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The aperture-size distribution of a set of opening-mode fractures in the Cozzette Sandstone is complex
and cannot be described uniquely by a single equation. This study of horizontal core includes aperture-
size data of macrofractures measured using a hand lens and microfractures measured using scanning
electron microscope-based cathodoluminescence (SEM-CL). Macrofractures are poorly cemented, and
total fracture strain is an order of magnitude lower than the smallest strain values of most previously
described vein sets. Macrofractures in this set therefore resemble typical joints, as opposed to veins, in
most respects. Although intragranular microfractures compose about 98% of the microfracture pop-
ulation, orientation, fracture fill, and fracture trace characteristics suggest that only transgranular
microfractures can be shown to be genetically related to macrofractures. Aperture-size data below
~0.012 mm and above ~1 mm follow a log-normal distribution. Intermediate-size data, though rela-
tively sparse, suggest a power-law aperture-size distribution. These results support the notion that this
fracture set is an intermediate case between typical veins and joints. The results also suggest that
processes leading to size distributions commonly associated with veins (i.e., power laws) may be present
in joint sets, but over a more limited range, bound at small size-scales by grain-scale effects and above by
mechanical layering effects.
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1. Introduction

Size scaling of geologic fractures is a well-studied problem,
primarily because of its potential to use populations of micro-
fractures (fractures requiring a microscope to be detected), which
can be sampled in core, to predict the abundance of macrofractures
(fractures large enough to be identified by the naked eye—Laubach,
1997) in the subsurface. Opening-mode fractures commonly show
size distributions that can be described using power laws (Gud-
mundsson, 1987; Barton and Zoback, 1992; Clark et al., 1995; Gross
and Engelder, 1995; Loriga, 1999; Marrett et al., 1999; Ortega and
Marrett, 2000; Gillespie et al., 2001; Laubach and Ward, 2006;
Ortega et al.,, 2006), in which the number of fractures present in
a population, of a given size or larger, varies with that size raised to
some power. Sampling biases (Baecher and Lanney, 1978; Pickering
et al.,, 1995) are often invoked to demonstrate an underlying power
law when a lognormal or exponential best-fit trendline better fits
size data collected (Bonnet et al., 2001). Fracture populations with
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power-law size distributions are said to be scale-invariant in that
they lack a characteristic size scale; however, in reality, fracture-
size power laws must be bracketed between the atomic scale and
the scale of the Earth’s crust, if not much more narrowly. The
boundaries of power laws are not well understood and yet their
delineation is critical to achieving an understanding of unsample-
able subsurface fracture networks.

In addition to the problem of unknown power-law extent, most
previous fracture size studies are based on vein sets with a wide
range of sizes and, in typical cases, a nontrivial fracture strain
(>0.025). Studies of fracture size distributions have historically
used cement-filled fractures (called veins) because the cement fill in
such fractures preserves the fractures’ kinematic apertures
(distance between original fracture walls, regardless of the pres-
ence or absence of cement—Marrett et al,, 1999) and lengths, in
outcrop and in thin section, making size easily measurable. In
contrast, size distributions of poorly cemented opening-mode
fractures, or joints, are poorly documented. A host of problems
plague the measurement of joint sizes. Joint lengths are difficult to
measure because joints are commonly longer than the outcrop that
hosts them, so their true length cannot be measured. Branching
trace patterns further complicate joint-length measurement. Joint
apertures are difficult to study because they are generally too small
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to measure using a mm-scale ruler. Moreover, the poorly cemented
nature of joint walls renders them susceptible, in outcrop, to
erosive widening.

The few extant systematic studies of joint sizes have produced
different conclusions as to their scaling properties: Odling (1997)
documented a power-law joint-length distribution in Norwegian
sandstones, but Gillespie et al. (2001) found a lognormal joint-
length distribution in Irish limestones, in contrast to a power-law
distribution of vein lengths in the same rock. This lack of a power
law in joint sizes was hypothesized to be the result of fracture
processes under low-differential stress near surface conditions, but
there has been little systematic study of size scaling of opening-
mode fractures at shallow depth. Consequently, size distributions
are well studied in high fracture-strain vein sets, but the size
distributions of low-strain, poorly mineralized fracture sets are not
well understood, despite their common importance for subsurface
fluid flow. Essentially all previous studies of joint size distributions
have focused on length; joint aperture-size distributions remain
unstudied.

This study presents fracture sizes in a horizontal core that was
drilled perpendicular to a set of subsurface opening-mode
fractures. Many fractures in the array are open, having only a thin
veneer of quartz cement on fracture walls. In this respect these
structures resemble joints. The fractures are the product of defor-
mation at shallow crustal levels; the layer-parallel core segment’s
true vertical depth is approximately 2420 m and the host rocks
have never been buried to depths of more than 4 km or to
temperatures above 170 °C (Nuccio and Roberts, 2003). Fracture
strain from the set examined here is about 0.0025—more than an
order of magnitude lower than the smallest strain measured in
previously studied vein sets.

Truly barren fracture walls are an unlikely result of fracture
growth in diagenetically reactive subsurface environments, so the
terms vein and joint are not helpful in most geologic fracture
studies. The term opening-mode fracture lacks possibly misleading
implications about fracture-cement content and best fits the
structures studied here. The results presented here suggest that
processes leading to scaling patterns recognized in veins also affect
fracture growth in open fractures that in many respects resemble
joints.

2. Geologic setting

In the southeastern Piceance basin, the dominant set of
subsurface opening-mode fractures in the Mesaverde Group strike
west-northwest (Lorenz and Finley, 1991). This fracture set was
sampled by the N4°W-trending SHCT-1 well near Rifle, Colorado
(Lorenz and Hill, 1991). This slant and horizontal well was drilled as
part of a Department of Energy project to evaluate tight-gas
sandstones in the Piceance basin (Fig. 1). At maximum deviation,
including the interval used in the study, core was oriented at 85°
from vertical, roughly parallel to the regional structural dip of 2° to
3¢ to the north-northeast.

The part of the core that we used is from the Upper Cretaceous
Cozzette Sandstone Member of the Iles Formation (Mesaverde
Group), from 2710 to 2776 m (8890-9108 ft) measured distance
and about 2420 m true depth. The Mesaverde Group comprises
marine/nonmarine deposits. The Cozzette Sandstone is a marginal
marine sandstone, possibly shoreface or offshore-bar facies grading
upward into barrier or strandplain facies (Zapp and Cobban, 1960;
Quigley, 1965; Johnson and Keighin, 1981; Lorenz, 1983; Dutton
et al., 1993). In this area the Cozzette is about 60 m thick. Most
Cozzette sandstones are sublitharenites (Hansley and Johnson,
1980), but locally abundant mica grains and detrital dolomite
qualify the sandstones as litharenites (Gomez et al., 2003). The
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Fig. 1. Diagram of SHCT-1 core geographic and stratigraphic location. After Mann (1993).

cored interval is a fine- to medium-grained sandstone. Grains are
angular, and detrital silt is present (~5%). The primary cement is
quartz (~12%); clay and carbonate minerals are also present but
volumetrically insignificant (<5%).

Vitrinite reflectance (Nuccio and Roberts, 2003) demonstrates
that nearby rocks at the base of the Mesaverde Group achieved
a maximum burial temperature of approximately 170°C, corre-
sponding to a burial depth of about 4000 m. Burial history recon-
structions (Nuccio and Condon, 1996; Nuccio and Roberts, 2003)
based on various constraints indicate that this maximum burial was
reached near 35 Ma; uplift began near 10 Ma, bringing the rocks
studied to their present burial depth.

Opening-mode fractures at depth in a sedimentary basin having
near-horizontal beds may develop when pore-fluid pressure and
minimum principal horizontal stress combine to produce a positive
driving stress for crack propagation (Secor, 1965; Segall, 1984).
Lorenz and Finley (1991) interpreted fracture propagation of these
west-northwest-striking fractures to reflect regional maximum
horizontal stress (Snmax) during the Late Cretaceous, with fracture
development possibly enhanced by subtle local folding.

3. Methodology
3.1. Calculating fracture intensity in one and two dimensions

Fracture intensity is a size-specific quantification of fracture
abundance (Ortega et al., 2006). Because the macrofractures
sampled cut the core at right angles to its length (Fig. 2), the core
approximates a one-dimensional line of fracture observation, or
scanline (Fig. 3). In the case of a single set of parallel, opening-mode
fractures, fracture intensity is calculated by measuring the kine-
matic aperture of each fracture along a scanline and plotting these
aperture sizes versus cumulative frequency. Cumulative frequency
is cumulative number (1 for the largest fracture, 2 for the second-
largest, and so on) divided by scanline length. Fracture intensity
may also be calculated in 2d fracture maps, in which case frequency
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Fig. 2. Segment of SHCT-1 layer-parallel core, measured depth 9037 ft, used for SEM-CL microfracture analysis. Core diameter is 67 mm. Face is horizontal, view from the top.
Approximate areas sampled by contiguous thin sections (A-H) shown. Broken surface consisting of one wall of a natural macrofracture is circled.

of fractures per unit area is calculated instead of per unit length.
Fracture intensity can be calculated using either length or aperture,
but measuring fracture length in a horizontal core is impossible for
most macrofractures. This study therefore focuses on macro- and
microfracture aperture.

3.2. Sampling

Microfracture apertures measured along scanlines are analo-
gous to macrofracture apertures measured in horizontal core and
provide the opportunity to compare fracture intensities at different
scales. Two-dimensional microfracture maps were also analyzed in
this study for two reasons in order to analyze microfracture strike,
and to take full advantage of the high number of microfractures
sampled, compared to macrofractures.

Eight samples from the SHCT-1 core were taken for scanning-
electron-microscope-cathodoluminescence (SEM-CL) analysis. Six
of these samples were individual thin sections, analyzed in 1d
(Fig. 4). The remaining two samples were approximately 28-cm-
long segments, from measured depths of 9037 ft and 9062 ft. These
larger samples were analyzed in 1d and in 2d. The objective in
selecting core segments was to analyze long, intact samples, so that
a large population of microfractures (fractures requiring a micro-
scope to be detected) could be sampled and uncertainties related to
reassembling broken parts could be avoided. Distance from mac-
rofractures was not considered during sample selection, though it
may play a role in microfracture organization.

Scanline 9037 intersects only one macrofracture, half of which is
preserved (Fig. 2). Scanline 9062 intersects two macrofractures
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Fig. 3. Fractures measured along a 1d scanline. Idealized fractures are black; host rock
is gray. The scanline (white) is drawn over a surface containing fracture traces (such as
an SEM-CL image), perpendicular to the dominant fracture trend. Fracture kinematic
apertures (f1, f2) are measured as the distance along the scanline within fracture walls.
Spacings (s1, s2), which were not analyzed in this study, are measured as the distances
along the scanline between fractures. The total scanline length is the sum of all
spacings and fracture apertures.

(Fig. 4). To analyze the core segments, a horizontal face of the core
was slabbed at a width of less than 25 mm so as to fit within
25 x 46-mm (1 x 2-inch) layer-parallel thin sections. The slab was
then deliberately broken at intervals of less than 46 mm so as to
make each thin section contiguous with the next, with no loss of
rock between adjacent sections (Gomez and Laubach, 2006) (Fig. 2).
This method allowed the collection of a complete inventory of
microfractures in each multi-thin-section-long segment.

3.3. SEM-CL imaging

Samples were imaged using an Oxford Instruments MonoCL2
cathodoluminescence detector system, attached to a FEI XL30
scanning electron microscope (SEM) operating at 15 kV with a large
spot size. At 150x, a single SEM-CL image has an area of only
0.45 mm? and is 0.77 mm wide, so the entire length of contiguous
thin-section sets was imaged using an overlapping mosaic method.
The configuration of the CL mirror prohibited lower magnification.
Fractures were digitized, in two dimensions and along digitally-
overlain scanlines, on the SEM-CL imagery. Microfracture apertures
and orientations were digitized by hand, classified, and electroni-
cally calculated, facilitating systematic collection of large micro-
fracture datasets (Gomez and Laubach, 2006). One pixel in SEM-CL
images is 0.00076 mm wide.

The Cozzette Sandstone presents several challenges to SEM-CL
imaging and microfracture analysis. Under electron bombardment,
quartz luminesces much more faintly than most feldspars and
carbonate minerals. Because of this contrast it is far more chal-
lenging to image polyminerallic siliciclastics such as the Cozzette
Sandstone than, for example, a quartzarenite (Reed and Milliken,
2003). In addition, in the absence of pervasive quartz cement,
grain-scale fractures tend to circumnavigate grains while propa-
gating, seeking out weaker interfaces along which to propagate.
Finally, fracture strain in the Cozzette Sandstone is relatively low.
For these reasons, this study represents a more rigorous test of our
methodology than does a study of a high-fracture-intensity
quartzite (e.g., Laubach and Diaz-Tushman, 2009). If quantitative
characterization of a microfracture set using SEM-CL is possible in
the Cozzette Sandstone, then it is possible in a wide variety of
sandstones.

4. Fracture description
4.1. Macrofracture attributes

SHCT-1 core in the Cozzette Sandstone, which is about 35 m
long, contains 26 subvertical, opening-mode fractures. Macro-
fractures dip steeply, are perpendicular to gently (2-3°) dipping
beds, and have a consistent west-northwest strike and a narrow
strike range (Fig. 5). Most have sharp, straight traces, although on
the microscopic-scale fracture walls they frequently deviate around
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Fig. 4. Plot of macrofracture aperture versus position in SHCT-1 horizontal core. Microfracture sample locations shown (rectangles not to scale). After Lorenz and Hill (1991) and

Gomez et al. (2003).

grains, imparting a submillimeter rugosity. Observations of offset
grains on opposite fracture walls show that these are opening-
mode fractures.

The 26 macrofractures are porous and lined but only locally
filled with quartz cement. They also locally have traces of calcite
cement. On open fractures, the veneer of quartz cement is typically
only a few tens of microns thick and, thus, inconspicuous unless
observed using high magnification. Where macrofractures are
intact but not entirely filled with cement, quartz tends to form
isolated deposits that bridge fracture walls. Where calcite is
present, overlap relations suggest that it postdates quartz.

4.2. Microfracture attributes

The vast majority of fractures sampled are intragranular,
meaning that both fracture tips lie within a single detrital grain
(Laubach, 1997). One hundred and ninety-seven transgranular
microfractures were measured in 299 mm? (a fracture density of
0.66 fractures per mm?); 4697 intragranular microfractures were
measured in 106 mm? (a fracture density of 44 fractures per mm?2).
Scanline 9037 intersects 879 fractures (Fig. 6A), 7 of which were
interpreted as transgranular. Scanline 9062 intersects 790 total
microfractures, 7 of which were interpreted as transgranular.
Microfracture scanlines from the six individual thin sections
analyzed range in length from 5.2 to 29.3 mm (Fig. 6B). The number
of transgranular microfractures encountered, normalized per
meter, ranges from O to 385. The total number of microfractures
encountered ranges from 1546 to 2697 per meter.

Some transgranular fractures crosscut multiple grains and have
consistent strikes and sharp boundaries throughout their lengths,
resembling macrofractures in orientation, crosscutting relations,
and internal texture. An example is shown in Fig. 7; the large
microfracture is primarily quartz filled but locally contains calcite
cement and porosity.(Fractures narrower than the fracture shown,
i.e. those with <0.1 mm aperture, rarely preserve any porosity. We
therefore estimate the emergent threshold (Laubach, 2003) of
Cozzette Sandstone fractures to be 0.1 mm.) The fracture trace is
generally straight but locally deflects at grain boundaries. In general
transgranular microfractures strike parallel to macrofractures

macrofractures

N=26
Largest freq: 25.00

®z

transgranular
microfractures

N=195
Largest freq: 9.97

intragranular
microfractures

N=4,697
Largest freq: 3.27

@t

Fig. 5. Rose diagrams of fractures from SHCT-1 core. Transgranular microfractures
were measured from maps from samples 9037 and 9062. Intragranular fractures were
measured from sample 9037.
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Fig. 6. Plots of microfracture aperture vs. location along scanline. (A) Multiple thin section scanlines.(B) Single thin section scanlines.

(Fig. 5); transgranular microfractures and macrofractures also have
similar crosscutting relationships and internal textures (cement,
porosity).

Intragranular microfractures display a wide range in strike, in
contrast to the orientations of transgranular microfractures and
macrofractures (Fig. 5). Most intragranular microfractures are
sealed. Many intragranular fractures are straight and have sharp,
distinct boundaries. Others have curved walls and indistinct,
gradational boundaries that have been interpreted to reflect crys-
tallization processes of plutonic quartz (Sprunt and Nur, 1979;
Seyedolali et al., 1997; Bernet and Bassett, 2005) or dissolution/
precipitation in hydrothermal vein quartz (Rusk and Reed, 2002;
Landtwing and Pettke, 2005). Similar textures are occasionally
present in transgranular microfractures (Fig. 8).

Many microfractures are present in the dataset that may be
transgranular but were not counted as such. This is the case when
either the fractures do not cut cement in between the grains they
cross (such fractures cut touching grains and may have been
formed during early compaction) or the fracture-cement rela-
tionship is unclear because of low contrast in cement patterns or
plucking during thin-section polishing. In either case, what appears
to be a single transgranular microfracture may really be two
intragranular microfractures, aligned by chance. Such fractures
were not included in those analyses based only on transgranular
microfractures.

Microfractures specifically attributable to grain crushing during
compaction were ignored in this study. Such fractures have
patterns, shapes, and timings that indicate that they formed as the
result of neighboring grain interactions and not regional stress
(Dickinson and Milliken, 1995). Evidence includes wedge shapes,
fracture orientation with respect to grain contacts, and patterns
that resemble grain-scale breccia networks (Fig. 9A). These frac-
tures typically affect single grains or pairs of grains in contact. In
addition, microfractures specifically attributable to inheritance
from previous source rocks were also ignored; such fractures were
identified by wide apertures truncated at grain boundaries (Fig. 9B).

Timing constraint of intragranular fractures not specifically attrib-
utable to grain crushing or inheritance is difficult; these fractures
were therefore dealt with separately in the analysis (see below).

5. Aperture-size distributions
5.1. Macrofracture size distribution

We obtained aperture measurements of 26 macrofractures. The
kinematic aperture of the narrowest macrofracture is 0.5 mm; the
widest is 2.15 mm. Truncation effects (Baecher and Lanney, 1978)
on macrofracture sampling should be negligible because the
smallest aperture is plainly visible under a 10 x hand lens. Smaller-
aperture fractures are difficult to detect, however, because as
fracture offset approaches grain size (0.1-0.5 mm), the fracture
trace becomes indistinguishable from grain boundaries; fracture
cement is indistinguishable from matrix cement.

The SHCT-1 core is broken along 20 of the 26 macrofractures,
occurring along open and mostly open fractures during core
recovery and handling. Estimates of fracture aperture of these
broken fractures were made by measuring the height of crystal
linings on fracture walls, providing minimum estimates of true
fracture width. The absence of borehole breakouts suggests frac-
tures wider than a few mm are not present where drilling occurred.

The aperture-size distribution of macrofractures measured in
core is shown in Fig. 10. The data show a broad, concave-down curve.
This curve was fit with normal, log-normal, power law, exponential,
and logarithmic trendlines, for which R? values were compared to
determine the best fit. Of the five trendline types, logarithmic had
the highest R? value (Table 1), indicating the best fit, although all
trendlines except power law give R? values >0.95. This macro-
fracture aperture-size distribution is not adequately describable
using a power law, either because the fractures do follow a power
law in reality and uncertainties in aperture measurements and
unknown censoring effects biased our data, or because a real devi-
ation from a power law in the fracture-size pattern exists.



712 J.N. Hooker et al. / Journal of Structural Geology 31 (2009) 707-718

B 1 Transgranular
8994.9 Total microfractures microfractures
0.1 (per meter) (per meter)
14 2
0.01— (2,697) (385)
LR I
0.001 =
0.0001
1
9034.7
0.1
36 4
0.01 L. v (1,546) (172)
e e o 9, J ’: e .
0.001 ‘ ‘
0.0001
1
9035.5
0.1
28 0
0.01 R (1,825) (0)
. ity :
— 0.001 ~ - :
£
§, 1
o 0.000
2 1
g 9061.8
< 0.1
48 0
0.01 ‘.-{ R . ot oel e . (1,790) (0)
* LYY . . ¥ * ottt
0.001 : >
0.0001
1
9067
0.1
50 1
0.01 + -
: Yo e . . e bs . s es oy . (1,705) (34)
0.001 : . L
0.0001
1
9069.8
0.1
32 0
0.01
-t . ; .o (1,627) ©)
I o e e . * o .0
0.001 :
0.0001 - . . . . o Transgranular microfracture
0 5 10 15 20 25 30

Location along scanline (mm)

« Intragranular microfracture

Fig. 6. (continued).

5.2. Microfracture size distributions

Microfractures measured in 2d range in aperture from 0.00056
to 1.2 mm. Transgranular microfractures range in aperture from
0.001 to 1.2 mm. Fig. 11 shows cumulative frequency-aperture data
for transgranular and intragranular microfractures.

The cumulative frequency-aperture data curves for all trans-
granular and intragranular microfractures measured in 2d were fit
with the same trendline types fit to the macrofracture size

distribution to determine the best equation for microfracture-size
distributions. As with the macrofracture data, R* values were
compared between best fits. In all three cases, the highest R? value
is that for a log-normal distribution.

Because microfracture intensity measured along a scanline is
analogous to the way macrofractures were sampled and measured,
the intensity of the two 1-dimensional datasets can be compared.
In all, 1877 microfractures were measured along one-dimensional
scanlines totaling 625 mm in length; these microfractures range in
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Fig. 7. Transgranular microfracture, revealed by SEM-CL.(A) Secondary electron image
showing relief of the thin section. Porosity is darker than surrounding area. Note that
porosity is primarily fracture related.(B) Panchromatic grayscale SEM-CL image. Quartz
grains are white to medium gray; lithic fragments show various multishaded pat-
terns.(C) Interpretation. Fracture porosity is in black, with synkinematic quartz cement
(qc) in dark-gray (note zoning in B). A quartz grain (g) has been displaced by the
fracture. A small fracture, which also preserves porosity, is shown at top right. Another
quartz grain features abundant microfractures inherited from previous source rock (if),
as evidenced by the truncation of its fractures at the grain boundary.

aperture from 0.0009 to 0.116 mm. The 28 transgranular micro-
fractures measured along scanlines range in aperture from 0.001 to
0.116 mm. Cumulative frequency-aperture data curves for fractures
measured along scanlines are qualitatively similar to those curves
for the two-dimensional fracture map (Fig. 12).

6. Discussion
6.1. Interpretation of microfracture genesis

Images acquired from SEM-CL plainly document microfractures
in the Cozzette Sandstone. Because of similar orientation, trace
characteristics, and fracture-cement relationships between trans-
granular microfractures and macrofractures, these microfractures
are most simply interpreted as smaller members of the same
fracture set, which also includes macrofractures.

-
o
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[a)
=
o
3
n

Fig. 8. Transgranular microfracture. Note patchy fracture trace and abnormal strike.

The Cozzette Sandstone, along with other foreland-basin sand-
stones in the western United States, contains a rich array of
inherited intragranular quartz-filled microfractures in detrital
quartz grains. These are useful as provenance indicators (Seyedolali
et al., 1997; Bernet and Bassett, 2005; Hooker and Laubach, 2007)
but impede interpretation of small microfractures that formed in
situ. The wider scatter of strikes of intragranular fractures suggests
that not all of these are small versions of the regional tectonic
fractures represented by transgranular fractures and macro-
fractures, therefore their size populations are analyzed separately.
Intragranular microfracture do not have the same characteristics
(trace, orientation) of macrofractures, and therefore are not inter-
preted to be members of the same fracture set.

6.2. Interpretation of microfracture intensity curves

Previous work (Gomez et al., 2003) described microfractures
measured from the same core as following a power law size
distribution. Concave-down fracture intensity curves have
commonly been interpreted as power law size distributions
affected by sampling biases (Bonnet et al., 2001). One interpretation
of the aperture-size distribution of the intragranular microfractures
is that they form a power law with an exponent of approximately
—3.3 (Fig. 13A). If this power law is real and persists at the sub-
granular scale, then the rollover in the aperture-size distribution
below 0.0025 mm is best explained as a truncation bias, i.e., that
the rollover is present because the smallest fractures were missed
during fracture measurement. This interpretation is unsatisfactory
because while microfractures of aperture >0.001 mm (1.3 pixels)
are readily detectable using the imaging resolution applied in this
study (4708 were measured in fracture maps), this power law
suggests that more than 50,000 such microfractures should have
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Fig. 9. Microfractures related to individual-grain crushing (A) were ignored in this
study, as were fractures independently attributable to inheritance from previous host
rocks (B—fractures that were already in the grain at deposition). See text for details on
how these fractures were identified.

been detected. Therefore, if a power law is present among the
intragranular microfractures, it appears to end, in reality, among
fractures smaller than ~0.002 mm in aperture.

The majority of transgranular microfractures also closely follow
a log-normal distribution (Fig. 11, Table 1). As is the case with the
intragranular fracture aperture-size distribution, this result can be
interpreted as a power law with sampling biases resulting in
a concave-down curve to the data. This interpretation, for most of
the transgranular microfractures, is inappropriate, but not for the
difficulty in interpreting a truncation rollover discussed above for
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Fig. 10. Macrofracture aperture-size distribution. A log-normal curve best fits the
distribution over normal, exponential, logarithmic, and power law (Table 1).

the intragranular microfractures. The interpreted underlying
power law for transgranular microfractures would be much
shallower, with an exponent near —1.4 (Fig. 13B). The number of
fractures >0.001 mm wide that should have been present is
therefore ~560, which is well below the density of intragranular
fractures of that size. Therefore it is entirely possible that the
missing fractures were not truly missed but binned with the
intragranular microfractures, even though they formed along with
the throughgoing fracture set.

However, the larger-aperture end of the aperture-size distri-
bution cannot be explained by simple censoring biases (e.g., the
maximum fracture length measurable in a finite-area fracture
map). In such a case a concave-down curve would be apparent in
the large-size end of the data, which curve may be interpreted in
the aperture range near 0.007 to 0.012 mm, depending on where
the power law segment is interpreted. The data from the largest
fractures sampled (>0.012 mm) deflect upwards from this trend,
indicating a complicated aperture-size distribution. Although a log-
normal distribution curve fits this data with low statistical error, it
does not account for this upswing in the aperture-size data of the
largest fractures.

Another interpretation of the data is that the transgranular
microfractures measured in 2d represent a transition from a log-
normal size distribution, among the small microfractures, to
a power law among the large microfractures (Fig. 13C). A log-
normal trendline fits the fractures with apertures less than
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Table 1
R-squared values for different fracture datasets.
Trendline type
Dataset Normal Log-normal Power law Exponential Logarithmic
2d
Transgranular 0.167 0.981 0.879 0.120 0.664
Intragranular 0.909 0.991 0.348 0.907 0.866
1d
Microfracture scanlines 0.576 0.967 0.914 0.574 0.861
Macrofractures 0.956 0.962 0.897 0.960 0.969

Best fits are given in bold.

0.012 mm (R*>=0.996). Not enough fractures were sampled to
independently demonstrate a power law among the micro-
fractures wider than 0.012 mm, but if a power law does exist, then
a power-law extrapolation from such fractures, measured in 1d
(matching the topology of the 1d macrofracture sampling), should
coincide closely with the macrofracture aperture-size distribution.
The aperture-size data trend of the transgranular microfractures
intersected by scanlines in all thin sections made from the SHCT
core (Fig. 12) is qualitatively similar to that of the 2d transgranular
microfracture data. Extrapolation of a power law fit only to all
transgranular microfractures wider than 0.012 mm (Fig. 14)
predicts an abundance of 0.5 mm-wide or larger fractures of 0.622

0.01 and 1 mm) require SEM microscopy to be detected, and yet
their average spacings are greater than the areas imaged using
SEM-CL. Therefore they lie between the ranges thoroughly sampled
in this study. This highlights the need for long scanlines or large
fracture maps to adequately sample microfractures that reliably

scale to macrofractures.

6.3. Implications

If present, a power-law aperture-size distribution among post-
depositional fractures would be bracketed at lower (<~0.01 mm)

fractures per meter, compared to an observed abundance of 0.743
(an under-prediction by a factor of 0.2). The extrapolation predicts
an abundance of 1 mm-wide or larger fractures of 0.405 fractures
per meter (an over-prediction by a factor of 0.01). Therefore, if
a power-law aperture-size distribution persists between the
observed scales, then the extrapolation from the transgranular
microfractures reasonably approximates it.

The size range over which a power law likely exists contains

little data. This is because fractures of such aperture sizes (between

and upper (>~1 mm) size limits. Below the lower limit, fractures
follow a log-normal distribution. Although the smaller trans-
granular microfractures measured in this study are evidently
genetically related to the larger ones, they follow a different type of
size distribution. Fractures nucleate from flaws within rocks (Grif-
fith, 1920) whose sizes are likely related to grain size in sandstone.
It is apparent in this study that some flaw-fracture propagation
took place before a power law was established, suggesting that
some process like fracture linkage or coalescence may be respon-
sible for generating the power-law size distribution.

SHCT Microfracture Distributions (2d)
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SHCT Transgranular Microfracture
Aperture-Size Distribution (1d)
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Fig. 12. Aperture-size distribution for all transgranular microfractures measured along
scanlines. These fractures were measured in a way analogous to the measurement of
macrofractures (Fig. 3) and therefore can be compared directly to the aperture-size
distribution of macrofractures.

The fracture set studied is one of relatively low strain, as dis-
cussed above. Assuming that fracture sets progressively accom-
modate strain over time (i.e., that high-strain fracture sets initially
resembled the Cozzette Sandstone fracture set in terms of amount
of strain and fracture-size distribution), then the aperture-size
distribution shown here suggests that power laws may develop
early in the evolution of a fracture set. The interpreted power law in
this study extends over a limited range; if these data represent an
early stage in the evolution of a fracture set, this range may also
grow with further fracture strain.

Just as the power law likely does not extend to sub-granular
scales, it cannot extend to infinitely large scales, either. Extrapola-
tion of the power law derived from transgranular microfractures
towards larger fracture sizes indicates that one should expect
a fracture more than 30 km wide within the ~110km-wide
Piceance basin, which fracture size is almost certainly not present.
The concave-down curve of the macrofracture data may indicate
where the interpreted power law stops, in reality. Gillespie et al.
(2001) ascribed the lack of scale invariance in joint sizes to
suppression of crack propagation (and crack-tip stress intensity) for
joints formed under low-differential stress near surface conditions
in mechanically layered rock. As a joint population grows, fracture
density in a mechanical layer increases until no more joints can
develop owing to the interaction of stress shadows, at which point
the system is said to be saturated for the given stress conditions
(Rives et al., 1992; Bai and Pollard, 2000). Gillespie et al. (2001)
contrasted this style of joint-set evolution with vein-set growth,
which occurs at a depth sufficient to strengthen rock-layer
boundaries so that they will not slide to accommodate fracture
opening (Renshaw and Pollard, 1995). A propagating vein will thus
cut across bedding planes, becoming longer and achieving higher
and higher crack-tip stress intensity. Resulting faster growth of
larger fractures hypothetically fuels power-law size distributions.
Numerous studies of stratabound versus non-stratabound fracture
systems that document the apparent interference of mechanical
layering on power-law fracture-size development are summarized
in Odling et al. (1999).

The fractures documented in this study share attributes
common to veins and joints. If a critical factor in determining
which type of fracture will develop is the presence of mechan-
ically significant layering, then the relatively low maximum
burial depth of the Cozzette Sandstone may well explain the
jointlike nature of macrofractures: the rocks were sufficiently
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Fig. 13. (A) Power law fit to the intragranular microfracture size distribution (2d),
accounting for a possible truncation bias of the smallest fractures. Truncation bias is
likely not the sole reason for the rollover in (A), as it suggests more than 45,000
fractures should be present between 0.001 and 0.002 mm.(B) Transgranular micro-
fracture distribution (2d). A truncation bias is more plausible for the transgranular
microfracture rollover, but a power law (straight-line) segment is not likely present;
the aperture-size distribution swings down and then up again at larger sizes, sug-
gesting a power law is not present at all scales.(C) Fit of log-normal distribution to
fractures <0.012 mm wide and power law fit to larger fractures.

shallow for bedding-plane sliding, which may halt fracture
propagation (Renshaw and Pollard, 1995). However, it is when
growing fractures reach mechanical layering boundaries that
their growth is arrested; before that, propagation in an isotropic
medium should be assumed. Therefore, small fractures in
a growing joint set may form power-law size patterns like those
normally associated with veins because, like veins, they are not
affected by mechanical layering. A parallel result was found for
bedding-bound and non-bedding-bound fracture spacings by
Gross and Engelder (1995).
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Fig. 14. Extrapolation of a power law from the largest microfractures measured in 1d
towards larger fracture sizes. Note close fit to smallest macrofractures.

7. Conclusions

A set of shallow, low-strain, joint-like fractures in the Cozzette
Sandstone follows an irregular aperture-size distribution. The
smallest fractures (<~0.012 mm wide) and largest fractures
(>0.5 mm wide) are best characterized by a log-normal distribu-
tion. Although limited intermediate-sized fracture data was
measured, a power law fits the data present and connects the two
better-observed scales with low statistical error. The smallest
fractures appear to have propagated little beyond the granular
scale; if power laws emerge from interaction among growing
fractures, these small fractures may be too small to have been
incorporated into such a system yet. Propagation interference by
mechanical bedding boundaries may end the power law at the
large-size end.

The fracture set is composed of microfractures that are sealed
with quartz and large fractures that are mostly open. Because these
large fractures are lined with only a thin veneer of quartz and/or
calcite, they resemble joints. Because the Cozzette Sandstone
fracture set shows degrees of cementation that vary with fracture
aperture, the difference between open fractures or joints and filled
fractures or veins is, in this case, a matter of size.

To reliably measure scaling using microfractures in these low-
strain rocks, large image areas are essential. Large sample size
permits an analysis based on large, transgranular microfractures
that formed in situ. The vast majority of small microfractures are
unrelated to the macrofracture set. Most of these fractures were
inherited from source rocks of the grains and introduced into the
rock at deposition.
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