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Abstract

A better understanding of relationships between microfractures and macrofractures is prerequisite to the extrapolation of
observed microfracture properties as a basis for inferring properties of associated macrofractures. The hypothesis that micro-
and macrofractures represent di�erent size fractions of the same fracture sets, and consequently have linked attributes, was

tested on sandstones of the Mesaverde Group, San Juan basin, New Mexico. The use of a cathodoluminescence detector
attached to a Scanning Electron Microscope (SEM) allowed observation of microfractures not readily visible using conventional
microscopic techniques.
The orientations of microfractures reproduce the orientations recorded at the macroscopic scale from cores and outcrops.

Fracture size distributions are best modeled using power laws, and extrapolation of microfracture frequencies to the scale of
macrofractures successfully predicts the macrofracture frequencies. Fracture-size distributions change at the length scale of the
thickness of the mechanical layer, typically by increasing the exponent of their power-law distribution. This change is

independent of censoring biases and re¯ects changes in sampling topology and/or fracture growth mechanisms. 7 2000 Elsevier
Science Ltd. All rights reserved.

1. Introduction

Fractures are important ¯uid-¯ow conduits in the
subsurface and important repositories of economic
mineral resources. Analysis of core samples provides
the most direct method to sample fractures in the sub-
surface. However, cores provide a volume of rock that
is too small to characterize large fractures, which com-
monly have dimensions and spacing that are larger
than the diameter of core (Laubach, 1988). In contrast,
microfractures are usually more abundant than the as-
sociated macrofractures in the same volume of rock
(Laubach and Milliken, 1996; Ortega, 1997) and abun-
dant data about their dimensions and spatial distri-
bution can be systematically recorded from small

samples. Thus, scaling methods can potentially solve

fracture-sampling problems by using complete fracture

data sets at the microscopic scale and extrapolating

this information to the macroscopic scale.

The extrapolation of fracture characteristics across

many orders of magnitude in size is fraught with po-

tential danger. For example, many di�erent types of

mechanical discontinuities, such as bed and grain

boundaries, a�ect fracture growth in sedimentary

rocks (e.g. Corbett et al., 1987; Laubach, 1997). Yet

the orientation of micron-scale fractures is consistent

with the orientation of meter-scale fractures in some

sandstones (Laubach, 1997), suggesting that at least

under some circumstances the extrapolation of fracture

attributes from the microscale to the macroscale is jus-

ti®ed.

Several authors have shown that open-mode frac-

ture systems are organized such that their size dis-
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tributions follow power-laws (Gudmundsson, 1987;

Wong et al., 1989; He�er and Bevan, 1990; Barton

and Zoback, 1992; Gillespie et al., 1993; Hatton et

al., 1994; Sanderson et al., 1994; Bel®eld and

Sovich, 1995; Clark et al., 1995; Gross and

Engelder, 1995; Johnston and McCa�rey, 1996;

Marrett, 1997). However, deviations from a simple

power-law relationship by the smallest and largest

observed fractures are common. Truncation and

censoring sampling biases commonly explain these

deviations (Baecher and Lanney, 1978; Laslett, 1982;

Barton and Zoback, 1992; Pickering et al., 1995),

but sampling topology (Marrett and Allmendinger,

1991; Marrett, 1996) and rock heterogeneity (Woj-

tal, 1994; 1996) might similarly a�ect observed frac-

ture-attribute scaling. A better understanding of

these observed deviations is needed to determine the

limitations of extrapolation across di�erent scales

and material boundaries. Furthermore, systematic

changes in fracture size distributions might be pre-

dicted, modeled and/or ignored for extrapolation

purposes.

This study attempts the ®rst systematic investi-

gation of extrapolation of microscopic fracture data

to predict quantitatively macroscopic fracture prop-

erties. Microfracture data can be collected systemati-

cally from small areas (few mm2) of a thin section

using CL devices. However, in many sedimentary silici-

clastic rocks a cathodoluminescence detector attached

to a scanning electron microscope (SEM-CL) is needed

to resolve most of these small structures (Laubach and

Milliken, 1996; Laubach, 1997 and references therein).

If reliable predictions of macrofracture characteristics

are possible based on microscopic data, then small

oriented samples will augment understanding of the

orientation, size, frequency and timing of associated

macrofractures. This is important because beds with

di�erent composition, diagenesis or thickness often

show di�erent fracture frequencies and even di�erent

fracture orientations. The prediction of which beds are

more likely to have large fractures, and what orien-

tations and spatial frequencies those fractures have,

carries important economic implications and yields

insight on how fractures develop in buried rocks.

Sandstones of the Mesaverde Group (Upper Cretac-

eous) in the San Juan basin, New Mexico, were

selected to study the feasibility of extrapolation of

microfracture properties to macrofractures because

excellent outcrops expose these units along the basin

margins and active petroleum exploration for fractured

reservoirs provide opportunities for studying subsur-

face samples. Consequently, high quality micro- and

macrofracture data, from surface and subsurface, can

be collected from this sedimentary sequence.

2. Regional and local settings

The San Juan basin is located in the Colorado Pla-
teau and contains a column of more than 5000 m of
Paleozoic to Tertiary sedimentary rocks. Structural
contours of the basin at Cretaceous and younger levels
indicate that strata are una�ected by major folds or
faults. The borders of the basin show more complex
structural features such as the Hogback monocline,
Nacimiento uplift and Archuleta uplift (Fig. 1). The
fracture systems of the San Juan basin have been stu-
died by a number of authors (Kelley and Clinton,
1960; Gorham et al., 1979; Condon, 1988, 1989; Lau-
bach and Tremain, 1991; Dart, 1992; Hu�man and
Condon, 1993) who primarily focused on description
of the macroscopic fracture systems in di�erent parts
of the basin and in a variety of stratigraphic units.

The Mesaverde Group is a major regressive±trans-
gressive cycle in the ®lling history of the basin during
the Late Cretaceous. Shales and sandstones dominate
the sedimentary sequence of the Mesaverde Group.
Some sandstone members of the Cli� House, Menefee
and Point Lookout Formations have long been recog-
nized as fractured hydrocarbon reservoirs (e.g. Hol-
lenshead and Pritchard, 1961). In order to study
fractures in these units, we collected surface data from
two gently dipping sandstone bedding plane pavements
(Westwater and Cottonwood areas, Fig. 1 and Table 1)
and from three oriented cores of the same stratigraphic
units in the Blanco±Mesaverde gas ®eld (Fig. 1;
Table 2).

Fig. 1. Location map of pavements and wells. The San Juan basin is

the area surrounded by the Hogback monocline (black), a topo-

graphic feature around the basin containing outcrops of weather re-

sistant units of Cretaceous and Tertiary age. Hatched area represents

gas ®elds included in the Blanco±Mesaverde giant gas accumulation.

The inset in the upper-left corner shows the location of the study

area in the context of the Four Corners Area.
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2.1. Sandstone texture and diagenesis

The sandstones analyzed are medium to very ®ne
grained. The degree of compaction is low, as indicated
by the predominance of point contacts between the
grains, except in the Sunray H Com ]6 well where the
core shows abundant bed-parallel stylolites. According
to Folk's (1980) classi®cation, the sandstones are sub-
litharenites and litharenites (Ortega, 1997). The subsur-
face rocks have low permeability, in general less than 1
md, and porosities less than 5% (Weir, 1996). The
same stratigraphic units in outcrops are more porous
(3±15%) than their subsurface equivalents. This result
re¯ects di�erences in the degree of mechanical compac-
tion and di�erences in the volume of carbonate cement
(5±10% of rock).

Diagenetic processes had variable volumetric e�ects
in the di�erent units analyzed but the sequence of
events was the same in all cases (Fig. 2). The lack of
evidence for signi®cant grain-to-grain interpenetration
suggests that authigenic quartz precipitated relatively
early. SEM-CL images show that the quartz in over-
growths and that ®lling post-depositional fractures
have the same luminescence. This observation prob-
ably indicates that microfracturing was partially syn-
chronous with quartz overgrowths. Carbonate cement
®lled primary porosity left by quartz overgrowths,
suggesting it precipitated later. Fracture ®ll also shows
these timing relationships, as con®rmed by crack±seal
quartz cement in macrofractures (synkinematic cement;
Laubach et al., 1995) and carbonate cement ®lling
spaces between quartz lined fracture walls (postkine-
matic cement; Laubach et al., 1995).

3. Observational and analytical methods

The limitations to fracture observation di�er

signi®cantly between microscopic and macroscopic
scales and also between natural exposures and subsur-
face cores. In this study, macrofractures are de®ned to
be those fractures visible with the unaided eye; smaller
fractures are considered to be microfractures (Lau-
bach, 1997). Macrofracture data were chie¯y collected
by visual inspection of outcrops and cores. Microfrac-
ture data were collected from thin sections using petro-
graphic and scanning electron microscopes.

3.1. Macrofracture data from cores

The description of the macrofractures present in
cores included: depth, height, mechanical aperture,
strike, dip, and types of mineral ®ll in the fracture, if
any. All natural fractures, whether open, partly-open
or ®lled, were measured. Natural and drilling-induced
fractures were distinguished based on the presence of
mineral ®ll of cement lining natural fractures or dis-
tinctive drilling-induced fracture shapes (Kulander et
al., 1990).

Macrofracture orientations for the wells were
obtained from oriented core and from image logs. The
dip of most macrofractures is nearly vertical, so only
macrofracture strike was recorded in most cases.
Macrofracture lengths cannot be obtained in the ma-
jority of cases due to lengths exceeding the core diam-
eter. Minimum values of fracture height were
measured in most instances due to fractures extending
beyond the core volume. This sampling problem limits
the reliability of macrofracture-height distributions
from core.

The measurement of macrofracture apertures was
done using gauges, rulers and magni®ers and includes
the width of any remnant porosity and mineral ®lling
of the fractures. Broken fractures, ones with walls no
longer held together by mineralization, are abundant
in cores and no reliable estimate of the fracture

Table 1

Mesaverde sandstone pavement characteristics

Pavement Formation Bedding Dip Small Area (m2) Large Area (m2) Number of Samples

Westwater Point Lookout 58 2069 13365 17

Cottonwood Cli� House 108 2034 18

Table 2

Mesaverde sandstone core characteristics

Well Formation Core Length (m) Number of samples Method of Orientation

Riddle D LS 4A Cli� House 17.5 22 Inclined Well

Sunray H Com ]6 Cli� House 13.1 15 Magnetic

San Juan 32-9 Cli� House 21.5 1 Image Log

Mene�e 11.8 6 Image Log

Point Lookout 23.5 5 Image Log
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aperture can be obtained. Only a minimum fracture
aperture can be estimated from the thickness of the
remaining cement on the broken surfaces of such a
fracture.

Fracture cements can be categorized according to
when they precipitated relative to fracture opening
(Laubach, 1988, 1997). Cementation/opening timing is
established on the basis of cement texture and cross-
cutting relationships between the fractures and the
cement phases identi®ed in the rock. The percentages
by volume of prekinematic, synkinematic and post-
kinematic cements in the rock were represented in a
triangle diagram.

3.2. Macrofracture data from outcrops

The exposure of fracture systems in sandstone pave-
ments of the Mesaverde Group allowed the collection
of more complete data on fracture sizes than from the
cores. Scattered lichen patches cover the top of the
exposed sandstone surfaces and limit the visibility of
macrofractures shorter than approximately 10 cm
long. On the other hand, weathering helps the detec-
tion of fractures due to the contrast in weathered color
and resistance to erosion between the fracture ®ll and
the host rock.

Particularly well-exposed areas within the pavements
were selected to catalogue open-mode macrofracture
properties. Surveys around these areas were carried
out to calculate the surface area of observation for
derivation of fracture frequencies (Table 1). The selec-
tion of di�erent size observation areas in Westwater
pavement allowed data collection at di�erent resol-
utions. From the large observation area (13,365 m2)
only fractures longer than the thickness of the mechan-
ical layer were recorded, whereas from the small area

(2060 m2) all the fractures visible with the naked eye
were measured.

In outcrop, fracture length measurement is compli-
cated by the challenge of de®ning what constitutes an
individual fracture where multiple fracture strands con-
nect. The best approach to measuring the length of a
fracture is to use criteria that uniquely identify fracture
terminations, as will be discussed in detail below. Frac-
ture length data were also collected along scanlines on
Westwater pavement. The purpose of the one-dimen-
sional data was to test the approach of estimating two-
dimensional fracture distributions using scanline data
(Marrett, 1996).

In addition to two-dimensional sampling of fracture
lengths, two-dimensional fracture heights were also
collected along the Westwater Springs canyon walls
for fracture length±height comparison. The analysis of
fracture-height distribution and its comparison with
the fracture length data obtained from the pavements
allowed us to make inferences about the geometry of
the fracture surfaces and the in¯uence of fracture geo-
metry on fracture-size distributions.

Fracture apertures were di�cult to measure in the
®eld because the fracture aperture, ®lled with quartz
and carbonate minerals, is usually surrounded by a
fracture skin of carbonate-cemented sand grains in
which the exact location of the walls of the fracture
are unclear even under magni®cation.

3.2.1. Fracture terminations
No speci®c criteria have been proposed to determine

uniquely the lengths of interconnected fractures. Below
are the criteria used in this study, in descending order
of applicability:

1. At the branch point of three connected fracture seg-
ments, the two segments having the most similar
apertures constitute a through-going fracture and
the third segment represents a di�erent fracture
with a termination at the connection point.

2. At the branch point of three connected fracture seg-
ments, the two segments having continuous fracture
®lling characteristics constitute a through-going
fracture and the third segment represents a di�erent
fracture with a termination at the connection point.

3. At a branch point of three connected fracture seg-
ments, the two segments having the most similar
strike constitute a through-going fracture and the
third segment represents a di�erent fracture with a
termination at the connection point.

3.2.2. Fracture connectivity
Connectivity is a fundamental property of fracture

systems in terms of ¯uid ¯ow. The quanti®cation of
this parameter would allow comparison of di�erent

Fig. 2. Schematic paragenetic sequence for Mesaverde Group sand-

stones. Fractures probably formed during burial and subsequent

uplifting. Timing is based on crosscutting relationships between frac-

tures, cement and dissolution/replacement events. Gas migration and

schematic burial history are taken from Bond (1984).
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fracture networks and modeling of ¯uid ¯ow through
fracture systems in ways that are more realistic than
commonly used. Establishing relationships between
more readily measurable fracture attributes and con-
nectivity will help to predict quantitatively the connec-
tivity of fracture networks in the subsurface, which
cannot be observed directly.

The connectivity of a fracture system has di�erent
meanings in mechanical and hydrodynamical contexts.
The mechanical connectivity of fractures focuses on
the degree of physical connection among the fractures
in a network. On the other hand, in ¯uid ¯ow appli-
cations, some fractures can be physically connected to
a network but isolated in the sense that the connec-
tions are nonconductive to ¯ow (e.g. mineral ®lled
fractures). The hydrodynamic connectivity of fractures
is a�ected by chemical factors in addition to physical
ones.

In this work, a new approach was taken to charac-
terize connectivity semi-quantitatively. This method
takes into account the number of fractures with two or
more connections, one connection or no connections
in the system and the number of fractures in the entire
system (Fig. 3). The proportion of connection (null,
single or multiple) is given by the ratio of the number
of fractures in the population that are isolated (Type
I), singly connected (Type II) or multiply connected
(Type III) with respect to the total number of frac-
tures, and can be illustrated using a triangle diagram.
This approach is similar to Laubach's (1992) approach
but replaces the `constricted' fractures with fractures
having only one connection to another fracture. This
method also complements Robinson's (1983) approach
to quantitative characterization of fracture connec-
tivity, which does not di�erentiate fractures with a
single connection (Type II), from multiply connected
fractures (Type III). The distinction between these two
kinds of fractures is particularly important for the
analysis of ¯uid-¯ow through fracture systems.

As Laubach (1992) pointed out, the connectivity of
fracture networks is a scale dependent parameter
because small `invisible' fractures can connect large
fractures. A ®rst-order evaluation of fracture

connectivity can be achieved by restricting attention to
macroscopic fractures.

3.2.3. Mechanical layer thickness
An estimate of the thickness of the mechanical layer

examined at each pavement was determined by study-
ing the fracture system in cross-section along canyon
walls. The de®nition of a mechanical layer is based on
the stratigraphic consistency of upper and lower frac-
ture terminations within a bed or group of beds (Cor-
bett et al., 1987; Helgeson and Aydin, 1991; Gross,
1993). Often, signi®cant changes in fracture frequency
distinguish the limits of a mechanical layer. These
di�erences in fracture frequency can be controlled by
compositional or depositional facies variation, authi-
genic cement distribution, porosity or a combination
of these and other factors at the time when fractures
formed (Laubach et al., 1995). In some cases the mech-
anical di�erences between the layers also correlate with
di�erences in their weathering.

3.3. Microfracture data

Microfracture data were collected from both subsur-
face and surface oriented samples. Based on obser-
vations in other formations (Laubach, 1997), we
assumed that most microfractures related to macro-
fractures in the Mesaverde Group form high angles
with strati®cation, as do macrofractures. Thus, thin
sections were cut parallel to strati®cation, providing
microscopic views comparable to the two-dimensional
macroscopic outcrops.

The thin sections were polished with aluminum and
covered with a carbon coating (dark blue degree) for
study under the SEM-CL. The methodologies to image
microfractures included: random photomicrographs
throughout the thin section, systematic transects in
prede®ned orientations and/or mosaics covering small
portions of the thin section. Standard operating pro-
cedures are described in Milliken (1994). Magni®cation
values were set on the order of 200� for general
microfracture detection and 500� to de®ne details of
fracture morphology or fracture/cement relationships.
The Energy Dispersive X-ray Spectrum device allowed
the determination of the composition of microfracture
®ll.

The use of SEM-CL allowed observation of micro-
fractures not readily visible using conventional micro-
scopic techniques (Laubach, 1997). Fracture length,
maximum mechanical aperture and fracture strikes
were determined for each microfracture in the photo-
graphs (Ortega, 1997). A grading scheme derived from
Laubach's (1997) descriptive classi®cation was used to
assign a rank to the microfractures based on the mor-
phology of microfractures and the relationships of
microfractures with grains, cement, and other

Fig. 3. Fracture termination types observed in the ®eld. Isolated frac-

tures (Type I, e.g. fracture b), singly connected fractures (Type II,

fracture b), and fractures connected with other fractures in more

than one place (Type III, fractures b, b').
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microfractures (Table 3). This ranking refers to the
predictive value (suitability) of a microfracture for pur-
poses of macrofracture characterization, according to
the interpreted likelihood that a microfracture is a pro-
duct of the same processes that generated the macro-
fractures. Microfracture suitability is a genetic
alternative to the term `reliability' in Laubach's (1997)
descriptive classi®cation.

In some instances, the SEM-CL cannot illuminate
the details of microfracture morphology necessary to
classify microfractures. For example, the presence of
highly luminescent minerals in the rock adversely
a�ects image quality. Such limitations added uncer-
tainty to microfracture classi®cation for some samples.
Also, the recognition of microfracture continuity is
complicated by di�culties in distinguishing certain seg-
ments of microfractures. For example, some microfrac-
tures may follow grain boundaries, where they can
apparently terminate against pores, or they can simply
be di�cult to distinguish from intergranular cement.

3.4. Analyses of fracture data

3.4.1. Fracture orientation
Rose diagrams of micro- and macrofracture strike

were made for comparison. Several di�erent
approaches were taken to analyze the microfracture
orientation data. All microfracture orientations from
each sample were initially plotted and compared with
the associated macrofracture orientations. In some
cases the preferential orientation of all of the micro-
fractures in a sample corresponds with the orientation
of the macrofractures developed in the same bed. In
cases in which the orientations of all of the microfrac-
tures di�ered from or were more complex than the
macrofracture orientations, comparisons were made
between the macrofracture orientations and the orien-
tations of increasing suitability microfractures. Ad-
ditionally, and in order to avoid the subjective

component introduced by the ranking scheme, the
microfracture orientations were weighted according to
lengths. The length-weighting procedure consists of
repetition of the fracture strike for every 10 mm of
fracture length. In this way the longest fractures (i.e.
the ones that are most likely to be transgranular or
transcement) have the most in¯uence on the microfrac-
ture orientations.

3.4.2. Fracture size distribution
Cumulative frequency distributions were obtained

by normalizing the cumulative fracture-size distri-
bution by the size of the observation domain.
Cumulative frequency fracture-size distributions are
best illustrated using log±linear and log±log graphs.
Lines can be ®t to linear trends of data points
in both types of graphs implying that either
exponential or power (fractal) laws, respectively, can
be used to model fracture-size distributions. Di�er-
ent authors have supported one or the other type
of distribution with particular data sets (negative ex-
ponential: Snow, 1970; Baecher et al., 1977; power-
law: Gudmundsson, 1987; Wong et al., 1989; He�er
and Bevan, 1990; Barton and Zoback, 1992; Hatton
et al., 1994; Sanderson et al., 1994; Bel®eld and
Sovich, 1995; Clark et al., 1995; Gross and
Engelder, 1995; Johnston and McCa�rey, 1996;
Marrett, 1997). No model typically ®ts entire data
sets, a result that commonly is interpreted to re¯ect
various sampling limitations. The possible causes of
artifacts in the fracture size distributions were also
analyzed. Censoring bias is produced by incomplete
measurements of the longest fractures, because they
extend beyond the limits of the area studied. Trun-
cation bias is associated with increasing di�culty of
detection for progressively smaller fracture sizes
(Baecher and Lanney, 1978; Barton and Zoback,
1992; Pickering et al., 1995). The di�culties of
uniquely recognizing the tips of individual fractures

Table 3

Microfracture classi®cation

Suitability Characteristics Laubach (1997)

(see Fig. 3)

Genetic interpretation

A (high) Filled transgranular and transcement

microfractures

Ia+, Ia Post-depositional, Post-cementation

B (medium) Microfractures ®lled with same cement surrounding

the grains and in physical continuity with cement

some Ib, Ic, Id Post-depositional, Pre/Syn-cementation

C (low) Microfractures in net-like arrays, grain restricted,

with radial orientations, variable apertures, and

irregular traces. Microfractures at the borders or

tips of grains. Microfractures that do not cut a

whole grain. Open microfractures with no

mineralization

II and some Ib, Ic, Id Post-depositional. Grain crushing related.

Produced by local stress concentration at

borders or tips of grains. Possibly induced

fractures

D (none) Microfractures ®lled with cement not found around

grains. Usually di�use or with odd traces

III, and some Ic, Id Pre-depositional
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where multiple fracture strands connect introduces a
non-systematic bias, which requires the de®nition of
criteria for cataloging fracture length (see Section
3.2.1).

In order to avoid subjective treatment of data sets,
selection of the model that best describes a fracture
size distribution should be based on application of sys-
tematic error analysis. This procedure also helps to
determine which part of a data set should be used to
obtain the model that best describes the data. A par-
ameter that measures error for least-squares regression
is the correlation coe�cient (r ). The value of r 2 has
been calculated on equal footing for both exponential
and power-law regressions to the distributions. An
example of the application of this methodology is left
for the Section 4, but here we provide a summary of
the steps involved in the analysis:

1. The coe�cient of determination (r 2) is calculated
for the least-squares regression to the three smallest
fracture sizes in the cumulative frequency size distri-
bution, considering both the exponential and the
power-law models. This parameter (r 2) is recalcu-
lated including the next larger fracture size in the
distribution. The procedure is repeated adding pro-
gressively larger fracture sizes until the largest frac-
ture size of the distribution has been included in the
calculation. Similarly, this procedure is applied
starting with the three largest fracture sizes and con-
tinued by adding progressively smaller fracture sizes
and recalculating the squared correlation coe�cient.

2. The results of the calculation of r 2 can be analyzed
in a graph showing the variation of r 2 as a function
of the range of fracture sizes considered. The model
that best explains the observations shows the high-
est r 2 values for the corresponding range of fracture
sizes. Signi®cant in¯ection points in the r 2 curves in-
dicate fracture sizes where a particular model starts
to depart signi®cantly from the observations. These
points determine the limits of the distribution to be
used for the interpretation of the model parameters
that best describe the observations.

3.4.3. Fracture cementation timing
The analysis of fracture-cementation timing relative

to fracture opening and the volumetric proportions of
di�erent categories of cement in the rock (Laubach,
1988, 1997) helps characterize the degree of occlusion
of fractures and provides information about the rela-
tive capacity of fractures to conduct ¯uids. Prekine-
matic cements cannot occlude fractures, but result in
reduced matrix porosity. Postkinematic cements reduce
fracture permeability and occlude matrix porosity,
decreasing the potential of the rock for ¯uid ¯ow
(Laubach et al., 1995). Synkinematic cements can pro-

duce the same results as postkinematic cements if per-
vasive, but commonly this type of cement only
partially ®lls fracture space. The presence of mineral
bridges in partially ®lled fractures prevents fracture
closure and preserves fracture permeability (Marrett
and Laubach, 1997).

4. Results

4.1. Fracture sets and cross-cutting relationships

Three distinct natural fracture systems were ident-
i®ed in outcrops of the Mesaverde Group: shear-mode
conjugate fractures (faults), open-mode sealed fractures
(veins) and open-mode surface-related fractures (joints
and polygonal cracks). Joints are open-mode fractures
interpreted to be associated with the release of con®n-
ing pressure of buried rocks exposed to the surface
and/or the action of gravity at cli� borders or slopes.
Polygonal cracks are open-mode fractures interpreted
to form by rock dilation due to changes in tempera-
ture. The surface-related fracture systems observed in
the outcrops will not be further discussed in this paper
because we focused our attention on fracture systems
present both in outcrop and in the subsurface.

Shear fractures were recognized only in outcrops
and not in cores. Shear fractures are commonly recti-
linear and consist of two mutually crosscutting sets of
conjugate strike-slip faults forming acute angles of 70±
258. The shear fractures are characterized by the pre-
sence of cataclasite.

Open-mode mineralized fractures observed in the
outcrops are typically grouped in swarms. They show
more sinuous traces and crosscut the older shear-mode
fractures. Hooked connections between fractures
suggest open-mode propagation under nearly isotropic
remote stresses (Olson, 1993).

Natural macrofractures in core were di�cult to
identify, in part due to the lack of obvious mineraliz-
ation on the surfaces of most fractures, but also due to
the limited amount of material available for study.
Natural fractures in the inclined Riddle D LS 4A well
typically intersect bedding at high angle. In the core of
the Sunray H COM ]6 well, natural fractures show en
eÂ chelon arrangement. The cores from the San Juan 32-
9 well show natural mineralized fractures. The mor-
phologic di�erences of the open- and shear-mode
macrofractures under the petrographic microscope are
distinctive. Euhedral crystals typically line open-mode
natural fractures.

4.2. Fracture cementation

The outcrops and cores show di�erences in macro-
fracture cement volume and mineralogy. Fractures of
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the Riddle D LS 4A and Sunray H Com ]6 wells are
partially ®lled with euhedral quartz whereas samples
collected from outcrops and the San Juan 32-9 well
show macrofractures lined with quartz and later ®lled
by carbonate cement.

Qualitative di�erences in macrofracture opening and
cement timing can be recognized in samples from the
surface and subsurface in this study (Fig. 4). Cements
in the Riddle D LS ]4A and Sunray H Com ]6 wells
are predominantly prekinematic quartz and less impor-
tantly synkinematic quartz, which lines fractures. The
San Juan 32-9 well also shows prekinematic quartz
cement, but synkinematic quartz overgrowths (040%)
and postkinematic carbonate cement (0±60%) are pre-
sent in signi®cant volumes. Postkinematic carbonate
cements ®ll dominantly the macrofractures in outcrop
samples.

Most of the microfractures in all samples are sealed
by synkinematic cement. Most microfracture cements
were contemporaneous with quartz overgrowth (95%)
and fewer (5%) were synchronous with later carbonate
precipitation.

4.3. Fracture connectivity

Isolated fractures and singly connected fractures
(Fig. 5) dominate the connectivities of open-mode
macrofracture swarms studied in the ®eld. As a result,
the total connectivity of the open-mode fractures is
low in spite of their occurrence in swarms.

Map traces of microfractures from outcrop and core
samples analyzed under the SEM-CL show that most
of the microfractures are isolated. This implies that
their physical connectivity is smaller than that of the
macrofractures in the same rock volume. However,
some grain boundaries are potential connecting con-
duits that we cannot readily identify in the photo-

graphs. This limitation makes it di�cult to compare
fracture connectivity at di�erent observational scales.

The hydrodynamic connectivity is low in microfrac-
tures of the Cli� House Formation, both from out-
crops and from cores, not only due to poor physical
connectivity but also due to the fractures being almost
completely ®lled with quartz cement. The macrofrac-
tures instead show proportionally lower cement
volume and a greater degree of e�ective hydrodynamic
connectivity. Core samples from the Point Lookout
Formation show macrofractures lined with quartz
cement and subsequently ®lled with carbonate cement.
Almost all the microfractures in these samples are
®lled with quartz cement only. These observations
suggest that the hydrodynamic connectivity and the
proportions of cements ®lling the fractures vary with
fracture size.

4.4. Microfracture and macrofracture orientations

Macrofracture strike is preferentially north to north-
northeast in the Riddle D LS 4A and San Juan 32-9
wells (Fig. 6). The Sunray H Com ]6 well has a prefer-
ential fracture strike of 60±908. Conjugate shear frac-
tures in both Westwater and Cottonwood pavements
strike east (right slip) and northwest (left slip)
suggesting that the maximum shortening axis was
oriented WNW during faulting. The open-mode sealed
fractures show constant 10±308 strike in both pave-
ments. This orientation is consistent with a WNW-
trending maximum horizontal extension direction and
inconsistent with the orientation of the shortening axis
of the conjugate faults, indicating that the shear and
extension fractures formed at di�erent times. This con-
®rms the observed crosscutting relations.

High suitability microfractures (suitability A,
Table 3) are preferred to determine microfracture
strike for macrofracture prediction purposes, because
they are most likely to have formed under the same

Fig. 5. Connectivity of fracture swarms in pavements studied. See

Fig. 3 for de®nition of connectivity.Fig. 4. Cement timing relative to fracture opening.
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remote stress conditions as the macrofractures. The
highest suitability fractures are the least common in
the thin sections studied. After taking about 20 SEM-
CL photomicrographs of a thin section (approximately
5 mm2 at 200� magni®cation), at most 30 suitability C
or higher microfractures could be identi®ed. Of these
fractures, usually less than 10% (i.e. three microfrac-
tures) can be classi®ed as transgranular or transcement
(suitability A). This small number of microfractures is
insu�cient to determine preferred orientations with
high con®dence.

The microfracture orientation analysis for data col-
lected from ®ve thin sections of samples from the San
Juan 32-9 and Sunray H Com ]6 wells and from out-
crops are representative of the results overall (Ortega,
1997), in which a total of 26 samples were analyzed
(Fig. 7). The Point Lookout Formation sample from
the San Juan 32-9 well shows microfracture orien-
tations in excellent agreement with the macrofracture
orientations. In contrast, in the same well, the Menefee
Formation sample shows high microfracture-orien-
tation dispersion and the orientation of the macrofrac-
tures only appears clearly in the high suitability

microfractures. Many intragranular fractures are pre-
sent in this sample, adding to the diversity of the
orientations of the less reliable microfractures. An ad-
ditional set of east±west oriented microfractures in the
Menefee Formation sample has no macrofracture
equivalent in the core. However an east±west oriented
macrofracture set is present in cores of the Sunray H
Com ]6 well (Fig. 6A).

The sample analyzed from the Sunray H Com ]6
well exempli®es another kind of microfracture-orien-
tation behavior. Although only seven macrofractures
were observed in the core from this vertical well
(Fig. 6A), they show similar east±west strikes. Near a
swarm of four of these fractures, a sample was col-
lected for microfracture analysis. In contrast with the
adjacent macrofractures, the rose diagram of high suit-
ability microfracture orientations shows a north±south
strike (Fig. 7). This result agrees with the regionally
predominant macrofracture orientation as seen in
other wells. Due to the poor sampling of vertical frac-
tures obtained from a vertical borehole, it is possible
that north±south-striking macrofractures predominate
even near this well and that the east±west-striking frac-
tures represent only a local anomaly. In such a case,
analysis focused solely on the few macrofractures
encountered would lead to erroneous interpretation.
However, even in the vicinity of such local structural
anomalies, this result suggests that the regionally pre-
dominant fracture orientation can be correctly inferred
from microfractures.

Outcrop samples also show interesting microfracture
orientations when compared with the macrofractures.
In the Cottonwood sample a strong northwest micro-
fracture strike is produced by a few long microfrac-
tures (Fig. 7). This orientation is parallel to the
shortening direction associated with the shear-mode
fractures (Fig. 6B). The rest of the microfractures
show a preferred NNE strike, aligned with the open-
mode macrofracture system. A Westwater sample was
intensively studied from a mosaic of SEM-CL photo-
graphs. Microfracture strikes in this sample correspond
very well with the strike of the open-mode macrofrac-
tures. In summary, the comparison of strikes between
micro- and macrofracture from ®ve samples yielded
three positive results and two indeterminate results.

In the cores of the Riddle D LS 4A well micro- and
macrofracture strikes were compared in several beds
because most of the core was oriented. In this well, the
macrofractures have a consistent north±south strike
(Fig. 6A). Most of the samples analyzed showed
microfracture orientations similar to the macrofracture
orientations. However, high suitability microfracture
data collected from some samples was insu�cient to
compare adequately with macrofracture orientations.

A test carried out with one sample from the Riddle
D LS 4A well explored the e�ects on the prediction of

Fig. 6. Macrofracture strikes from cores (A) and outcrops (B) of

Mesaverde Group sandstones. N is the number of macrofractures

measured; R indicates approximate size (as a percentage of the total

fracture population) of largest petal in rose diagrams; E1, is the inter-

preted horizontal projection of the maximum principal shortening

direction for the conjugate fault systems, inferred from kinematic

data.
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macrofracture strike due to the amount of data avail-
able and the plotting technique used. The rose dia-
grams in Fig. 8A were obtained from the ®rst 17
microfractures observed (representing approximately
3 mm2 of the thin section). No satisfactory results
were obtained from this data set. After observing 34
additional microfractures (an additional observation
area covering approximately 8.5 mm2), the results were
still not satisfactory but represent some improvement
over the initial attempt (Fig. 8B). Length weighting the
collective group of 51 microfracture data (Fig. 8C)
shows two preferential strikes: north±south and east±
west. These correspond with the preferential orien-
tations of macrofractures in this well (Fig. 6A).

This test suggests that additional data collected from
other samples in this well could have further enhanced
the agreement between macrofracture and microfrac-
ture orientations. Additionally, these results suggest
that length weighting might minimize the need for a

classi®cation scheme, in some cases, in order to obtain
the orientation signal of the macrofractures as long as
su�cient data are collected.

4.5. Fracture size distributions

4.5.1. E�ect of mechanical layer thickness on fracture
scaling

On the Westwater pavement, fractures having
lengths greater than the mechanical layer thickness
(`long' fractures) are relatively sparse. These long frac-
tures were best sampled in the large observation area,
in which only fractures longer than the mechanical
layer thickness were studied. Data from the long frac-
tures are well modeled by a power law (Fig. 9A). In
this case, all available data were used to calculate the
power-law regression.

Fractures having lengths less than the mechanical
layer thickness (`short' fractures) of the Westwater

Fig. 7. Microfracture strike comparison with macrofracture strikes. Results for ®ve thin sections from San Juan 32-9, Sunray H Com ]6 wells

and outcrops. All microfracture rose diagrams were weighted by fracture length. N and R are the same as in Fig. 6.
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pavement are much more abundant and were only
studied in the small observation area, in which some
long fractures also were observed. To select the best
model for the length distribution of short fractures,
long fractures were excluded from consideration and
an analysis of the least-squares regression errors was
carried out (Fig. 9B). For the smallest fracture lengths
in the data set (length <500 mm), the correlation coef-
®cient is highest for the exponential regression (from
smallest to largest fractures), suggesting that the smal-
lest fractures are best modeled by an exponential func-
tion. A crossover in correlation coe�cients occurs at a
length of 500 mm, such that the correlation coe�cient
is highest for the power-law regression (from largest to
smallest fractures) for fractures between 500 and
2900 mm in length, suggesting that these fractures are
best modeled by a power-law function.

The power laws that provide the best ®ts to fracture
lengths on the Westwater pavement have di�erent
exponents for long and short fractures. This change in
exponents at the scale of the mechanical layer thick-
ness is corroborated by the data from long fractures in

the small observation area, although the number of
these fractures is insu�cient to model with con®dence.
Previous analyses of analogous changes in length dis-
tributions concluded that the changes re¯ected a cen-
soring bias in the sampling procedure (e.g. Baecher
and Lanney, 1978; Barton and Zoback, 1992). Censor-
ing was minimized in this experiment by studying
nearly 100 long fractures within an area having dimen-
sions more than an order of magnitude greater than
the length of the longest fractures observed. Conse-
quently, we interpret this change in power-law expo-
nent to be a real phenomenon.

In order to con®rm these results, a second set of
data was recorded from the Cottonwood pavement. In
this case the mechanical layer is thinner (1.5 m) and
the collection of macrofracture data in two di�erent
size observation areas was unnecessary. A single area
of about 2000 m2 was selected to measure all visible
macrofractures. Long fractures are again well modeled
by a power law (Fig. 10). Although short fractures
greater than 200 mm in length are well modeled by a
power law having a smaller exponent than that of the
long fractures, an exponential function provides com-
parable or marginally better correlation coe�cients.
Consequently, in this case it is unclear what the best
interpretation is for the short fractures; either a change
in power-law scaling occurs or power-law scaling
breaks down at the scale of mechanical layer thickness.

4.5.2. Prediction of macrofracture frequency using
microfracture frequency

Power-law regressions to the microfracture length
distributions for the Westwater and Cottonwood pave-
ments yield extrapolations that reasonably predict the
observed frequencies of macrofracture lengths in these
pavements (Fig. 11). In contrast, exponential re-
gressions to the microfracture length distributions
grossly under-predict the observed macrofracture
lengths, suggesting that either the exponential model is
an invalid mathematical description of the fracture sys-
tem, or that the micro- and macrofracture populations
are not expressions of the same fracture system. For
example, the exponential model ®t to the microfrac-
tures of the Cottonwood pavement predicts only one
fracture, one millimeter long or longer, in an area of
approximately 10,000 m2, which is in ¯agrant contra-
diction with the observations from the outcrops. An
estimate using a power-law model predicts one fracture
4 m long or greater in an area of approximately
1000 m2, which matches the observations.

The exponent of the power-law ®t to the microfrac-
ture size distributions from the pavements studied
(ÿ1.98 and ÿ1.94) are considerably more negative
than the exponents obtained for the `short' macrofrac-
tures in the same pavements (ÿ1.25 and ÿ1.26, re-
spectively). Several explanations might account for

Fig. 8. Microfracture orientation sensitivity analysis, Riddle D LS

4A well. Black circles outside the rose diagrams indicate the strike of

the macrofractures at the depth of the sample. N is the same as in

Fig. 6.
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these di�erences; the possible causes include incorrect
determination of fracture terminations in outcrop,
fracture exposure limitations due to outcrop conditions
(weathering, lichen patches, soil or vegetation) and/or
misleading results arising from the error analysis for
the macrofracture length population. The extrapol-
ation of the power-law regression to the `short' macro-
fractures of Westwater pavement to the microscale
predicts only one microfracture 10 mm long or longer
in an area of approximately 10 mm2, which is incon-
sistent with observations and suggests that the model
for `short' macrofractures is suspect. An alternative ex-
planation for this discrepancy could be that most of
the microfractures observed under the SEM-CL are
not related to the macrofractures observed in the pave-
ments.

We prefer to interpret that the power-law ®t to the
macrofractures is poor, most probably due to in-
adequate determination of fracture terminations and
limitations of fracture exposure in the ®eld. The re-
lationships between the microfractures and the macro-
fractures studied, based on the similarities of micro-
and macrofracture orientations and cementation, sup-
port the satisfactory quantitative relations between

lengths provided by the power-law regression to the
microfractures. This result suggests that a prediction
of macrofracture frequency might be possible using
microfracture frequency data. Additionally, this result
suggests that there are no major changes in the frac-
ture length distributions from the microscale (at least
above the grain scale) to the macroscale (at least
below the scale of mechanical layer thickness), and
that these two scales of fractures are only two di�erent
size fractions of a single fracture system.

Fracture height data collected along Westwater
Springs Canyon were also compared with microfrac-
ture size distributions from pavement samples. A direct
comparison of the microfracture length and macrofrac-
ture height distributions is possible if we assume that
the microfractures are penny shaped, namely that frac-
ture lengths and heights are comparable. The power-
law relationship obtained from the microfracture
length population predicts the fracture heights reason-
ably well in this case (Fig. 12).

4.5.3. One-dimensional±two-dimensional fracture size
distribution conversions

The scanline data obtained from the small area of

Fig. 9. E�ect of mechanical layer on fracture size distributions, Westwater pavement. Least-squares regressions have been ®t to the segments of

the fracture size distributions that show the highest correlation coe�cients (A). The dashed line represents the power-law regression to fractures

shorter than the mechanical layer thickness based on the error analysis (B), and the continuous line is the power-law regression to fractures

longer than the mechanical layer thickness from the large observation area. The di�erences obtained in the power-law distributions for fractures

longer and shorter than the thickness of the mechanical layer suggest that the mechanical layer plays a role in the observed fracture size distri-

butions.
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Westwater pavement can be used to validate theoreti-
cal techniques for conversion between one- and two-
dimensional distributions (Fig. 13). The preferred
least-squares power-law regression extrapolated from
the two-dimensional cumulative frequency distribution
of microfracture lengths was used to calculate pre-
dicted one-dimensional length distributions of the
macrofractures using Marrett's (1996) approach.

Sampling topology introduces artifacts when frac-
tures shorter than the thickness of the mechanical
layer are sampled in one-dimensional or two-dimen-
sional sampling domains. Two- or one-dimensional
sampling will typically under-sample these fractures
with respect to their true abundance in the rock
volume. Fractures shorter than the mechanical layer
thickness are organized such that their fracture-size
distribution follows the predicted one-dimensional
model. The predicted distribution for long fractures,
sampled along scanlines, has an exponent similar to
that of the power-law regression calculated from the
microfractures. This artifact is produced because the
probability to sample a long fracture in a layer-parallel
sample line is the fracture length divided by pavement
width, whereas the probability to sample a small frac-
ture in a layer-parallel sample plane along the pave-
ment is fracture height (0length) divided by pavement

thickness. In both cases the apparent frequency distri-
butions will have an exponent equal to one plus the
(negative) exponent of the three-dimensional frequency
distribution of fracture lengths. The result is an appar-
ent two-dimensional sampling for long fractures.

5. Discussion

5.1. Fracture-®ll volume

Although micro- and macrofractures share the tem-
poral sequence of cementation, di�erences in the
degree of occlusion between the micro- and macrofrac-
tures suggest that microfractures do not provide a
simple proxy for the degree of occlusion of macrofrac-
tures. Microfractures tend to be more readily ®lled by
cement than macrofractures, possibly because of their
impurity-free fracture walls and greater surface area to
volume ratios. Additionally, microfractures in the
sandstones studied tend to be preferentially ®lled with
quartz whereas carbonate cement (relatively late in pet-
rogenesis) is found almost exclusively in the macrofrac-
tures. The largest fractures not only have the largest
apertures, and consequently permeability, but they

Fig. 10. E�ect of mechanical layer on fracture length distributions, Cottonwood pavement. Assuming that di�erent power-law models are valid

for fractures smaller and larger than the thickness of the mechanical layer, these results suggest that the thickness of the mechanical layer has an

e�ect on the observed fracture size distribution. The bold continuous line in (A) represents the power-law regression to the fractures shorter than

the mechanical layer thickness based on the error analysis on (B). The dashed line represents the power-law regression to fractures longer than

the mechanical layer thickness. The surface area of the sampling domain is 2034 m2.
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also are the most likely to remain at least partly open,
increasing their importance as conduits for ¯uid ¯ow.

5.2. Fracture orientation

Several geologic processes can generate microfrac-
tures in sandstones but only some of these processes
produce macrofractures. Laubach (1997) provided a
comprehensive discussion of microfracture morphology
and origin. Microfracture orientation analyses in the
Mesaverde Group sandstones suggests that transgranu-
lar and transcement microfractures have the highest
suitability as proxies of macrofractures. These micro-
fractures can show signi®cant variations in orientation
along their traces due to the heterogeneity of sand-
stones at the microscopic scale. Typically, as they grow
longer, they tend to maintain a regular average propa-
gation direction that reproduces the orientation of the
macrofractures.

A high level of complexity characterizes microfrac-
ture orientations in the Mesaverde Group sandstones.
This complexity in part re¯ects the material heterogen-
eity of the sandstones at the microscopic scale and the
tectonic history that a�ected these rocks. However,
comparison of microfracture and macrofracture strikes
in areas dominated by one set of macrofractures indi-
cates that it is feasible to predict macrofracture orien-
tation using microfracture orientation data from
properly oriented samples. The amount of data necess-
ary to reveal the signal of the macrofractures is a func-
tion of the geologic history of the rock, the
microfracture frequency, and the recognition of which
microfractures were generated by the processes that
produced macrofractures.

5.3. Fracture connectivity

Most previous work on fracture connectivity and
¯uid ¯ow derives from percolation theory, but no
quanti®cation of the connectivity is obtained with this
technique (Lee and Farmer, 1993). In our work, a
semiquantitative approach has been taken to evaluate
fracture connectivity. This approach takes into account
the proportion of fractures connected in the network
and the way they are connected, but does not solve the
scale dependency problem of fracture connectivity
(Laubach, 1992). However, it does allow comparisonFig. 11. Macrofracture frequency prediction using microfracture fre-

quency data, Westwater (circles) and Cottonwood (squares) pave-

ments. Filled symbols in microfracture distributions indicate the data

used to obtain the least squares regression lines. These parts of the

microfracture length distributions are best modeled using power-

laws. The predicted macrofracture frequencies are close to the

observed macrofracture frequencies in the pavements. Exponential

laws (dashed lines) derived from the microfracture length distri-

butions predict unreasonably low macrofracture frequencies, which

do not match with the observations.

Fig. 12. Fracture height frequency prediction, Westwater Springs

Canyon. The parameters of the power-law ®t to the microfracture

size distribution in Fig. 11 also give a reasonable prediction of the

macrofracture height distribution at least up to the scale of the bed

thickness.
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and contrast of fracture network connectivity at a
selected observation scale. Additionally, it provides
meaningful reference parameters to be used in frac-
ture-mechanics and ¯uid-¯ow models that attempt to
simulate real fracture networks.

This and other methods proposed in the literature
(Robinson, 1983; Rouleau and Gale, 1985; La Pointe,
1988; Zhang et al., 1992) ignore the e�ects that cemen-
tation and dissolution can have on fracture connec-
tivity. At present, no studies of these e�ects on
fracture connectivity have been carried out. Useful
evaluation of fracture connectivity for ¯uid-¯ow appli-
cations requires an understanding of the volume of
mineral ®ll in the fractures and its variations through
di�erent scales of observation. For example, small
fractures or narrow connections might be preferentially
®lled. In such cases geometric linkage is not equivalent
to linkage of fracture porosity.

The microfractures in sandstones of the Mesaverde

Group are in almost all cases completely ®lled with

cement and do not contribute to present hydrodyn-

amic fracture connectivity. In these circumstances, con-

nectivity can be ignored below the scale at which the

fractures are open.

5.4. Fracture size distributions

The characterization of macrofracture size distri-

bution and frequency in the subsurface is even more

di�cult than the characterization of macrofracture

orientation, because a large and complete inventory of

the fractures is necessary. For economically important

large fractures such an inventory is not possible using

current technology, except in special cases.

The results obtained from fracture networks in the

Mesaverde Group sandstones indicate that the best

model for fracture size distributions is a power-law

model, particularly at the scales of observation where

fracture sizes are best controlled. Microfracture length

distributions are closely related to macrofracture

length distributions. These results justify using micro-

fracture lengths to predict macrofracture length and

frequency in the subsurface.

Di�erent sampling topologies produce di�erent

exponents of power-law fracture-size distributions

(Marrett, 1996). Independent results obtained in a

pavement of Mesaverde Group sandstones demon-

strate this e�ect and were con®rmed on a second pave-

ment using more conventional methods of fracture

data collection. Surface mapping results in a three-

dimensional sampling of fractures longer than the

mechanical layer thickness and a two-dimensional

sampling of shorter fractures. In other words, fractures

shorter than the thickness of the bed are under-

sampled (relative to the number that exists in three

dimensions) in bed-parallel exposures, whereas all frac-

tures longer than the thickness of the layer are

sampled in the same two-dimensional observation

area.

Power-law regression to the microfractures ade-

quately predicts the frequency of macrofractures in

both pavements studied up to the scale of the thickness

of the mechanical layer. Fractures longer than the

thickness of the mechanical layer are arti®cially

sampled in pseudo-three-dimensional domains and

their frequencies are not directly comparable to the

frequencies of two-dimensionally sampled microfrac-

tures, but a conversion from one to the other is

straightforward (Marrett, 1996), provided that the

layer thickness is known.

Fig. 13. Test of two-dimensional±one-dimensional sampling domain

conversion, Westwater pavement. The one-dimensional distribution

predicted from using formulas in Marrett (1996) adequately predicts

the smallest fracture sizes from scanlines. According to Marrett

(1996) the exponent of the two-dimensional power-law distribution

(eS) and the one-dimensional power-law distribution (eT) follow the

relationship: eS=eT+1. The coe�cients can be calculated using the

formula: hSeS=4 hTeT/p; where hS and hT are the coe�cients of the

two-dimensional and one-dimensional power laws, respectively. The

slope of the size distribution for medium-size fractures sampled

along the scanlines is similar to the slope of the two-dimensional dis-

tribution because the probability of sampling medium-size fractures

with fracture-perpendicular scanlines repeatedly crossing the study

area is similar to sampling the fractures in the two-dimensional ob-

servation area.
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6. Conclusions

This study evaluated the use of microfracture data
to predict macrofracture attributes and found that use-
ful information can be reliably derived using this
approach. Systematic analysis of abundant microfrac-
tures in small pieces of rock overcomes the severe limi-
tations of acquiring subsurface macrofracture data.

Tests carried out on samples from Mesaverde
Group sandstones, where macrofracture orientation
and frequency are known, showed that in some cases
the predictive value of the microfractures is high (i.e.
microfractures are an expression of the macrofracture
system at the microscopic scale). For example, fracture
orientation remains constant through di�erent scales
in many cases.

Analysis of outcrop data indicates that extrapol-
ations of fracture frequencies from the microscopic
scale to the macroscopic scale are possible and reliable
at least up to the scale of mechanical layers. Exper-
iments carried out on large Mesaverde Group sand-
stone exposures demonstrate that the presence of
mechanical boundaries a�ects the fracture-size distri-
bution obtained in two-dimensional observation areas.
Typically, the size-distributions of fractures that span
the mechanical layer follow power-laws of more nega-
tive exponent than followed by smaller fractures.

Given that censoring bias was speci®cally avoided,
the observed changes in fracture scaling at the mechan-
ical layer thickness do not appear to be artifacts. Two
alternative explanations for the changes in the frac-
ture-size distributions might be that they are related to
changes in the sampling topology (Marrett, 1996) and
that they are a real e�ect produced by the presence of
the mechanical boundaries of the fractured layer (Woj-
tal, 1996). The e�ect of changes in sampling topology
can be understood by conceptualizing the geometrical
implications of sampling di�erent fracture sizes in a
mechanically strati®ed volume of rock. Although the
data collected cannot directly support the second
e�ect, common observations support the idea that
mechanical boundaries a�ect fracture growth; for
example, bed-scale fractures commonly terminate at
bed planes.

Fractures longer than the thickness of mechanical
layering show a more restricted range of lengths than
smaller fractures. Once the dimension of a mechanical
layer is determined, a theoretical approach to calculate
fracture permeability can be addressed knowing that
the permeability is fundamentally controlled by the lar-
gest fractures in a reservoir (Marrett, 1996).

The quanti®cation of fracture connectivity and the
evaluation of fracture opening/cementation relative
timing can help to evaluate the capacity of a particular
fracture system to conduct ¯uid and drain ¯uids stored
in the rock matrix adequately. In this study, the

characterization of fracture connectivity was
approached using new concepts. The probabilities of a
fracture being isolated, singly connected or fully con-
nected can be calculated from a fracture map at a
given scale. These parameters take into account the
geometrical characteristics of the fracture network and
complement previous approaches to quantify fracture
connectivity (Robinson, 1983). The connectivity of the
fracture network can be characterized and compared
with results from ¯uid-¯ow and mechanical models.

Subsurface sandstones of the Mesaverde Group in
two of the wells studied show important volumes of
prekinematic cements and small volumes of postkine-
matic cements, indicating that fractures in the sampled
intervals should be open. The volume of postkinematic
cement in outcrop samples is greater than in subsur-
face samples, possibly due to regional variations in
diagenetic history and/or fracture timing.

Microfractures are mostly ®lled with cement and do
not contribute to porosity and permeability in the
reservoir. The proportions of cement phases ®lling the
fractures varies with fracture scale in these rocks. This
observation has implications for the understanding of
scale-dependent ¯uid ¯ow and prediction of fracture
openness using microscopic observations.
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