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ABSTRACT

Accurate predictions of natural fracture flow attributes in sand-
stones require an understanding of the underlying mechanisms re-
sponsible for fracture growth and aperture preservation. Poroelastic
stress calculations combined with fracture mechanics criteria show
that it is possible to sustain opening-mode fracture growth with sub-
lithostatic pore pressure without associated or preemptive shear
failure. Crack-seal textures and fracture aperture to length ratios sug-
gest that preserved fracture apertures reflect the loading state that
caused propagation. This implies that, for quartz-rich sandstones,
the synkinematic cement in the fractures and in the rock mass props
fracture apertures open and reduces the possibility of aperture loss on
unloading and relaxation. Fracture pattern development caused by
subcritical fracture growth for a limited range of strain histories is dem-
onstrated to result in widely disparate fracture pattern geometries.
Substantial opening-mode growth can be generated by very small ex-
tensional strains (on the order of 107%); consequently, fracture arrays
are likely to form in the absence of larger scale structures. The effec-
tive permeabilities calculated for these low-strain fracture patterns are
considerable. To replicate the lower permeabilities that typify tight
gas sandstones requires the superimposition of systematic cement
filling that preferentially plugs fracture tips and other narrower parts
of the fracture pattern.

INTRODUCTION

The characterization of naturally fractured reservoirs continues to
challenge geoscientists. Although a variety of diagnostic techniques
depend on the wellbore for data, ranging from conventional fractured
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core description (Nelson, 1985) to the use of microfrac-
tures observed in thin sections from core (Laubach, 1997;
Laubach and Gale, 2006) to the imaging of large frac-
tures with resistivity or acoustic image logs (Zemanek
etal., 1970; Asquith and Krygowski, 2004; Barton et al.,
20009, this issue), wellbore fracture observations are by
their nature incomplete and, for some key attributes such
as fracture length distribution, inadequate (Wu and Pol-
lard, 2002). Geophysical techniques, which infer frac-
ture attributes from their effects on wave propagation,
sample a larger volume but have limited capability for
unambiguously delineating fractures (e.g., Sayers, 2007).
Outcrop analogs are opportunities to make more com-
plete observations of fracture network geometry in
at least two dimensions (e.g., Hennings et al., 2000;
Laubach and Ward, 2006) but require extrapolating
results to subsurface structural and diagenetic condi-
tions. In some cases, quantifying the stress state (magni-
tudes and directions) is used as a proxy for fracture
observations, with the assumption that opening-mode
fractures parallel to Sy (the most compressive hori-
zontal stress) are most likely to be conductive (Heffer
and Lean, 1993), or faults that are critically stressed are
the key to reservoir deliverability (Barton et al., 1995),
but this is apparently not generally the case for tight
gas sandstones, where open and conductive fractures
are found at a wide range of angles to Spyma, (Laubach
et al., 2004a).

Using data collected typically from wellbores or
outcrops, geostatistical models, and mechanical stratig-
raphy are widely employed to infer fracture network attri-
butes away from the wellbore (Datta-Gupta et al., 1995;
Ortega et al., 2006; Laubach et al., 2009, this issue;
McLennan et al., 2009, this issue; Zahm and Hennings,
20009, thisissue). Interwell fracture geometry can also be
predicted using geomechanical models of varying com-
plexity, which are constrained by stress state, preexist-
ing large-scale structures, and rock properties (Camac
and Hunt, 20009, this issue; Smart et al., 2009, this issue).
Finally, in addition to the mechanically generated frac-
ture porosity creation and flow pathway connectivity, si-
multaneously acting diagenetic processes modify the flow
capability of the fracture network (Laubach, 2003; Philip
et al., 2005; Laubach and Diaz-Tushman, 2009).

In this article, we analyze the creation of permeable
networks of opening-mode fractures from the perspec-
tive of fracture mechanics and the modification of me-
chanically generated aperture by diagenesis, and how
these results are applicable to tight gas sandstones. We
look at the pore pressure and strain conditions that
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can generate fractures, and how stress states control
whether rocks fail in tension or shear. The results show
that opening-mode fracturing can occur at pore pres-
sures substantially below the overburden stress magni-
tude and at very small extensional strains, creating
fracture networks with considerable flow capacity and
low fracture porosity. This propensity of rocks to fail eas-
ily in the tensile mode highlights the challenges of pre-
dictive natural fracture characterization. Analyses and
observations suggest that fractures may form in response
to minor geologic events that would be mostly unno-
ticed if it were not for the fractures that were left behind.
Moreover, whether these fractures remain open, and how
their capacity to transmit fluids varies with time depend
strongly on the mostly thermally driven precipitation re-
actions of diagenesis, not necessarily the more readily
measured present-day stress state.

INSIGHTS FROM THE MECHANICS OF FRACTURE

Linear elastic fracture mechanics (LEFM) provide a
framework from which fracture propagation can be de-
scribed as a function of loading, fracture geometry, and
material properties (Lawn and Wilshaw, 1975). One
key parameter with regard to propagation is the stress
intensity factor, K; (where i = I, II, or III), which is a
measure of the magnitude of the stress singularity at the
crack tip that drives propagation. For pure opening mode
(or mode I), the displacement discontinuity across the
fracture is normal to the fracture face. Shearing can be
describing as mode II sliding (shear is perpendicular to
the crack front) or mode III scissoring (shear is parallel
to the crack front). Joints and veins are typically a result
of mode I or mixed mode I-II or I-IIl. As described by
Pollard and Aydin (1988), pure mode I propagation
leads to straight propagation paths (Figure 1a). A combi-
nation of mode I and II will result in kinked or curving
paths (Olson and Pollard, 1989) (Figure 1b), whereas
modes I and III will cause the crack plane to twist or
break down into en echelon segments (Pollard et al.,
1982) (Figure 1c).

The magnitude of the mode I stress intensity factor
for an isolated, uniformly loaded, straight crack under
two-dimensional (2-D), plane strain conditions can be
written as (Lawn and Wilshaw, 1975)

KIZAGI\/TE (1)



b) ¢)

where Aoy is called the mode I driving stress, given by
(Olson, 2003)

Aoy = (Pf — Sy) (2)

where Pyis the fluid pressure acting inside the crack, S, is
the normal stress acting perpendicular to the crack plane
(compression assumed positive), and 2a is the dimen-
sion of the crack in the plane of analysis (the x-z plane,
Figure 2). Because it is expected that the remote princi-

Figure 1. Examples of typical
fracture propagation modes for
joints and veins. (a) Straight
fracture geometry indication of
pure mode | propagation sand-
stone, Muddy Gap, Wyoming.
(b) Mixed mode I-II curving pat-
tern for overlapping en echelon
fractures in sandstone, Oil Moun-
tain, Wyoming. (c) Mixed mode Il
parent crack and en echelon
fringe cracks in limestone, Bristol
Channel, England. Dotted lines
indicate representative fracture
planes (a—c), and solid arrows
indicate inferred loading con-
ditions (c: opening and right-
lateral shear).

pal stresses are all compressive in the subsurface (Zoback,
2007), the fluid pressure in the fracture, Pr, must be
greater than S, to generate a positive opening-mode driv-
ing stress (Segall, 1984). Engelder and Lacazette (1990),
in describing the concept of natural hydraulic fractur-
ing, showed that over long periods in a porous media,
the fluid pressure in the fracture could be equated with
the pore pressure of the formation, Pf = P,. Opening-
mode fractures typically propagate as planes perpen-
dicular to the least compressive principal stress, Sz (Lawn

and Wilshaw, 1975; Pollard and Aydin, 1988). Vertical
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Figure 2. Plane strain fracture idealiza-
tion for analysis in the x-z plane, showing
fracture orientation relative to the coor-
dinate system. Mode | driving stress, Ao,
for fracture opening and growth is a
function of the internal fluid pressure in
the fracture, P, and the normal stress
acting perpendicular to the fracture plane,
S, For vertical fractures, typically S, =

Shmin Shmin 15 the minimum horizontal
compressive stress).

opening-mode fractures consequently imply S, = S5 =
Shmin (Where Sy i, is the least compressive horizontal
stress) indicative of normal faulting (Syert > SHmax >
Shmin) Or strike-slip faulting (Stimax > Svert > Shmin) Stress
regimes (where S, is the vertical stress). Propagation
directions can vary from this simple relationship because
of local stress heterogeneities caused by crack to crack
interaction (Gross, 1993; Bai et al., 2002; Olson, 2007),
stress perturbation caused by fault slip (Rawnsley et al.,
1992), or other geologic structures and heterogeneities
of local influence.

Crack propagation can be divided into critical and
subcritical regimes based on the magnitude of the stress
intensity factor, Kj, relative to fracture toughness, K.
Critical (commonly termed dynamic) propagation oc-
curs when Ky > Kj, and under sustained loading, propa-
gation will accelerate to rupture velocity, kinetic energy
effects become significant, and crack-tip branching may
occur (Lawn and Wilshaw, 1975). Subcritical growth
occurs at stress intensity factors below fracture tough-
ness, K; < K|, aided by the action of corrosive fluids that
reduce the fracture strength of the material (Anderson
and Grew, 1977). Subcritical fracture propagation typi-
cally runs at velocities less than 107> m/s and can be
treated as quasi-static, kinetic energy effects being neg-
ligible (Segall and Pollard, 1983). A minimum threshold

value of the stress intensity factor is required for the
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propagation (termed Kj.), which is estimated to be on
the order of Kj. = Kj./10 (Segall and Pollard, 1983; Se-
gall, 1984; Atkinson and Meredith, 1987).

Joint and vein networks are widely proposed to re-
present the result of subcritical fracture growth (Atkin-
son, 1984; Segall, 1984; Atkinson and Meredith, 1987;
Olson, 1993). Given the idea that crack propagation oc-
curs when a threshold value of the stress intensity factor
has been reached or exceeded, we can set the stress in-
tensity factor in equation 1 to Kj = K7 as a condition
for subcritical growth, and rearrange the terms to show
the driving stress required for propagation of an isolated
fracture as (Olson, 2003)

K*
AGI = \ﬁ'clc‘a (3)

Segall (1984) proposed that the positive driving stress
needed to generate regional opening-mode (joint) pat-
terns can be a result of regional extension imposed on
the rock body, widely distributed elevated fluid pressure,
or both. Olson (2003) discussed the variation in driving
stress under regional extension loading or fluid-pressure-
driven natural hydraulic fracturing, arguing that square-
root scaling of aperture to length measured in some joints
and dikes indicates propagation at constant stress inten-
sity factor.



FAILURE CONDITIONS IN A
POROELASTIC MEDIUM

Pore-Pressure Conditions for
Opening-Mode Growth

The initiation of opening-mode growth for vertical joints
or veins in the subsurface requires P, > Shmn, and there
has been some question as to the likelihood of such con-
ditions (Lorenz et al., 1991). We examine one aspect of
this question from the perspective of natural hydraulic
fracturing (Engelder and Lacazette, 1990) to illustrate
how a porous media can move from stress conditions
that inhibit opening-mode fracture growth (Pp < Spmin)
to conditions that favor it (Pp > Spmin). Evidence from
subsurface oil and gas operations demonstrates that hor-
izontal in-situ stress varies proportional to pore-pressure
change (Lorenz et al., 1991; Engelder and Fisher, 1994).
However, field data from the Vicksburg Formation of
south Texas (Salz, 1977) illustrate that horizontal stress
change is only a fraction of the pore-pressure change
(AShmin =2 0.6APp). Similar results are found in other
oil and gas fields around the world (Engelder and Fisher,
1994; Segall and Fitzgerald, 1998; Zoback and Zinke,
2002). The proportionality between stress and pore-
pressure change has been explained by analyzing the res-
ervoir as a poroelastic solid (Engelder and Fisher, 1994;
Segall and Fitzgerald, 1998). As such, the relationship
between Sjmin and Pp should take the form of

1—-2v
ﬁapPp (4)

Shmin = SOmin +
where v is Poisson’s ratio, a, is Biot's poroelastic constant,
and S is the part of the horizontal stress that is not
pore pressure dependent. The S can be quantified
based on plane strain elastic equations as (Prats, 1981;
Blanton and Olson, 1999)

Y E E
min m Svert + meted + : OCTAT (5)

SO
where E is Young’s modulus, . is the horizontal tec-
tonic strain (used as a calibration term and assumed to be
uniform with depth), o is the linear elastic thermal ex-
pansion coefficient of the rock, and AT is the increase in
temperature the rock experienced during burial. Other
authors have included more complicated earth rheologies
such as viscoelasticity to represent the time-dependent
deformation expected in rocks over long periods (Narr
and Currie, 1982; Warpinski, 1989). We employ this

simpler approach here because we are only interested
in pore-pressure effects and because practical application
suggests that equations 4 and 5 can be used to adequately
represent Iayer to layer variations in present-day stress
for sedimentary sequences (Blanton and Olson, 1999).

Taking the derivative of Sp,,;, with respect to pore
pressure gives

dSymn 1 2v
P 1y (6)

and using reasonable values for the elastic constants (0 <
v<0.5and 0 < 0, < 1), we can show that the variation in
total horizontal stress with pore pressure(dSymin/dPp)
should always be less than or equal to 1 (Engelder and
Fisher, 1994). The ratio of 0.6 observed in the field by
Salz (1977) can be obtained with typical sandstone con-
stants of v = 0.2 and o, = 0.8, among other combinations.
Also note that, for pore-pressure change in a laterally ex-
tensive permeable zone, the magnitude of the overburden
stress (Syert) is unaffected (Segall and Fitzgerald, 1998).
The pore pressure required to generate opening-
mode fractures can be related to the vertical stress by com-
bining the horizontal stress relations and fracture me-
chanics equations. Following the conceptual model of
Engelder and Lacazette (1990), we combine equations 2
and 3, setting S, = Shmin and Ps= Py, to find the pore pres-
sure required for the propagation of vertical fractures

K*
P, = Spmi = 7
P hmin + \/ﬁa ( )

Substituting equation 4 for S, into equation 7 and
solving for pore pressure gives an LEFM-poroelastic-
based expression for the conditions of opening-mode
fracture growth

. (1 _V) 0 K*c
] G

Expanding the S term and normalizing both sides of
equation 8 by the vertical stress, Syerr, gives the ratio of
pore pressure to vertical stress for fracture propagation

(I =v—(1-=2v)op)

(1-v) 9)
*iax{a—v—a—zw%J

Pp/Svert =

Eetect + EQTAT KTC
I-v)  (1-v) ' Va
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For the sake of discussion, we make a first-order approx-
imation that the tectonic strain and thermoelastic and
threshold subcritical stress-intensity terms in equation 9
are small relative to the vertical stress and are thus of
only secondary interest. This leaves us with a simpler
expression that is useful for estimating the order of mag-
nitude of pore pressure relative to vertical stress required
for opening-mode fracturing as

AY

BolSeen = Ty =0 =200y

(10)

Interestingly, when a,, = 1, equation 10 becomes in-
dependent of Poisson’s ratio and is always equal to 1
(Figure 3). However, when @, < 1, the pore-pressure
ratio required for fracturing can drop to below hydro-
static (Py/Syere = 0.4) depending on the value of Pois-
son’s ratio. The better the cement and the lower the po-
rosity in a sandstone, the lower its poroelastic constant
is expected to be. Consequently, for such rocks, the
first-order approximation of equation 10 suggests that
opening-mode fracturing can occur at pore pressures
significantly less than the overburden stress, and given
typical elastic values for tight gas sandstones (v < 0.3
and 0.5 < 0, < 0.7), even subhydrostatic pore pressure
could be conducive to opening-mode failure (Figure 3).
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Biot's alpha (poroelastic constant)

Shear Failure Versus Tensile Failure

One last factor to consider when looking at the likeli-
hood of natural hydraulic fracturing is whether the
layer will fail in shear before the tensile failure criterion
is met. Because shear failure also becomes more likely
when the pore pressure reaches a significant fraction
of the vertical stress and fault slip can relieve driving
stresses that may also cause opening-mode failure, it
seems probable that if the shear failure occurs first on
a typical loading path, it will suppress or possibly pre-
vent later opening-mode failure. We test this concept
using a simple Mohr-Coulomb shear failure criterion
(Jaeger and Cook, 1979). Zoback and Healy (1984)
showed that the Mohr-Coulomb frictional sliding on
preexisting faults is a reasonable model for constraining
in-situ stress magnitudes on a regional scale. For our pur-
poses, we are interested in stresses at the well scale or
outcrop scale in a bed of intact rock (no preexisting faults),
and we want to see if that particular layer will fail first in
shear or tension. Stability with respect to Mohr-Coulomb
failure can be described as (Zoback, 2007)

2
(S1—Pp) < (\/1+Mi2+ui) (S3—Pp)+UCS (11)



Table 1. Mechanical Property and In-Situ Stress Data for Canyon Group, Sonora Gas Field, Texas

Depth (m)  Lith**  S.e (MPa)  E (GPa) Y a, P, (MPa) oy AT (°F)  Spmin® (MPa)  Spmin (MPa)
1844 SS 45.5 46.9 023 059 13.8 56 x 107 90.8 312 29.6
941 SS 479 53.8 0.15 0.63 145 56 x 10°° 95.5 26.8 274
1954 sh 48.2 324 030 0.62 14.6 50 x 10°° 96.2 33.5 33.2
1987 SS 49.0 55.2 0.13 0.64 14.8 56 x 107° 97.8 27.5 27.3
2002 sh 494 324 029 0.63 149 50 x 107° 98.5 33.2 34.0
2017 SS 497 51.7 0.15 0.64 15.1 56 x 10°° 99.3 28.1 29.1
2045 sh 50.4 27.6 030 0.67 153 50 x 10°° 100.6 35.6 35.1

**Lith = lithology; ss = sandstone; sh = shale.

where S; and Ss are the most and least compressive
principal stresses, respectively, y; is the coefficient of
internal friction, and UCS is the unconfined compressive
strength. If the inequality of equation 11 is true, Mohr-
Coulomb shear failure should not occur. To determine if
opening-mode failure will occur at a pore pressure lower
than that required for shear failure (i.e., opening-mode
failure will occur first), we can substitute the pore-pressure
value P, = S5 into equation 11, which is our nominal con-
dition for opening-mode growth. The term (S3 — Pp) then
becomes zero, and equation 11 can be rewritten as

S3/S; > 1-UCS/S; (12)

or noting that P, and S5 are interchangeable

Pp/S; > 1-UCS/S, (13)

If this condition is true, then opening-mode failure is
likely to precede shear failure. This is a useful result
in that it only depends on one rock property, uncon-
fined compressive strength (UCS). If we assume a nor-
mal faulting stress regime (S; = Syere), We can rewrite
equation 13 in terms of the vertical stress (to be analo-
gous to equations 9 and 10) as

Pp/Seert > 1 — UCS/Syert (14)

SONORA FIELD, CANYON GROUP EXAMPLE

In summary, we have defined a possible set of con-
straints on pore pressure for the generation of vertical,
opening-mode fractures. A quantitative example, based
on measured subsurface data from the Philips C-11
Ward well in the Canyon Group of the Sonora field,
Texas (Miller et al., 1994), illustrates how this ap-

proach can be applied to fracture prediction. At the
time of the stress measurements, the Sonora Canyon
reservoir was underpressured (dPp/dz = 7.6 MPa/km)
and P, < Shmin. Table 1 summarizes the in-situ data
collected for this well in each of seven zones, including
the magnitude of the least compressive horizontal
stress as measured by microfractures (labeled S; . .
The last column in Table 1 (labeled Spi,) is the best
estimate of the least compressive horizontal stress ap-
plying equations 4 and 5 with a tectonic strain value of
Erect = —4.017 x 1074,

The pore-pressure ratio, A, = P,/Syer, to satisfy the
nominal opening-mode fracturing condition of P, =
Shmin, Was computed using equation 9 (Table 2). We
again assumed that (K}_/\/7a)Syee << 1 and could be
neglected, but we did include the tectonic and ther-
mal strain terms as constrained by the stress analysis of
Table 1. The pore-pressure ratios required to initiate
opening-mode fracturing for the seven zones in the So-
nora field Canyon Group represent significant over-
pressures, ranging from A, = 0.86 to A, = 0.94, but the
pore pressures are all below the overburden stress. The
calculations also predict that natural hydraulic fracturing

Table 2. Predicted Failure Data for Sonora Gas Field

Depth UCS  1-UCS/ 1-(UCS/10)/
m) L' A, (MPa)  Sien Seert
1844 sS 0.90 149 -2.28 0.67
1941 SS 0.86 180 -2.76 0.62
1954 sh 0.91 86 —0.78 0.82
1987 SS 0.86 187 -2.81 0.62
2002 sh 0.92 86 -0.74 0.83
2017 ss 0.90 170 -2.42 0.66
2045 sh 0.94 77 —0.52 0.85

*Lith = lithology; ss = sandstone; sh = shale.
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would occur at lower pore-pressure ratios in the stronger
sandstones than in the weaker shales, although the dif-
ference is slight.

Using equation 14, we tested whether opening-mode
failure was likely to precede shear failure. The UCS val-
ues were estimated using a Young’s modulus correlation
from Zoback (2007, his tables 4.1 and 4.2). Given the
very high estimated UCS values (70 MPa or higher),
the quantity (1 — UCS/S,.,t) was negative for all depths
(Table 2), clearly satisfying the inequality in equation 14
and indicating that opening-mode fracturing would oc-
cur before faulting. We also tried 1/10 of the UCS val-
ues from the correlations for each zone to see if reducing
rock strength would significantly change the result. All
zones still passed the test that opening-mode fracture in-
itiation would precede faulting, but the margin of differ-
ence was much smaller (Table 2). Core observations from
other wells in the Sonora Canyon reveal porous, quartz-
bridged opening-mode fractures (Laubach et al., 2009,
this issue), which is consistent with the model prediction.

FRACTURE PROPAGATION MODELING

Given the premise that opening-mode fracture growth
can be driven by reasonable combinations of tectonic
strain and pore pressure, we employ the joints model
described by Olson (2004, 2007) to investigate frac-
ture porosity and permeability generation under small
strain loading. The numerical model simulates lateral
propagation of vertical fractures in a semi-infinite elas-
tic media where the fractures are confined to a horizon-
tal, finite thickness layer (see Olson, 2003, 2004, for a
detailed discussion of the three-dimensional aspects of
the modeling). Accounting for the stress shadow ef-
fects of finite height fractures in bedded sedimentary
sequences is essential in explaining the common corre-
lation between fracture spacing and layer thickness
(Narr and Suppe, 1991; Bai and Pollard, 2000).

Propagation is assumed to be subcritical, whereby
propagation velocity can be described as a direct func-
tion of stress intensity factor (Atkinson, 1987) as

V = A(Ki/Ky)" (15)

where A is the velocity constant and the exponent n is
called the subcritical index, both empirically deter-
mined. For tests done in air, the lowest values of the sub-
critical index are found for silica glass (n = 15) and
weakly cemented sandstone (n 22 25), whereas the high-
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Table 3. Modeling Parameters for Fracture Pattern Generation

Finite body, areal extent 72 x72m
Fracture propagation area 6 x 6m
Layer thickness Tm

Fracture toughness, Kic 1.5 MPa-Vm
Young's modulus 20 GPa
Poisson’s ratio 0.2
Friction coefficient 0.6
Subcritical index 50

Initial flaw length 0.1m
Number of flaws 100

est values are obtained for carbonates and shales (n >
100) (Atkinson, 1987; Holder et al., 2001). Typical va-
lues for well-cemented sandstones fall in the range of 40
< n < 80 in air and water (Rijken et al., 2002; Rijken,
2005). We chose an average value of n = 50 for the sim-
ulations presented below.

Three simulations were performed to examine
the influence of strain anisotropy on fracture growth
driven from flaws under constant pore pressure with
initial conditions such that Pp = Syimin = Syy. The me-
chanical properties and geometry of the fracturing layer
are summarized in Table 3. Figure 4a—c are trace maps
illustrating the diversity of fracture pattern geometry
that results for even a minor loading path variation.
Figure 4d—f are depictions of the aperture distributions
for the three different simulations. In all three cases,
the fractures propagated from 100 initial flaws of
0.1 m (0.3 ft) total length in response to a biaxial strain
of exx = g5y = 2 x 107* imposed in 20 equal incre-
ments over 10 m.y., resulting in an effective strain rate
of 9e /0t = 6.3 x 10719/s. All fracture elements had a
length of 0.05 mm (0.001 in.), and fracture growth
was achieved by adding elements at the crack tips pro-
portional to the propagation velocity calculated using
equation 15 (see Olson, 2007, for details on the propa-
gation algorithm). The fracture geometry results ranged
from a random polygonal pattern (Figure 4a, d) to a
cross-fractured pattern (Figure 4b, e) to a single set of
nominally parallel fractures (Figure 4c, f). The differ-
ence between the three simulations was achieved by
varying the anisotropy of the initial horizontal strains
applied to the layer. The initial strain in the y direction
was zero for all three cases (g, = 0), but the initial strain
in the x direction was varied from e, = O (Figure 4a, d)
to e = —1 x 107* (Figure 4b, €) to g, = —2 x 1074
(Figure 4c, ), representing an increasing anisotropy
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with S, being more compressive than Sy. This increas-
ing stress anisotropy progressively inhibited fracture
curving and reorientation away from the x direction
(also the Spymay direction), a phenomenon reflecting the
competition between in-situ stress and mechanical crack
interaction in controlling fracture propagation paths

(Olson and Pollard, 1989). The results suggest that very
small variations in the strain state (on the order of 107
strain) can significantly alter the fracture pattern geometry.

These numerically generated fracture patterns also
illustrate that extensive opening-mode fracture patterns
can be generated with very small incremental strains, on
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the order of 107, strains that would probably be unde-
tectable if not for the fracture patterns they left behind.
The model prediction of substantial fracture growth at
small strain is consistent with field-measured fracture
strains on the order of 107 for closely spaced, miner-
alized joints in granite (Segall and Pollard, 1983) and
with small fracture strain values measured from tight
gas sandstones (Hooker et al., 2009).

EFFECTIVE PERMEABILITY AND DIAGENESIS

Another challenge for fractured reservoir characteriza-
tion is quantifying the effective permeability of fracture
networks like those in Figure 4 (Table 4). A benefit of
the mechanics-based analysis exemplified above is that
fracture aperture is an intrinsic part of the solution; a
result of boundary conditions imposed, propagation
criteria, and the mechanical interaction between neigh-
boring fractures. To demonstrate the influence of frac-
ture pattern variability on flow properties, we can quan-
tify the effective permeabilities in the x and y directions,
ky and ky, using a finite difference solution that accounts
for contributions from both the matrix and fractures
(Philip et al., 2005; Olson et al., 2007). The 2-D, steady-
state flow equations for an anisotropic, nonhomogeneous
media can be written as (Bear, 1979)

5} oP 0 opP
(k) + a5 (by) -0 09

This equation was solved using the central finite
difference method (Bear, 1979) on a 120 by 120 base
grid with grid-block (cell) dimensions of Ax = Ay =
0.05 m (0.01 ft). The flow boundaries were moved in
5% from the edge of the 120 by 120 grid in an attempt

Table 4. Simulation Results: Aperture, Fracture Porosity, and
Effective Permeability

Pattern Polygonal Cross-Fracture Parallel
Porosity (%) 0.079 0.063 0.052
ky (md) 8514 5978 4149

ky (md) 8734 687 0.15
ovg (M) 371 x 10 346 x 107 335 x 107
drnax (M) 926 x 10°* 885 x 107" 784 x 107*
rmin (M) 120 x 10°® 135 x 107° 1.01 x 10°°
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to avoid the influence of nonsystematic fracture ge-
ometry on the edge of the fracture patterns. Because
the dimension of the grid blocks was comparable to
the fracture element size (0.05 m [0.01 ft]), the flow
grid could be readily overlayed on the fracture pattern.
Grid blocks that included a fracture element were given
a permeability, kg4, proportional to the fracture aper-
ture size of the included element, whereas grid blocks
without fractures were assigned a matrix permeability
value. The permeability of fractured grid blocks was
computed as (Philip et al., 2005)

ke x d + ke % (Ac — d)
Ac

kfracd = (l 7)

where k,, is the matrix permeability (k,, = 0.1 md) and
ke is the intrinsic fracture permeability

ke = (18)

The Ac is the grid-block dimension (equivalent to Ax
and Ay), and d is the fracture aperture. For fractures
not aligned with the x or y direction, we followed the
procedure of Rijken (2005) and introduced off-diagonal
grid blocks with fractured block attributes to maintain
fracture flow continuity. The permeability of the frac-
tured, fine-scale grid-blocks was assumed to be isotropic
(kx = ky = kfracq). This method was shown to be accurate
with respect to analytical steady-state solutions when
grid refinement was such that at least four nonfractured
grid blocks between parallel fractures were maintained
(Philip et al., 2005).

The polygonal fracture pattern (Figure 4d), which
was generated under isotropic strain conditions, has a
nominally isotropic effective permeability of k, =
8514 md and k, = 8734 md. The cross-fractured pat-
tern (Figure 4e), where the apertures for throughgoing
fractures parallel to x are clearly larger than the cross-
fractures, has a k, = 5978 md and k, = 687 md, a per-
meability anisotropy of almost 9:1. Finally, the single-
set fracture pattern (Figure 4f) has permeabilities of k, =
4149 md and ky, = 0.15 md. These permeabilities are
high for tight gas sandstones, but the calculations pre-
sume that all of the mechanically generated apertures
for the fracture patterns in Figure 4 are preserved for
flow. However, in fractures formed in the subsurface,
crack-seal textures and other evidence suggest that ce-
ment may be deposited simultaneously with fracture
opening and propagation (synkinematic cement), par-
tially filling and propping the large aperture parts of the
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fracture pattern but completely plugging and occluding
narrower sections such as fracture tips (Laubach, 1988,
2003; Laubach et al., 2004b; Laubach and Ward, 2006;
Gale et al., 2009; Hooker et al., 2009). Mapping of quartz
cement in fracture bridges, combined with fluid inclu-
sion analysis, suggests that an incremental crack-seal
opening for a given fracture may persist for as long as
50 m.y. (Becker et al., in press).

The highly heterogeneous quartz cement thick-
nesses found in partially cemented fractures are a func-
tion of the processes that control quartz crystal growth
rates (Lander et al., 2008). Quartz crystals show substan-
tial anisotropies in growth rate depending on the nuclea-
tion substrate. The fastest rates of growth occur on
noneuhedral surfaces that are perpendicular to the crys-
tallographic c axis. Rates are about 20 to 60 times slower,
respectively, on euhedral pyramidal and euhedral prismatic
faces. Quartz growth rate is also a strong function of tem-
perature, which can be expressed using an Arrhenius ex-

pression (Walderhaug, 2000; Lander et al., 2008) as

~ Eanc
q=Ae RI (19)

where g is the rate of quartz precipitation per unit area
(mol/cm?s), A is a constant (mol/cm?s), Ea,. is the
activation energy for quartz precipitation on non-
euhedral ¢ axis surfaces (J/mol), R is the real gas con-
stant (8.314 J/mol°K), and T is the temperature (K).

The values in Figure 5 were generated using A = 9 x
107 mol/cm?s and Ea,. = 49 kJ/mol. The latter value
was obtained by matching simulated quartz cement
abundances to measured values for an unfractured sand-
stone sample in the Travis Peak Formation using the
Prism2D model described by Lander et al. (2008).

The competition between quartz precipitation rate
and fracture opening rate determines whether a frac-
ture is completely filled with cement (no porosity), par-
tially filled with occasional aperture spanning bridges
that prop it open, or mostly open with only a thin coat-
ing of euhedral quartz crystals (Figure 6). All of these
eventualities can be observed in quartz-rich sandstone
samples from the subsurface (e.g., Laubach, 2003;
Becker et al., in press) and outcrop (Laubach and Ward,
2006; Laubach and Diaz-Tushman, 2009). To estimate
the impact of quartz cement precipitation on fracture
permeability, we employ the concept of emergent
threshold (Laubach, 2003), an empirical observation
that, in many quartz-rich sandstones, a kinematic aper-
ture exists below which fractures are completely filled
with cement and occluded and above which they are
only partially cemented and bridged or completely open.
We can estimate the emergent threshold by picking the
slowest precipitation rate (parallel to the a axis on a
euhedral surface) indicative of the sandstone’s tem-
perature during fracturing (Figure 5). Any fracture
segment that opened more slowly than this rate should
be completely sealed. Fracture segments opening at a
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Figure 6. Quartz cement bridges crossing
open fracture. The inset is the color
cathodoluminescence bridge image. BR =
bridges; P = porosity. Note the crack-seal
texture with quartz grain embedded in
bridge quartz cement (blue), porosity, and
cement-filled microfracture (mf). Triassic-
Jurassic La Boca Formation described by
Laubach and Ward (2006).

greater rate but more slowly than the fastest crystal
growth rate (c axis, noneuhedral) should have distributed
bridges propping them open. Fracture segments opening
faster than the fastest precipitation rate should have only
a thin coating of euhedral synkinematic cement.

To demonstrate the effect of synkinematic cement
on flow, we recalculated the permeability for the cross-
fracture pattern (Figure 4e) for a range of emergent thresh-
old values. The results show that because the through-
going and cross-fracture sets have different magnitude
apertures (Figure 4e), they suffer drastic permeability
reduction at different values of emergent threshold
(Figure 7). At an emergent threshold of approximately
1.4 x 107 m (4.5 x 107 ft), k, drops by two orders of
magnitude because the fractures no longer percolate in
the y direction. However, for the throughgoing fractures,

1546 Fractures in Tight Gas Sandstones

which were better connected initially, percolation in
the x direction is not lost until an emergent threshold
of 2.8 x 107 m (9.1 x 107*ft), and although permeabil-
ity drops almost three orders of magnitude, the effective
permeability k, is still substantially above matrix values
(almost a factor of 10). These permeability values incor-
porating synkinematic cement are more representative
of values seen in the field for tight gas sandstones or tight,
fractured carbonates (Philip et al., 2005).

CONCLUSIONS

We have presented a mode of natural fracture analysis
that incorporates fracture mechanics and diagenetic pro-
cesses to predict fracture network geometry and fracture
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aperture distribution and preservation. Using stress data
from a low-permeability gas field in Texas, poroelastic
stress calculations combined with fracture mechanics cri-
teria show that it is possible to sustain opening-mode frac-
ture growth with sublithostatic pore pressure without
associated or preemptive shear failure. Representative
numerical simulations of fracture pattern development
caused by subcritical fracture growth demonstrate that
substantial opening-mode growth can occur at tiny ex-
tensional strains (on the order of 107*). The effective per-
meabilities for these low-strain fracture patterns can be
considerable if calculated using the ultimate mechanical
opening experienced during propagation, but permeabil-
ities are significantly reduced when accounting for likely
diagenetic modifications to the fracture apertures. Sig-
nificant changes in fracture pattern geometry and flow
properties caused by minor changes in deformational or
diagenetic boundary conditions highlight the challenges
of accurate characterization of natural fractures caused
by small strain events. The potential lack of dependence
of opening-mode fracture network characteristics on
more readily observable macroscopic structures such
as folds and faults emphasizes the importance of site-
specific subsurface observations of fracture attributes,
including diagenesis, that can only be acquired from
core. In the absence of subsurface rock samples, wellbore
observations via logs and reservoir imaging using geophys-
ical techniques need to be augmented with modeling

predictions constrained by reasonable geologic bound-
ary conditions to assess fracture pattern details that are
below observational thresholds.
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