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Abstract

The deliverability of a reservoir depends primarily on its permeabil-
ity, which, in many reservoi-s, is controlled by a combination of
natural fractures and the in situ stresses. Therefore it is important to
be able to predict which parts of a basin are most likely to contain
naturally fractured strata, what the characteristics of those fractures
might be, and what the most likely in situ stresses are at a given
location. This paper presents a set of geologic criteria that can be
superimposed onto factors, such as levels of maturation and porosity
development, in order to predict whether fractures are present once
the likelihood of petroleum presence and reservoir development
have been determined. Stress causes fracturing, but stresses are not
permanent. A natural-fracture permeability pathway opened by one
system of stresses may be held open by those stresses, or narrowed or
even closed by changes of the stress to an oblique or normal
orientation. The origin of stresses and stress anisotropies in a basin,
the potential for stress to create natural fractures, and the causes of
stress reorientation are examined in this paper. The appendices to
this paper present specific techniques for exploiting and character-
izing natural fractures, for measuring the present-day in situ stresses,
and for reconstructing a computerized stress history for a basin.
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Rationale for Finding and
Exploiting Fractured Reservoirs,
Based on the MWX/SHCT-Piceance

Basin Experience

Introduction

Insights into naturally fractured reservoirs and in situ stresses were gained through
extensive studies and experiments performed at the U.S. Department of Energy’s Multiwell
Experiment site. This report uses those insights to develop a rationale for the identification
and efficient exploitation of naturally fractured, low-permeability, natural gas reservoirs.
The lessons of the Multiwell Experiment have a wide range of applications because most
reservoirs are fractured, and because in situ stresses commonly control the conductivity of
natural fractures. Therefore the efficiency of stimulation and production of such reservoirs
often depends on an understanding of the fractures and the stresses present in the strata.
Moreover, such an understanding allows for the prediction of areas within a basin where
optimum conditions of stress and fracturing may have occurred and thus leads to an
exploration methodology.

The Multiwell Experiment (MWX) was a field laboratory designed (1) to characterize
low-permeability (tight) natural-gas reservoirs, (2) to assess the existing technologies for the
exploitation (stimulation) of this large but generally inaccessible resource, and (3) to develop
new stimulation technologies (Northrop and Frohne, 1990). The project consisted of three
closely spaced wells located in the Colorado River valley in the east-central Piceance basin of
northwestern Colorado near the town of Rifle. The reservoirs of interest were sandstones of
the Mesaverde Formation, which occur between the depths of 4000 and 8350 ft at this site.
Different depositional zones within the formation contain reservoirs of different character,
varying from blanket-shaped marine sandstones to narrow, lenticular sandstones (Lorenz,
1989), but all have low matrix permeabilities (usually less than a microdarcy), all are enclosed
in shale or mudstone, and all are extensively fractured despit~ the absence of major structural
deformation of the local strata.

The three MWX wells are arranged in a triangle with interwell spacing varying from
about 150-250 ft, depending on depth. A total of 4200 ft of 4-inch core were taken from the
three wells for extensive rock property testing and reservoir characterization. During the
eight-year program, six individual reservoir zones were isolated one at a time, and each tested
and characterized with extensive reservoir draw-down, build-up, interference tests, in situ
stress measurements, and stimulation experiments. Complimentary geologic studies of the
core and of nearby outcrops helped to characterize reservoir shapes, sizes, and internal
heterogeneity.

Subsequent to the MWX program, a new project was undertaken at the same site, the
Slant Hole Completion Test (SHCT), the design of which was based on the MWX findings
(Myal and Frohne, 1991). The SHCT project consisted of a deviated well, locally cored,
through the Mesaverde reservoirs., The hole azimuth was normal to the subsurface fracture
trend. This well and core confirmed (1) that vertical natural fractures are pervasive
throughout the formation, (2) that they constitute the primary permeability system in the
reservoirs, and (33) that the gas in the formation can be accessed with deviated wellbores,

In addition to the SHCT, DOE has also funded a cooperative program to extrapolate the
MWX/SHCT technology to other parts of the Piceance basin. This program has relied on
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industry wells for which DOE has funded coring, logging, or testing activities. These wells
have provided fracture and stress orientation data in other parts of the basin that can then
be correlated with the established data base.

Several important understandings came out of these programs: (1) natural fractures are
more common in reservoirs than is usually recognized, (2) natural fractures may dominate a
reservoir permeability system, especially where the matrix permeability is low, (3) natural
fractures may be stress sensitive, in that a) they can be closed when the in situ stresses change
during reservoir production, and that b) they may be closed when the maximum horizontal
stress is not parallel to fracture trend due to a complex tectonic history of the strata, and (4)
natural-fracture permeability systems may be damaged by stress or fluid perturbations of the
reservoir during drilling, stimulation, and/or production,

This report will show how these understandings, along with ancillary studies conducted
by Sandia, may be used to explore tor naturally fractured reservoirs and to enhance
production from them. The sections of this report outline the significance of fractures to the
system permeability of reservoirs (section 1), and give the principles and examples of the
interactions between stress and natural fractures in a basin, both in terms of the origin of the
fractures (section 3), and in terms of the significance of stress and fractures in a reservoir
(section 2). The report also outlines a methodology by which these interactions can be
documented, studied, and ultimately, predicted for an unknown basin, by discussing the
sources of stress (section 4), as well as potential local modifications to regional stresses
(section §). The report then discusses the compilation of these data into a stress history of a
basin and how fracturing might be predicted from that history (sections 6,7).

The appendices to the report list specific techniques for fracture studies. These include
techniques for optimizing the chances for fracture intersection with a wellbore (A) and for
characterizing fractures in core (B). Appendix C presents equations for a stress history model
(the computer code for this model is presented in appendix F), while appendix D discusses
two of the more reliable techniques for measurement of the present-day in situ stress from
core. Finally, a computer code that allows the caluclation of the effects of severe topography
on in gitu stresses is given in appendix E.

This report is intended to provide a fracture analysis toolbox, with instructions and
insights for the investigator wishing to find and exploit naturally fractured reservoirs.

1. Importance of Natural Fractures in Western

*
Basins

Fractures create quasi-planar breaks in the continuity of a reservoir that may or may not
provide an enhancement of the permeability system. Enhancement depends on the ratio of
the fracture permeability to the matrix-rock permeability. T'he permeability of an individual
fracture is a function of the width of the fracture, the roughness of the fracture walls, the
stress acting on it, and the completeness of cementation (if any).

Fracture system permeability includes the additional factors of fracture inter-
connectedness, distribution, and trend(s) within a reservoir. Narrow fraciures in a high-
permeability reservoir will be of little consequence, but fracture importance increases as
reservoir matrix permeability decreases. Even fractures that appear to he completely filled
with calcite may offer significant permeability, especially to gas, under high-pressure, in situ
reservoir conditions in otherwise “tight” (less than 10 microdarey) reservoirs, Laboratory
measurements of the fractures in the MWX sandstone reservoirs (Figure 1) show that
permeability even through tight fractures may be several orders of magnitude higher than the
sub-microdarcy matrix permeability. Open fractures that are confined to thin beds within
laminated reservoirs or that do not connect to adjacent fractures may also be of limited
significance to production; each fracture intersected by the wellbore, although individually
highly permeable, may not drain enough of the reservoir to be of consequence. This is because
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the essentially two-dimensional volume of most fracture systems is insignificant compared to
the three-dimensional volume of matrix rock, even if it is rock of relatively low-porosity.

Fracture strike is also an important characteristic. If a single set of fractures is present at
depth, reservoir system permeability may be highly anisotropic, producing a drainage area
that is significantly elongate along the fracture trend. Documented horizontal permeability
anisotropy due to unidirectional fracturing at the MWX site ranges from 8:1 to 100:1
(Branagan et al., 1984), and limits lateral communication between closely spaced wells in the
direction orthogonal to the fracture trend. Similar fracture-controlled permeability
anisotropies have been measured in other formations (e.g., Kempthorne and Irish, 1981;
Elkins and Skov, 1960).

Tightly cemented fractures within a relatively permeable matrix rock may also produce
elongate drainage areas by creating permeability barriers rather than permeability conduits.
In this case, reservoir flow would still be directed along the trend of fractures, but would
oceur between rather than within the fractures.

Accordingly, it is important to characterize the nature of a reservoir fracture system in
order to be able to predict and understand the effects of natural fractures on production and

drainage patterns.
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Figure 1. Laboratory measurements of the permeabilities through
mineralized fractures in sandstones of the MWX reservoirs compared to
the matrix permeabilities of adjacent, unfractured samples.

2. Effect of Stresses on Natural Fractures

Fracturing of strata results from the anisotropic stresses that build up in formations
during tectonic movements of the earth, Fractures generally form parallel to a plane defined
hy the maximum and intermediate principal stresses, and open in the direction of the least
principal stress, Thus, where the tectonie history of the strata is not complicated, fractures
commonly have a strike that is parallel to the maximum horizontal principal stress, and there
may be few or no cross fractures to provide the interconnections. In such cases, the in situ



stresses act to keep fractures open and permeable. However, hydraulic stimulation fractures,
which also parallel the maximum horizontal stress, will not efficiently access such a reservoir
permeability system because the stimulation fracture will parallel the natural fractures. This
was apparent in the results of most of the MWX stimulation experiments (Branagan et al.,
1985) where the hydraulic fractures did not produce the expected production enhancement
(although formation damage was also an important factor).

Where tectonic activity has continued to evolve after fracturing of the strata, the
subsurface stresses may have changed orientation and may no longer be aligned with the
fractures that were formed at an earlier stage of basin evolution. In some wells near the MWX
site, severe topography has resulted in locally reoriented stresses such that stimulation
fractures may be directed across the natural fracture trend, enhancing stimulation potential.

Existing fractures may also act as planes of weakness that were reactivated during later
tectonic stages. However, if the existing fractures were either well-cemented or highly oblique
to the reoriented stresses, entirely new fractures may form if stresses are sufficient. The
Ekofisk field in the North Sea is an example of radial fractures caused by doming of the
strata being superimposed on regional northeast trending fractures (Teufel and Farrell,
1990).

Whether or not new fractures form, reoriented stresses will act to press fractures of the
initial set closed, limiting permeability, Moreover, the conductivity of many fractures is
sensitive to changes in the in situ stress magnitudes, regardless of whether the stress
orientation has changed. For example, the permeability of the natural fractures in the
Cozzette sandstone at the MWX site was degraded when the well was allowed unrestricted
flow (formation pressure was reduced, higher effective stresses were created, and the
fractures were forced to close), whereas enhanced fracture permeability was created when
formation pressures were increased during injection tests (Warpinski, 1991).

Fluid flow along mineralized natural fractures has been documented in the laboratory,
although flow through completely mineralized fractures is limited (e.g., Morrow, 1990). Tests
were performed at Sandia on two fractures from the SHCT Cozzette core that, although
mineralized, are considerably more conductive than previous samples, having visible rem-
nant apertures within the mineralization. The results (Figure 2) show that even the highly
conductive samples have some stress sensitivity, although the planar fractures typical of
MWX samples were much more stress sensitive, The two Cozzette fractures were both about
6080 filled with cement, but the available porosity was vuggy in nature. The highest
conductivity sample has a fracture permeability of several darcys.

Thus it is important to reconstruct the geologic/tectonic history that strata have been
subjected to, and to characterize in detail both the stresses and the fractures within the strata
in order to predict (1) the behavior of a reservoir permeability system, and (2) the locations
for the optimum development of fractures and stresses. For example, a set of numerous
fractures, if it is oriented at a high angle to the maximum or intermediate principal stresses,
may not be as important to the permeability of a reservoir as a set of less numerous or
narrower fractures that are oriented normal to the least principal stress. As noted, the
Ekofisk reservoir provides an example of this behavior (Figure 3). The maximum permeabil-
ity orientation was found to be aligned with the maximum stress orientation rather than with
the maximum fracture orientation (‘Teufel and Farrell, 1992),
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Figure 2. Laboratory measurements of the stress sensitivity of
MWX mineralized fractures. Higher conductivity fractures from the
Cozzette sandstone have less sensitivity than the lower conductivity

fracture from the fluvial interval.
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3. Fracture Mechanisms

Regional fracture systems are the primary concern in reservoirs of the western tight-gas
basins. Therefore, regional fractures are the focus of this section, but it should be recognized
that structurally induced fractures can provide additional fracture sets that significantly
enhance the “system” permeability.

Regional natural fractures are often attributed to natural hydraulic fracturing, but this is
a mistaken belief that was formulated without a thorough understanding of the mechanics,
poro- mechanics, and failure properties of sedimentary rocks. Most regional natural fractures
are likely due to load-parallel extensional failure of the rocks. Such a failure mechanism is
well-known in the rock mechanics literature (Figure 4), and the characteristics of the type of
fracturing match the characteristics of the observed regional natural fractures.

The basic mechanism of regional fracturing has two criteria that must be met in order to
achieve load-parallel extensional failure (Lorenz, et al, 1991). First, there must be a
horizontal stress anisotropy, as due to tectonics or basinal subsidence behavior, Second, the
net confining stress on the rocks must be low, as would occur in overpressured regions. The
first requirement is the mechanism that causes extensional failure of the rock an.' »referen-
tially aligns the natural fractures. The second requirement allows the fractures to be created
under relatively small amounts of horizontal stress anisotropy. If the net confining stress is
not low, then large stress anisotropies are needed, and the characteristics of the fracturing (if
it occurs) become shear in nature, oblique to the stress. Such fracturing is more typical of
more intensely deformed, folded, and faulted areas.

Regional fractures created under such conditions have characteristics that make them
particularly suitable as flow conduits. Since they are induced by compression in the direction
of the fracture strike, there is a dilatancy associated with the process that opens the fractures
and holds them open as long as the stress anisotropy exists. This persistent dilatancy allows
for the fractures to be mineralized and, commonly, propped open.

The drawback of regional natural fractures is that they tend to be unidirectional, as there
is no mechanism to create cross fracture sets. As a result, the interconnectivity of these
systems is poor, and any hydrocarbon drainage will be highly elliptical.

Structurally induced fractures, on the other hand, may have conjugate or other multiple
sets, and these are superposed on the regional fractures if the structure post-dates the
regional-fracturing episode. Therefore, structure is important in these tight-gas reservoirs for
its contribution to the fracture system rather than for its usefulness as a trapping mechanism
(although trapping is obviously important for conventional oil and gas reservoirs).

4. Sources of Anisotropic Horizontal Stress in a
Basin

Because stresses both cause and control fracture permeability, they are an important part
of a fractured reservoir permeability system and must be understood before fracture location
and behavior can be predicted.

Under ideal conditions, both horizontal stresses in a formation are equal and are the
result of lateral expansion of the strata due to the weight of the overburden. The magnitudes
of the horizontal stresses are primarily a function of the weight of the overburden as modified
by the Poisson’s ratio of the strata (Jaeger and Cook, 1976). Pore pressure and elevated
temperatures, attained by strata as they are buried, also contribute an isotropic stress
component to the total stress system (Warpinski, 1989). However, the ideal situation of
isotropic horizontal stress is rarely obtained under actual geologic conditions, and horizontal
stresses are most commonly unequal due to tectonic movements. Worldwide measurements
have shown that horizontal stress anisotropy exists even in quiescent basins, far from active
orogenic regions (e.g., Zoback and Zohack, 1980).
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Figure 4. Characteristics of rock failure as a function of confining
stress. Rocks show brittle behavior with only small amounts of strain
prior to failure if the confining stress is low; they are ductile and
accommodate significant strain if confining stresses are high.

The equation for the effect of the overburden stress on the horizontal stresses is simply
derived. First, however, the calculations must be performed in effective-stress space because
the effective stresses are the only component of the total stress that contribute to
deformation. Defining the total stresses as S, the overburden stress, 8,, the minimum
horizontal stress, and Sy, the maximum horizontal stress, the effective stresses are then given

as

("'v e Sv - (‘ll”
R = Sh -~ «P, and
Oy = SH (VP,

where « is the poroelastic parameter (often called Biot's modulus) and P is the pore pressure.
Linear elasticity requires that

Ko, = oy oy t ay),
EtH ST l'(ﬂh + ﬂv), and
Eey = o, vloy + o),

where v is Poisson's ratio, K is Young's modulus, and the various ¢ are the strains in the three
principal directions. If it is stipulated that there is no strain in any horizontal direction
(uniaxiai strain), then ¢, = ¢ ~ Oand ay, ~ oy;. These equations can then be solved to yield

ay oy - v/(1 .
In terms of the total stresses, this becomes
SyooSy e/ S, oP) oal,

This equation is used indiscriminately by most modelers, even when there is no justification
for this severe assumption,



The effect of temperature is isotropic if the material is isotropic, and is given by
ASh == ASH = (\‘TEArP/(l - V),

where « is the coefficient of linear thermal expansion, E is Young’s modulus, and AT is the
temperature change causing the thermal stresses. For typical values of ap (6 X 107
in/in/°F) and E (5 X 10° psi), a 10°F change in temperature will induce a 300 psi change in
stress, a significant amount for any engineering calculations. (See also Appendix F.)

Many authors have suggested that stress anisotropies measured in undeformed/platform-
area strata are due to continental-scale plate tectonics, i.e., to drag at the base of the
lithosphere, several tens of kilometers deep, by convection currents in the ductile
aesthenosphere (e.g., Zoback et al., 1989,), or to distant ridge-push forces at the edges of
global plates (e.g., Bott, 1991). Hydrocarbon reservoirs and most of the subsurface stress
measurements that have been made occur in the shallowest parts of the lithosphere. Stresses
derived from base-of-crust drag or ridge-push are likely to be secondary effects at best within
the shallow strata of interest to petroleum geologists.

Rather, the stresses of interest for this report are those that have been imposed laterally
on strata in a basin from nearby tectonism, from local structure and topography, and from
volume constraints during basin subsidence and uplift. Stress from two or more sources may
be superimposed, and there are a number of local phenomena such as high topographic relief
that can alter local stresses. The following section outlines common sources of horizontal
stress anisotropy in sedimentary basins where hydrocarbon reservoirs occur and notes causes
for the superposition of stresses that complicate exploration for, and production from,
fractured reservoirs. '

4.1 Horizontal Compression as a Source of Stress

4.1.1 Thrusting

Numerous linear thrust belts around the world have been produced by horizontal
compression at plate margins. Some of this compression is often transmitted through the
thrust belt into the stable platform area beyond, where it combines with horizontal
compression due to the impingement of the thrust belt itself into the strata of the adjacent
foredeep. Several good examples exist of measured maximum horizontal stresses and regional
fractures trending normal to thrust fronts, although the relationship between thrusting and
stress in adjacent strata is not universally accepted (e.g., Bell and Adams, 1990). Where
significant plan-view curvature of a thrust belt is present, the stress trajectory and/or
fracture strikes commonly change regionally to maintain an angular relationship that is
essentially normal to the thrust front.

Such thrust-front-normal stresses are apparently effective for a few hundreds of
kilometers in front of the source of stress (e.g., Europe in front of the Alps, the Arabian
platform in front of the Zagros Mountains; Hancock and Bevan, 1987), although the stress
magnitude diminishes with distance (e.g., in front of the Canadian Rockies; Woodland and
Bell, 1988). At present, there is no reliable way to predict magnitudes of stresses based on
amount of thrusting because of the complexities inherent in geologic systems. However,
although the magnitudes must be measured directly, the stress orientations in many cases
can be predicted in the absence of structural complexity (discussed below) simply by drawing
stress trajectories normal to thrust fronts.

More localized thrusts, such as the thick-skinned Laramide block uplifts of the Rocky
Mountain foreland province, produce stresses in adjacent strata in the same manner.
However, because they impinge on relatively small areas, the stress trajectories commonly
radiate out from the thrust front as if it were a point source once a sufficient distance from
the thrust front is reached. For example, a fan-shaped pattern of natural fractures radiates
across part of the Piceance basin directly in front of the White River Uplift (Figure 5). This
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pattern has been duplicated by a stress trajectory array modeled from an indenter stress
superimposed on a regional stress (Lorenz et al., 1991).

The depths at which these thrust-derived stresses are present depends on an number of
factors, including the depths at which the thrust fronts indent the adjacent strata (Hafner,
1951). Horizons of weaker strata may also dissipate stresses similar to thrust decollements,
such that stresses below the weaker strata may not reflect nearby indentation of the thrust
whereas stresses in overlying strata will. This is discussed further below.

FRACTURES IN CRETACEOUS AND TERTIARY STRATA
IN FRONT OF THE WHITE RIVER UPLIFT
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Figure 5. Natural fracture pattern that radiates out from the White
River Uplift, created by stress trajectories radiating away from the thrust
front during thrusting,

4.1.2 Basin Subsidence

Few if any basins subside at equal rates in all parts of the basin, as this would require
vertical, parallel basin margins and a nonspherical earth. Rather, subsidence is commonly
greatest in certain parts of the basin (a faulted margin, the center of a basin, etc). The strata
must accommodate strain as volume constraints are met during subsidence within the basin
boundaries into a sphere of diminishing radius. Because most basins are wider than they are
deep by orders of magnitude, and because the radius of the earth is so large relative to the
common depths of basin subsidence, this mechanism rarely adds significant strains to the
strata in a basin.

However, significant strain can result during subsidence in especially narrow, deep
basins. For instance, Upper Cretaceous strata in the foredeep adjacent to the Idahn/
Wyoming thrust belt are about 6000 m thick, whereas they are less than 2000 m thick over
the Moxa Arch 55 km to the east (Weimer, 1961). In order to lengthen the 55 km line along
the original depositional surface to its position as the hypotenuse of a triangle after
deposition and burial, about 0.2% strain must be accommodated (Figure 6). Moreover,
because the hypotenuse is not a straight line but is convex upward due to lithospheric
elasticity, an additional strain of 0.06 " is imposed for a total strain of nearly 0.3%, which is
sufficient to fracture in situ strata over geologic time. Thus the strain (which produces stress)
across the short axis of a narrow, deep basin exceeds the strain/stress along its long axis, and
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anisotropic stresses result. If the stresses are of sufficient magnitude, they may produce
fractures aligned parallel to the long basin axis.

Strain from Lengthening Line to Hypotenuse

Foredeep Arch
1
5,500 ft
19,000 ft
13,500 ft

Al=431ft
%E = 0.204%

Figure 6. Strain due to lengthening of a depositional surface to a
hypotenuse during asymmetric subsidence in a narrow, deep basin such
as the Late Cretaceous foredeep in southwestern Wyoming.

Price (1974) recognized a variant of this phenomenon that involves consideration of the
curvature of the earth’s surface. Ideally, as the strata in a basin subside, they are subjected
initially to lateral compression as their length, measured along the curved surface of the
earth, is shortened to the length of the line measured across the chord of the earth between
the edges of the basin. This assumes that there is no subsidence at the basin margins.

The magnitudes of the stresses and strains set up by the compression will be a function
of the width of the basin, i.e., how far the strata must subside, and therefore how much
shortening there will be before the originally curved surface line is concordant with the
straight chord line. Less subsidence will be required in a narrow basin than in a wide basin
to achieve this condition, and if a basin has a long and a short axis, the stress set up across
its short axis will be less than that across its wide axis, leading to asymmetric horizontal
stresses. Chord-line depth is actually relatively shallow. For instance, for the Piceance basin,
the two main axes are 100 and 250 km across, and depths to chord lines at the middle of the
basin are less than 100 m and 600 m for each axis respectively.

Stress anisotropy remains as subsidence continues beyond a chord line, but for the
opposite reason: extensional strain results as the reference line, theoretically pinned at the
basin edges, is lengthened in an arc during continued subsidence. Extension across the
narrow axis of the basin will always be greater because the radius of the theoretical circle is
smaller, and short-axis-parallel extension would be initiated at shallower depths than that
across the greater dimension of the basin. This again would cause asymmetric horizontal
stresses that could lead to fracturing. (Note that the extensional strain referred to does not
lead to true tension, but rather merely decreases the subsurface compressional stress in that
direction.)

4.1.3 Basin Uplift

As strata in a basin are uplifted, an opposite effect to that just described may occur if the
basin edges are pinned. However, this is rarely the case. It is more likely, since uplift takes
the strata out of the realm of lateral constraints, that the basin margins will have little effect
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on the strata. As the strata are uplifted, however, they will be subtending an arc of a sphere
of slightly larger radius and will be subject to a release of some percentage of the previous
horizontal stresses, equally in all horizontal directions if uplift is uniform (Figure 7).

If the previous horizontal stresses were asymmetric, as is most likely, then an equilateral
stress release will still leave a remnant stress anisotropy, which will govern the orientation of
any stress-release fracturing. Thus, stress-release fractures will form parallel to the previous
minimum horizontal stress, as the locked-in elastic stresses rebound against the direction of
the previous maximum horizontal stress (see experimental results of Gallagher et al., 1974;
Rathore et al., 1989).

4.2 Calculating Stress Trajectories Due to Thrusts

There are simple analytical solutions that can be adapted for estimating the stress
trajectories induced by a thrust fault, such as the White River thrust which is found on the
east side of the Piceance basin. Given the geometry of a distributed load (Figure 8), the
stresses can be calculated (Jaeger and Cook, 1976) as

7y = X/ml0, — 0y — sin(f, — 0y) cos (8, + 0,)},
ay = X/ﬂ'ml e 02 - sin(ﬂ, - 02) cos (()l + 02)}, and
rey= X/rlsin(0; — 6;) sin(6, + 05)},

where f, = tan '(x/(y—a)) and 0, = tan™ '(x/(y+a)), and X is the load per unit length.

Such simple solutions can be superposed to yield more complicated thrust geometries.
For example, a calculation of the effect of the White River thrust in the Piceance basin
(Figure 9) is obtained by superposing two separate thrust plates located in offset positions,
The stress trajeciories fan out from the source of the load, giving a radial pattern. It should
be noted that these calculations assume plane strain behavior, so they may not be
appropriate right at the surface. At depth, they should provide good estimates of the stress
trajectories.

Radial Extension

Tectonic Stress

T T
A NS

Radial Extension
v

-

Figure 7. Stresses in strata created by uniform uplift and radial release
of confining stresses.
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GEOMETRY FOR DISTRIBUTED LINE LOAD
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stress magnitudes. (Compare to Figure b.)
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4.3 Calculating the Horizontal Stress Due to Basin-Wide
Strain

The component of the horizontal stresses due to the horizontal strains imposed on a basin
can be calculated in a straightforward manner. Assuming that there are tectonic strains, e,
and y (also, since ¢y is defined as the maximum stress direction, ¢ > ¢y,), then the stress
components due to tectonics, S, and Sy,, are

Sh = Be/(1 — v?) + vEey/(1 — v*) and
She= Eep/(1 — %) + vEg/(1 — %)

Thus the stress in each of the horizontal directions depends on the strain in its direction and
the strain in the orthogonal horizontal direction.

8. Local Modifications of Regional Stresses in a

Basin

In the absence of heterogeneity, stresses will be uniform or will at least change uniformly
over large areas. This ideal condition is rare. Among other effects, formation properties
change laterally and vertically, atresses change with time or may be superimposed, geologic
structures may provide significant “free” surfaces within a formation that may alter the local
stress array, and strata may be warped by flexure to create local, structurally produced
stresses, These effects and others are examined below.

8.1 Variations in Pore Pressure

Pore pressure is an important factor in determining whether strata are susceptible to
being fractured. Formations containing high pore pressure are more likely to fracture under
otherwise similar conditions of anisotropic stress and rock properties than formations with
normal pore pressure. Therefore, if conditions of concurrent high pressure and anisotropic
stress are reconstructed for some time within the geologic history of a formation, natural
fracturing can be expected. Moreover, if parts of a formation were more highly pressured
than others, the high-pressure areas are more promising targets for fractured-reservoir
exploration,

Pore pressure varies through both time and space as a function of mechanisms such as
relative rates of sedimentation, burial, dewatering, compaction (e.g., Fertl, 1976; Dickey,
1979), and the onset of hydrocarbon maturation and the resultant generation of gas.
Overpressured conditions may be reversed over time due to pressure leak-off, Underpressured
conditions may be present where rapid uplift and erosion has occurred. Reconstructing the
geologic history of a formation in order to decide whether overpressured conditions once
existed is not overly difficult, although the magnitude of such conditions can rarely be
quantified or dated precisely.

Spatial variation in pore pressure within a formation is just as important. Some parts of
formations are often buried more deeply and/or more rapidly so that they may be more
highly pressured than shallower areas of the same formation. Similarly, if hydrocarbons
capable of generating gas are only present locally in a formation, that area may become more
highly pressured than other areas despite otherwise similar conditions.

The Mesaverde Formation provides an example of present-day lateral variation in pore
pressure (ranging from normal pressures in reservoirs at the western margins of the basin to
significant overpressuring in the deeply buried reservoirs near the MWX site). The formation
also contains evidence to suggest that paleo-pore pressure varied. The latter condition is
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suggested by a set of fractures that is apparently limited to the deeply buried, central parts
of the basin. These are dominantly west-northwest trending fractures that formed between
about 36-40 m.y. ago under conditions of high pore pressure and regional anisotropic
horizontal stress. The less deeply buried, less pressurized parts of the formation along the
western edges of the basin were subjected to the same stresses, yet did not fracture at this
time. Fracturing of these zones of the formation did not occur until several million years later
under conditions of stress anisotropy that were slightly different in origin and orientation
(Lorenz and Finley, 1991). Thus the fracture domains in the strata of the Mesaverde Group
are vertically and laterally separated, depending on .ariations in the magnitude of the
formation pore pressure. Fracture domains are not zoned parallel to formation boundaries.

Pore pressure variations also affect the total stress in strata, as «P is one component of
the total horizontal stress. Data from the Vicksburg formation (Salz, 1977) provide the classic
example of how pore pressures influence horizontal stress (Figure 10). Data from MWX
(Figure 11), while more limited, show the same trend of increasing horizontal stress with
increasing pore pressure.

5.2 Stress Decollements

Vertical zonation of stresses and fractures may also be caused by layers of weaker strata
that allowed physical, lateral motion of rock, as in a thrust decollement. An example of this
is given by Becker et al. (1987) for the Jura Mountains area in front of the Alpine thrust belt
of Europe. In this locality, a zone of relatively ductile anhydrites and halites separates a lower
domain of regional northwest-trending stress from an upper domain of stresses which radiate
from north-northeast to west (Figure 12 a and b). 'The upper, radiating pattern is due to the
indentation of the Jura Mountain block into the European craton, which was in turn a result
of the regional northwest compressive stress.

Thus the ductile strata allowed thin-skinned thrusting, and the thrusting imposed a
secondary stress on the strata in front of the thrusting, but only at the shallower levels above
the ductile zone. Whether the shallow strata also contain a secondary fracture pattern is not
reported, but would be a function of their fracture susceptibility and the magnitude of the
secondary stress. Regardless, if fractures had been formed by the northwest regional stress in
these strata prior to thrusting, the present oblique stress orientation would act to close most
of the fractures.

This type of vertical stress zonation may occur within as well as in front of thrust sheets,
resulting from several structural configurations. If a thrust impinges on a basement high or
other structural “buttress,” a secondary thrust plane may form. Strata below this plane will
remain highly stressed (unless strain is accommodated by folding or other deformation),
whereas stress within the strata above the plane may be partially released during the
relatively unopposed motion of the strata above the buttress (Figure 13).

Conversely, in an unbuttressed situation, the stresses within the strata below a new thrust
plane may be the ones relieved by the formation of the new thrust. Thus once a thrust plane
forms within a previously uniformly stressed section of strata, the stress below the plane is
relieved as strain along the fault plane, whereas the stress above the fault plane is maintained
by the force needed to move the thrust sheet. This assumes that the regional stress no longer
acts on the lower strata, but rather is directed only against the moving strata of the upper
plate, as is probably the case in the Piceance basin. In this instance, the relatively ductile
Mancos Shale provides a stress and motion decollement much as does the anhydrite laver in
the Alpine foreland, and blind thrusts die out within a tectonically thickened section of
Mancos Shale over the Divide Creek anticline (Grout et al., 1991).
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MINIMUM STRESS INCREASES AS PORE

PRESSURE INCREASES
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Figure 10. Measured variation in the minimum horizontal stress, as
represented by the fracture gradient, as a function of the pore pressure
for the Vicksburg Formation.
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Figure 11. Measured variation in the minimum horizontal stress, as
represented by the fracture gradient, as a function of the pore pressure
for the MWX site.
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(a) Stress variations across a ductile boundary layer in front of the
Alpine thrust belt (from Mueller et al., 1987),
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(b) Inferred planview stress trajectories of upper stress array and lower
stress array in the same area as (a) (from Becker, 1989).

Figure 12. Stress in the Jura Region




DIFFERENT LAYERS WILL BE SUBJECT
TO DIFFERENT STRESSES

From Kulick and Schmidt, 1988

Figure 13. Example of horizontally layered stress domains caused by
buttress-induced thrusting (from Kulick and Schmidt, 1988). Measure-
ments of paleostresses within strata with a similar configuration have
suggested that the stresses in the upper, unbuttressed layers had been
largely relieved (Genovese and Schmidt, 1989),

5.3 Stress Refraction

(‘hanges in stress orientation due to inhomogeneities in strata have heen hypothesized
and can be demonstrated at the laboratory scale, but have not yet been proven at the basin
scale. However, there is every reason to believe that stress refraction at this scale can be real,
and the concept hax been used to explain observations of otherwise anomalous stress
trajectories, Bell and Lloyd (1989) have suggested that an observed change in stress
orientation across the Peace River Arch in western Canada is due to the refraction of regional
stresses. Refraction is inferred to be the result of stress propagation through the higher
modulus granitic/basement rock brought up by the uplift (Figure t4). It is conceivable that
stress orientations within lenticular reservoirs could be oblique to stresses in the encasing
strata if the rock properties of the two strata are different. In fact, it is not uncommon for
adjacent layers of strata in outcrop to display a 10°-20° divergence in strike between
fractures of the same set,

On a somewhat smaller scale, normal faults may provide a sufficiently “free” surface
so that the local stress teajectories are reoriented to curve away from the regional trend and
abut the fault at a right angle. This requires that the mechanical continuity of the formation
he broken at the fault (1) by changes in rock properties such as filling of the fault by gouge,
(2) by fluid pressure in the fault or fault asperity offsets so that the fault walls are not in solid
contact, or (3) by the juxtaposition of strata with differing rock properties due to large
displacement along the fault.

If a free-surface fault juxtaposes two different formations, the trajectories may merely
refract across the surface. However, if the original stresses are normal or parallel to the fault,
little change in orientation would he expected across it,

Regional stress trajectories oblique to a shear fault will also he affected by the local
inhomogeneity. As shown by Anderson (1942), where shear creates local tension along the
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fault, trajectories will reorient to trend normal to the fault, as with a normal tfault. However,
where the shear creates compression along the fault, the regional trajectories will reorient to
become parallel to the fault. Such a mechanism probably explains the various patterns of
secondary fracturing in the Arches National Monument area described by Dyer (1988);
locally the secondary fractures curve to become normal to the primary fractures, but
elsewhere they curve to become parallel.
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Figure 14, Stress trajectories deflected by inhomogeneities in strata
(from Bell and Lloyd, 1989).

5.4 Local Stress Due to Flexure

Fracturing is often one of the earliest structural responses of a formation to anisotropic
stresses, Stresses may continue to build despite fracturing, however, and the ultimate
response of the strata may be manifest as folds or fuults. Flexure imposes a secondary set of
localized stresses on the formation, stresses that may locally be quite high and that may
result in the development of local fracture sets (Stearns and Friedman, 1972). It the rocks
within the fold have not fractured previously, several sets of tractures may develop with a
geometrically predictable relationship to the trend of the fold because of the flexural
stresses, However, if regional fractures are present in the formation prior to folding, they may
act as planes of weakness and accommodate most of the flexural strain by reactivation. The
angular relationship between the early fractures (if any), the flexural fractures, and the
strenses imposed by flexure will vary from place to place on the fold; thus the permeability
of the fracture system and the producibility of o reservoir will vary. T'he system of stresses,
radial fractures, and regional fractures in chalks on the domal structure of the Ekofisk Field
is a good example of this interaction (leufel and Farrell, 1990).
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5.0 Effects of Severe Topography

The weight of the mass of rock present in a mountain range will add a component of stress
with predictable orientation and magnitude to the regional stress system in adjacent areas if
the load is supracrustal and not isostatically compensated. The greater the relief and the
more abrupt the relief, the greater the stress it imposes and the deeper it will be significant.

This phenomenon is present at the MWX site, where a topographic - ress is imposed on
the regional west-northwest stress. 'The topographic stress derives from the 4000 to 5000 ft of
relief between the valley floor and adjacent highlands located only a few miles immediately
to the north and south (Clark, 1983). The topographic stress component trends north-south
at the MWX site, and its effect is to rotate the total stress trajectory a maximum of about 15°
to 4 more east-west orientation in the shallower parts of the MWX holes (Figure 15). This
effect diminishes with depth.

Another probable example of topographic effects oceurs in reservoirs in the DOE and
Barrett wells that are located immediately to the south of the Anvil Points escarpment, north
of the MWX site. The fractures in these reservoirs formed at the same time as those at the
MWX uite and therefore trend west-northwest, yet these wells responded favorably to
hydraulic stimulation fractures, whereas the MWX wells, for the most part, did not. At
MWX, the principal horizontal in situ stress trends nearly parallel to the fractures; thus the
stimulation fractures did not intersect many natural fractures. Near the escarpment,
however, the superimposed topographic stross is strong and is inferred to have rotated the
trend of the maximum compressive atress sufficiently to direct the hydraulic stimulation
fractures transverse to the natural-fracture permeability trend. Data from one of the Barrett
wells suggests that the stresses are rotated 20° 40° from that found at MWX.

A caleulation of the stresses due to topography can be simply made (a finite element
solution will be more accurate, but also much more difficult) using the same stress solutions
as for the thrust-induced stress trajectories given earlier. Given the solutions (Jaeger and
Cook, 1976) for a constant distributed load,

o -~ X/xloy 0y wintly 0y conttl + 0y},
oy X/mlly 0y 4 win(0, 0y cos(0y + Ay)), and
Tey o X/miwin(dy 0y sin(#y 4 )},

and those for a linearly increasing load (Figure 16),

y - (X/Qt)“l f (y/n)l(ﬂ, ”2) sin‘«‘lﬂ,}.
ay - X200 4 v/ ) 4 win20,  (x/a)In](ry/r)?)) and
ray - (P22 (x/adBy b)) - con2By),

the effects of many types of topographies can be modeled.

An example ealculation (Figure 17) is shown for Anvil Points in the vicinity of MWX and
the Barrett wells (See also Appendix ). Using stress data for strata at 6000 ft depth and
adding in the effects of the high Anvil Points mesa, the reorientation of the stress field was
calculated as a function of the angle of the mesa escarpment relative to the maximum
principal stress, with the distance from the escarpment as a parameter. It can be clearly seen
that the topography can significantly reorient the stress field, even at a distance of three
miles.
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EFFECT OF TOPOGRAPHY ON STRESS AZIMUTH
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Figure 17. Calculated stress reorientation due to a mesa and escarp-
ment as a function of the angle of the escarpment relative to the far-field
maximum stress orientation, A high mesa can significantly reorient the
stress field.

5.6 Relaxation of Stresses

When a confining stress is removed from strata, as during uplift, erosion, or regional
change of tectonic regime to extension, the response of the strata varies according to the
petrophysical properties and history of the rock. Some rocks, such as sandstones, commonly
display a remnant, locked-in stress even after all external confining stress is removed. This
stress originates when the component grains of the rock are cemented together by diagenesis
while they are elastically deformed by external stress. Some of the elastic deformation of each
grain may be “locked in” by cementation, such that when the external stress on such a rock
is released, the cementation prevents the relaxation of this strain, which sets up secondary,
internal stresses in the rock between the grains and the cement (Gallagher et al., 1974;
Rathore et al., 1989).

If the grains were originally deformed anisotropically, the remnant/locked in stress will
be anisotropic. This internal stress will, in fact, behave similarly to an active tectonic stress
in affecting the behavior of hydraulic fractures or stress-sensitive reservoirs (Figure 7). "T'hus
a reservoir may be located in a currently inactive tectonic area, yet may display anisotropic
stress hehavior.

Stress-release fracturing is another effect of locked-in stress, If external confining stress
is released, the strength of the locked-in elastic stresses may be sufficient to hreak the rock,
producing fractures that trend normal to the maximum confining stress at the time the stress
was locked in. If fractures parallel to that stress had also formed prior to stress release, a
reticulate fracture pattern may develop. ‘This is a common occurrence in surficial rocks where
stresses are released during quarrying activities and where preferred cleavage directions are
apparent in rock without visible fabric. It also is probably responsible for the formation of
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many of the short, orthogonal, connecting fractures between throughgoing fractures in strata
exposed by erosion at the surface.

In the Piceance basin, the F fracture set mapped by Verbeek and Grout (1983) may have
such an origin. These fractures maintain an abutting and orthogonal relationship to a
radiating, regional (F,) fracture set. A related phenomenon is documented in core from the
MWZX site in the numerous Anelastic Strain Recovery (ASR) measurements made. When
rock samples were released from the confining stress at depth during coring, some of the
locked-in stress was relieved by the development of microcracks oriented normal to the in
situ maximum horizontal compressive stress. Microcrack development over the course of
several hours was measured as microstrains on strain gauges (Warpinski and Teufel, 1989).

Stress-release fractures would not be expected to be present in the subsurface in most
instances, as significant stress release at depth is not common. Therefore such fractures
mapped on outcrops should not be extrapolated indiscriminantly into reservoirs at depth.

If stress is not locked in (poor cementation or no cementation at all), the rocks would
relax elastically, and no fracturing would be expected on stress release. Alternatively, if the
components of the rock are ductile, remnant locked-in stress anisotropy would not be
poseible, and stress-release fracturing would not occur.

The ductility of some strata, notably of clay-rich shales, commonly allows much of the
stress in a rock to dissipate over time and distance when the stress is removed, or even under
conditions of constant stress. Ductile strata typically are not fractured. Many “shales”
contain fractures, commonly those with high percentages of carbonate and/or silica compo-
nents, and not all “shales” are ductile. Moreover, high pore pressure may make otherwise
ductile strata relatively brittle; shales with a high organic content may, under conditions of
organic maturation and high local pore pressure, become more susceptible to fracturing than
adjacent strata that would be more brittle under atmospheric conditions.

Some of these phenomena are illustrated at the MWX site by measurements of the
different in situ stresses in the shales and sandstones of the Mesaverde Formation. The
minimum stress in the shales has relaxed since the last tectonic stress episode and now is (1)
horizontally isotropic and (2) has a magnitude which reflects only the weight of the
overburden strata (Warpinski et al., 1985, Warpinski and Teufel, 1989). The horizontal
stresses in the sandstones, however, are anisotropic. They are less than that which would be
generated by the weight of the nverburden because of a degree of strength inherent in the
sandstone rock structure that helps to support this weight. Since the surrounding shales are
horizontally isotropic, they are not presently transmitting a horizontal tectonic stress.
However, they must have transmitted enough stress at some point in their history to have
caused the sandstones to fracture. Therefore the stress anisotropy in the sandstone reservoirs
must be a remnant one, transmitted through the shales before they relaxed.

Another example of locked-in stress is documented by McLellan (1988) in describing the
foredeep basin of Alberta. The situation is essentially that found at the MWX site, with
horizontally isotropic, relaxed shales at overburden stress and horizontally anisotropic
stresses in the sandstones. In Alberta, however, the stresses in the sandstones are higher than
the overburden stress, arguing for a significant horizontal tectonic stress during cementation
(which is entirely likely given the adjacent thrust belt) and/or the erosional removal of a
significant thickness of overburden strata (also likely in this area).

Theoretically, limestones would be less likely than siliciclastic sandstones to retain a
locked-in stress because their ductility under high confining pressure and elevated temper-
ature commonly exceeds that of shale (e.g., Handin, et al., 1963). Moreover, carbonates are
typically soluble under these conditions, especially when nonuniformly stressed, and strain in
limestones may therefore also be accommodated through pressure solution and recrystal-
lization. The ductility of dolomite, however, is nearly as low as that of clean, quartzitic
sandstone.

There are good examples of anisotropic stresses measured in chalk reservoirs (e.g.,
Ekofisk field), and manv of these rocks behave elastically in the laboratory on a short time
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scale. Thus carbonates may exhibit not only the record of an active tectonic stress anisotropy,
but they also seem to have the potential for preserving a remnant stress anisotropy. If so,
stress-release fractures may develop in limestones under the right conditions.

The difference in behavior between an elastic rock, such as a well-cemented sandstone, or
a more ductile one such as clay-rich shale, probably represents the extremes of a spectrum.
Shales have a short relaxation time constant (the MWX shales fit a 5 million year time
constant; Warpinski, 1989), whereas sandstones seem to have vastly longer relaxation time
constants, probably on the order of tens to hundreds of millions of years. Accordingly,
sandstones are essentially elastic during the time scales of interest.

Stress may dissipate laterally as it is “diluted” radially from a point source and/or as it is
accommodated by strain in the rocks. This is not a stress release, but it may limit the size of
an area that is subject to sufficient stress to cause fracturing.

6. Analysis: Reconstructing the Stress/Fracture
History of a Basin

In reconstructing the tectonic history and ultimately the stress/fracture history of a
potentially fractured reservoir, it is necessary to be able to read the fossilized record of stress
in the rocks. It is also useful to be able to measure the present-day in situ stresses. Such stress
records may include but are not limited to the kinematic indicators used by structural
geologists. Many stress records do not record actual motion of the rocks, only the orientation
of the contemporaneous stress.

Some measurement techniques can be used to calculate present-day stress magnitudes,
but there are few if any reliable ways to measure paleostress magnitudes.

6.1 Paleostress Indicators

Paleostress records range in size from microscopic crystal deformation to the trends of
mountain ranges. The reliability of each indicator can vary with local circumstances, and
each should be evaluated accordingly. A suite of mutually supporting indicators of different
categories and magnitudes offers the most reliable evidence. Such a suite has been
documented within the Piceance basin (Figure 18), and this will be used as the primary
example in the discussions below.

6.1.1 Microscopic Indicators

Calcite is subject to crystallographic twinning when stressed anisotropically. This
produces characteristic deformation lamellae that can (laboriously) be measured in thin
section with a petrographic microscope and universal stage in order to determine the stress
orientation (e.g., Groshong et al., 1984; Teufel, 1980). Several samples of calcite cement in
sandstone core from the MWX wells were analyzed in this manner, yielding maximum
horizontal paleostress orientations of northwest to west-northwest.

Quartz also deforms under stress, but instead of twinning, crystallographic shear planes
are produced (Mcl.aren et al., 1970). These shear planes can also be measured under the
microscope and analyzed for the maximum compressive stress. Dula (1981) analyzed quartz
deformation planes in the White River Uplift (the mountainous Laramide uplift just east of
the Piceance Basin), concluding that the recorded maximum paleostress was horizontal and
that it trended west-northwest.

These measurements of the paleostress in the vicinity of the MW X site are consistent and
suggest that the horizontal stress locally exceeded the vertical, overburden stress. This fits
well with the concept of the White River Uplift as a thick-skinned, overthrust indenter into
the bhasin. The direction of thrusting indicated by the crystallographic evidence is west-
northwest, which fits with evidence from the microscale configuration of the Grand Hogback
(the boundary between the basin and the uplift). This will be discussed below.
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Stress domains may vary rapidly both laterally and vertically, and isolated microscopic
stress indicators should not be relied on for the reconstruction of stress trajectories across
entire hasins. Nevertheless, they do offer important information oti stresses at local sites and
corroborating evidence for more regional stress history reconstructions. For calcite twin
lamellae, estimates of the differential stress at the time of formation can be made, and a
threshold of at least 100 bars must be achieved before twins are formed (Jamison and Spang,
1976). However, the actual stress magnitudes cannot be derived.

6.1.2 Mesoscopic Indicators

The intermediate scale of stress records includes most of what are usually measured as
“kinematic indicators” (e.g., slickensides, veins/gashes, conjugate shears, etc., e.g., Arthaud
and Choukroune, 1973) by structural geologists when reconstructing the relative motion
hetween great masses of rock. However, since relatively few hydrocarbon reservoirs are
located under mountain ranges, we will concentrate here on the more subtle indicators that
occur in less-deformed, sedimentary strata, i.e., vertical extension fractures. (See also
Appendices A, B.)

Vertical extension fractures are present in almost all sedimentary strata, despite the
absence of other evidence of deformation. Such fractures form as a result of horizontal stress
anisotropy in the strata acting on rocks that fail in a brittle mode despite high confining
stresses; pore pressure partially negates the confining stresses, creating brittle strata. Stress
anisotropy not only creates fractures, but it also dictates fracture orientation and maintains
fracture aperture. Extension fractures will be oriented in the plane of the maximum and
intermediate compressive stresses and will be normal to the least confining stress. Since the
overburden stress is most commonly the maximum stress, most extension fractures are
vertical. Even if one of the horizontal stresses is the maximum stress, extension fractures will
be vertical as long as the overburden stress remains at least the intermediate stress.

Thus vertical extension fractures may be used to determine the orientation of the
horizontal stress anisotropy. Because horizontal stresses will be isotropic in the abhsence of
tectonic influence, fracture orientations may often be used to infer the presence, type, and
location of tectonic activity at the time of fracturing.

At the MWX site and in the Piceance basin, several sets of fractures have been
documented by numerous authors. (See summary in Lorenz and Finley, 1991.) West-
northwest fracture orientations suggest a west-northwest maximum horizontal compressive
stress in strata throughout most of the basin. These are interpreted to reflect the stresses
derived from the Sevier overthrust belt to the west and locally from the incipient thrusting
of the White River Uplift.

Several exceptions to this west-northwest trend occur, most notably (1) in fractures that
form an array spreading westward across the basin in the Tertiary strata and (2) in fractures
that are younger than and orthogonal to other fractures. The former are interpreted as having
followed an arcuate stress trajectory formed by the point stress source as the White River
Uplift was thrust into the basin. (See Figures 6 and 9.) The latter are inferred to be
stress-release fractures, as discussed above, formed during uplift and erosion,

Vertical extension fractures may also form where no obvious source of compressional
tectonism exists, or may even he normal to an expected trend if extension in another
direction exceeds that from an obvious but superficial source of compression. An example of
this is the Cretaceous strata of southwestern Wyoming, where asymmetric subsidence in a
narrow, deep basin produced significant extension transverse to the narrow axis of the basin.
This strain exceeded the extension due to compression froin the adjacent thrust belt; thus the
fractures were formed parallel to the axis of the basin and parallel to the thrust belt (L.aubach
and Lorenz) (Figure 19).
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Upper Cretaccous Strata, Southwestern Wyoming
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Figure 19. Rapid subsidence in a narrow basin that led to asymmetric
stresses and fracturing parallel to the basin axis despite thrust-fault
compression normal to the basin axis: Cretaceous foredeep of the Green
River basin, southwestern Wyoming.

6.1.3 Macroscopic Indicators

Large-scale stress records are perhaps the easiest to see and measure, yet are also
potentially the most deceptive. Examples of mesoscopic stress indicators that oceur in the
Piceance basin include normal faults and thrust faults, anticlines, graben, and igneous dikes.
There have also been remote-sensing studies of various “lineaments” in the basin, but the
significance of lineaments is highly questionable when their origin is unknown, and they will
not be discussed further here.

The least ambiguous of these indicators are igneous dikes. Several T'ertiary dikes have
been mapped in the south-central part of the basin, and others exist in the central basin, all
of which trend east-west. A dike is a natural hydraulic fracture and will be oriented normal
to the least compressive stress; therefore, the maximum horizontal stress in the basin at the
time of intrusion was east-west. The dikes are up to 5 miles long and reflect a consistent stress
orientation in the strata to a depth of at least this magnitude. Stress rotation with depth
would be apparent as an en echelon segmenting of the dikes, which does not occur. Thus the
dikes are good paleostress records, and their orientation is congistent with other stress
indicators discussed thus far because the strikes of extension fractures in this part of the
basin rotate to become east-west or even slightly west-southwest.

Faults must be interpreted more carefully. Ideally, normal faults and graben form in
extension normal to the least compressive stress while thrust faults form normal to the
maximum compressive stress, However, there may be a component of strike-slip motion in
addition to the dip-slip motion in either type of fault. ‘The magnitude of this oblique motion
can be considerable and is the result of stresses that are not entirely at right angles to the
fault plane. A pre-existing weakness in the rock may also dictate the location and trend of the
fault, whereupon the stresses only activate that weakness, do not control the fault orienta-
tion, and cannot be directly inferred from fault orientation.
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Normal faults and the one graben within the Piceance basin trend primarily northwest,
consistent with the dominant northwest maximum compressive stress suggested by other
indicators. There is some scatter, which probably reflects basement heterogeneity, but no
evidence for strike-slip motion has been reported from these faults,

A major thrust fault is present at the eastern margin of the basin, forming the Grand
Hogback and creating the White River Uplift. Smaller thrusts are buried below the Divide
Creek and Wolf Creek Anticlines in the southeastern part of the basin (Grout et al., 1991).
The edge of the Uncompahgre Uplift at the southwestern margin of the basin may also be
located at a thrust fault, but this has not been documented.

The smaller, buried thrusts apparently record east-west thrusting. Although they are
complex, they may be interpreted in a relatively straightforward manner once suitable
subsurface/seismic data is available. The Girand Hogback thrust, however, displays an
ambiguous dogleg in the middle sector that has heen interpreted to indicate a thrust event
directed toward the south or southwest (Perry et al., 1988). Southwest thrusting would be in
addition to (and at a different time from) the eastward-directed thrusting suggested by the
north-south trending segments of the hogback. Strata along the dogleg are rotated more
nearly vertical than strata on other parts of the hogback, and an overhang has been
demonstrated near the center by industry drilling.

Study of this zone is incomplete, but none of the fracture patterns directly south of the
dogleg support local north-south compression. Alternatively, the dogleg may an artifact of
basement heterogeneity, and the true structure may be a tear-fault discontinuity in the
north-south thrust that is obscured by blind, eastward-directed thrusting beneath the
Mesozoic cover. In any case, the major thrust fault in the Piceance basin is an ambiguous
stress indicator despite its large size and large-scale movement,

Anticlines within the Piceance basin are the least reliable of all of the local stress
indicators. An anticline is typically interpreted as the result of horizontal compression
normal to its axis, especially where numerous en echelon anticlines are present as in the
Appalachian fold helt. However, most of the examples of antiform strata in the Piceance
hasin are out of phase. Most also trend west-northwest, suggestive of a north-northeast
compressive stress that is nearly normal to any other stress record present in the basin, These
“anticlines” seem to have been draped passively over faulted basement blocks. Each block
was uplifted by stresses that were only loosely related to folding of the overlying strata, and
the fold axes were commonly oblique to the stresses that uplifted the fault blocks. In such
cases, the trend of the antiform reflects primarily the heterogeneity of the faulted hasement,
not a dominant stress orientation.

6.2 Present-Day, In Situ Stress Indicators

Several techniques can be used to measure the modern in situ stress orientation, and
some also provide a measure of the stress magnitudes. Most of the methods provide only
site-specific information,

Core and wellbore analysis were used to measure site-specific stresses at the MWX site.
Among the techniques used to measure stress from core samples were Anelastic Strain
Recovery (ASR), Differential Strain Curve Analysis (DSCA), Circumferential Velocity
Anisotropy (('VA) (see Appendix D)), and the measurement of coring-induced petal/petal-
centerline, scribe-line, and disc fractures (see Kulander et al.,, 1990; Lorenz et al., 1990;
Strickland and Ren, 1980; Teufel, 1983). ‘The first three techniques measure the orientation
of microscopic stress-release fractures that develop in the rock normal to the maximum in
situ horizontal stress when the confining stress is released. Coring-induced fractures form
with a strike (petal, petal-centerline, and scribe-line fractures) or plume axis (disc fractures)
that usually parallels the in situ maximum horizontal stress. All of these methods provide
information on the maximum horizontal stress direction only if the core is or can be oriented.

Stress magnitudes may also be calculated from the ASR technique in ideal cases
(Warpinski and Teufel, 1989). Another procedure that measures the magnitude of the
minimum in situ stress is the mini-or micro-frac technique, where small volumes of fluid are
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injected into the formation from the wellbore while the injection pressure is monitored
(Warpinski, 1985). Pressure continues to be monitored after injection is stopped, giving a
measure of the stress the formation exerts on the fluid as the induced fracture is forced
closed.

Analysis of the breakouts in a borehole, using caliper, borehole images, or other downhole
tools will also indicate the local maximum horizontal stress direction (e.g., Fordjor et al.,
1983; Plumb and Cox, 1987). A borehole commonly becomes elliptical as breakouts develop
preferentially on the borehole walls that are aligned with the minimum horizontal compres-
sive siress.

Finally, the direction of propagation of a hydraulic fracture may be monitored seismically
(Hart et al., 1984) or by the use of instruments such as tiltmeters. 'The direction of
propagation is controlled by and will parallel the maximum horizontal in situ stress, All of
these methods (except tiltmeters) have been used successfully at the MWX site, and they
consistently indicate a west-northwest maximum horizontal compressive stress.

There have been reports of success in determining the local subsurface stress direction by
measuring seismic shear wave anisotropy (e.g., Crampin, 1985). In theory, since horizontal
stress anisotropy preferentially holds open those natural microcracks in the rock that are
aligned with the maximum compressive stress, shear waves will be impeded in the direction
transverse to the open microcracks. A unidirectional set of macrofractures will have the same
effect, whether they are aligned with the present maximum stress or not. Although fractures
and stresses are commonly so aligned, care must be taken to be sure that stress is being
measured with this technigque and not an oblique fracture orientation.

Earthquake focal mechanisms have been used to determine the direction of stress
orientations in large tectonically active areas (Liang and Wyss, 1991). Although such
measurements are valid, they commonly measure the stresses at much greater depths than
most reservoirs, and they are not sensitive to the local variations in stress that structures and
topography can cause,

In the Piceance basin, the orientation of the stress field has been successfully measured
at several sites. The orientation of the stress field at MWX (Figure 20) has been measured
using several techniques, all of them showing a stress orientation that is slightly north of west
with a possible rotation with depth. Measurements farther north (Bredehoeft et al., 1976)
showed a similar stress orientation (Figure 18), as did velocity anisotropy measurements on
a Fuelco well about 1H mi to the southwest of MWX. The only data in disagreement are
velocity-anisotropy and coring-induced fracture results from the Barrett MV8-4 well in
Grand Valley. However, this well is under the severe topography of Anvil Points and
probably suffers a rotation due to the additional load.

ASR results at the MW X site suggest that differences in the two horizontal stresses in the
Mesnaverde vary from about 600 1200 psi, depending upon the depth and the zone.

6.3 Pore Pressure

One of the major uncertainties in reconstructing the fracture history of a basin is the
fracture susceptibility of the strata through time. This is largely dependant on formation
pore pressure, though other factors such as changing rock properties (a function of
cementation, compaction, diagenesis, ete.) are also important. Pore pressure will change as
the organic material in a formation matures and produces gas, as burial/compaction ratios
evolve, as the strata are compressed laterally by tectonism, and/or as temperature gradients
change. Reconstruction of pore pressure histories is difficult. Uncertainties include the gross
estimates that must be made of organic volumes contained by formations and the percent-
ages of the gasses produced that may have been lost or adsorbed.

Nevertheless, geologically reasonable estimates can often be made at least of the probable
timing of elevated pore pressures, if not of their magnitude, and of how the pressure history
interacted with the tectonic/stress history of a formation. Such estimates were made for the
Piceance basin at the MWX site, where it can be demonstrated that elevated pressure
produced by gas generation in the formation (Spencer, 1987) coincided with enhanced
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tectonic compression to create natural fractures (Lorenz and Finley, 1991). An important
piece of corroborative data for this interpretation came from fluid-inclusion analyses, which
provided an indication of the in situ temperatures and pressures during fracturing.
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6.4 Summary

Paleostress indicators should be used in conjunction with tectonic reconatructions to
create a conceptual stress-history model of the strata in question. An integrated numerical
model is within the capabilities of computer programs (e.g., Warpinski, 1989), but is only as
accurate as the geologic data available, Any model must use or correetly predict the measured
paleo-stress indicators and the known present-day stresses as known tie points.

A tectonic and stress history model was constructed for the Mesaverde strata at the
MWX site (Lorenz, 1085; Warpinski, 1989; Lorenz and Fley, 1991) that incorporates most
of the factors discussed above. The principal components of the model include (1) a curve
depicting the depth of burial relative to the changing-elevation land surface through time
(Figure 21), (2) an analysis of the timing and probable effects of the different tectonic events
in and around the basin (regional uplift, volcanism, basin-margin thrusting, ete.), (3) a
conceptual model of the pore pressure in the formation through time, (4) basement
heterogeneities, (5) empirical evidence of the natural fracture characteristics and distribution
throughout the basin, and (8) measurements of the modern in situ stresses,

au::‘u lovel of
n | Degin deposition high mesas
10.000 -1 pMesaverde Fm ',\.. —_—
\
form olastic 1
dikes ,"‘ - .‘, \L
8000 - horizontal? / present level of
fracturing Plonii sraded valiey floor
/ st MWX

]

i

form tracture
arrey in
Tertiary steate

DEPTH (fest)

8000 ~ .
-10.000 ~ T mantmum burial, pore pressure,
increased horizontal tegtonic atress.
and fractuting of Mesaverds reservoirs
T T T Y T T T 1
70 60 80 40 30 20 10 0

TIME (m.y.)

Figure 21, 'Time/Burial-depth/Surfuce-elevation diagram for the strata
at the MWX site in the Piceance basin.

These data and the synthesis suggest that natural fracturing oceurred during a time of
elevated pore pressure, at maximum depth of burial, and under conditions of enhanced
compressive stress due to basin-margin tectonic compression about 36 40 million years ago.
Significantly, the shales that surround the sandstones are in a reluyed state and reflect the
overburden stress. Therefore, the present stresses in the reservoir sandstones must be
locked-in/remnant stresses because no horizontal tectonic compression is being transmitted
to the sandstones through the shales. T'he maximum horizontal stresses (hoth paleo and
present) caused fracturing and are therefore parallel to the natural fractures. Accordingly,
most of the fractures comprise a single, west-northwest trending, regional set. However, the
local high-relief topography may rotate the present shallow stress orientations hy 10° 15°,
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7. Prediction of Fracture and Stress Orientations in
a Basin and at a Well Site

The above criteria can be used to infer paleo and present stress patterns in a basin and
thus to predict (1) the potential for fracturing in a given set of reservoir strata and (2) the
probable relative orientations of fractures and the in situ stresses. With this information, the
effectn of the stresses on reservoi deliverability may be inferred.

As with any predictions, the larger the data base, the better the prediction. Moreover,
once a well is drilled based on predictions, new data become available, allowing for the
incremental refinement (or sometimes the deastic modification) of original predictions until
the prediction eventually matches reality when all factors are known, ‘T'he goal, of course, is
to make as accurate a prediction ax possible as early as possible. Unfortunately, time and
money often dictate that the initial prediction will be based on a limited data set. Given the
complexity of geologic systems, which usually contain hidden factors that are revealed only
at inopportune times, one should be prepared to modify predictions,

A summary list of the data desirable for predicting stresses and fractures in the generic
basin is given in 'Table 1. This is a short table, but, as shown above, each category admits
numerous possible sources of data and contains numerous potential ambiguities,

Table 1. Information for Predicting
Subsurface Stress and Fracture
Patterns at a Well Site

Present regional stress orientations
Prexent regional stress magnitudes
Surfuce fracture patterns

Time-depth history of the strata
Regional structural patterns and timing
Formation pressures, past and present
Topographic profiles of the site

There are two parallel studies that must be made and then integrated in order to
reconstruct the fracturing events and to predict fracture orientation. One is to estimate the
fracture susceptibility of the strata through time, and the other is to reconstruct the
stress-anisotropy (tectonic) history of the basin, ‘T'ime intervals where high susceptibility
coincides with high anisotropy are the most likely times of fracturing, and the stress
orientations at these times will control fracture trends,

A numerical example of this approach has been constructed foe the Piceance basin
(Warpinski, 1989). Stresses were calculated through time based on geologic estimates of
compressive tectonic stress and depth of burial (Figure 22), and fracture susceptibility was
calculated based on varying rock properties (derived from geologic estimates of the pore
pressure, temperature, and dingenesis histories). In this study, the likelihood of fracture was
hased on a comparison of the stress conditions with a laboratory-derived failure envelope for
samples of the reservoir sandstones (Figure 28). Calculated end-result stresses correlated
hest with those measured in the strata when a visco-elastic model of the strata was used.

An alternative, empirical, and complementary approach to modeling the same basin is
presented by Lorenz and Finley (1991), In this analysis it was noted that the timing of
maximum compression due to basin-margin thrusting coincided with maximum burial and
with maximum organic maturation (therefore with maximum formation pore pressure).
Therefore, maximum fracture susceptibility was contemporaneous with maximum stress
anisotropy, and fracturing was inferred to have occurred at this time, The orientation of the
fractures is compatible with the compressive stress trajectories produced by thrusting,
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Similar approaches may be taken to predict fracturing and fracture/stress orientations
without foreknowledge of the fracture character or of the present stress state at depth,
However, there will be fewer definitive tie pointa between the model and reality, and the
reconstruction will be commennurately less reliable.

7.1 Tectonic Stress History

1. The tectonic history of a basin must first be understood. All potential sources of
anisotropic stress in the basin (asymmetric basin subsidence, thrusting, flexure,
topography, etc., as discussed earlier) must be identified and mapped, and the
probable orientations or trajectories of the stresses produced by each source plotted.
Differentiate between regional stresses and local stress-modifying features.

2. 'The time intervals during which each stress was a factor must be determined as
closely as possible. Stratigraphic dating and radiometric dating are essential in this
exercise, but, unfortunately, the two time scales do not always coincide, and they
rarely offer the desired precision.

1. The magnituden of strenses should be estimated if possible. This may be approached
by measuring indentation distances, radii of curvature, amounts of uplift, or the
amounts of strain that resulted from each nource. Use geologic principles and
inventiveness.

4. A time-depth curve (e.g., Figure 21) should be constructed for the specific site of
interest. Again, dating may be less precise than desirable. Most time-depth curves do
not account for more than the position of the strata relative to the land surface, but
more insight may be gained by (a) plotting the strata relative to sea level, which
allows uplift events to be seen in context, and (h) plotting the local land surface
relative to nea level in order to retain a plot of total burial depth. Moreover, the
ﬂ.ﬁcknenuea of strata removed by erosion should be estimated and included in the
plot,

h. All paleostress indicators should be identified and plotted along with any constraints
on their time of origin in map form or even on a series of time-slice maps. These mapy
may be the same ones on which the structures/stress sources are located, where
correlations between the two often become apparent.

6. Note potential vertical discontinuities in stresses such an depths of indentation or

ductile stratigraphic layers.

. 'I'he result should be a 4.-dimennional concept of stresses in the basin (vertically,
2.dimennional laterally, and time) that ix as quantitative as possible. Thin will
commonly be more quantitative than the geologist in comfortable with, yet less so
than an engineer would like.

7.2 Calculated Stress History

Stresw-strain relationships for a linear-elastic, homogeneous, and isotropic material are
well known and can be written as

-3

Kde, = day - vlday + do,) - aFdT
Edey = do, -~ v(da, + do,) -~ oFdT

for the horizontal directions, where E is Young's modulus, v is Poisson’s ratio, « is the
coefficient of thermal expansion, de in a differential strain, do is an effective differential
stress, and d'I' is a differential temperature change. ‘The stresses, strains, and temperature are
written as differentinls because they will need to be integrated later to account for changes
in material properties. In addition, o will always denote an effective stress. Also, compression
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is ponitive; thus increasing d'TI' results in expansion, and a minus sigh precedes the thermal
strain term.
These equations can be solved for the stresses as

d " e | Fdey  vEde, \ akd'l

ag = . da SR :

LR IRt S T A 1w
v Bde, oEdg  obdT

doe = o dae | o % , S

AT T foy 1 (R ' coar

Each of these components was separately discussed earlier. In this form, o, is recognized as
the effective differential overburden stress caused by a change in depth, pore pressure or
properties. It is given by

do, = dl(pg ~ AD] ,

where pis the rock bulk density, g is the gravitational constant, A is the pore pressure
gradient (psi/ft or kPa/m), and D is the depth. Throughout the analysis, o, will be the
minimum compressive stress and o, the maximum compressive stress. Without more
information, it is tacitly assumed that Biot's modulus is unity.

These equations are the basis for both elastic and viscoelastic analyses. 'T'he simplest
solution is for elastic behavior with constant rock properties and pore pressure gradient, This
results in

v Ky + vk, , akd'T

R T R I B 1w
vy By rBeoidT
I T |l ' 1ot 1w

ag - (pR - ND,

with the obvious implication that the stresses at depth can be calculated at any time if the
properties, strains, pressure, and temperature are known. There are many limitations to this
approach (Voight, 1974; Prats, 1981), and these equations will not provide accurate stress
calculations for most applications. ‘The strains are assumed to be tectonic or geometric and
are applied at the edge of the basin.

In general, rocks in a sedimentary basin have time-varying properties: strains, tempera-
ture, and pore pressure, with “locked-in" or cumulative stresses. ‘T'he solution now requires an
integration as

w v dltpg MND) v K de
- ) 2t o ) t
Aoy f‘ |l » dt a .[1 1o dt d
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w v dey w ok dT
e O
' j:. I dt de jh Lowdt ‘




uor o dlitg MDY T (hy
Aoy j: Lo dt dt ;f‘ 1o? dt ot

i i
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' _[ Io? dt iy L 1 vt dt

with
o, (0= ptOg  AMOID .

The overburden stress is assumed to instantaneously reflect any changing values and can
thus always be calculated if the properties, pore pressure, and depth are known at any
instant. The horizontal stresses must be integrated through history to arrive at a reasonable
estimate of the horizontal stresses at depth. The integrals have been taken with respect to
time because it is always possible to make some simple assumptions about the way properties
and other parameters will vary through time (assuming the burial, tectonie, and diagenetic
history are known). These equations can now be used to include the effect of lithification and
changes in load parameters.

A comparable analysis can be performed for viscoelastic behavior of the rocks, and the
equations are given in Appendix (. For the viscoelastic case, it is also necessary to estimate
a relaxation time for the rocks. It is generally expected that sandstones will behave elastically
over reasonable geologic time periods (+ 100 million years) while shales probably behave
viscoelastically over very short time periods | <. 5 million years),

An example calculation for the stress history of three wells in the Piceance basin (Figure
24) shows that large stress anisotropies are expected at the time of maximum burial, but pore
pressure is also high at this time. ‘Thus conditions are conducive to the formation of regional
fractures. (See also Appendix (')

7.3 Fracture-Susceptibility History

1. Estimate the rate of lithification of the strata. 'This will be a function of diagenesis,
burial (compaction), cementation, ete., and will be qualitative since no standard or
universal rate exists. However, the more a sediment turns into a rock, the higher the
modulus it will have, and the more it will be prone to fracture.

2. Create a pore-pressure history for the strata. This is another difficult and qualitative
exercise, but is important because pore pressure acts to negate confining pressure,
and a less confined rock is brittle and prone to fracture. Organic maturation, rate of
compaction, ease of formation dewatering, and lateral compression of strata are all
factors to consider. It may also be important to note the lateral distributions of
certain pore pressure domains (i.e., if certain parts of a formation contain coal,
organic maturation may generate formation pressures higher than in zones without
coal). Since pore pressure will also contribute to the total stress of a system, its effects
should also be considered when constructing the stress history above,

3. Determine thermal and overburden-stress histories, Thermal strains can be very
high, and a large component of the lateral stresses comes from the overburden stress,
Isotropic stresses from these two factors will add to the total stress of a system, and
deep burial and/or a high geothermal gradient will increase the fracture susceptibility
of strata.
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The result should again be a 4-dimensional concept of lateral and vertical pore pressure
variation through time, although this will in all probability be more qualitative than the
stress-history model.

SHEAR-STRESS DEVELOPMENT IN THE PICEANCE BASIN
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Figure 24. Calculation of the shear stress, through time, that would
have developed at three sites in the southern Piceance basin, Increased
shear stress indicates increased potential for fracturing.

7.4 Integration

The optimum conditions {or fracturing, and therefore the most probable times of
fracturing, occur at the intersections of maximum stress anisotropy and maximum fracture
susceptibility. This may not always be the case, for if earlier, less ideal conditions allowed
fracturing, subsequent ideal conditions may only reactivate existing fractures. Moreover,
there may be more than one fracturing event in a basin, and fracture sets may be
superimposed. Thus the interpretation of fracturing in a basin must be made carefully and
with full knowledge of the geological history of the basin.

Regardless of when the fracturing actually occurs, fracture planes should be aligned with
the maximum and intermediate compressive stresses at the time of fracturing. These
orientations are derived from the stress trajectories created by the combined stress sources
in the basin. Thus the maps of stress sources and of stress indicators provide the basis for
predicting fracture orientations in a given set of strata in a given area. These maps can also
be used to predict the present-day in situ stress orientations (which commonly, but not
always, parallel the paleo-stress orientation).

Once regional fracture and regional stress orientations are known, the probable details of
specific well sites can be predicted, and specific exploration prospects may be generated. The
latter may consist of searching for anomalies where the regional stress has been altered due
to local structure or radical topography, providing a mechanism to direct hydraulic
stimulation fractures across the natural fracture trend for enhanced efficiency. They may
also consist of areas of the basin where the reconstructed tectonic stresses or fracture
susceptibility of the strata were maximized, increasing the likelihood of fractured reservoirs.

44



Conclusion

The multi-discipline processes described above for assessing the fracture history of a
basin, a specific site within it, and the probable effects of the fractures on the reservoir in
question can be summarized in a flow diagram (Figure 25). This figure lists, as the “Fracture
Analysis Toolbox,” the techniques that can be used to measure current stresses and to
reconstruct paleostresses, as well as the methodologies used to infer probable fracture types
and their effects on a reservoir. Application of as many of these techniques as possible to a
given problem, although expensive and time consuming, is desirable in order to constrain the
modeling and inferences that follow at the ensuing interpretive-level procedures.

Use of these techniques allows for a scientifically-based evaluation of the potential for
fractures to be present in the subsurface, and if present, their probable importance to
permeability and thus to the recovery of hydrocarbons from the reservoirs in the system.
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FRACTURE ANALYSIS METHODOLOGY
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Figure 25. Flow diagram summarizing fracture-assessment techniques and their integra-
tion into the procedures described in this paper.

46




References

Anderson, E.M,, 1942, 'The Dynamics of Faulting: Oliver and Boyd, London. 183 p.

Arthaud, F., and Choukroune, P., 1973, Method d’analyse de la tectonique cassante a 'aide des microstructures
dans les zones peu deformees: exemple de la plate-forme Nord-Aquitaine: Revue de I'Institute Francais du
Petrole, v. 27, p. 175732,

Becker, A., 1989, Detached neotectonic stress field in the northern Jura Mountains, Switzerland: Geologische
Rundschau, v. 78, p. 459 475.

Becker, A., Blumling, P., and Muller, W.H., 1989, Recent stress field and neotectonics in the eastern Jura
Mountains, Switzerland: Tectonophysics, v. 135, p. 277-288.

Bell, J.8., and Lloyd, P.F., 1989, Modelling of stress refraction in sediments around the Peace River Arch, western
Canada: Current Research, Part D, Geological Survey of Canada, Paper 89-1D), p. 49-54.

Bell, J.8., and Adamas, J., 1990, Do the rocks remember? How contemporary are the regional stresses in Canada?,
in Herget, G., Arjang, B., Betournay, M., Gyenge, M., Vongpaisal, 8., and Yu, Y.8., eds., Proceedings of
Specialty Conference: Stresses in Underground Structures: Mining Research Laboratories, Canada Centre for
Mineral and Energy Technology, EMR, p. 13-22,

Bott, M.H.P., 1991, Ridge push and associated plate interior stress in normal and hot spot regions: Tectonophysics,
v. 200, p. 17-32.

Branagan, P.'T', 1984, Interference testing of the naturally fractured Cozzette sandstone: a case atudy at the DOE
MWX site: Society of Petroleum Fngineers paper number 12888, SPE Unconventional (Gas Recovery
Symposium, Pittshurgh, p. 369-3686.

Branagan, P. T., Cipolla, C. L., Lee, S. J. and Wilmer, R. H., 1986, Comprehensive well testing and modeling of
pre- and post-fracture well performance of the MWX lenticular tight gas sands: Society of Petroleum
Engineers paper number 13867, Proceedings, 1986 SPE Symposium on Low Permeability Reservoirs, Denver,
CO, p. 191-202.

Bredehoeft, J.D., Wolff, R.G., Keys, W.8. and Shuter, E., 1976, Hydraulic fracturing to determine the regional in
situ stress field: Geologic Society of America Bulletin, Vol. 87, p. 250--258,

Clark, J.A., 1983, The prediction of hydraulic fracture azimuth through geological, core, and analytical studies:
Society of Petroleum Engineers paper number 11611, SPE/DOE Joint Symposium on Low Permeability
Reservoirs, Denver, CO, p. 107-114.

Crampin, S., 1985, Evaluation of anisotropy by shear-wave splitting: Geophysics, v. 5048, p. 142-152,
Dickey, P.A., 1979, Petroleum development geology: PPC Books, Tulsa, Oklahoma.

Dula, W.F.Jr., 1981, Correlation between deformation lamellae, microfractures, macrofractures, and in situ stress
measurements, White River Uplift, Colorado: Geological Society of America Bulletin, v, 92, p. 37-46.

Elkins, L.F., and Skov, A.M., 1960, Determination of fracture orientation from pressure interference: Petroleum
Transactions, AIME, v.219, p. 301-304.

Fertl, W.H., 1976, Glohal occurrence and evaluation of abnormal formation pressures, in Abnormal Formation
Pressures: Elsevier, New York, p. 326-347.

Fordjor, C.K., Bell, J.S., and Gough, D.1., 1983, Breakouts in Alberta and stress in the North American plate:
Canadian Journal of Earth Sciences, v. 20, p. 1446- 1455,

Gallagher, J.J., Friedman, M., Handin, J., and Sowers, G.M., 1974, Kxperimental studies relating to microfracture
in sandstone; Tectonophysics, v. 21, p. 203-247.

Genovese, P.W., and Schmidt, C.J., 1989, A calcite twin-strain analysis of thrust sheets, southwestern Montana:
evidence for stress field concentration by Rocky Mountain foreland anticlines.

Griggs, D. and Handin, J., 1960, Observations on fracture and a hypothesis of earthquakes: Geological Society of
America Memoir 79, p. 347-1364.

Groshong, R.H.Jr, Teufel, 1.W., and Gasteiger, C., 1984, Precision and accuracy of the calcite strain-gage
technique: Geological Society of America Bulletin, v.95, p. 367-363,

Grout, M.A., Abrams, G.A., 'Tang, R.1.., Hainsworth, 'T.J., and Verbeek, E.R., 1991, Late L.aramide thrust-related
and evaporite-domed anticlines in the southern Piceance basin, Northeastern Colorado plateau: American
Association of Petroleum Geologists Bulletin, v. 75, p. 206 218,

47




Hafner, W., 1861, Stress distribution and faulting: Geological Society of America Bulletin, v. 62, p. 3714 398,

Hancock, P.1., and Bevan, 1.6, 1987, Brittle modes of foreland extension, in M.P. Coward, J.F. Dewey, and P 1..
Hancock, eda., Continental Extensional 'Tectonies: Geological Society Special Publication no, 28, p. 127 1147,

Handin, J., Hager, R.V., Friedman, M., and Feather, J.N., 1981, Exporimental deformation of sedimentary rocks
uider confining pressure, pore pressure testa: American Association of Petroleum Geologists Bulletin, v.47,
p.717 765,

Hart, .M., Kngi, D., Fleming, R.P. and Morris, H.E., 1084, Fracture diagnostics results for the Multiwell
Experiment's paludal zone stimulation: S8ociety of Petroleum Engineers paper number 12862, Proceedings,
SPE/DOE Unconventional Gas Recovery Symposium, Pittsburgh, PA, p. 221228

Jaeger, J.C. and Cook, N.G.W, 1978, Fundamentals of Rock Mechanics, Halsted Press, New York.

Jamison, W.R,, and Spang, J.H., 1976, Use of calcite twin lamellae to infer differential atress: Geological Society
of America Bulletin, v. 87, p. 868 872,

Kempthorne, R.H., and leish. J.P.R., 1981, Norman wells - a new look at one of Canada's largent oil fields:
Journal of Petroleum Technology, v. 33, p. 985891

Kulander, B.R., Dean, S.L.., and Ward, B.J.Jr., 1990, Fractured core analysis: interpretation, logging, and use of
natural and induced fractures in core: American Association of Petroleum Geologists, Methods in Explora-
tion Series, No. 8, 88 p.

Kulick, D.M., and Schmidt, C.J., 1988, Region of overlap and styles of interaction of Cordilleran thrust belt and
Rocky Mountain foreland: Geological Soviety of Americn Memoir 171, p. 76 98,

Laubach, 8.K., and Loreng, J.C., 1992, Preliminary assesstment of natural fracture patterns of Frontier Formation
sandstones, southwestern Wyoming, in Mullen, C.E. (ed.), Rediscover the Rockies; Wyoming Geological
Asnociation, 43rd Field Conference Guidebook, p. B7 98,

Liang, B. and Wyss, M., 1991, Estimates of orientation of stress and strain tensors based on fault-plane solutions
in the epicentral area of the great Hawaiiun carthquake of 1888: Bulletin of the Seismological Society of
America, Vol. 81, p. 21320 21304,

Lorenz, J.C., 1989, Reservoir sedimentology of rocks of the Mesaverde Group at the Multiwell Experiment site
and east central Piceance basin, in B.E. Law and C.W. Spencer, eds., Geology of tight gas reservoirs in the
Pinedale anticline area, Wyoming, and at the Multiwell Experiment site, Colorado: U.8. Geological Survey
Bulletin 1886, p. K1 K24,

Lorenz, J.C., 198D, Tectonic and stress histories of the Piceance Creek basin and the MWX site, from 75 million
years ago to the present: Sandin National Laboratories Report SANDS4. 2604, bb p.

Lorenz, J.C., and Finley, 8.J., 1991, Regional fractures [1: fracturing of Mesaverde reservoirs in the Piceance basin,
Colorado: American Association of Petroleum Geologists Bulletin, v. 76, p. 1738 1767,

Lorenz, J.C., Teufel, L.W., and Warpinski, N.R., 1981, Regional fractures I: a mechanism for the formation of
regional fractures at depth in flat-lying reservoirs: American Association of Petroleum Geologists Bulletin, v.
76, p. 1714 1737

Lorenz, J.C., Finley, S.), and Warpinski, N.R., 1990, Significance of coring-induced fractures in Mesaverde core,
northwestern Colorado: American Association of Petroleum Geologists Bulletin, v. 74, p. 1017 1029,

Meclaren, A.C, Turner, R.Gi., Boland, J.N., and Hobbs, B.E., 1970, Dislocation structure of the deformation
lamellae in synthetic quartz; a study by electron and optical microscopy: Contributions to Mineralogy and
Petrology, v. 29, p. 104 115

Mcl.ellan, P., 1988, In situ stress prediction and measurement hy hydraulic fracturing, Wapiti, Alberta: Journal
of Canadian Petroleum Technology, v. 27, p. 85 85,

Maorrow, N.R., Brower, K.R., Ma, S. and Buckley, JJ.S., 1990, Fluid flow in healed tectonic fractures: Journal of
Petroleum Technology, p. LD L3R,

Muller, M., Nicherding, F., and Wanninger, M., 1988, ‘Tectonic style and pressure distribution at the northern
margin of the Alps between Lake Constance and the River Inn: Geologische Rundschau, v. 77, p. 787 796,

Myal, F.K., and Frohne, K.-H., 1991, Drilling the SHC'T' well in the Piceance Creek basin, Colorado: Society of
Petroleum Engineers paper number 21866, Society of Petroleum Engineers Joint Rocky Mountain Regional
Meeting and Low Permeabhility Reservoir Symposium, Denver, p. 611 622,

Northrop, D.A., and Frohne, K. H., 1990, Insights and contributions from the Multiwell Experiment: a field
laboratory in tight sundstone reservoirs: Journal of Petroleum T'echnology, v. 42, p. 772 779,

48




Perry, W.J. Jr., Grout, M.A,, Tang, R.L., and Hainesworth, T.J., 1988, Wedge model for late Laramide
basement-involved thrusting, Grand Hobgback Monocline and White Rivor uplift, western Colorado
{abstract]: Geological Soclety of America, Abstracts with Programa, v. 20, p. 3843856,

Plumb. R.A., and Cox, J.W., 1987, Stress directions in eastern North America determined to 4.6 km from borehole
elongation measurements: Journal of Geophysical Research, v. 82, p. 4806-4818.

Prats, M., 1981, Effect of burial history on the subsurface horizontal stresses of formations having different
material properties: Society of Petroleum Engineers Journal, Vol 21, p. 668--662.

Price, N.J., 1074, 'The development of stress systems and fracture patterns in undeformed sediments: Proceedings
of the 3rd Congress of the International Society of Rock Mechanics, v. 1-A, p. 487-496.

Rathore, J.8., Holt. R.M., and Fjaer, E., 1989, Effects of stresa history on petrophysical properties of granular
rocks; Proceedings of the 30th U.8. Symposium on Rock Mechanics, p. 766--772.

Salz, B., 1877, Relationships between fracture propagation pressure and pore pressure: Society of Petroleum
Engineers paper 6870, Proceedings, 52nd Annual SPE Annual Technical Conference.

Spencer, C.W., 1987, Hydrocarbon generation as a mechanism for overpressuring in the Rocky Mountain region:
American Association of Petroleum Geologista Bulletin, v. 71, p. 368-388,

Stearns, D.W., and Friedman, M., 1972, Reservoirs in fractured rock: American Association of Petroleum
Teologists Memoir 18, p. 82-105.

Strickland, F.G., and Ren, N.-K,, 1980, Prediction the in-situ stress for deep wells using differential strain curve
analysie: Soclety of Petroleum Engineers paper no. 8964, SPE/DOE Symposium on Unconventional Gas
Recovery, Pittaburgh, p. 261258,

Teufel, L.W., 1983, Determination of in-situ stress from anelastic strain recovery measurementa of oriented core:
Society of Petroleum Engineers paper no. 11648, SPE/DOE Symposium on Low-Permeability Gas Reser-
voirs, Denver, p. 421-430.

Teufel, 1.W., 1980, Strain analysis of experimental superposed deformation using calcite twin lamellae:
Tectonophysics, v.65, p. 281-309.

Teufel, L.W., and Farrell, 1990, In situ stress and natural fracture distribution in the Ekofisk Field, North Sea,
in 3rd North Sea Chalk Symposium, Copenhagen, Denmark, June 11-12: Norwegian Petroleum Directorate
and Danish Energy Agency, Joint Chalk Research Program, 33 p.

Teufel, L.W. and Farrell, 1982, Interrelationship between in situ stress, natural fractures, and reservoir
permeability anisotropy, a case study of the Ekofisk field, North Sea: Proceedings, Fractured and Jointed
Rock Mass Conference, Lake Tahoe, CA, 9 p.

Voight, B., 1974, Stress History and Rock Stress, Proceedings, Third International Congress of Society for Rock
Mechanics, Vol.2, pt A, p. 5H80-6582.

Warpinski, N.R., Branagan, P.T. and Wilmer, R., 1985, In situ stress measurements at U.S. DOE’s Multiwell
Experiment site, Mesaverde, group, Rifle, Colorado: Journal of Petroleum Technology, Vol. 37, p. 527--536.

Warpinski, N.R., 1989, Elastic and viscoelastic calculations of stresses in sedimentary basina: SPE Formation
Evaluation, v. 4, p. 522-530.

Warpinski, N.R. and Teufel, L.W., 1989, A viscoolastic constitutive model for determining in situ stress
magnitudes from anelastic strain recovery of core: Society of Petroleum Engineera Production Engineering,
Vol. 3, p. 272-280.

Warpinski, N.R. and Teufel, L.W., 1889, In situ stresses in low-permeability rocks: Journal of Petroleum
Technology, Vol. 41, p. 4056-414.

Warpinski, N. R., 1991, Hydraulic fracturing in tight, fissured media: Journal of Petroleum Technology, p.
146-1562, 208-209.

Weimer, R.J., 1961, Uppermost Cretaceous rocks in central and southern Wyoming, and northwest Colorado:
Wyoming Geological Association, 16th Annual Field Conference Guidebook, p. 17-28.

Woodland, D.C., and Bell, J.S., 1988, In-situ stress magnitudes from mini-frac records in western Canada:
Petroleum Society of CIM, paper no. 88-39-67, 38th Annual Technical Meeting, Calgary, p. 67-1 to 67-27,

Zoback, M.L.., and Zoback, M.D)., 1880, State of stress in the coterminous United States: Journa! of Geophysical
Research, v. 85, p. 6113-6158.

Zoback, M.L., and 29 co-authors, 1989, Global patterns of tectonic stress: Nature, v. 341, p. 291208,

49-60




APPENDIX A

Wellbore Geometries for Optimum Fracture
Characterization and Drainage

(From: Lorenz, J.C., 1992, paper in West T'exas Geological Society Bulletin, v. 32, p. 5-8).

Abstract

There are two problems that are rarely considered when drilling a deviated well for the
purpose of draining naturally fractured reservoirs: (1) how to intersect enough fractures with
the pilot hole to accurately characterize the fracture population; and (2), does reservoir
heterogeneity limit vertical permeability, despite fractures, such that a horizontal well
provides little benefit in enhanced drainage volume?

The first problem can be addressed with slightly deviated wellbores. A 30-degree
deviation from vertical will enhance the probability of intersecting a vertical fracture in a
35-ft thick reservoir by up to 6200, The optimum 6200 occurs if the wellbore azimuth is
oriented normal to fracture strike. However, even if fracture strike is unknown, there is a
two-thirds chance of intersecting at least half of this percentage with a randomly oriented
wellbore azimuth.

The second problem becomes severe in horizontally laminated reservoirs where fractures
are bounded by bedding and where lateral wellbore lengths are limited due to lease lines or
small reservoir sizes. In these reservoirs, there is a quantifiable advantage to drilling slant
holes with deviations of less than 80 degrees. Increases in reservoir heterogeneity increase the
drainage-volume advantage of the short slant hole over that of the horizontal hole. Thus,
there is still a need for sedimentary characterization of fractured reservoirs,

Fracture Characterization
The Problem

Vertical to near-vertical fractures do not have a high probability of being intersected by
vertical wells. Therefore, the absence of fractures in vertical core does not constrain the
possible occurrence of fractures and fracture-dominated production in a reservoir. Con-
versely, the presence of any fractures in core should be cause to consider the probability that
the reservoir contains significant fracture porosity (Figure Al).

An example of this problem is presented by Lorenz and Hill (1991), where 86 ft of vertical
core from the Cozzette Sandstone (Upper Cretaceous Mesaverde Group) at the MWX site,
Garfield County, Colorado, contains no fractures. However, core from the deviated hole at
the same site shows that natural fractures in this reservoir are abundant, with an average
spacing of only three ft (Figure A2). The fractures in this reservoir create an increase in
permeability of two orders of magnitude, and cause a horizontal permeability anisotropy of
hetween 10:1 and 100:1.

Therefore, if the objective of a pilot well is to characterize natural fractures for the
purpose of designing horizontal holes, the probability of intersecting natural fractures in the
well must be enhanced.
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Assessing Vertical Fractures with
Vertical Holes is Unrewarding
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Figure A1, Relationship between [racture spacing and the probability
of intersecting a fracture with a vertical hole/core.
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Figure A2. Fractures ohserved in vertical vs deviated core from the
same reservoir at the same site: Cozzette Sandstone Member (Upper
Cretaceous Mesaverde Group), Garfield County, Colorado.

One Solution

Relatively small deviations of a wellbore will dramatically increase the chances of fracture
intersection. Whereas vertical core typically spans only four inches of reservoir width, the
width interrogated by a deviated hole is a function of the tangent of the deviation angle and
the reservoir thickness (Figure A3). For example, a hole deviated by 30 degrees in a 35-ft
thick reservoir samples more than 20 ft of the reservoir width, for a lateral-interrogation
advantage over vertical core of 6200.
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Advantage Of Deviated Well For Fracture Iintersection

Figure A3. Advantage of a deviated well for fracture intersection.

The advantage of a 30-degree wellbore can also be viewed in terms of how it would
compare to the optimum sampling allowed by a 90-degree (horizontal) wellbore. Because the
horizontal distance sampled is a function of the sine of the deviation angle, the 90-degree
wellbore yields a sampled width of only twice that of the more easily drilled and maintained
30-degree wellbore of the same length (Figure A4).

A bonus in coring a deviated hole is that, in many cases, the expense of a core orfentation
survey need not be incurred (Lorenz and Hill, 1892). The geometric relationships are such
that if the uphole direction and top-hole side of the core can be determined (usually apparent
if bedding is present and arguably horizontal), the orientation of fractures can be derived
using the standard wellbore survey, which gives wellbore inclination and azimuth (Figure
A5). Moreover, there is commonly less ambiguity in distinguishing between natural and
coring-induced fractures in deviated core. (Note that Figure 5 shows core from a hole
deviated by 60 degrees, but that the same principle works for deviations between about 20
and 85 degrees).

It has been assumed, until this point, that the deviated wellbore azimuth is oriented
normal to a known fracture trend (strike). However, if the fracture strike is poorly
constrained or even unknown, a deviated wellbore still may offer a considerable advantage
over the vertical wellbore. This is because the planview number of fractures hit, expressed as
a percentage of the optimum of those that would be hit if the wellbore azimuth was exactly
normal to fractures, is a simple sine function of the angle between fracture strike and
wellbare azimuth (Figure A6). The distance normal to fracture strike traversed by the
wellbore is computed by multiplying the horizontal length of the wellbore by the sine of the
angle between its azimuth and the fracture strike. Thus, as the angle decreases from 90
degrees, the rate of fracture intersection efficiency drops off slowly for the first plus or minus
30 degrees. In fact, this efficiency is at least 50% for a sweep of plus or minus 60 degrees,
which encompasses two-thirds of the possible directions of drilling. If fracture orientation is
known, the azimuth of well deviation should be normal to the fractures. If strike is not
known, even a random azimuth is ap: to be useful, as shown in Figure A7. Preliminary
geologic studies can usually narrow the range of uncertainty.

The percentage of fractures hit by a wellbore will be a function of both the angle hetween
fractures and the wellbore azimuth in the horizontal plane, and the angle of deviation in the
vertical plane. It can be quite high even where the angular relationships are not optimum. (If
the strata are not horizontal, or the fractures are not vertical, there will be a third geometric
factor to consider.) In horizontal strata with vertical fractures, the fracture intersection
efficiency is the sine of the angle between wellbore azimuth and fracture strike, times the sine
of the angle hy which the wellhore is deviated from vertical.
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A 30° Wellbore Wil Hit Half As Many Fractures
As Same-Length Horizontal Wellbore
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Figure A4. A 30-degree wellbore will hit half as many fractures as a
horizontal hole of the same length.
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Figure AB. Core and fractures from a deviated wellbore can often be
oriented without an orientation survey.
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Figure A6. Relationship between a wellbore azimuth and its efficiency
in fracture intersection.
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Figure A7. Horizontal wellbore azimuth efficiency (planview). Any
wellbore azimuth drilled within zone A (within 30 degrees of normal to
the fracture trend) will encounter at least 87 of the fractures that a
fracture-normal wellbore would have hit. Similarly, a wellbore drilled
anywhere within plus or minus 60 degrees of fracture-normal (zone B)
will have at least a 50 fracture-intersection efficiency. A randomly
oriented horizontal wellbore azimuth will have a two-thirds chance of
having at least a 507 efficiency.
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This relationship is advantageous for any deviated wellbore. High percentages of
fractures are easy to hit with deviated holes. Where fracture strike is uncertain or unknown,
there in an excellent chance of intersecting, and thus characterizing, a large number of
fractures with deviated holes. This is a cont-effective approach to obtaining vital information
wi the denign of horizontal wells.

Drainage Efficiency of Deviated Holes in

Heterogeneous Reservoirs

Once a reservoir fracture system has been characterized, production considerations may
dictate an optimum wellbore geometry. If the fractured reservoir is otherwise homogeneous,
with unlimited vertical drainage, increaning deviations from vertical access more and more of
the reservoir, with an unlimited-length horizontal wellbore being the most desirable (Joshi,
1988). However, reservoir heterogeneity commonly restricts vertical communication, even in
fractured strata, and drainage efficiency suffers accordingly.

For a vertical well in a homogeneous but fractured reservoir, the drainage volume is
limited only by the lateral permeability and radius of drainage. For simplicity, this is
considered only in two dimensions, and the *area” of drainage (*A") will be used a» the
standard of comparison: i.e., drainage from hypothetical reservoirs described here will be
presented as a percentage of “A" (Figure AB). For example, a deviation of 45 degrees allows
drainage from a similar radius on either side of the well, but also accesses the area within the
reservoir that in traversed hy the well, and the drainage area in 226 of *A." (Addition of the
third dimension will change the results by a constant figure that is the length of the drainage
radius in that third dimension, along the natural fracture trend),

Once barriers 1o vertical permeability are inserted into this idealized, hypothetical
reservoir, the improvement in drainage area created by a deviated hole is diminished, because
there are now areax (compartments) ubove and below the wellbore that are no longer easily
dreained (Figure AN, With two beds, a 45-degree hole provides only 163", drainage, and with
five beds, drainage is diminished to 12561,

Increaning the wellbore deviation increases drainage efficiency, the addition of bedding
dincontinuities offsets this advantage at o rapid rate (Figure A10),

Unfortunately, more numerous permenbility barriers/lithologic discontinuities also de-
crease the efficiency of a horizontal hole, A single bed bisecting the reservoir decreases the
immediate drainage by half. If there are five beds and only one is accenned by the horizontal
hole, drainage as a percent of "A" still increanes dramatically with the length of hole in the
reservoir, but the area not drained increases four timen an fast (Figure A11), If there are 10
beds, the situation is that much worse.

For limited-length wellbores in heterogeneous reservoirs, slant holes offer an advantage
in drainage area over horizontal holes (Figure A12), With five beds, 400", of "A" is achieved
with a 610-ft, 85-degree slant hole, 'The sume length horizontal hole in this reservoir vields
only about 300 of *A." To achieve 400" with a horizontal hole, the hole must be 760 ft long.
"T'he more heterogeneous the reservaoir, the longer a horizontal wellbore must be to equal the
drainage efficiency of a slant hole.
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Drainage Efficiency Per Wellbore Length:
Slant vs Horizontal
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Figure A12. Comparison of the drainage efficiency per wellbore length
for slant and horizontal wells in a reservoir with five hypothetical
permeability discontinuities. Note that the difference between slant and
horizontal hole efficiency is significantly greater for a ten-bed configura-
tion (boxes).

Conclusions

Slightly deviated pilot holes will significantly increase the chances of intersecting and
characterizing vertical and near-vertical natural fractures, thereby improving the data base
for a horizontal well design. Although initially it may be more costly to deviate a pilot hole,
it would be a waste of money to drill a vertical hole that does not intersect fractures if that
is the purpose of the hole.

Slant wellbores should be considered when fractured reservoirs are heterogeneous,
especially where the length of a horizontal lateral is limited due to lease or reservoir size. A
slant well may also offer a greater probability that, given time, the relatively inaccessible
compartments of a reservoir will be drained through lateral permeability restrictions, because
they are commonly more permeable than vertical restrictions.
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APPENDIX B

Measurement and Analysis of Fracture in Core

(From: Lorenz, J.C., and Hill, R.E., 1992, paper in Geological Studies Relevant to
Horizontal Drilling: Examples from Western North America, J.W. Schmoker, E.B. Coalson,
and C.A. Brown, eds.; Rocky Mountain Association of Geologists, p. 47-59).

Abstract

Optimum analysis of natural fracture characteristics and distributions in
reservoirs requires conscientious supervision of coring operations, on-site
core processing, careful layout and marking of the core, and detailed
messurement of fracture characteristics. Natural fractures provide infor-
mation on the in situ permeability system, and coring-induced fractures
provide data on the in situ stresses. Fracture data derived from vertical
core should include fracture height, type and location of fracture termi-
nations with respect to lithologic heterogeneity, fracture planarity and
roughness, and distribution with depth. Fractures in oriented core from
either a vertical or a deviated well yield information on dip, dip azimuth,
strike, mineralization, and the orientation of fractures relative to in situ
stresses, Only measurements of fractures in core from a deviated/
horizontal well will provide estimates of fracture spacing and fracture
porosity. These data can be graphed and cross-plotted to yield semi-
quantitative fracture characteristics for reservoir models. Data on the
orientations of fractures relative to each other in unoriented core can be
nearly as useful as the absolute orientations of fractures.

Introduction

Published detailed characterizations of fractures in core are not common, since non-
proprietary data bases that are large enough to allow a reasonable characterization of a 3-D,
in-situ fracture network are rare. When data are available, important parameters have often
been left unmeasured, and analyses often omit important relationships such as fracture
orientations with respect to each other in unoriented core, and fracture distribution with
respect to sedimentary heterogeneity. We offer here a set of descriptions and measurements
of fractures in cores that illustrate different “nuts and bolts” techniques for relatively
complete measurements of fractures from vertical and deviated wells. We further suggest
how the data derived from these techniques may be analyzed for the characterization of a
fracture system.

Several prominent references precede this paper: Kulander et. al. (1979, 1990), and
Norman and Garrett (1988) list criteria for making the critical distinction between natural
fractures and fractures that are artificially induced by the coring and handling processes, and
offer excellent descriptions of the types of fractures in core. Skopec et. al. (1990; in press), and
Nelson et. al. (1987) describe core handling procedures, and the process for correlating
oriented core with an orientation survey. In this paper, we recommend several additional
steps for processing core for fracture analysis.
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Several methods have been offered for converting fracture measurements in vertical core
to fracture spacing (Lerche and Narr, 1986; Aguilera, 1988; Narr, 1991). These techniques
assume a relatively regular fracture distribution in evenly bedded strata, whereas fractures
commonly occur in irregular swarms (e.g., Laubach, 1991), and are irregularly distributed
within heterogeneous reservoirs (Lorenz and Hill, 1991). Other references, such as Van
Golf-Racht (1982), approach fractured reservoirs from the petroleum engineer's point of
view, and build fractured reservoir models around idealized fracture characteristics. More
often than not an engineer can and does take the mere fact that fractures are present,
modified perhaps by data on fracture orientation, to model reservoir production. It may not
be possible to quantify heterogeneous fracture distributions into absolute terms usable by a
reservoir engineer, but a useful, working, semi-quantitative characterization of fractures can
be constructed if enough core is available.

Much of the fracture-characterization problem derives from the fact that core data are
one-dimensional and usually vertical. Moreover, vertical fractures are hard to intersect, and
therefore hard to characterize, with vertical core. However, data from one- dimensional core
can be analyzed, and, within limits, turned into a concept of the three-dimensional fracture
distribution. We present examples of fractures in core from vertical, horizontal, and
moderately deviated wells, that show which types of fracture information and measurements
can and cannot be derived from each type of core, and compare their value for fracture
characterization.

Our most complete example is from the Piceance basin, northwestern Colorado. At this
site, 4200 ft (1280 m) of vertical core containing 275 vertical-extension fractures, 236 ft of
60°-from-vertical core containing 28 fractures, and 115 ft of near-horizontal core containing
37 fractures were taken from the Upper Cretaceous Mesaverde Formation from the U.S,
Department of Energy’s Multiwell Experiment (MWX) and Slant Hole Completion Test
(SHCT) wells (Lorenz and Hill, 1991). These projects were designed to assess and develop
technologies for recovery of natural gas from low-permeability reservoirs (Northrop and
Frohne, 1990; Myal and Frohne, 1991). The sandstone reservoirs in this formation at this site
would have sub-microdarcy in situ permeabilities, and would be unproducible, without the
pervasive natural fracture system that is present in the sandstones (Lorenz et. al., 1989). The
fractures at this site are irregularly spaced, unidirectional, regional fractures, created by
basin-wide dilatancy of the strata during horizontal compression rather than by flexure
(Lorenz and Finley, 1991). The abundance of core from wells of different deviations at this
site has allowed a greater degree of subsurface fracture characterization than would normally
be possible, but this example points the way toward analysis of fractures in wells where less
core is available.

Cofing, Processing, and Preliminary Measurements

Monitoring Coring Operations

Significant information on core condition and fracture character can be obtained by
on-site monitoring of coring operations, If this is not possible, such information (though
without as much detail), can sometimes be gleaned from the coring engineer’s report, the
geolograph, and the mud log. High or erratic torque is often used as evidence of fractured
formations, but may also indicate points of correlation between rubbleized sections of the
core and breaks in the orientation survey record. Abrupt increases in pump pressure or
weight-on-bit may induce fractures in the core, and knowing the exact depths of such
increases may help determine whether an otherwise ambiguous fracture in the core is natural
or induced. At the very least, the depth at which the drill-pipe connections were made during
coring should be noted, as these are often associated with spinoffs in the core and abrupt
scribe rotations, and are therefore useful in determining whether the orientation of a fracture
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in one piece of core can be compared with that in another piece, or whether a discontinuity
exists in the core between them.,

Core Processing Procedures

Core processing can be divided into four different activities: 1) recovery, 2) layout,
reassembly, and marking, 3) description and measurement, and 4) packaging. Aspects of the
procedures for layout, and for recovery and packaging have been discussed by Skopec et al.
(in press) and description and measurement are described by Kulander et al. (1990). We
suggest several additions to these procedures, and emphasize that steps 2 and 3 can and
should be performed, at least in a preliminary fashion, at or near the wellsite. The benefits
of so doing usually outweigh the logistical difficulties of field processing. The cost of a coring
operation begs for maximized data acquisition.

Importance of Field Processing

There is a trend toward the use of liners in core barrels, especially in formations that are
prone to jam the barrel during coring. While this may improve core recovery, it also removes
the geologist one step from the raw data since the geologist usually does not examince the core
until it is shipped to the laboratory and therefore is rarely on site during coring. The locations
of incipient jamming, increased bit weight or revolutions per minute, or other events that can
affect the condition of the core are rarely recorded by on-site personnel.

A significant loss of data also occurs with each successive manipulation of the core, as
pieces of rubble are discarded, pieces of core become inverted, samples (and souvenirs) are
removed, and additional breakage of the core, especially across fractures, occurs. Thus,
logging of core for fractures is increasingly difficult after each handling procedure, and is
especially frustrating if the core has been extensively sampled for other analyses. This is
because all of the core is significant for fracture logging: lengths of unfractured intervals are
important to measurements of fracture spacing, and even rock chips with fracture-face
mineralization in rubble zones yield data on the presence and location of fractures.

When core is slabbed, some of the smaller fractures are often revealed, but the advantage
of waiting to log fractures until after slabbing is usually outweighed by the los