Otago Schist, and decrease toward
the flanks, a pattern attributed to greater exhumation along the
Otago Antiform (Mortimer, 1993, 2003). The Chrystalls Beach
Complex experienced pumpellyite-actinolite facies meta-
morphism, with estimated peak, syn-tectonic, pressure-tempera-
ture conditions of 550 MPa and 300 �C (Fagereng and Cooper,
2010b).

The rock assemblage in the Chrystalls Beach Complex comprises
asymmetric lenses (‘phacoids’) of sandstone, chert andminor basalt
enclosed within a relatively incompetent, cleavedmudstonematrix
(Figs. 2 and 3). This assemblage was intensely sheared in a mixed
continuous-discontinuous style within a flat-lying, <4 km thick,
top-to-the-north shear zone presently exposed along w25 km of
coastline (Nelson,1982; Fagereng and Sibson, 2010; Fagereng, 2011).
Initially, macroscopically ductile deformation mechanisms domi-
nated and the sediments experienced compaction, volume loss and
heterogeneous simple shear, developing a scaly cleavage and S/C-
like shear structures (Nelson, 1982). During and after a time-
progressive transition from ductile to brittle failure, a fault-fracture
mesh filled by quartz-calcite veins developed, incorporating
numerous anastomosing shear veins traceable for tens of meters
(Fig. 3) (Nelson, 1982; Fagereng et al., 2010). This vein network is
ubiquitous in mixed sandstone-mudstone outcrop throughout the
shoreline exposures of the Chrystalls Beach Complex.
uth Island of New Zealand. Geology after Bishop et al. (1985) and Mortimer (1993). b)
l. (1988), Hada et al. (2001), and Fagereng (2010). F1 are early, steeply inclined folds of
ion and dismembered bedding.



Fig. 2. Detailed geological map of the southernmost exposures of the Chrystalls Beach Complex. Equal-area stereoplots of poles to extension fractures (filled circles), and shear
surfaces (open circles) for transect locations CB2, 3, and 4, where great circles show average orientations for shear (solid line) and extension fractures (dashed line).
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2.2. Veins in the Chrystalls Beach Complex

The well developed network of anastomosing quartz-calcite
veins includesmutually cross-cutting shallow-dipping slickenfibre-
coated shear surfaces and subvertical extension veins (Figs. 2e4).
Shear veins are divided into two sets: one comprises slickenfibre-
coated surfaces subparallel to dismembered bedding and usually
formed along a lithological contact, whereas a second set,
Fig. 3. Outcrop map of a vertical face in a typical Chrystalls Beach mélange outcrop. Gray ¼
the references to colour in this figure legend, the reader is referred to the web version of t
comprising thinner veins, is observed subparallel to ductile
S-planes (Fig. 4a). The vein fabrics generally show a top-to-the-
north sense of shear, in agreement with asymmetry of the ductile
fabric. However, variation in this shear sense is common, and
a single fiber may show multiple directions of growth. Slickenfibre
shear veins have multiple growth surfaces, a macroscopic crack-
seal texture, and a pressure solution salvage is often visible along
the vein margin (Fig. 4b).
chert and sandstone, white ¼ mudstone matrix, red lines ¼ veins. (For interpretation of
his article.)



Fig. 4. a) General geometry of the Chrystalls Beach shear vein network: here two thicker shear veins (dashed white lines) subparallel to bedding are connected by thinner veins
(solid white lines) subparallel to ductile S-planes as seen by rotated asymmetric lenses. Shear sense of top-to-the-north is evident. b) Photograph of thin section cut perpendicular
to a shear vein. Note layered structure of vein indicating multiple slip surfaces (yellow, S) and the mutually cross-cutting relationship between the vein and pressure solution seams
(orange, P). c) Dilational jog where two shear veins (S) are connected by numerous thin extension veins (E). d) Extension veins (E) are commonly at high angle to layering, and
preferentially cut boudins where previously extended in the ductile regime. e) Photomicrograph of quartz (qtz) e calcite (cc) slickenfibres within a shear vein (crossed polars), note
crack-seal structure with inclusion bands (dashed lines) near perpendicular to vein walls. f) Photomicrograph of vertical quartz extension vein (crossed polars). Note crack-seal
structure with inclusion bands (dashed lines) developed parallel to vein walls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Extension veins are typically subvertical and strike approxi-
mately perpendicular to slickenfibre trends (Fig. 2). Extension
fractures are more common in competent layers. In particular,
extension veins can be concentrated in dilational jogs (Fig. 4c),
where they connect two adjacent shear veins. In addition, exten-
sion fractures are found preferentially at boudin necks, where
boudins were not completely separated during ductile deformation
and layer-parallel extension continued in a brittle mode (Fig. 4d).
Microscopically, both shear and extension veins show a ‘crack-
seal’ structure (Fig. 4e,f). The spacing between inclusion trails is
typically in the range of 10e50 mm, and appears to be roughly
uniform along any particular crystal (Fagereng et al., 2010). In both
kinematic vein types, elongate crystals track displacement magni-
tude and direction, perpendicular to vein walls in extension veins
and at a small angle (10�� 5�) to the shear surface in slickenfibre
shear veins (Fagereng et al., 2010).



Table 2
List of symbols and abbreviations used in this study.

Symbol Meaning

Dt Fractal dimension of thickness distribution
t Vein thickness
N(r) Number of objects size r or greater
s Vein spacing
Dc Fractal dimension of vein clustering
Cv Coefficient of variance
DL Bulk extensional strain
Lf Final length
Li Initial length
Vf Total thickness of veins along a transect
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3. Methodology

At outcrop scale, the vein system in the Chrystalls Beach
Complex is sufficiently systematic to allow collection of represen-
tative vein distribution data in transects perpendicular to vein
strike, as long as outcrops are chosen carefully (Fig. 2). This 1-
d approach yields data that are comparable to many data sets in the
literature, and also used because methods for analyzing 2-d and 3-
d vein data are not as well developed (e.g. Gillespie et al., 1993,
1999; Pickering et al., 1995). For this study, vein thickness and
spacing data were collected along linear transects in three expo-
sures in the southern, lowest metamorphic grade, part of the
Chrystalls Beach Complex (Fig. 2), chosen so that the distribution of
both shear and extension veins within the assemblage could be
analyzed. In addition, two transects were made through exposures
by Watsons Beach, w5 km further north in the complex (Fig. 1).
Thickness was measured of veins �1 mm thick, thinner veins were
recorded and their positions used to address vein spacing and
clustering. Data for all transects are presented in Table 1, with a list
of abbreviations in Table 2.

Extension and shear veins are treated as different vein sets for
each transect (Table 1). The vein network in the Chrystalls Beach
Complex is interpreted to have formed progressively in a relatively
constant remote stress field (Nelson, 1982; Fagereng et al., 2010).
Therefore, we assume that all extension veins can be grouped into
one set, and similarly all shear veins are treated as one group.
4. Results

4.1. Vein thickness distribution

Vein thickness distributions have previously been reported as
power-law (e.g. Clark et al., 1995; Johnston and McCaffery, 1996;
Gillespie et al., 1999; André-Mayer and Sausse, 2007; Sanderson
et al., 2008) and log-linear (e.g. Narr and Suppe, 1991; McCaffrey
et al., 1993; Foxford et al., 2000). Power-law distributions follow
the proportionality

NðrÞfr�D (1)

where N(r) is the number of objects of size r or larger. This distri-
bution is fractal, and D represents the fractal dimension
(Mandelbrot, 1982). In a frequency-size distribution of vein thick-
ness, t, the value of the fractal dimension, Dt, theoretically depends
on the difference in nucleation and growth rate (Clark et al., 1995).
The end-member vein thickness populations are therefore (Clark
et al., 1995): (1) a scenario where all fracture events are nucle-
ation events, all veins are the same thickness, and Dt ¼ N, and (2)
Table 1
Transect properties, showing length of transect, number of veins intersected, vein intensit
statistical data; Vt is the total vein thickness intersected, while DL refers to % inferred incr
clustering respectively, and R2 refers to the coefficients of determination for the regress
spacing.

Transect Length (cm) # of veins Vein intensity (m�1) Rock

Extension veins
CB2e 370 128 35 S
CB3e 519 139 27 S
Shear veins
CB2s 76 38 50 M
CB3s1 393 77 20 M
CB3s2 110 39 36 M
CB4s1 54 33 61 M
CB4s2 57 60 105 M
WB2 230 112 49 M þ MM
WB4 137 103 75 MM
a situation where all events are growth events and Dt ¼ 0. Dt also
represents the difference in growth on thin and thick veins, where
Dt > 1 indicates that thinner veins accommodate a significant
proportion of total extension (Scholz and Cowie, 1990; Clark et al.,
1995; Fisher et al., 1995; Sanderson et al., 2008). Therefore, Dt also
represents ameasure of localization, as smaller values of Dt indicate
a greater proportion of thick veins, and thus localization of defor-
mation on these features rather than formation of new, thin, frac-
tures (e.g. Sanderson et al., 1994, 2008; Sanderson and Zhang,
2004).

In the Chrystalls Beach Complex, the analyzed outcrops show
a power-law thickness distribution (Table 1, Figs. 5e7). The fit to
a power-law distribution is very good, likely because only veins with
thickness �1 mm were considered, and therefore roll-off effects at
small thicknesses are not observed e contrary to other studies of
power-law distributions over larger range in t (c.f. Pickering et al.,
1995). Dt is between 1 and 2, but is >3 in one outcrop (Table 1).
When plotting all shear and extension veins, two power-law distri-
butions with slightly different Dt values are obtained (Fig. 5). For
shear veins, Dt ¼ 1.69, while for extension veins, Dt ¼ 1.85. As the
sample sets are relatively small, the difference between these fractal
dimensions is too small to indicate a statistical difference between
shear and extension vein thickness distributions.

The calculated values for Dt assume no deformation after vein
formation. Although the vein system studied is amongst the latest
deformation in the Chrystalls Beach Complex (Fagereng et al.,
2010), the shear veins are commonly affected by pressure solu-
tion subparallel to the vein walls (Fig. 4b), and the vein thicknesses
may therefore be reduced by dissolution (c.f. Ortega et al., 2010).
However, dissolution by pressure solution would tend to prefer-
entially reduce the thickness of thinner veins, leading to a thickness
distribution with underestimated Dt. Thus, the high Dt in the
Chrystalls Beach Complex is unlikely to be an artifact of pressure
solution effects, and if anything is an underestimated value.
y, and rock type (S ¼ sandstone, M ¼mélange, MM ¼mudstone). This is followed by
ease in length by vein growth. Dt and Dc are the fractal dimensions of thickness and
ion performed to arrive at these D values. Cv is the coefficient of variance for vein

Vt (mm) DL (%) Dt R2 Dc R2 Cv

149 4.2 3.01 0.999 0.78 0.996 1.17
257 5.2 1.59 0.979 0.65 0.990 3.00

49 6.9 2.07 0.957 0.66 0.997 1.46
162 4.3 1.40 0.954 0.47 0.981 1.20
65 6.3 1.54 0.985 0.60 0.996 1.49
60 12.5 1.59 0.983 0.70 0.984 1.07
98 20.8 1.24 0.886 0.81 0.992 0.82

176 8.3 1.44 0.953 0.78 0.998 1.11
156 12.9 1.80 0.959 0.85 0.999 1.06



Fig. 6. Left to right: Photo of typical vein cluster intersecting transect CB3e, thickness distr
extension veins in a large sandstone unit.
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Fig. 5. Plot of log t versus log N(t) where t is vein thickness and N(t) is the number of
veins of thickness t or greater. Filled squares represent shear veins and open circles
represent extension veins. D is fractal dimension and R2 is the coefficient of
determination.
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4.2. Vein spacing distribution

Vein spacing is also analyzed comparing r and N(r) as defined in
Eq. (1). Defining s as the spacing between veins, plots of N(s) versus
s should define a straight line in logelog space for a power-law
frequency-size distribution. An example from outcrop CB3e is
shown in Fig. 6, where the frequency-size distribution diverges
from power-law at small vein spacing. A similar effect is seenwhen
plotting N(s) against s for all shear and extension veins (Fig. 8). The
shape of the spacing distributions for shear and extension veins are
both convex-up on logelog axes and convex-down on log-linear
axes.

Vein spacing distribution is clearly not linear (Fig. 8a), but could
be interpreted as either log-linear (Fig. 8b) or power-law (Fig. 8c).
However, accounting for roll-off effects at small vein spacing
(Pickering et al., 1995; Blenkinsop and Sanderson, 1999), and
underrepresentation of large vein spacing in a limited data set, the
ibution, vein log, clustering and vein spacing distributions for transect CB3e, through



Fig. 7. From left to right: Outcrop photograph, vein log, and clustering and thickness for transect CB4s2, dominated by subhorizontal shear veins in a mélange with low proportion
of competent lenses. Note very high vein intensity (>100 fractures/m) in this outcrop.
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fit to a power-law distribution is better than the logelinear fit
(Fig. 8). Thus, the vein spacing in the Chrystalls Beach Complex
appears to follow a fractal distribution within the sampled range of
spacing (fractal range approximately 0.5e20 cm). Note that this
range is small, and the spatial distribution of fractures may be
different at length scales above and below this fractal range (Ortega
et al., 2006).

4.3. Box-counting of vein clustering

As vein spacing is not uniform, a degree of clustering should be
expected. Manning (1994) proposed a box-counting technique for
measuring clustering of metamorphic veins. This method uses
linear vein transects where the position of intersections between
veins and the transect are mapped. The map is then divided into
segments of length r, and the number of segments N(r) containing
at least one vein are counted. If a vein set is fractal, it has a constant
fractal dimension 0 � Dc � 1 (Mandelbrot, 1982; Turcotte, 1997)
such that (Manning, 1994)
Dc ¼ vðlog NðrÞÞ=vðlog 1=rÞ (2)

If Dc is constant, then the vein set is fractal and scale invariant
for the considered range in r (typically 1 mm to w0.5 m in the
current study). Dc is a measure of ‘space-filling’, i.e. Dc ¼ 0 if no
veins are intersected and Dc ¼ 1 if the transect is completely filled
by veins. It follows that Dc is large for a pervasive, anticlustered vein
network, and small for a highly clustered vein system (Manning,
1994).

As in vein thickness distributions, the data are similar for all
transects (Table 1, Figs. 6 and 7). The values of Dc vary from 0.40 to
0.85, i.e. indicating moderate degrees of clustering. The smallest
values are observed in mélange outcrops, while the largest values
are measured in relatively homogeneous mudstone and sandstone.
The one mélange with a large Dc (CB4s2, ¼0.81) has a relatively
small sand/mud ratio and very strong vein intensity (Fig. 7).

The coefficient of variance, Cv, provides a second measure of
clustering and is the ratio of the standard deviation and the mean.
Gillespie et al. (1999) demonstrated that Cv > 1 if veins are



Fig. 8. Number of measurements N(s) greater than a spacing s, plotted against s, for
extension veins (open circles) and shear veins (filled squares) on linear, logelinear and
logelog axes. Best fit equations and coefficients of determination (R2) shown for
regression performed on logelinear and logelog plots.
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clustered, Cv ¼ 1 for random vein distribution and Cv < 1 for
pervasive, anticlustered vein systems. 1.0 < Cv < 1.5 for 7 of the 9
transects in the Chrystalls Beach Complex, indicating random to
moderately clustered vein systems (Table 1). The only transect
where Cv < 1 is CB4s2, where a large Dc also indicates a pervasive
fracture system. In CB3e, Cv is 3.0, indicating high degree of clus-
tering. However, while Cv and Dc are generally weakly correlated
with large Dc corresponding to small Cv, the very large Cv in CB3e is
not correlated to a particularly small Dc. The weak correlation
between Cv andDc is likely an effect of the small considered range in
spacing values and consequent large uncertainties in the statistical
parameters.

4.4. Bulk extensional strain

Bulk extensional strain was calculated along each transect, as
a measure of dilation perpendicular to the vein walls. The % bulk
extensional strain parallel to the orientation of the transect is

DL ¼ 100
h�

Lf � Li
�.

Li
i
¼ 100

h
Vt=

�
Lf � Vt

�i
(3)
where Lf and Li are the final and initial lengths of the segment
and Vt is the total thickness of veins intersected by the transect
(Foxford et al., 2000). Lf is the length of the transect, and Li is the
length of the transect minus Vf. For extension veins, the extensional
strain equals the dilation achieved by vein opening. For shear veins,
the extensional strain represents dilation perpendicular to the
shear surface, and is not equal to the total extension accommodated
by shear vein growth.

The greatest extensional strains, DL > 10%, are measured in
vertical transects through shear veins inmélange ormudstone. This
relationship suggests that much dilatancy is associated with shear
displacement in the mélange. A positive correlation exists between
vein intensity (fractures per meter transect) and DL (Fig. 9), indi-
cating that large DL relates to outcrops that experienced pervasive,
distributed fracturing, forming many veins in a given area.

4.5. Summary of observations

The thickness distribution of the Chrystalls Beach Complex
fault-fracture mesh is fractal and self-similar, with relatively large
fractal dimensions indicating that thin veins accommodated much
of the dilation. The thickness distribution is similar for extension
and shear veins. Veins have a power-law spacing distribution, and
range from randomly distributed to moderately clustered within
the considered exposures.

5. Discussion

Models by Clark et al. (1995) predicted that, for extension veins,
a power-law thickness distribution is reproduced by growth rates
proportional to thickness. A power-law thickness distribution may
therefore be produced when relatively thick veins stay partly open
longer than thinner veins (Clark et al., 1995). This effect should be
seenmicrostructurally by larger inclusion band spacing for younger
bands (Clark et al., 1995; Fisher et al., 1995). Both shear and
extension veins in the Chrystalls Beach Complex, however, have
nearly constant crack-seal spacing. Thick extension veins therefore
reflect a greater number of opening events, and a characteristic
aperture for these events. Shear veins, however, open at a very
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small angle to the vein walls, and therefore their thickness is not
determined by the duration they stay partly open, but rather the
number of internal slip surfaces (Fagereng et al., 2010). Shear may
occur preferentially on weak planes, such as pre-existing fractures
or cleavage planes, or within zones of localized deformation gov-
erned by the distribution of mechanical heterogeneities (Fagereng
and Sibson, 2010; Fagereng, 2011). Thick shear veins are therefore
interpreted to occur by repeated shear fracturing in zones of
concentrated deformation. Thin shear veins, however, occur within
areas of distributed deformation or where shear is not accompa-
nied by dilation.

Vein distributions in heterogeneous rock assemblages such as
the Chrystalls Beach Complex are interpreted to be affected by
mechanical variation between rock types. Gillespie et al. (1999)
compared stratabound and non-stratabound veins. They found
that thickness and spacing distributions of stratabound veins are
commonly non-power-law and follow a characteristic length-scale
determined by lithological layering. Non-stratabound veins, on the
other hand, have a power-law thickness distribution (0.5<Dt< 1.2),
but a clustered (Cv > 1), logelinear spacing distribution (Gillespie
et al., 1999). Chrystalls Beach veins have a high Dt, indicating
a large proportion of thin veins, and a weakly clustered (Cv > 1),
power-law distribution in space. Vein distributionswithin the fault-
fracture mesh are therefore not compatible with a length-scale
controlled by lithological layering. Instead, distributed shear and
extension within the fracture network created a power-law vein
thickness distribution characterized by a large fractal dimension
suggesting minor localization (c.f. Sanderson et al., 2008). This vein
thickness distribution is comparable to the extension vein system in
the Kodiak Complex e another subduction-related vein network e

which has a power-law thickness distribution with Dt ¼ 1.33 (Clark
et al., 1995; Fisher et al., 1995). Weak to moderate clustering in
some outcrops could be caused by preferential fracturing of rock
with greater tensile strengths (e.g. Fig. 4d) or stress risers at the
boundaries of competent phacoids (Fig. 4a) (Fagereng, 2011).

Formation of a dense, anastomosing network of predominantly
thin veins is also described by Holland and Urai (2010). They
inferred that deformation was not localized to a single fracture, but
rather yielded a fracture network during an event where fractures
were sealed by strong cement of hydrothermal precipitates.
Because both shear and extension veins in the Chrystalls Beach
Complex are cemented by quartz-calcite mineralization, which is
likely stronger than the surrounding, cleaved, phyllosilicate-
dominated matrix, preferential deformation of weaker matrix is
inferred to result in the formation of new fractures rather than
preferential growth of a few larger veins. Thus, the thickness
distribution indicating predominance of thin veins implies that, as
proposed by Holland and Urai (2010), anastomosing vein systems
form where vein fills are stronger than wall rock.

The shear veins in the Chrystalls Beach Complex are interpreted
to form at high angles to the greatest principal compressive stress
by shear along pre-existing weak cleavage planes (Fagereng et al.,
2010). If new shear veins form along weak planes in the wall
rock, in preference to reactivation of existing veins, one would
expect clusters of thin veins to occur instead of a few thick veins.
Thus, the weak clustering apparent in some exposures is repre-
sentative of clusters of thin veins having formed in locations of
increased localized deformation. The reason for such localization of
shear veins is related to mechanical anisotropy within the mélange
(Fagereng and Sibson, 2010; Fagereng, 2011). In clustered extension
vein populations, which are generally constrained to relatively
homogeneous sandstone (e.g. Fig. 6), heterogeneous fluid pressure
distribution (Foxford et al., 2000) or subcritical crack growth
(Olson, 1993, 2004) may also have caused weak clustering. As
opposed to many economically mineralized vein systems, which
are commonly characterized by power-law vein thickness distri-
butions with lowDt (<1) and focused fluid flow though a connected
system of few thick veins (Sanderson et al., 1994, 2008; Roberts
et al., 1999), the mélange vein network appears pervasive and
dominated by many thin veins. Thus, the fault-fracture mesh
represents distributed fracturing, and likely allowed for pervasive
rather than localized fluid flow, within a mélange. It is character-
ized by aweakly clustered, power-law vein distributionwith a large
fractal dimension. This conclusion is supported by a good correla-
tion between vein intensity and bulk extensional strain (Fig. 9),
which also suggests that strainwas accommodated by high fracture
intensity as opposed to continued reopening of few thick veins.

6. Conclusions

The vein system of the Chrystalls Beach Complex is character-
ized by a power-law thickness distribution with a large fractal
dimension. Spacing is inferred to be power-law, but the inference is
limited because the data set is small and over a limited fractal
length-scale.

The greatest Dt values are recorded in transects through
extension veins in relatively homogeneous sandstone, where veins
are essentially non-stratabound. Within these more competent
rocks, pervasive failure was probably dominated by distributed
hydraulic extension fracture of intact, relatively high tensile
strength rock. Weak clustering results from variations in fluid
pressure (e.g. Foxford et al., 2000), or increased tensile stress
around the crack-tip of subcritical fractures (Olson, 1993, 2004).

Shear veins generally also have thickness distributions with
large Dt indicating distributed deformation, although some tran-
sects show large Cv and small Dc indicating weak clustering. The
clusters of thin veins, and the few thick veins, represent zones of
localized and concentrated brittle deformation. Clusters of thin
veins likely formed rather than single, thick veins as quartz-calcite
cemented fractures were stronger than the cleaved mudstone
matrix (c.f. Holland and Urai, 2010). Dt > 1 for the shear vein
population therefore suggests that distributed brittle deformation
accommodated much of the displacement in the mélange, by slip
on numerous discontinuities within a ductilely flowing matrix. A
positive correlation between bulk extensional strain and vein
intensity (Fig. 9) supports the conclusion that distributed shear on
many thin veins was an important mechanism in the complex. The
mélange deformed predominantly by distributed, high intensity,
shear and extension fracture.
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