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Multiple sets of compaction bands of southwestern Utah occur in Navajo Sandstone near a bend in the
adjacent East Kaibabmonocline. Forwardmechanical models of blind-thrust fault deformation are used in this
paper to investigate the spatial relationship between compaction bands and fault-related folding. Results are
consistent with the East Kaibab monocline being underlain by a west-dipping blind high-angle reverse fault
between ~1.5 and 5 km depth below the top of the Navajo Sandstone. Reverse slip along this reactivated fault
during the Laramide orogeny is inferred to have produced values of compactional normal strain that were
largest in the footwall near the concave map-view bend in the monocline. The calculated compactional
normal strains and Coulomb stress increases are consistent with the !eld occurrence of pure and shear-
enhanced compaction bands in this area. Bends, relays, stepovers, or other geometric complexities above
blind reverse faults are thus inferred to be potential sites for compaction band localization in appropriate rock
types.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Compaction bands are a type of deformation band characterized by
predominantly compactional (closing) strains that form in high-
porosity sandstone (e.g., Aydin et al., 2006; Mollema and Antonellini,
1996; Schultz and Fossen, 2008; Tembe et al., 2008). These thin
structures de!ne a geologically interesting and understudied class of
strain localization in rock that can impede subsurface "uid "ow and
thus are also important to groundwater and petroleum extractions
(e.g., Holcomb et al., 2007). Several distinct types and sets of
compaction bands are known from the Buckskin Gulch site in
southwestern Utah (Mollema and Antonellini, 1996; Schultz, 2009;
Schultz et al., 2010) and the Valley of Fire State Park site in southern
Nevada (Eichhubl et al., 2010; Sternlof et al., 2005), including wiggly,
pure compaction bands and thick, planar, shear-enhanced compac-
tion bands. Compaction bands are currently under active study world-
wide using theoretical, experimental, and !eld techniques. Discus-
sions of compaction localization in porous rocks are given by Baud
et al. (2006), Bésuelle (2001), Bésuelle and Rudnicki (2004), Eichhubl
et al. (2010), and Holcomb et al. (2007).

The Buckskin Gulch site in Utah occurs adjacent to the East Kaibab
monocline (Fig. 1), one of several large anticlines within the Colorado
Plateau of the western United States (see Davis and Bump, 2009 for a
recent overview). The East Kaibab monocline is thought to be
underlain by a blind high-angle fault, originally having normal offset,
that was reactivated with reverse offset during the Laramide orogeny
(e.g., Doelling andWillis, 2006; Huntoon, 1993), leading to the growth

of the East Kaibab monocline and the localization of various
structures, such as the deformation band arrays, above the blind
fault tip (e.g., Tindall, 2000; Tindall and Davis, 1999). Although
compaction bands were not discussed in those studies, the bands
occur in areas adjacent to the East Kaibab monocline where a causal
relationship between thrusting along the subjacent blind fault and
shear deformation bands to its east has been suggested (e.g., Davis,
1999). The compaction bands are located where the East Kaibab
monocline abruptly changes trend, from north–northeast to more
northeasterly (Fig. 1) and occur not only in nearly "at-lying strata to
the east of the monocline (Fig. 2) but up on its forelimb as well
(Mollema and Antonellini, 1996; Schultz, unpublished data).

Theoretical and experimental works indicate that compaction-
related deformation of porous granular rocks can be initiated for
particular combinations of stress state (i.e., axisymmetric loading),
loading paths, mean stress, and evolving material properties (e.g.,
Bésuelle and Rudnicki, 2004; Issen and Challa, 2008). Although the
prediction of compaction band nucleation in continuum mechanics
theory and experiments has continued to prove challenging, it is also
dif!cult to apply these results to !eld situations where stress states,
loading paths, and rock properties during the deformation are less
well known (e.g., Aydin and Ahmadov, 2009; Eichhubl et al., 2010;
Holcomb et al., 2007). Similarly, the major characteristics of
subsurface faults beneath the East Kaibab monocline are largely
unknown. For example, Doelling and Davis (1989) place an east-
dipping normal fault beneath the anticline, whereas Huntoon (1993),
Tindall and Davis (1999), and Tindall (2000) infer a west-dipping
normal fault reactivated as a high-angle reverse fault (see also Doelling
and Willis, 2006). In neither case is the depth of faulting known
independently from geophysical or other data, nor is information on
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fault segmentation or slip distribution available. However, thepattern of
the East Kaibabmonocline near the Utah site is consistent with a pair of
north–northeast striking, west-dipping, blind thrust or reverse faults
separated by a linked relay or stepover beneath the northeasterly
trending segment, following Shamir and Eyal's (1995) and Roznovsky
and Aydin's (2001) works on segmentedmonoclines in Israel and Utah.

In contrast, a correspondence exists between laboratory experi-
ments and grain-scale mechanics on compaction band propagation
and localized compactional strains (e.g., Katsman and Aharonov,
2006; Katsman et al., 2004; Stanchits et al., 2009; Vajdova and Wong,
2003). Utilizing this set of results, a simple mechanical model of fault-
related folding is adopted in this paper to investigate possible

subsurface fault geometries beneath the East Kaibab monocline. The
spatial relationship between compaction bands and the East Kaibab
monocline is then examined to assess whether the bands may
correspond to areas of calculated compactional strain from the
models. The analysis assumes constant elastic rock properties and
related parameters, which have been shown in other studies to be
suggestive of the characteristics of initial rock yielding or failure in
natural systems having higher values of !nal strain (e.g., King et al.,
1994; Okubo and Schultz, 2004, 2005). The results suggest that
reverse displacement along a blind high-angle fault can promote the
development of compaction-related deformation adjacent to a
sur!cial monocline.

Fig. 1. Location of the Utah compaction band site (circled) in relation to the East Kaibab monocline. Possible locations of nearby blind reverse faults near the Cockscomb and !eld
areas are shown (!lled triangles on hanging walls; blind faults are dashed). Location of cross-sectional slice for the three-fault calculation suite shown by dashed line. A–B.
Topographic map base generated using Topo! software and 1983 North America datum; magnetic declination 12.5°.
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2. Location and previous work

The Buckskin Gulch site in southwestern Utah (Mollema and
Antonellini, 1996; Schultz, 2009) exposes a rich assemblage of
compaction bands and related deformation band shear zones in the
uppermost part of the Jurassic Navajo Sandstone (Fig. 1). The depth of
burial at the time of compaction band formation (Schultz et al., 2010)
was approximately 0.9–1.7 km from stratigraphic and band-thickness
relationships (Schultz, 2009; Solum et al., 2010). The cross-bedded
sandstone sequences that host compaction bands are characterized by
large average grain size, well sorted grains, and high porosity
(Mollema and Antonellini, 1996; Schultz, 2009; Schultz et al., 2010)
associated with a nonmarine depositional environment (i.e., eolian
migrating dunes).

Deformation of the Navajo Sandstone resulted in several sets of
structures at the Utah site including: (1) deformation band shear
zones (DBSZs) having thrust or reverse senses of offset (Schultz,
unpublished data), and (2) pure and shear-enhanced compaction
bands. Small shearing offsets having reverse sense were observed
along thick compaction bands at the Utah site by Mollema and
Antonellini (1996) and Schultz et al. (2010), motivating the
interpretation of these structures as shear-enhanced compaction
bands oriented at some non-zero angle to the far-!eld maximum
horizontal compressive principal stress (see Eichhubl et al., 2010 for
analogous structures and interpretations from the Nevada site). Field
relations demonstrate that the wiggly pure compaction bands
generally form within the same deformation sequence as the thicker
shear-enhanced compaction bands (Schultz et al., 2010).

Petrographic analyses demonstrate porosity reduction normal to
the plane of a compaction band (e.g., Eichhubl et al., 2010; Mollema
and Antonellini, 1996; Sternlof et al., 2005). Compactional strain
within pure and shear-enhanced compaction bands is accommodated
at both the Utah and Nevada sites primarily by grain reorganization
with minor fragmentation and plastic grain deformation (Eichhubl
et al., 2010; Mollema and Antonellini, 1996; Schultz et al., 2010;
Sternlof et al., 2005).

Compaction bands at the Utah site strike ~N15°E (Schultz, 2009)
and dip subvertically (for pure compaction bands) or ~50–60° (for
shear-enhanced compaction bands) (Schultz et al., 2010). The
maximum remote compressive stress !1 associated with compaction
band formation thus was subhorizontal with an azimuth of ~285°. The

azimuth of !1 is approximately perpendicular to the local strike of the
East Kaibab monocline just to the west of the site (Fig. 1). This angular
relationship implies that more northerly trending blind fault
segments inferred beneath the monocline near the Buckskin Gulch
site accommodated primarily reverse offsets, with little or no oblique
(strike-slip) component along those segments at the time of
compaction band deformation. The inferred compression direction
of 285° is also remarkably similar to the relative paleomotion
direction of the subducting Farallon plate in this area (Humphreys,
2009), implying a correspondence between stresses due to shallow
slab subduction at depth and those inducing reverse-fault offsets
beneath the East Kaibab monocline (see parallel conclusions for the
Waterpocket fold by Roznovsky and Aydin, 2001), and compaction
band deformation, nearer the surface.

3. Approach

A causal relationship between growth of the East Kaibab
monocline and the occurrence of compaction bands was investigated
in this paper by using the numerical modeling software package
Coulomb (http://quake.usgs.gov/research/deformation/modeling/
coulomb/overview.html). This three-dimensional forward mechani-
cal dislocation model calculates the stresses and displacements in an
elastic half-space due to displacements that are speci!ed along faults
in the subsurface (see Toda et al., 1998, 2007; also Fossen et al., 2010,
Schultz, 2000; Schultz, 2003, Schultz and Lin, 2001; and Schultz and
Watters, 2001 for details on the approach and applications to normal
fault and thrust fault systems). The approach is comparable to the
dislocation solution used by Shamir and Eyal (1995) who evaluated
monocline and fold patterns in relation to subsurface faulting. Using a
mechanical model for fault-related folding and related deformation,
as done in this paper, provides insight into the development of
structural topography and deformation beyond that obtained from
analog or kinematic trishear models of fault-related deformation (e.g.,
Johnson and Johnson, 2002).

A suite of calculations was performed to explore the in"uence of
fault geometries in the subsurface to the prediction of compaction
bands near a monocline. The !rst suite examined the role of fault dips
of 30°, corresponding to blind thrust faults, and 60°, corresponding to
pre-existing normal faults reactivated during the Late Cretaceous to
Paleocene Laramide orogeny (e.g., Humphreys, 2009) as high-angle

Fig. 2. Photograph of part of the East Kaibab monocline, looking toward the north, showing beds decreasing in dip to become sub-horizontal to the east. Compaction bands occur in
the Navajo Sandstone across the entire frame and for another ~1 km to the east. Frame width ~1.5 km.
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reverse faults (e.g., Bump and Davis, 2003; Doelling and Willis, 2006;
Huntoon, 1993). A blind thrust or reactivated reverse fault was
de!ned for this suite as 20 km in horizontal length, dipping at 30° or
60° to the west, with its upper tip at 1.5 or 2.0 km below the surface
and its lower tip, corresponding to the depth of faulting, at 5 km or
10 km below the surface. A reverse displacement of 100 m is applied
along the fault, with linear tapering of the displacement distribution
both horizontally and vertically in order to remove large stress or
strain changes near the fault edges (see Toda et al., 2007, for details of
the procedure). Larger values of reverse displacement would increase
fold amplitudes but otherwise not change the results signi!cantly. The
host rock is represented by a Young's modulus of 20 GPa, Poisson's
ratio of 0.25, and friction coef!cient of 0.6, values that are consistent
with those of sedimentary rocks such as the Navajo Sandstone (e.g.,
Schultz, 2009; Sternlof et al., 2005). A horizontal observation grid in
the xy-plane measuring 60!30 km is placed at a depth of 1 km,
simulating deformation in the upper part of the Navajo Sandstone,
with calculations performed at a regular spacing of 100 m. Although
the speci!c values of fault dimensions, offsets, dip angles, grid depth,
and host rock properties affect the results presented below in detail,
exploration of the parameter space shows that the conclusions of the
analysis are not changed substantially by reasonable variations in
these values. As a result, the conclusions should apply to the East
Kaibab monocline as well as to other blind-thrust anticlines.

Based on the results of the initial suite, a second suite of calcula-
tions was run that incorporated a more complex fault geometry at
depth beneath the monocline. In this suite three blind faults were
speci!ed, with two echelon faults linked across the relay by a third
fault oriented at 30° to the strike of the echelon faults, based on the
map-view geometry of the East Kaibab monocline (see inferred fault
pattern in Fig. 1). As in the previous suite, dip angles of 30° and 60° to
the west were investigated, with the upper and lower fault tips set at
1.5 km and 5 km, respectively. A net reverse displacement of 100 m
was again de!ned on the two echelon faults with the oblique slip
partitioned on the linking fault into 87 m of reverse offset and 50 m of
right-lateral strike-slip offset as de!ned by trigonometry.

The lower fault tip is represented in this analysis as a rapid
reduction in fault displacement to zero at the depth of faulting (e.g.,
Shamir and Eyal, 1995). For a thrust fault that may sole into a shallow
décollement at this depth, a bend in the fault geometry is well
represented by using this approach (e.g., Okubo and Schultz, 2004).
For a normal fault reactivated as a high-angle reverse fault, the lower
tip may either be the physical fault tip or a reduction of dip angle into
a shallow detachment surface at this depth. In either case, the
calculations presented for the observation plane located at a shallow
depth in this paper are most sensitive to the depth to the upper fault
tip and themagnitude of the fault displacement, and do not depend on
potential translation along a sub-horizontal décollement or detach-
ment surface.

Three physical quantities were calculated to assess the contribu-
tion of a fault-cored anticline to compaction band formation. First,
vertical displacements of the observation grid were calculated,
corresponding to the structural topography of a deformed horizon.
This quantity provides an indication of the size and geometry of the
anticline generated above the blind fault (e.g., Okubo and Schultz,
2004; Savage and Cooke, 2004; Schultz, 2000; Schultz and Watters,
2001; Shamir and Eyal, 1995). Second, the dilational strain (Paterson
and Wong, 2005; variously called dilation, as in this paper, or
dilatation in seismotectonics and in the Coulomb program: Toda et al.,
2007) is calculated from the elastic normal strain components in
each of the three coordinate directions (dilation="="xx+"yy+"zz).
Because compaction bands accommodate contractional strains across
them, this quantity was investigated as a proxy for predicting their
occurrence in areas near a fault-cored anticline (i.e., "b0 for com-
paction, Paterson and Wong, 2005). The background value of ", in the
absence of deformation, can be estimated by setting !x=!y=!z=!v

in the equations for " to obtain "0=3#gz(1−2$)/E, in which # is the
effective density of the overlying stratigraphic section, g is gravita-
tional acceleration, z is depth, $ is Poisson's ratio, and E is Young's
modulus. Using values of #=(2250–1000=1250 kg/m3), g=9.8 m/
s2, $=0.2, and E=20 GPa, "0=1.1!10−3 at 1 km depth. The third
quantity, change in Coulomb failure stress, quanti!es the tendency for
frictional sliding along potential shear planes (e.g., King and Cocco,
2001; King et al., 1994; Lin et al., 2010; Schultz, 2000; Stein, 1999;
Stein et al., 1992). This quantity can also be interpreted as the
tendency for pre-peak inelastic yielding in shear, rather than frictional
sliding, within a porous sandstone (e.g., Davis and Selvadurai, 2002, p.
95; Paterson and Wong, 2005, p. 252). By specifying optimum thrust
fault plane orientations, this quantity reveals areas near a fault-cored
anticline where thrust-related shearing may be favored in the
deforming strata.

4. Results and Discussion

The topography of the anticline formed above the upper tip of a
blind reverse fault depends on the dip angle of the underlying fault, as
shown in Fig. 3 (e.g., Okubo and Schultz, 2004; Schultz and Watters,
2001; Shamir and Eyal, 1995; Taboada et al., 1993). The width of the
anticline above a shallow dipping (30°) thrust fault (Fig. 3a) is larger
than for a steep dipping reactivated fault (%=60°, also having a
comparable magnitude of reverse offset; Fig. 3b). Given the relatively
narrow cross-strike width of the East Kaibab monocline, it is plausible
that the underlying fault dips more steeply than 30°, and perhaps as
great as 60°, although the precise width of the monoclinal fold is
uncertain given its uneven present-day exposure. East-dipping faults
(e.g., Doelling and Davis, 1989) produce topographies that are not
consistent with that observed across the monocline in this area.

Decreasing the depth of the upper blind tip has the effect of
increasing the amplitude of structural topography. Increasing the
depth of the lower tip increases both the amplitude and the width of
the structural topography (Fig. 4a). The width of the anticline is
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reduced by about half as the depth of faulting decreases from 10 km to
5 km, suggesting that the relatively narrow East Kaibab monocline
may bemore consistent with a smaller depth of faulting, such as 5 km,
than with a greater depth, such as 10 km. Decreasing the depth of the
upper blind fault tip from 2 km to 1.5 km, corresponding to depths
of 1–0.5 km below the observation plane, has little effect on either
the structural topography or the dilational strain (Fig. 4) except for
increasing the absolute values of both quantities somewhat.

Dilational strain is modestly positive (indicating volumetric
increase) except above the blind fault tip (location shown by the
* in Fig. 4b). The area vertically above the fault tip is characterized by
signi!cant local compaction ("b0) and volume reduction in the host
rocks. Given the correspondence between the predicted locations of
strongly negative dilation and the general location of compaction
bands at the Utah site, this quantity can be considered to help predict
the occurrence of pure, and perhaps shear-enhanced, compaction
bands in suf!ciently porous, coarse-grained, well-sorted rocks such as
the Navajo Sandstone (Fig. 4b, arrow). The location along the blind-
thrust anticline where compaction bands may be favored is along its
forelimb (Fig. 4a, double-sided arrow labeled CBs).

The predicted structural topography and dilational strain for a
reactivated fault (%=60°) are similar to those presented for the shallow
blind thrust fault case. The amplitude and width of the anticline are
reduced above the steeply dipping reactivated fault (Figs. 3b and 4b)

relative to the shallow thrust fault case. The dilation shows a similar
pattern although the peak corresponding to the location of the upper
blind fault tip (* in Fig. 4b) has become positive (dilational) rather than
negative (compactional; Fig. 5b). As a result, the horizontal, cross-strike
extent of compaction bands that would be predicted by using this
criterion is considerably reduced, corresponding to only a small
horizontal strip along the anticline's forelimb (Fig. 5a, arrow labeled
CBs).

Basedon the foregoing results, fault geometrieswithblindupper tips
at 1.5 km depth, lower tips at 5 km depth, and dip angles of 30° and 60°
were investigated further. The change in calculated Coulomb failure
stress for both cases was calculated for a typical value of rock frictional
resistance (!=0.6, Fig. 6). Shearing along optimally oriented planes is
predicted to occur just above, andbeyond, the location of theupper fault
tip, regardless of fault dip angle. By comparing Figs. 4, 5, and 6, this area
corresponds primarily to the forelimb of the anticline. The large
magnitudes of Coulomb failure stress imply that reverse-sense shearing
in the cover rocks would occur early in the deformation, perhaps before
the magnitude of reverse displacement on the subjacent fault reached
the value of 100 mused in this analysis. Such shearingwould contribute
to shear-enhanced compaction and deformation band damage zones in
the anticline's forelimb.

The second suite of calculationsmodeled a linked arrayof threeblind
faults having upper tips at 1.5 km depth, lower tips at 5 km depth, and
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dip angles of 30° and 60°. The results, shown in Fig. 7, are comparable to
those already presented for an individual blind fault, except that
compaction bands are predicted unequivocally only for the reactivated
fault case (60° fault dip angles). The difference between this result and
the previous results, for the single fault cases, lies in the increased value
of compactional strain due to slip along the right-oblique blind reverse
linking segment (see Fig. 1). As a result, the bend in the East Kaibab
monocline, associated with the blind fault geometry shown in Fig. 1,
would lead to an enhanced compactional strain in the area
corresponding to the Buckskin Gulch site, paralleling the relationship
inferred for monoclinal bends and shearing deformation bands by
Roznovsky and Aydin (2001). Such bends, jogs, stepovers, or other
geometric irregularities along subjacent reverse faults may then be the
most favorable sites along an irregular fault-cored anticline or
monocline for compaction banding given host rocks with the appropri-
ate petrophysical properties. By contrast, calculationsperformed for two
echelon unlinked blind thrust or reverse faults (not shown) suggest
negligible enhancement of compactional strain near the corresponding
location of the compaction band site.

Results from the modeling work are summarized in Fig. 8. The
geometry of the blind reverse fault, speci!cally its dip angle, is critical
to the prediction of compaction bands in the anticline above. Com-
paction bands are predicted to be associated with the location of the
upper tip of a blind reverse fault, with their lateral, cross-strike extent
in"uenced by several factors including the dip angle of the subjacent
fault, the depth of the upper fault tip below the horizon of interest,
and the map-view con!guration of the fault (i.e., bent or linked faults
with oblique displacement components). For a fold such as the East
Kaibab monocline, which has an irregular map-view geometry,
compaction bands may be suggested to occur (given appropriate
host rocks) in narrow bands on the monoclinal forelimb that broaden
into wider zones at concave bends in the fold.

5. Conclusions

Mechanicalmodeling of the East Kaibabmonocline suggests that it is
underlain by awest-dipping, blind high-angle fault with a reverse sense
of offset. The results presented in this paper thenprovide insight into the
occurrence of the compaction bands near the monocline. By calculating
the elastic dilational normal strain and Coulomb failure stress in the
vicinity of a blind thrust or reverse fault, pure and shear-enhanced
compaction bands are inferred to be associated with areas of greatest
negative elastic dilational strain (i.e., compaction) and Coulomb stress
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shearing and compaction bands (CBs) for 1 km depth from Figs. 6 and 7, respectively.
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increase. The good correspondence between the simple mechanical
analysis presented in this paper and the !eld occurrence of compaction
bands at the Utah site suggests that a more complete analysis of
compaction band localization near the East Kaibab monocline, that
incorporates evolving material properties and stress states, may be
warranted.

In addition to a thrust-faulting tectonic environment associated
with growth of the East Kaibab monocline above a blind reverse fault,
relays, irregularities, and bends along the trace of blind reverse faults
or their sur!cial anticlines appear to be important in the localization
of compaction bands. In particular, the eastward change in trend of
the East Kaibab monocline, associated with a concave re-entrant with
reverse and right-oblique offsets on subjacent linked high-angle blind
fault segments, predicts enhanced elastic compactional strain in the
footwall area that correlates with the location of the Utah site. By
implication, pure or shear-enhanced compaction bands may occur in
conjunction with complexities in the traces of linked blind thrust or
high-angle reverse faults in their relay or stepover regions as long as
the in situ stress states and rock properties are also favorable to
compaction band localization.
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