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Displacement—length data from dilatant fractures (joints, veins, igneous dikes) and several varieties of
deformation bands were analyzed statistically to investigate the applicability of mechanical models
proposed for their formation. All 17 datasets are generally consistent with equilibrium or long-term
power-law slopes on the displacement—length diagram of either 1.0 or 0.5. Similar to many faults,
disaggregation deformation bands are consistent with a power-law scaling relation having a slope of
approximately ¢ = 1, implying a linear dependence of maximum displacement and discontinuity length
(Dmax = vL). In contrast, dilatant fractures, cataclastic deformation bands, and shear-enhanced com-
paction bands are consistent with a power-law scaling relation with a slope of approximately ¢ = 0.5,
implying a dependence of maximum displacement on the square root of length (Dmax = aL'/2). The
scaling relations represent an average, or long-term equilibrium outcome of deformation for conditions
such as length-scale, time-scale, temperature, chemistry, and an effectively homogeneous far-field stress
field, allowing for variations such as rapid and/or localized behaviors. The displacement—length scaling
of these geologic structures follows systematic relationships that provide information on host-rock
properties and the physics of fracture and deformation-band propagation.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The basic mechanical controls on the propagation and growth of
a wide range of geologic structures, including joints, faults, veins,
dikes, and deformation bands, can be investigated and understood
by statistical analysis of the geometric attributes of the populations
of the structures. These structures develop during progressive
strain localization with many key characteristics showing general
scaling relationships over some particular set of conditions such as
length-scale. The scaling relations are interpreted to describe an
average, or long-term equilibrium value, with departures resulting
from processes occurring over shorter timescales and particular
spatial scales (e.g., Kim et al., 2004). Numerous studies in the lit-
erature suggest that a subset of variables exert a primary influence
on the scaling; length and displacement appear to collectively
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capture the main aspects of loading conditions, strain accumulation
during structural development, and evolving rock properties. The
empirical data can then be used to test the scaling predictions of
theoretical models for the growth of the geologic structures.

A fault can be described as a sharp structural discontinuity,
defined in three dimensions by its slip surfaces and related struc-
tures including fault core, secondary structures, and damage zones
that formed at any stage or location in the evolution of the struc-
ture. Ductile deformation structures such as drag or faulted fault-
propagation folds are sometimes included in the definition along
with clay smearing or other early forms of strain localization (e.g.,
Kim et al., 2004; Schultz and Fossen, 2008). Despite this rather
comprehensive description, many studies have however demon-
strated the existence of basic scaling relationships for faults,
including displacement vs. length (e.g., Kim and Sanderson, 2005),
fault-zone thickness vs. displacement (e.g., Childs et al., 2009;
Aydin and Berryman, 2010), stepover geometry (separation vs.
overlap; Aydin and Nur, 1982; Soliva and Benedicto, 2004; de
Joussineau and Aydin, 2009; Long and Imber, 2011), and displace-
ment vs. segmentation (Wesnousky, 1988; de Joussineau and Aydin,
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2009). Comparable scaling relations have been identified for
opening-mode structures, such as joints, veins, and dikes (e.g.,
Olson, 2003) and deformation bands (e.g., Fossen et al., 2007;
Tembe et al., 2008; Ballas et al., 2012; Schultz and Soliva, 2012;
Tondi et al., 2012; Soliva et al., in press).

Values for the maximum displacements D (i.e., shear offset)
and horizontal lengths L of faults can be related for the long-term,
equilibrium case by Dmax = LS, with ¢ for fault populations com-
monly being in the approximate range of 1.0 (e.g., Cowie and
Scholz, 1992a; Clark and Cox, 1996; Bailey et al., 2005; Twiss and
Marrett, 2010). Fault populations can define an approximately lin-
ear dependence of maximum shear displacement and discontinuity
length (Dmax = L) with v dependent on several factors, including
host-rock stiffness and shear driving stress (e.g., Cowie and Scholz,
1992a; Gudmundsson, 2004; Scholz, 2002, p. 116; Schultz et al.,
2006). However, these power-law scaling relations require certain
conditions including effectively homogeneous far-field stress fields.
Departures from these ideal conditions, such as stratigraphic or
mechanical layering in which structures are initially growing, can
lead to transient or local scaling relations such as non-linear
displacement—length scaling, exponential length or displacement
systematics, and uniform spacing. Such transient or local de-
partures from the long-term, equilibrium power-law scaling rela-
tion are related to processes such as growth by segment linkage
(Cartwright et al., 1995) and stratigraphic restriction (Soliva et al.,
2005). Fault scaling relations thus represent fundamental re-
lationships in structural geology and rock mechanics, conceptually
paralleling Byerlee’s rule for frictional sliding (e.g., Kohlstedt et al.,
1995).

Although the scaling of dilatant structures is well recognized, its
quantification and interpretation also remain somewhat con-
troversial. Early work by Vermilye and Scholz (1995) suggested that
veins (Bons et al., 2012) and igneous dikes (Rubin, 1995) scale, in
the long-term or equilibrium sense, as ¢ = 1, similar to faults.
However, Olson (2003) proposed a theoretical model based on
linear elastic fracture mechanics (LEFM) that predicted square root
scaling to be dominant in opening-mode fractures. Re-analysis of
a subset of the Vermilye and Scholz (1995) data as well as igneous
dike data (Delaney and Pollard, 1981) showed that many veins and
dikes are better described to scale approximately as ¢ = 0.5 instead
(Dmax = aL'2, where Dpax is the maximum kinematic aperture),
which is consistent with growth under conditions of constant near-
tip rock properties (i.e. a critical opening-mode stress intensity
factor, Ki¢). After publication of Olson’s (2003) paper, more datasets
for dilatant structures became available (see compilations by
Klimczak et al., 2010 and Schultz et al., 2010). This interpretation of
sub-linear scaling has been challenged by Scholz (2010, 2011), who
advocated a linear scaling relation (i.e., ¢ = 1.0) for dilatant frac-
tures, similar to the scaling of faults (see Olson and Schultz, 2011 for
discussion). The continuing controversy about the scaling of dila-
tant structures motivates a statistical assessment of their scaling
properties.

Displacement—length data are also available for three varieties
of deformation bands: disaggregation bands, cataclastic shear
deformation bands, and shear-enhanced compaction bands. Dis-
aggregation bands are non-cataclastic and form by shear local-
ization in sediments and poorly consolidated sedimentary rocks
with negligible volume change within the bands (e.g., Fossen, 2010;
Brandes and Tanner, 2012). Cataclastic shear deformation bands are
shear localization structures along which band-parallel shear dis-
placement (typically 1-3 cm) is accompanied by a much smaller
band-normal compaction that is usually a fraction of a millimeter
and related to porosity reduction within the bands (e.g., Fossen
et al., 2007). These bands are termed cataclastic shear bands in
this paper for simplicity. Shear-enhanced compaction bands may

also involve some cataclasis and grain-contact dissolution in
addition to porosity reduction by grain reorganization. For these
bands, the magnitude of volumetric offset is considered to be
comparable to, or somewhat less than, the shear offset (e.g.,
Eichhubl et al., 2010; Schultz and Soliva, 2012; Soliva et al., in press).

The scaling of dilatant fractures or cataclastic shear deformation
bands that both accommodate some degree of volumetric change
across them was suggested to be consistent with equilibrium or
long-term power-law slopes of approximately 0.5 by various
workers, including Fossen and Hesthammer (1997), Rudnicki et al.
(2006), Fossen et al. (2007), Rudnicki (2007), Tembe et al. (2008),
Schultz et al. (2008a, 2010), and Schultz and Soliva (2012). One
interpretation of this scaling relation involves propagation and
growth of deformation bands at a critical value of stress intensity
factor combined with appropriate remote loading conditions in
a manner similar to opening-mode structures (e.g., Olson, 2003).
Another interpretation invokes band thickening during propaga-
tion with only modest, non-singular stress changes at band tips
(Chemenda, 2011). A definitive empirical assessment of the equi-
librium scaling relation for dilatant fractures and deformation
bands could inform a discussion of the primary factors controlling
their propagation and growth.

In this paper, we statistically evaluate displacement—length
data for three varieties of opening-mode fractures (joints, veins,
igneous dikes) and three varieties of deformation bands (cataclastic
shear bands, disaggregation bands, and shear-enhanced compac-
tion bands). We use the approach employed by Clark and Cox
(1996) in their study of faults and discuss the implications for the
growth and scaling of these common non-fault structures.

2. Approach

Displacement—length data were compiled from several sources
(Fig. 1), including 10 datasets for dilatant fractures compiled by
Klimczak et al. (2010) and Schultz et al. (2010), and 7 datasets for
deformation bands. The deformation band datasets include two for
cataclastic shear deformation bands (Fossen and Hesthammer,
1997; Wibberley et al., 2000); three for disaggregation bands, in
which no cataclasis or volumetric strain is apparent (Wibberley
et al., 1999; Fossen, 2010; and Exner and Grasemann, 2010); and
two for shear-enhanced compaction bands (Sternlof et al., 2005;
Schultz, 2009; Schultz and Soliva, 2012) (Table 1).

The data for these types of geologic structures exhibit scatter
due to several factors that are well known to contribute to scatter in
datasets for fault populations (e.g. Cowie and Scholz, 1992b;
Schultz, 1999; Crider and Peacock, 2004), including mechanical
interaction (Renshaw and Park, 1997; Olson, 2003), three-
dimensional shape (Willemse et al., 1996; Schultz and Fossen,
2002), stratigraphic restriction (Nicol et al., 1996; Soliva et al.,
2005; Soliva and Schultz, 2008), and measurement technique
(e.g., Clark and Cox, 1996; Xu et al., 2005). An assessment of the
quality of displacement—length measurements for these data sets
is given in Appendix A. In general, the datasets are of sufficiently
good quality and internal consistency for statistical analysis
although variability exists in the level of documentation for
measurement technique and uncertainties.

As noted by many including Cowie and Roberts (2001), no geo-
logic structure is truly isolated from its neighbors, because fractures
and deformation bands form and develop as part of a population
and because their presence also changes the stiffness of the sur-
rounding rock (e.g., Kachanov, 1992; Olson, 2003). The effect of fault
or joint interaction on the scaling relations was investigated
quantitatively by Willemse et al. (1996), Willemse (1997), and Olson
(2003). Interaction contributes to increased scatter in the scaling
relations (Xu et al, 2005), with the increased or decreased
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Fig. 1. Calculated best-fit slopes to displacement—length data for (a) opening-mode fractures, (b) disaggregation bands, (c) cataclastic deformation bands, and (d) shear-enhanced
compaction bands. Shaded bands indicate orientations of ¢ = 1.0 or ¢ = 0.5 scaling on each diagram.

displacement at a given length depending on the segmentation
geometry and propagation process (growth by segment linkage or
radial propagation). Segmentation can also decrease the average
scaling exponent, as shown by numerical simulations for mode-I
fractures by Olson (2003). Reductions in scaling exponent can
occur for either equilibrium case (c = 1 or ¢ = 0.5).

Displacement—length scaling relations and a single power-law
fit are recognized to be applicable to individual datasets only,
rather than to a compiled dataset containing structures in different
rock types, depths, and locations (Cowie and Scholz, 1992a; Clark
and Cox, 1996; Twiss and Marrett, 2010). This condition is due, in
part, because variations in modulus, yield strength, or critical
opening-mode stress intensity factor of the host rock contribute to
vertical shifts in position of the data on the displacement—length
diagram (e.g. Cowie and Scholz, 1992a; Schultz and Fossen, 2002;
Olson, 2003; Gudmundsson, 2004), leading to poorer fits and dif-
ferent slopes than would be appropriate to the individual datasets
themselves. Consequently, we analyze the statistics of each dataset
listed in Table 1 separately.

Standard regression techniques and hypothesis testing (i.e., t-
statistic) were employed in our study to determine the relationship
between fracture (generically-defined here) displacement and
length. Other approaches, such as maximum likelihood estimation

techniques while effective (Clauset et al., 2009), are specifically
formulated to estimate distributional properties for a single ran-
dom variable, such as length or displacement. Given that our
investigation focuses on the relationship or correlation between
two variables: length and displacement, standard regression
methods are required.

We analyzed 19 datasets, including our 17 non-fault data sets
and two for faults (Clark and Cox, 1996) to verify the coherence in
methods. We used the statistical computing package MINITAB
(Release 15, Minitab statistical software, www.minitab.com) for the
regression analysis.

The correlation of maximum displacements (Dpax) to lengths (L)
has the general form

— 1 C
Dmax 7I_JL3 (1)

where P and c are dataset-specific constants. Eq. (1) can be
rewritten as

logDmax = K + cloglL,

K = —logP 2)
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Table 1

Statistical evaluation of datasets for fractures and deformation bands. n = number of fractures or deformation bands in a given dataset, C; = estimate of power-law exponent c,
SE(C) = standard error of the estimate, t; o = standard t-statistic for hypothesis that c = 1.0, ty 5 = t-statistic for hypothesis that ¢ = 0.5, ¢; = residual standard deviation around
best-fit line, R = goodness-of-fit correlation coefficient, R*' = coefficient of determination of the best-fit regression line, R?; o = coefficient of determination of best-fit line

having ¢ = 1.0, R%s = coefficient of determination of best-fit line having c = 0.5.

Fracture type i Datasets n G SE(C)  to tos i R R% R?, R3 o
Faults
1 Elliott (1976) Thrust Faults 29 1.0143  0.0845 0.1692 6.0863 0.1763 09177 0.8421  0.8420 0.6256
2 Krantz (1988) Normal Faults 16 14439 0.2270 1.9555 4.1581 02776 0.8619 0.7429 0.6727 0.4254
Opening mode fractures
3 Schultz et al. (2010) 32 05324 01194 -3.9162 02714 0.1523  0.6312 0.3985 0.0910 0.3970
Candor Joints
4 Delaney and Pollard (1981) 35 04325 0.0763 -7.4380 -0.8849 0.1890 0.7024 0.4933  Uncorrelated  0.4813
Shiprock
5 Vermilye and Scholz (1995) 22 04916 0.0815 -6.2425 -0.1037 03925 0.8035 0.6455 Uncorrelated 0.6453
Florence Lake Veins
6 Vermilye and Scholz (1995) 16 03941 0.0626 —-9.6797 -1.6925 0.2356 0.8596 0.7389  Uncorrelated  0.6855
Culpeper Veins
7 Moros (1999) Joints 28 04789 0.1357 -3.8401 -0.1555 03209 0.5691 03239 Uncorrelated 0.3233
8 Schultz et al. (2008a) 46 04703 0.0814 -6.5072 -03654 0.1518 0.6567 0.4313  Uncorrelated  0.4295
Lodéve Veins
9 Schultz et al. (2008b) 34 05542 0.0760 -5.8676 0.7131 0.2523  0.7902 0.6244  0.2203 0.6185
Ethiopian Dikes
10  Klimczak et al. (2010) 28 0.6915 0.0850 —3.6299 22538 0.2452 0.8474 0.7181 0.5752 0.6630
Donner Lake Dikes
11 Klimczak et al. (2010) 14 05521 0.1154 -3.8813 0.4515 0.0838 0.8100 0.6561 0.2244 0.6502
Emerald Bay Veins
12 Klimczak et al. (2010) 14 06758 0.1600 —2.0263 1.0988 0.2763 0.7731 0.5977  0.4602 0.5573
Emerald Bay Dikes
Deformation bands (Cataclastic)
13 Fossen and Hesthammer (1997) 44 05547 0.0461 —-9.6624 1.1859 0.2332 0.8804 0.7752  0.2755 0.7677
Goblin Valley
14  Wibberley et al. (2000) Provence 16  0.3988 0.1007 -5.9702 —-1.0050 0.2093 0.7269 0.5284 Uncorrelated  0.4943
Disaggregation bands
15  Exner and Grasemann (2010) 12 1.0240 0.2217 0.1083 23636 0.1582 0.8252  0.6809  0.6805 0.5026
Austria
16 Wibberley et al. (1999) Idni 33  0.7626  0.1940 -1.2237 13536 0.3991 05767 0.3326 03003 0.2931
17  Fossen et al. (2007) Arches 21 0.8427 0.1515 -1.0384 22619 0.2240 0.7813 0.6104 0.5891 0.5094
Shear-enhanced compaction bands
18  Sternlof et al. (2005) Valley 16 05100 0.0645 —7.5947 0.1548 0.1433 09038 0.8169  0.0628 0.8166
of Fire
19  Schultz (2009) Buckskin Gulch 8 0.4398 0.0798 -7.0237 -0.7549 0.1194 09139 0.8352 Uncorrelated  0.8195

Egs. (1) and (2) do not account for data scatter, but Eq. (2) can be
modified to account for scatter (Clark and Cox, 1996):

logD;; = K; + ¢ilogL; + 4j;, (3)

where (D, L;j) represents the j-th pair of the measurements in the i-
th dataset, K; and c; represent the intercept and slope of the best-fit
D—L function in log—log space, and 4;; are the random errors in
measurement. The 19 best-fit regression lines, as described by Eq.
(3), were statistically generated (Table 1). As in Clark and Cox (1996),
the probability of the 19 estimated slopes being equivalent to either
of the hypothesized slopes of ¢ = 1.0 and ¢ = 0.5 was tested by using
the t-statistic. Resulting t-values of —2 to 2 then confirm the given
hypothesis at a confidence interval of 95%. The t-statistic counts the
number of standard errors that the estimate is from the hypothesis,
which can yield better t-values for datasets with greater standard
errors. Because it accounts for the relatively small number of ob-
servations within each dataset, the scatter around the fitted line, and
the possibly unequal spacing of the log L values within the dataset
(Clark and Cox, 1996), the t-statistic is a good statistical measure for
evaluation of our datasets.

3. Statistical results

Results show that displacement—length (D/L) relationships can
have slopes ranging from as low as ¢; = 0.2 to up to ¢; = 1.6 (Table 1).
Judging by the t-statistic, the hypothesized slope of ¢ = 1.0 can be

statistically ruled out for all of the opening mode datasets (entries
under tqg in Table 1 with absolute values > 2). On the other hand,
hypothesized slopes of ¢ = 0.5 are statistically admissible for all of
the opening-mode datasets except for the Donner Lake dikes (en-
tries under tps in Table 1). For both cataclastic shear bands and
shear-enhanced compaction bands, t-values support the hypothe-
sis of c = 0.5 and at the same time rule out slopes of c = 1.0 (entries
under C; in Table 1). Similar to faults, the t-statistic for dis-
aggregation bands indicates that a hypothesized slope of c = 1.0 are
admissible for this dataset (Table 1). Some datasets, e.g. Ship Rock
dikes, Moros joints (Fig. 1a), and the Idni disaggregation bands
(Fig. 1b), show scatters that visually appear to suggest steeper
slopes than the best-fit regression curve. However, as the best-fit
line is a statistically derived curve centered to the cluster of data
points, it represents the line of least error with respect to the overall
scatter of the data and thus, quantitatively is the appropriate
relationship between length and displacement. The Emerald Bay
dike dataset exhibits a slope between 0.5 and 1.0, however, this
result likely reflects difficulty in measuring displacements and
lengths for isolated dike segments given the rugged three-
dimensional exposure plus the wide range of dike linkage and
related geometries (Klimczak et al., 2010).

The goodness-of-fit statistic measures how well a model pre-
diction explains a given set of data (e.g. Navidi, 2006). For linear
relationships, such as given by Eq. (3) for the D/L data, the
goodness-of-fit statistic can be expressed by the coefficient of
correlation, R, which is a measure of the clustering of the data
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around the best-fit regression line. The strength of the best-fit
regression line can also be expressed by the square of the corre-
lation coefficient, the coefficient of determination, R, which re-
lates the overall spread of data points around the center of the
cluster to the overall spread of data points around the best-fit
regression line. Values for the coefficient of determination can
range between R? = 0 for uncorrelated data and R?> = 1 for perfect
correlation.

To investigate how strongly the D/L datasets correlate, we
determined the coefficients of correlation and determination. In
addition, we computed the fitted coefficient of determination for
the hypothesized slopes of c = 1.0 and ¢ = 0.5 to test the strength of
correlation of the proposed D/L relationships against the data. The
details of this analysis are given in Appendix B. Results of the
goodness-of-fit statistic show that in all datasets, displacements
strongly correlate with lengths. Correlation coefficients range be-
tween R = 0.57 to R = 0.92, averaging R = 0.78.

The fitted coefficient of determination statistic confirms the
trends of the t-statistic. Opening and closing-mode structures dis-
play stronger correlations for slopes of ¢ = 0.5. The fitted Rz—yalues
(R3) are very close to R*-values of the best-fit line (R*). Co-
efficients of determination for fitted slopes of ¢ = 1.0 for the
opening and closing-mode structures are either very poor or
entirely uncorrelated (Table 1). Disaggregation bands show
a stronger correlation with a slope of ¢ = 1.0 than with a slope of
c=0.5.

4. Discussion and implications

The statistical analysis of our displacement—length data for
opening-mode fractures and several types of deformation bands
permits determination of their scaling exponents. The opening-
mode fractures, including joints, veins, and igneous dikes, are sta-
tistically consistent with a scaling exponent of ¢ = 0.5, which is in
agreement with recent previous investigations (Olson, 2003;
Schultz et al., 2008a; Klimczak et al., 2010). In contrast to faults,
opening-mode fractures thus follow a scaling law of the form
Dmax = a+/L, implying that their propagation might depend on
locally constant values of modulus and critical opening-mode stress
intensity factor that are specific to the host-rock or scale of frac-
turing at the time of deformation (Olson, 2003). These likely vary
from location to location, between events widely separated in time,
or between events driven at significantly different temperatures
(e.g., veins filled by aqueous solutions vs. dikes filled by magma).
Several investigators have identified specific influencing factors
such as in-situ stress magnitude, rock tensile strength, chemical
kinetics, scale of the rock mass, and temperature (e.g., Pollard, 1987,
Rubin, 1993; Bunger, 2008; Schultz et al., 2008b; Olson and Schultz,
2011).

Fracture segmentation decreases the power-law exponent for
a given sample of fractures or deformation bands from its long-
term or equilibrium value, regardless of whether that equilibrium
value is 1.0 (the particular case illustrated by Olson, 2003) or 0.5.
Rather than invalidating a scaling model that is based on the
physics of fracture-related processes, mechanically interacting
(soft-linked or echelon) fractures such as veins and dikes demon-
strate a clear scaling relationship in which the departures from an
equilibrium value can be traced to local permutations in displace-
ment within an array.

Echelon arrays of segmented veins and dikes are sometimes
interpreted as resulting from mixed-mode I-IIl propagation of
a parent structure. Theoretical breakdown criteria for this case
consider the local stress state and initial perturbation dimension
along a parent fracture (e.g., Leblond et al., 2011), but neglect ma-
terial heterogeneity or mechanical interaction among segments

and the parent fracture (Pollard et al., 2004). The scaling relations
for veins and dikes (Fig. 1) indicate that the segments propagated,
interacted, and linked (e.g., Delaney and Pollard, 1981; Fink, 1985;
Nicholson and Pollard, 1985; Pollard, 1987; Rubin, 1995; Okubo and
Martel, 1998; Weinberger et al., 2000) in a manner consistent with
other segmented fractures or deformation bands, despite the na-
ture of their connectivity to a parent structure.

The constitutive relation of the host rock ahead of opening-
mode fractures is relevant to their scaling. In the simplest cases,
both LEFM and the Dugdale models (e.g., Rubin, 1993) would pre-
dict linear displacement—length scaling if the fractures propagated
at constant driving stress (because fracture toughness would need
to increase with the square root of fracture length). If instead, it is
assumed that fracture toughness is a constant during propagation,
both the LEFM and the Dugdale model predict sublinear (i.e.,
c = 0.5) scaling of aperture with length, and a constant process zone
size. The important factors for scaling in this case are whether
fracture toughness and process zone size are constants. Propaga-
tion of hydraulic fractures and igneous dikes has also been studied
by the use of damage mechanics (Mazars and Pijaudier-Cabot, 1996;
Weinberger et al., 2000) and through the use of more complete
constitutive relations for the host rock (Busetti et al., 2012) that
relax the rather restrictive assumptions of the LEFM and Dugdale
models (e.g., Pollard, 1987). This work shows that near-tip damage
of the host rock is considerably more complicated than the LEFM
and Dugdale models would suggest, with inelastic energy dis-
sipation, shearing, shape, and dimensions of the process zone not
adequately accounted for in the simpler predictions (Busetti et al.,
2012). Further work is required to more thoroughly understand
how near-tip energy dissipation and related factors are related to
fracture scaling.

As a class of structures, deformation bands can scale approx-
imately with either length L or /L. As hypothesized by Schultz et al.
(2008a), the statistical analysis confirms that disaggregation bands
scale with L. These structures accommodate primarily shear offsets
with only a minor amount of volumetric change across them. In
contrast, the analyzed cataclastic shear deformation bands, as well
as the shear-enhanced compaction bands, scale as /L, consistent
with the literature (e.g., Fossen and Hesthammer, 1997; Rudnicki
et al., 2006; Rudnicki, 2007; Tembe et al., 2008; Schultz, 2009).
The analysis supports the inference that grain breakage exerts an
important local control on the scaling exponent for structural
discontinuities. For example, recent work on compaction in chalk
demonstrates that the vertical effective stress magnitude for pore
collapse is related to the square root of pore size (Japsen et al.,
2011). Laboratory investigations show that stiffness and strength
within deformation bands change with progressive shearing,
grain-size reduction, and grain reorganization (Kaproth et al., 2010;
Ikari et al., 2011). These results imply that scaling of deformation
bands may vary with grain fragmentation and shear strain
accumulation.

The thicknesses and compactional displacements of pure (i.e.,
wiggly or crooked) compaction bands appear to be relatively con-
stant for different lengths (e.g. Fossen et al., 2011), implying that
these structures do not follow displacement—length scaling re-
lations as they grow. In contrast, the thicknesses (Tpang) of shear-
enhanced compaction bands in porous sandstones scale with
band length (Rudnicki, 2007; Schultz et al., 2008a; Tembe et al.,
2008; Schultz, 2009), Tpand = SBL'2. The two sets of measure-
ments of shear-enhanced compaction bands indicate that
8 = 0.0019 m"/2 (Valley of Fire site) and § = 0.0063 m*/? (Buckskin
Gulch site). By using a J-integral approach, following Rudnicki and
Sternlof (2005) and Rudnicki (2007), Schultz and Soliva (2012)
found for shear-enhanced compaction bands that Dpyax ~ ﬂele/z,
where ¢ is the normal (compactional) plastic strain that is related
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both to the porosity change across the band and band thickness
(Soliva et al., in press). Normal and shear strains are related trig-
onometrically to band thickness for shear-enhanced compaction
bands, and plastic shear strain is related to the plastic normal strain
through the band orientation (Schultz and Soliva, 2012). Given
calculated values of ¢, = 0.66 or 0.0256 (Schultz and Soliva, 2012),
Diax = 1.25 x 1074 ['72 and Ds = 161 x 1074 L' for the shear-
enhanced compaction bands at Valley of Fire and Buckskin Gulch,
respectively. The displacement—length scaling relations for these
bands are interpreted to involve band thickening during growth for
constant plastic normal strain. This interpretation is consistent
with the findings of Chemenda (2011) for band localization and
growth during discontinuous bifurcation of material properties in
the host rock and, perhaps, with a critical stress intensity factor of
individual host-rock grains (e.g., Japsen et al., 2011; Wong and
Baud, 2012), rather than the host rock, for bands that exhibit
grain breakage.

Several deformation mechanisms can produce shear dis-
placements with subordinate volumetric change and grain frag-
mentation with ¢ = 1.0 scaling. Frictional sliding and attendant
faulting generally occur with shearing offsets that greatly exceed
dilation along a fault, even for cases involving sliding along rough
or poorly connected surfaces under conditions of low confining
pressure or for critically stressed faults (e.g., Barton et al., 1995;
Zoback, 2007, pp. 340—349; Zhao and Cai, 2010). The equilibrium
or long-term scaling of faults (e.g., Clark and Cox, 1996) is con-
sistent with this expectation. Shearing in unconsolidated porous
granular solids by grain rolling, forming disaggregation bands
(Fossen, 2010), implies that grain-flow mechanisms, that do not
involve significant cataclasis, are associated with structures that
scale linearly. Rotation of phyllosilicate minerals into a zone of
shearing (phyllosilicate bands and clay smears; Fossen et al.,
2007), as can occur in hydroplastic faults within soft siliciclastic
sediments (e.g., Petit and Laville, 1987), and rotation of elongate
cobbles into a preferred orientation (forming coarse-grained
disaggregation bands), can also produce structures that scale as
¢ = 1.0 (Exner and Grasemann, 2010). The absence of structures
that result from cataclasis in these bands is consistent with their
linear displacement—length scaling.

Although the scaling of fully developed faults is not the focus of
this paper, the analysis suggests that fault scaling relations may be
influenced by the types of earlier structures that coalesced to form
the eventual fault. For example, Crider and Peacock (2004) noted
that scatter in the displacement—length scaling relations may be
attributed to incomplete linkage of cracks and other structures,
particularly at smaller length-scales. Similarly, Nicol et al. (2010)
suggested that the maturity of a fault might contribute to a scal-
ing exponent <1.0. In both cases, if the fault formed by linkage of
preexisting dilatant cracks, scatter at small length-scales could be
attributed to a change in displacement—length scaling, from /L to
L, as shear displacements became predominant along the longer
segments. A comparable explanation for the Chimney Rock faults
(Krantz, 1988, 1989), as they developed from deformation band
damage zones, was made by Fossen and Hesthammer (1997).
Faulting of carbonate and low-porosity crystalline rocks that in-
volves extensive deformation banding or jointing prior to fault slip
(e.g., Tondi et al., 2006; Hatton et al., 1994) would be associated
with an increase in scaling exponents during fault development.
This behavior was recently demonstrated by Tondi et al. (2012) for
carbonate rocks and for faulting in porous sandstone by Rotevatn
and Fossen (2012). Similarly, propagation of a fault into a layer
containing joints or deformation bands (e.g., Jamison, 1989; Okubo
and Schultz, 2005), or nucleation of a fault on these structures
(e.g., Welch et al., 2009), would likely incorporate the spatial
characteristics of the fracture or band network into the initial

scaling characteristics of the through-going fault. Growth of frac-
tures and deformation bands in a heterogeneous stratigraphic
sequence implies that the scaling relations would depend on the
mechanical stratigraphy (Schultz and Fossen, 2002; Soliva et al.,
2005; Soliva and Schultz, 2008) and, in turn, on spatially, tem-
porally, and lithologically varying values of critical stress intensity
factor for pre-existing joint sets that grew under conditions
comparable to LEFM.

5. Conclusions

Statistical analysis confirms that one type of deformation band
(disaggregation bands) scales approximately as ¢ = 1.0, whereas
other structures including dilatant (opening mode) fractures
(joints, veins, and igneous dikes), cataclastic shear bands, and
shear-enhanced compaction bands are best described to scale
approximately as L, or ¢ = 0.5. These scaling exponents are
interpreted as representing the predictions of certain theoretical
growth models for conditions such as length-scale, time-scale,
temperature and chemical effects, and effective homogeneity of far-
field stress fields such that an average or equilibrium value of
power-law scaling exponent is achieved for a given population of
fractures or deformation bands. Models for the fracture or defor-
mation band behavior such as growth by segment linkage or scaling
changes due to stratigraphic restriction can predict trajectories
through scattered data from a particular population that can be
tested by using appropriate observations and measurements. One
such trajectory, that of a long-term or equilibrium value having
a power-law exponent of 1.0 or 0.5, was tested against data in this
paper.

The results confirm prior interpretations that structures with
predominantly shearing offsets and relatively negligible volumetric
changes (i.e., dilational or compactional normal strains) or cata-
clasis, scale approximately linearly in displacement—length (i.e.,
¢ = 1.0), whereas structures with volumetric changes accom-
modated by grain breakage scale approximately as /L, or ¢ = 0.5.
The wide range of values for critical stress intensity factor implied
by dilatant fracture datasets supports prior suggestions of non-
universal fracture scaling (Hatton et al., 1994). Its converse would
implausibly require a single value of critical stress intensity factor
for any rock type or environmental condition (e.g., Scholz, 2010; cf.
Olson and Schultz, 2011). More comprehensive models of fracture
and deformation-band propagation through host rock that include
more realistic and evolving constitutive relations, especially at the
grain scale, along with integrated studies of the progressive growth
and scaling of these structures would better inform our under-
standing of the physical controls of fracture and deformation band
scaling.
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Appendix A

The quality of displacement—length data for the data sets
investigated in this paper is briefly described in this appendix. In
particular we summarize the data on the basis of outcrop quality,
measurement method, and discrimination between isolated,
interacting or linked structures by the original authors. We gen-
erally chose not to repeat the description of the field areas, out-
crops, or structures that are contained in the original or cited
sources, but instead focus on a uniform assessment of data quality
from the available datasets.

All the datasets presented in Fig. 1 except for those from Moros’
thesis were published in peer-reviewed papers, and are inspected
in the following way. For each dataset, we consider:

a. How many datasets reported from these papers are shown on
photographs?

b. How many datasets in which the measurement method has
been explained?

c. How many datasets where the displacement along the fracture
or deformation band was directly measured, rather than
extrapolated?

d. How many datasets distinguished the geometry of the struc-
tures (e.g., isolated vs. segmented)?

e. How many datasets in which the minerals within opening-
mode fractures, exclusive of igneous dikes, show synkine-
matic infill?

Joints

Moros, M.S. thesis (1999), 1 set (Moros joints, Fig. 1a). The thesis
is not very well illustrated but the outcrop photographs show clear
examples of the joints. Only isolated joints were chosen for the
present analysis. The selection of which joints were measured is
given in an appendix to Schultz et al. (2008a). The method of
measurements is well described and the quality and resolution of
displacement profile also suggest that the outcrops have preserved
the joint apertures. Measurements of opening-mode displacement
corresponds to the initial aperture reduced to some degree by
diagenetic cement. Opening displacements measured may also be
wider than initial ones due to relaxation in the near-surface stress
state.

Schultz et al. (2010), 1 set (Candor joints, Fig. 1a). Sub-meter
resolution of fracture lengths and displacements on Mars were
obtained from the High-Resolution Imaging Science Experiment
(HiRISE) camera (McEwen et al., 2007) onboard the Mars Recon-
naissance Orbiter spacecraft, which acquired images at up to 25—
30 cm/pixel. A well-exposed outcropping of sub-km-scale joints
was documented in southwest Candor Chasma, within an exposure
of layered sedimentary deposits (Okubo, 2010). Digital Elevation
Models derived from stereo HiRISE images, having a vertical reso-
lution of ~1 m/pixel, indicate that these joints are sub-vertical,
dipping at 82 + 2°. The highest resolution HiRISE observation of
this area (image PSP_001984_1735) has a ground-sampling
dimension of 0.26 m per pixel, so that features ~1 m in diameter
can be resolved.

32 joints exhibit displacements that were measured in accord-
ance with the estimated uncertainty and also do not appear to be
connected to an adjacent fracture. Measurements between multi-
ple tie-points along each fracture are used to establish the distri-
bution of displacement, for apertures greater than 2 pixels (0.52 m).
Inspection of the HiRISE imagery reveals a predominantly opening-
mode sense of displacement between tie points on either side of
the joints, with the displacement vector being approximately

normal to the plane of the fracture. The resulting displacement
profiles show that the maximum measured opening displacement
occurs approximately at the center of the joint, indicating that
mechanical interactions with adjacent fractures are minimal.
Measured Martian joint lengths are between 98.0 and 859.2 m, and
maximum opening displacements are 0.63—5.0 m. The dataset is of
high quality and the measurements and uncertainties are well
described.

Veins

Vermilye and Scholz (1995), 7 sets with 2 reexamined by Olson
(2003) (Florence Lake veins, Culpeper veins, Fig. 1a). The dataset
appears to be robust since only isolated veins were measured on
surface exposures. Because the relative timing between the jointing
and infilling by vein fluids was not addressed, for example by
examining contact relations between vein walls and the sealing
minerals, any potential changes in aperture leading to the present-
day values are difficult to assess.

Petit et al. (1994), 1 set (Lodéve veins, Fig. 1a). The measurement
technique is well described, and only isolated veins were used. The
measurements were verified independently in the same field lo-
cality by Soliva. Vein apertures are probably minima due to un-
certain degrees of diagenetic sealing and/or relaxation of joints
prior to infill.

Klimczak et al. (2010), 1 set (Emerald Bay veins, Fig. 1a) The
method and uncertainties are the same as those described in the
same paper for Donner Lake and Emerald Bay dikes.

Dikes

Delaney and Pollard (1981), 1 set (Ship Rock dikes, Fig. 1a).
Geomechanical aspects of dike injection are better developed than
geological observation, but the geology and measurement method
are better documented than many other similar studies. Here it is
clear that the measured opening-mode displacements correspond
to the real kinematic apertures, since the magmatic fluid pressure
allows the fractures to grow. Some erosion or tubing of magma can
affect the measurements (as shown on displacement profiles) and
the dikes are commonly interacting as part of echelon arrays. Most
segments are not isolated, which probably contributes to the large
scatter observed in the data set.

Klimczak et al. (2010), 2 sets (Donner Lake dikes, Emerald Bay
dikes, Fig. 1a). The method and uncertainties are described and
since the fractures are dikes, measured displacements correspond
to the real kinematic aperture. The potential effect of segmentation
on the scaling relations was not explicitly addressed. Rugged three-
dimensional exposures of Donner Lake dikes, with topographic
heterogeneity on the same scale as dike segmentation, hindered
the identification and measurement of isolated dike segments.

Schultz et al. (2008b), 1 set (Ethiopian dikes, Fig. 1a). The
method and uncertainties are described. Here it is also clear that
the real kinematic aperture has been measured since they are dikes.
The method has been described (image analysis). Dike segmenta-
tion was investigated and the individual dike segments were used.

Deformation bands

Fossen and Hesthammer (1997), 1 set (Goblin Valley, UT, Fig. 1c).
[solated bands are separated from segmented bands and give the
same trend as the segmented ones but with less scatter. Bands and
measurements are well described. Some uncertainty occurs due to
the choice of stratigraphic lamination for correlation can occur
since the cross-cut markers are not always well defined.
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Wibberley et al. (1999), 1 set (Idni, Morocco, Fig. 1b). The dataset
appears robust since only isolated bands were measured on bed-
ding planes having offset markers. However, no field photographs
were provided and there is no discussion of the potential effect of
erosion on the measurements.

Wibberley et al. (2000), 1 set (Provence, France, Fig. 1c). This
dataset contains clear measurements of displacement obtained
from the cross-cutting of one band by another. Good precision of
measurement was achieved. The method is well described but
some uncertainty comes from the fact that the offset marker is
a band and not a simple passive marker. The offsets are therefore
underestimates since the cutting band could exist before the cut
band. Band displacements and lengths were measured in cross-
section, whereas the other datasets were measured in map view.
The general consistency between the deformation band datasets
suggests that the viewing geometry of bands contributes only
a relatively small amount, if at all, to differences in the scaling re-
lations as a function of orientation.

Sternlof et al. (2005), 1 set (Valley of Fire, NV, Fig. 1d). Mea-
surements of band thicknesses are generally well described and an
estimation of compaction within the bands based on measured
porosity reduction was provided.

Schultz (2009), 1 set (Buckskin Gulch, UT, Fig. 1d). Measurement
technique and uncertainties are well described; only isolated bands
were measured. Band thicknesses, rather than compactional dis-
placements, were measured following Sternlof et al. (2005), making
conversion of thickness to offset a source of uncertainty (but see
discussion by Schultz and Soliva, 2012).

Exner and Grasemann (2010), 1 set (Austria, Fig. 1b). A clear
description of both the disaggregation bands and the method to
measure the offset is provided. The quality of the measurements is
very good since the stratigraphy is very well expressed providing
unambiguous passive markers.

Fossen (2010), 1 set (Arches National Park, UT, Fig. 1b). The
geologic and stratigraphic setting of the bands is well described, as
are their main characteristics. The Arches disaggregation bands are
almost completely invisible except where lamination is present and
offset in the sandstone, and they appear to primarily accommodate
shearing strains. They are overprinted by the cataclastic deforma-
tion bands described by Antonellini et al. (1994). The measure-
ments were obtained on surfaces where laminae more resistant to
weathering exhibit the displacement variations along the bands.

Appendix B
The coefficient of determination is the ratio of the regression

sum of squares, the difference of total sum of squares and error sum
of squares, to the total sum of squares, given as:

2 _ E]n:l(yij_yl) —2?21(3’11—)’17)

: (B1)
it (}’ij *yi)z

where y; —y; represent the difference of the j-th y-value of the
i-th dataset to the average y-value of i-th dataset, y;, and y; — ¥
represents the prediction error as the difference of the j-th y-value
of the i-th dataset to the regression line. The predicted y-value, yj;,
is expressed as

Vi = ¥i+ci(xij — X)), (B2)
with ¢; being the slope of the best-fit regression line of the i-th

dataset, and (x;; — X;) representing the difference of the j-th x-value
of the i-th dataset to the average x-value of i-th dataset. As apparent

from Eq. (B2), the best-fit regression line is centered at the cluster of
data points, running through the average x- and y-values, X; and y;.

For our fitted coefficient of determination statistic, we
substituted the best-fit slope c; (Table 1) with the hypothesized
slopes of ¢ = 1.0 and ¢ = 0.5 to investigate whether correlation
exists of data at these slopes as well as which slope yield stronger
correlations. As for the best-fit regression line, the regression lines
with the hypothesized slopes are also centered at the cluster of data
points, therefore yielding comparable results. Since the coefficient
of determination is at its maximum for the best-fit line, fitted R2-
values are lower.
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