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INTRODUCTION

In a recent article about deformation-band net-
works in Utah, Solum et al. (2010) present the
thesis that deformation bands forming in the con-
tractional regime are more areally extensive and
not associated with discrete faults, whereas those
forming in the extensional regime are generally
limited to damage zones around faults. This is an
attractive thesis and, insofar as it holds true, of great
value for predicting deformation-band distribu-
tions in high-porosity sandstone reservoirs. We

believe that Solum et al. (2010) touch on an im-
portant relationship between tectonic regime and
strain distribution and, as geologists, we are con-
stantly looking for simple relationships like this
one. However, the authors base their suggestion
on very limited data (two scanlines of 16 and 60m
[52 and 197 ft]), comparing localities that differ
not only in tectonic regime, but also in tectonic
style or boundary conditions as well as petrophys-
ical properties. To add to the reflections of Solum
et al. (2010) on how tectonic regime may control
deformation-band distribution, we find it appro-
priate to discuss factors other than tectonic regime
that may be at least as important for the charac-
teristics and distribution of deformation bands in
deformed porous sandstone reservoirs. Furthermore,
their permeability considerations couldbe improved
considering the anisotropic and architectural charac-
teristics of deformation bands and deformation-
band clusters.

THE FUNCTION OF IMPOSED DISPLACEMENT

The development of millimeter-thick deformation
bands in highly porous sandstone is a fine-scale
strain localization phenomenon that closely relates
to the local state of stress andmaterial properties at
the time of deformation (e.g., Wong et al., 1997;
Aydin et al., 2006; Schultz et al., 2010). This is a
useful approach, particularly when dealing with
deformation bands at the scale of laboratory sam-
ples and outcrops. However, the distribution of
deformation bands on the hectometer to kilometer
scale within a sandstone unit may, in many cases,
be better viewed as the product of imposed dis-
placement or velocity conditions (e.g., Tikoff and
Wojtal, 1999), which can loosely be referred to as
kinematic boundary conditions. In this perspective,
stresses and the resulting structures that occur in a
deforming sandstone unit arise from the material
response to the imposed velocity and displacement
field, as does the distribution of small-scale struc-
tures such as deformation bands.
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The reason why external displacement condi-
tions are important in this discussion is that highly
porous and poorly lithified sandstones, such as
the Navajo Sandstone, which was even less lithified
during the Sevier and Laramide phases, commonly
behave as mechanically weak layers that deform
passively in a kinematic framework that is con-
trolled by the movement of basement blocks or
other strong units exterior to the sandstone. In
simple terms, the deformation of such layers is, to
a large extent, forced upon them (hence, the term
“forced folding”) by the behavior of adjacent and,
particularly, underlying layers. This aspect of sand-

stone deformation is particularly relevant to the
Sevier and Laramide phases of deformation of
theColorado Plateau, where the deformation of the
Navajo Sandstone is mostly imposed through the
relative movement of basement blocks (e.g., Davis
and Bump, 2009).

We will illustrate that wide distributions of de-
formation bands are possible in both the exten-
sional and the contractional regime, implying that
not only the tectonic regime, but also the local
tectonic setting or style, must be considered before
a prediction can be made with regard to deforma-
tion band distribution in an area or a reservoir.

Figure 1. Different styles
of deformation caused by
different external displace-
ment conditions, each of
which can result in a widely
distributed deformation-
band population. Examples
cover the extensional (B, C,
D, F) as well as the con-
tractional (A, E, G) regime.
Gray lines indicate deforma-
tion bands, and arrows
indicate the externally im-
posed displacement field.
The widths of these illus-
trations span from a few
hundred meters to a few
kilometers.
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Fault Propagation Folding

Some relevant examples of settings where an ex-
ternal displacement or velocity field is imposed on a
highly porous sandstone unit are shown in Figure 1.
Fault propagation folding (forced folding) above a
reverse fault (Figure 1A) or fault zone applies to
the Buckskin Gulch site (Tindall and Davis, 1999),
which is located at the easternmost flank of the
East Kaibab monocline. The conditions imposed
on the sandstone are here an upward-widening
zone of distributed displacement that has been
successfully reproduced by means of the trishear
model (e.g., Erslev, 1991; Allmendinger, 1998).
The dip of the underlying main fault (zone) is
unknown but is thought to be a steep reverse fault
with a certain dextral strike-slip component (Tindall
and Davis, 1999; Doelling and Willis, 2006). The
East Kaibab monocline is, similar to several other
Laramide structures on the Colorado Plateau, a 5-
to 10-km (3- to 6-mi)-wide zone of strained sand-
stones that, where the lithologic properties are
right, can be expected to contain extensive zones
of deformation bands (Fossen et al., 2011).

Similarly, areally extensive deformation-band
populations can equally well form in fault propa-
gation folds above more or less vertical faults. Along
the northeastern margin of the Uncompahgre Pla-
teau in Colorado, Jamison and Stearns (1982) dem-
onstrated how deformation bands populate sev-

eral hundred-meter-wide zones in the monocline
structure, both where larger subvertical faults are
(East Kodel’s Canyon) and are not (NorthCanyon)
present (Figure 2).

Interestingly, extensional faults also develop
upward-widening fault propagation folds (Figure 1B)
that can (but do not have to) be populated with
deformation bands (Withjack et al., 1990). Exam-
ples include the North Sea Gullfaks field (Fossen
and Hesthammer, 1998; figure 20.8 of Fossen,
2010), the northwest margin of the Red Sea rift
system (Khalil and McClay, 2002), the Gulf of
Suez (Sharp et al., 2000), and the Halten Terrace
on the Norwegian continental shelf (Corfield and
Sharp, 2000).

Rollover Structures

Two other situations in the extensional regime
that create distributed strain are rollover struc-
tures above listric faults (Figure 1C) and relay
ramps (Figure 1D). An outstanding example of a
kilometer-wide zone of deformation bands in a roll-
over structurewas reportedbyAntonellini andAydin
(1994) in Arches National Park, Utah (Figure 3).
Strain in the exposed part of the highly porousMoab
Member of the Entrada Sandstone was mostly ac-
commodated through the formation of deformation
bands. Mapping by Antonellini and Aydin (1994)
showed that the deformation-band density increases
with increasing dip, reaching frequencies of approx-
imately 50 m (∼164 ft) over an approximately 1-km
(∼0.6-mi)-wide zone (Figure 2). A detailed struc-
tural mapping in the same area demonstrated how
an approximately 200-m (∼656-ft)-wide relay ramp
is populated with deformation bands as a response
to the folding of the Moab Member between over-
lapping fault tips (Rotevatn et al., 2007).

Unstable Underlying Strata

Another example where external conditions im-
pose displacements that generate distributed de-
formation bands is found in theGoblin Valley area,
located in southern Utah, between the two sites
described by Solum et al. (2010). In this area, large
numbers of deformation bands are observed, not

Figure 2. The distribution of deformation bands above a steep
fault zone in the North Canyon of Colorado National Monument,
as mapped by Jamison and Stearns (1982).
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only inwhat canbe defined as damage zones around
small extensional faults, but also widely distributed
between the faults (Aydin, 1977; Fossen and
Hesthammer, 1997). The reason for this is probably
the distributed displacement caused by the unstable
and undulating nature of underlying semiductile
evaporites (gypsum; Figure 1F).

THE IMPORTANCE OF LITHOLOGY AND
PETROPHYSICAL PROPERTIES

Nucleation and growth of deformation bands are
extremely sensitive to even modest variations in
petrophysical and lithologic parameters such as
porosity, permeability, cementation, grain size, grain
distribution, and grain shape (e.g.,Wong et al., 1997;
Fossen et al., 2007; Eichhubl et al., 2010). For ex-
ample, porosity variations more than only a few
percent can result in remarkably different defor-
mation band density and distribution patterns be-
cause porosity plays such an important function
during the grain reorganization processes that oc-
cur during deformation-band formation (Fossen
et al., 2011). Although Solum et al. (2010) con-
sider the two localities to be similar with respect
to lithologic and petrophysical properties, the
Navajo Sandstone in the Buck Springs site is gen-
erally more porous and permeable, with typical
porosity values of approximately 25 to 30% in layers

wheredeformationbands occur (Schultz et al., 2010;
Fossen et al., 2011). In contrast, the sandstone af-
fected by the Chimney Rock fault array has host
porosities from 15 to 25% (Shipton and Cowie,
2001). Together with a significantly coarser grain
size in Buckskin Gulch, this explains the higher
permeability values obtained from Buckskin Gulch
(1–35 d from unpublished data collected by the
senior author in 2009, or 3.3–7.5 d according to
Solum et al., 2010) than from the Big Hole site
(0.66–1.1 d according to Solumet al., 2010).Hence,
the higher porosity and permeability of the Navajo
Sandstonemayhave caused or contributed to amore
widespread deformation banding in Buckskin Gulch
than in the Big Hole site.

In this context, note that the high porosity,
poor lithification, and high population of reverse
deformation bands and compaction bands of the
Buckskin Gulch site are anomalous also within the
East Kaibab monocline area. The compaction bands
and shear-enhanced compaction bands that dom-
inate the deformation-band population reported
by Solum et al. (2010) seem to disappear as one
moves north and south along the monocline. This
anomaly may have a local geometric reason be-
cause the monoclinal structure makes a bend in
this area. Recent numerical modeling by Schultz
(2011) supports this view. With this informa-
tion in mind, the scanline data from the Buckskin
Gulch site are perhaps not the most representative

Figure 3. Deformation-band distribution
in a rollover structure to a normal fault
in Arches National Park (modified from
Antonellini and Aydin, 1994).
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choice of locality for the comparative study of
Solum et al. (2010).

Solum et al. (2010) uses the lower porosity
and permeability values reported from the Valley
of Fire to argue that the lithologic and petrophys-
ical differences between Buckskin Gulch and the
Big Hole are not important in this context. This
argument introduces another uncertainty: How
much postdeformational compaction and cemen-
tation affected the Aztec Sandstone at the Valley
of Fire? Sternlof et al. (2005) argue that very little
cementation had occurred at the time of defor-
mation. The average cement present in undeformed
sandstone is now 3% quartz and 3% clay miner-
als, with increasing induration toward its base
(Eichhubl et al., 2010). Furthermore, our own probe
permeameter measurements from the Valley of
Fire shows typical current permeability values of
1 to 10 d where compaction bands occur (po-
rosity and permeability correlate reasonably well
in the Navajo and Aztec Sandstones). Hence, post-
deformational cementation may explain why poros-
ity and permeability appear to be lower for theAztec
Sandstone in the Valley of Fire than for the Navajo
Sandstone at Buckskin Gulch.

IMPLICATIONS FOR FLUID FLOW AND
RESERVOIR PERFORMANCE

In cases where a significant population and distri-
bution of deformation bands exist, their reservoir-
scale influence on fluid flow, which by nature is a
three-dimensional (3-D) problem, becomes an is-
sue. Solum et al. (2010) present calculations of ef-
fective reservoir permeability and discuss the func-
tion of shear and compaction bands with respect to
fluid flow. The authors base their considerations of
effective permeability on a single scanline from each
locality, which essentially assumes one-dimensional
(1-D) flow along a random line through a reservoir.
This way of considering how deformation bands
affect fluid flow allows for simple calculations but
is of limited value because of the variations and
complexities associated with 3-D fluid flow in nat-
urally deformed sandstone reservoirs, as discussed
below.

Variations in Thickness, Microstructure, and
Petrophysical Properties along Bands

Thickness variations along fault zones are widely
known (e.g., Wibberley et al., 2008; Childs et al.,
2009), and the concept applies to deformation
bands also. This is discussed in a recent article
(Fossen and Bale, 2007), which shows examples
of significant thickness variations along deforma-
tion band cluster zones and individual deforma-
tion bands alike. Changes in thickness are locally
more than one order of magnitude over a few cen-
timeters of lateral or vertical distance, and such
variations are also observed in the areas discussed
by Solum et al. (2010) as shown in Figure 4. Fur-
thermore, Torabi and Fossen (2009) identified
variations in porosity by as much as 18% and per-
meability up to two orders of magnitude along in-
dividual deformation bands. Similar examples are
found in sandstones in the Bassin du Sud-Est in
Provence (France), where our own unpublished
data show an abrupt thickness variability up to
two orders of magnitude along deformation-band
clusters with reverse-sense slip. The reason for
these variations is not fully understood but may
relate to the strain-hardening and strain-softening
history of the band-internal material (microbreccia)
and the formation of grain or stress bridges during
shearing.

Clearly, thickness and permeability minimums
along bands are leaky points that reduce the ability
of the bands to impede fluid flow. The leaky points
control or strongly influence the effective perme-
ability in a reservoir, and random scanlines are
therefore less helpful unless such variations are
understood and considered. It is possible to model

Figure 4. Photograph of reverse-sense deformation band
showing abrupt thickness variations, Buckskin Gulch, Utah.
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such leaky points by means of stochastic distribu-
tions, as explored to some extent by Kolyukhin
et al. (2009).

Three-Dimensional Geometry and Connectivity

The 3-D architecture of deformation-band popu-
lations is essential because it introduces a macro-
anisotropy to the reservoir that greatly affects the
way reservoir fluids behave (e.g., Sternlof et al.,
2004). Most populations seem to show conjugate
sets, including those from the Big Hole site (Shipton
and Cowie, 2001). As previously pointed out (e.g.,
Fossen and Bale, 2007), the permeability will be
significantly higher parallel with the line of inter-
section of conjugate sets than perpendicular to
this orientation. In the case of a faulted porous
sandstone reservoir, this would mean that fault-
parallel flowwould be unaffected by deformation
bands, whereas fault-perpendicular flow would be
impeded. It would be interesting to know if the ar-
rangement of deformation bands tends to be differ-
ent for the extensional and contractional regimes.

Effects in a Producing Reservoir

The tendency for deformation bands to favor the
most porous (and commonly the most permeable)
stratigraphic units is independent of tectonic re-
gime. To some extent, the deformation bandswould
then reduce the effective permeability in the most
permeable layers more than they would in the less
permeable reservoir units simply because bands in
higher permeable layers are more numerous and
involve more cataclasis and, therefore, more sig-
nificantly reduce permeability. In such a setting,
which is typical for eolian depositswhere dune unit
layers are interbedded with interdune layers of
lower grain size and porosity, the presence of dis-
tributed deformation bands could improve sweep
efficiency.

Interestingly, flow simulation studies have shown
that deformation bands with up to three orders of
magnitude permeability reduction (relative to host
rock) may promote tortuous flow of injection flu-
ids, thereby increasing sweep efficiency and total
recovery (Rotevatn et al., 2009; Rotevatn and Fossen,

2011). Calculating the effective permeability based
on a single scanline may be a useful first-pass ex-
ercise in the field, but it is unlikely to be a reliable
indicator of the actual reservoir properties. Speci-
fically, the aforementioned factors suggest that
such 1-Dmodels severely overestimate the effect of
deformation bands in a producing reservoir. This is
probably an important reason why deformation
bands rarely, if ever, have been proven to negatively
affect hydrocarbon production in producing oil and
gas fields unless the oil is uncommonly heavy, as
in the tar-filled Arroyo Grande field mentioned by
Solum et al. (2010). For example, no convincing
evidence exists that indicates that deformation
bands in the North Sea Gullfaks Sør field “baffle
flow and enhance fault seal” (Solum et al., 2010).
Instead, unpublished data (Statoil, personal com-
munication, 2009) suggest that flow complications
in this field, where seismic data resolution is poor,
aremore likely the result of subseismic fault offsets,
with or without a fault smear effect.

CONCLUDING REMARKS

We agree with Solum et al. (2010) that tectonic
regime probably has an influence on deformation-
band formation and distribution in porous sand-
stone. Compaction bands, for instance, are only
reported from contractionally deformed sandstones
(Mollema and Antonellini, 1996; Saillet, 2009;
Eichhubl et al., 2010). However, lithology, petro-
physical parameters, and tectonic style or bound-
ary conditions can be even more important than
tectonic regime. We believe that this may be the
case in the comparative study done by Solum et al.
(2010). We stress that (1) the kinematic boundary
conditions for the two sites are fundamentally dif-
ferent (the Buckskin Gulch site is located in the
lower part of a fault-propagation fold, whereas the
Big Hole site is not related to folding at that scale);
(2) the significantly higher grain size, porosity, and
permeability at Buckskin Gulch may have caused
or contributed to the more extensive formation and
distribution of deformation bands at this locality;
(3) two single transects from these two sites are
not by far the amount of data required for this
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type of analysis; and (4) observations along the East
Kaibab monocline indicate that the Sheet Gulch
site is an anomaly. Furthermore, the influence of
deformation bands and deformation-band cluster
zones on fluid flow is poorly represented and gen-
erally overemphasized by 1-D calculations alone
because of their variability in thickness and petro-
physical properties and the importance of 3-D
architecture.

It would be an interesting exercise to map and
compare such architectures and variations in the
two tectonic regimes so that differences and sim-
ilarities could be deciphered and applied predic-
tively during reservoir management. Solum et al.
(2010) are thanked for putting focus on this aspect
of porous sandstone deformation.

REFERENCES CITED

Allmendinger, R. W., 1998, Inverse and forward numerical
modeling of trishear fault-propagation folds: Tectonics,
v. 17, p. 640–656, doi:10.1029/98TC01907.

Antonellini, M., and A. Aydin, 1994, Effect of faulting on
fluid flow in porous sandstones: Petrophysical proper-
ties: AAPG Bulletin, v. 78, p. 355–377, doi:10.1306
/BDFF90AA-1718-11D7-8645000102C1865D.

Aydin, A., 1977, Faulting in sandstone: Ph.D. dissertation,
Stanford University, Stanford, California, 246 p.

Aydin, A., R. I. Borja, and P. Eichhubl, 2006, Geological and
mathematical framework for failure modes in granular
rock: Journal of Structural Geology, v. 28, p. 83–98,
doi:10.1016/j.jsg.2005.07.008.

Childs, C., T. Manzocchi, J. J. Walsh, C. G. Bonson, A. Nicol,
and M. P. J. Schöpfer, 2009, A geometric model of fault
zone and fault rock thickness variations: Journal of Struc-
tural Geology, v. 31, p. 117–127, doi:10.1016/j.jsg.2008
.08.009.

Corfield, S., and I. R. Sharp, 2000, Structural style and strati-
graphic architecture of fault propagation folding in exten-
sional settings: A seismic example from the Smørbukk
area, Halten Terrace, mid-Norway: Basin Research, v. 12,
p. 329–341, doi:10.1111/j.1365-2117.2000.00133.x.

Davis, G. H., and A. P. Bump, 2009, Structural geologic evolu-
tion of the Colorado Plateau, in S. M. Kay, V. A. Ramos,
and W. R. Dickinson, eds., Backbone of the Americas:
Shallow subduction, plateau uplift, and ridge and terrane
collision: Geological Society of America Memoir 204,
p. 99–124, doi:10.1130/2009.1204(05).

Doelling, H. H., and G. C. Willis, 2006, Geologic map of the
Smoky Mountain 30′ × 60′ quadrangle, Kand and San
Juan counties,Utah, andCoconinoCounty,Arizona:Utah
Geological Survey, scale 1:100,000, 2 plates.

Eichhubl, P., J. N. Hooker, and S. E. Laubach, 2010, Pure
and shear-enhanced compaction bands in Aztec Sand-
stone: Journal of Structural Geology, v. 32, p. 1873–
1886, doi:10.1016/j.jsg.2010.02.004.

Erslev, E. A., 1991, Trishear fault-propagation folding: Geol-
ogy, v. 19, p. 617–620, doi:10.1130/0091-7613(1991)
019<0617:TFPF>2.3.CO;2.

Fossen, H., 2010, Structural geology: New York, Cambridge
University Press, 463 p.

Fossen, H., and A. Bale, 2007, Deformation bands and their
influence on fluid flow: AAPG Bulletin, v. 91, p. 1685–
1700, doi:10.1306/07300706146.

Fossen, H., and J. Hesthammer, 1997, Geometric analysis
and scaling relations of deformation bands in porous
sandstone: Journal of Structural Geology, v. 19, p. 1479–
1493, doi:10.1016/S0191-8141(97)00075-8.

Fossen, H., and J. Hesthammer, 1998, Structural geology of
the Gullfaks field, northern North Sea, inM. P. Coward,
H. Johnson, and T. S. Daltaban, eds., Structural geology
in reservoir characterization: Geological Society (Lon-
don) Special Publication 127, p. 231–261, doi:10.1144
/GSL.SP.1998.127.01.16.

Fossen, H., R. A. Schultz, Z. K. Shipton, and K. Mair, 2007,
Deformation bands in sandstone: A review: Journal of
the Geological Society (London), v. 164, p. 755–769,
doi:10.1144/0016-76492006-036.

Fossen, H., R. A. Schultz, and A. Torabi, 2011, Conditions
and implications for compaction band formation in the
Navajo Sandstone: Journal of Structural Geology, v. 33,
p. 1477–1490, doi:10.1016/j.jsg.2011.08.001.

Hesthammer, J., and H. Fossen, 1998, The use of dipmeter
data to constrain the structural geology of the Gullfaks
field, northern North Sea: Marine and Petroleum Geol-
ogy, v. 15, p. 549–573.

Jamison, W. R., and D. W. Stearns, 1982, Tectonic deforma-
tion of Wingate Sandstone, Colorado National Monu-
ment: AAPG Bulletin, v. 66, p. 2584–2608.

Khalil, S. M., and K. R. McClay, 2002, Extensional fault-
related folding, northwestern Red Sea, Egypt: Journal
of Structural Geology, v. 24, p. 743–762.

Kolyukhin, D., S. Schueller, M. S. Espedal, and H. Fossen,
2009, Deformation band populations in fault damage
zone: Impact on fluid flow: Computational Geosciences
v. 13, 18 p., doi:10.1007/s10596-009-9148-8.

Mollema, P. N., and M. A. Antonellini, 1996, Compaction
bands: A structural analog for antimode I cracks in eolian
sandstone: Tectonophysics, v. 267, p. 209–228, doi:10
.1016/S0040-1951(96)00098-4.

Rotevatn, A., and H. Fossen, 2011, Simulating the effect of
subseismic fault tails and process zones in a siliciclastic
reservoir analog: Implications for aquifer support and trap
definition: Marine and Petroleum Geology 28, p. 1648–
1662.

Rotevatn, A., H. Fossen, J. Hesthammer, T. E. Aas, and J. A.
Howell, 2007, Are relay ramps conduits for fluid flow?
Structural analysis of a relay ramp in Arches National
Park, Utah, in L. Lonergan, R. J. H. Jolly, K. Rawnsley,
and D. J. Sanderson, eds., Fractured reservoirs: Geologi-
cal Society (London) Special Publication 270, p. 55–71.

Rotevatn, A., J. Tveranger, J. A. Howell, and H. Fossen,

Fossen and Rotevatn 875

http://dx.doi.org/10.1029/98TC01907
http://dx.doi.org/10.1306/BDFF90AA-1718-11D7-8645000102C1865D
http://dx.doi.org/10.1306/BDFF90AA-1718-11D7-8645000102C1865D
http://dx.doi.org/10.1016/j.jsg.2005.07.008
http://dx.doi.org/10.1016/j.jsg.2008.08.009
http://dx.doi.org/10.1016/j.jsg.2008.08.009
http://dx.doi.org/10.1111/j.1365-2117.2000.00133.x
http://dx.doi.org/10.1130/2009.1204(05)
http://dx.doi.org/10.1016/j.jsg.2010.02.004
http://dx.doi.org/10.1130/0091-7613(1991)019<0617:TFPF>2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1991)019<0617:TFPF>2.3.CO;2
http://dx.doi.org/10.1306/07300706146
http://dx.doi.org/10.1016/S0191-8141(97)00075-8
http://dx.doi.org/10.1144/GSL.SP.1998.127.01.16
http://dx.doi.org/10.1144/GSL.SP.1998.127.01.16
http://dx.doi.org/10.1144/0016-76492006-036
http://dx.doi.org/10.1016/j.jsg.2011.08.001
http://dx.doi.org/10.1007/s10596-009-9148-8
http://dx.doi.org/10.1016/S0040-1951(96)00098-4
http://dx.doi.org/10.1016/S0040-1951(96)00098-4


2009, Dynamic investigation of the effect of a relay ramp
on simulated fluid flow: Geocellular modeling of the
Delicate Arch Ramp, Utah: Petroleum Geoscience, v. 15,
p. 45–58, doi:10.1144/1354-079309-779.

Saillet, E., 2009, La localisation de la déformation dans les
grés poreux: Caractérisation d’un analogue de réservoir
gréseux et faillé dans le Bassin du Sud-Est, Provence,
France: Docteur en Sciences thesis, University de Nice-
Sophia Antipolis, Nice, France, 273 p.

Schultz, R. A., 2011, Relationship of compaction bands in Utah
to Laramide fault-related folding: Earth and Planetary
Science Letters, v. 304, p. 29–35, doi:10.1016/j.epsl.2011
.01.001.

Schultz, R. A., C. H. Okubo, and H. Fossen, 2010, Porosity
and grain size controls on compaction band formation in
Jurassic Navajo Sandstone: Journal of Geophysical Re-
search, v. 37, p. L22306, doi:10.1029/2010GL044909.

Sharp, I. R., R. Gawthorpe, J. R. Underhill, and S. Gupta,
2000, Fault-propagation folding in extensional settings:
Examples of structural style and synrift sedimentary
response from the Suez rift, Sinai, Egypt: Geological So-
ciety of America Bulletin, v. 112, p. 1877–1899, doi:10
.1130/0016-7606(2000)112<1877:FPFIES>2.0.CO;2.

Shipton, Z. K., and P. Cowie, 2001, Damage zone and slip-
surface evolution over micron to kilometer scales in
high-porosity Navajo Sandstone, Utah: Journal of Struc-
tural Geology, v. 23, p. 1825–1844.

Solum, J. G., J. P. Brandenburg, S. J. Naruk, O. V. Kostenko,
S. J. Wilkins, and R. A. Schultz, 2010, Characterization
of deformation bands associated with normal and reverse
stress states in the Navajo Sandstone, Utah: AAPG Bul-
letin, v. 94, p. 1453–1474, doi:10.1306/01051009137.

Sternlof, K. R., J. R. Chapin, D. D. Pollard, and L. J. Durlofsky,

2004, Effective permeability in sandstone containing defor-
mation band arrays: AAPG Bulletin, v. 88, p. 1315–1329.

Sternlof, K. R., J. W. Rudnicki, and D. D. Pollard, 2005, Anti-
crack inclusion model for compaction bands in sand-
stone: Journal of Geophysical Research, v. 110, p. 16,
doi:10.1029/2005JB003764.

Tikoff, B., and S. F. Wojtal, 1999, Displacement control of
geologic structures: Journal of Structural Geology, v. 21,
p. 959–967, doi:10.1016/S0191-8141(99)00045-0.

Tindall, S. E., andG.H.Davis, 1999,Monocline development by
oblique-slip fault-propagation folding: The East Kaibab
monocline, Colorado Plateau, Utah: Journal of Structural
Geology, v. 21, p. 1303–1320, doi:10.1016/S0191-8141
(99)00089-9.

Torabi, A., and H. Fossen, 2009, Spatial variation of micro-
structure and petrophysical properties along deforma-
tion bands in reservoir sandstones: AAPG Bulletin, v. 93,
p. 919–938, doi:10.1306/03270908161.

Wibberley, C. A. J., G. Yielding, andG.Di Toro, 2008, Recent
advances in the understanding of fault zone internal struc-
ture: A review, in C. A. J. Wibberley, W. Kurz, J. Imber,
R. E. Holdsworth, and C. Collettini, eds., The internal
structure of fault zones: Implications for mechanical
and fluid-flow properties: Geological Society (London)
Special Publication 299, p. 5–33, doi:10.1144/SP299.2.

Withjack, M. O., J. Olson, and E. Peterson, 1990, Experi-
mental models of extensional forced folds: AAPG Bulle-
tin, v. 74, p. 1038–1054.

Wong, T.-F., C. David, and W. Zhu, 1997, The transition
from brittle faulting to cataclastic flow in porous sand-
stones: Mechanical deformation: Journal of Geophys-
ical Research, v. 102, p. 3009–3025, doi:10.1029
/96JB03281.

876 Discussion

http://dx.doi.org/10.1144/1354-079309-779
http://dx.doi.org/10.1016/j.epsl.2011.01.001
http://dx.doi.org/10.1016/j.epsl.2011.01.001
http://dx.doi.org/10.1029/2010GL044909
http://dx.doi.org/10.1130/0016-7606(2000)112<1877:FPFIES>2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(2000)112<1877:FPFIES>2.0.CO;2
http://dx.doi.org/10.1306/01051009137
http://dx.doi.org/10.1029/2005JB003764
http://dx.doi.org/10.1016/S0191-814(99)00045-0
http://dx.doi.org/10.1016/S0191-814(99)00089-9
http://dx.doi.org/10.1016/S0191-814(99)00089-9
http://dx.doi.org/10.1306/03270908161
http://dx.doi.org/10.1144/SP299.2
http://dx.doi.org/10.1029/96JB03281
http://dx.doi.org/10.1029/96JB03281

	geoscienceworld.org
	bltn9692 869..876


