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ABSTRACT
The Cafion City Embayment (CCE) in south-central Colorado is a large-scale syncline

comprised of Ordovician to Tertiary sedimentary rocks overlying Proterozoic basement that was
affected by several major faults during the Laramide orogeny. Such faulting may be
accompanied by a damage zone that, when within highly porous rocks, manifests itself as arrays
of deformation bands that increase in density towards the fault. As such, the deformation bands
are precursors to the faults, with geometric and kinematic properties related to the fault that they
are associated with. Three field areas were studied and measurements were collected on 1131
deformation bands. The orientation and kinematics of the deformation bands indicate that they
are part of oblique-slip fault damage zones. The field area with the highest deformation band
density describes a contractional horsetail splay that may have developed from pre-existing

weaknesses from older faults attributed to the Ancestral Rocky Mountain orogeny.
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CHAPTER 1
Introduction
1.1 Regional Geology of the Carion City Embayment (CCE)

The Cafion City Embayment (CCE) includes outcrops of Proterozoic crystalline rock
found mainly in the topographic highs and Ordovician to Cenozoic sediments exposed in the
topographic lows. The rock units within this area, especially porous Ordovician to Cretaceous
sandstones, host well-defined deformation band structures that indicate past faulting, which are
likely tied to orogenic processes in the CCE. Deformation bands are tabular structural
discontinuities that represent brittle deformation in porous sandstones, so they are suitable
indicators for identifying kinematics of large-scale tectonics (Aydin and Johnson, 1978; Fisher
and Knipe, 2001). The CCE marks one of the easternmost expressions of the Rocky Mountain
extent. The embayment is approximately 397 square kilometers in area, and three areas within
the CCE were examined in detail: the Mixing Bowl, South Twin Mountain, and Sheep Mountain
(Fig. 1).

The embayment is characterized by Proterozoic basement rock in contact with younger
sedimentary units (Fig. 1). The elevated ridges of the Wet Mountains and Front Range constrain
the boundaries of the embayment. Ordovician to Cenozoic rock units form in a broad, gently
folded, sedimentary basin above the Proterozoic basement rock. Faulting is pervasive through the
Proterozoic basement and penetrates the overlying younger sedimentary units (Taylor et al.,

1975; Wobus et al., 1979; Wobus et al., 1985; Scott et al. 1977).



The geologic history of the CCE began with the formation of the Proterozoic basement
that is exposed in both the Wet Mountains to the south-southwest and the Front Range to the
north-northeast (Scott et al., 1978). The Proterozoic basement is an 1800 Ma gneissic complex
composed of meta-granitic intrusions (1700 Ma, 1400 Ma, and 1000 Ma) and various
metasedimentary and metavolcanic rocks (1720-1460 Ma, 1400 Ma, and 1000 Ma) (Tweto
1977, 1980a). The oldest Paleozoic sediments were deposited in the Ordovician, and include the
Early Ordovician Manitou Formation, the Middle Ordovician Harding Sandstone, and the Late
Ordovician Fremont Formation. Mapping focused on the Harding Sandstone, which is host to
many deformation bands. It was deposited in a microtidal coastal environment during the
Turinian to Chatfieldian stages of the Ordovician some 456 to 449 Ma ago. It is found in the
northeast to northwest portions of the CCE (Sweet, 1984; Allulee and Holland, 2005; Fig. 1).

Two deformation events contributed to the formation of the CCE. During the
Pennsylvanian, the Ancestral Rocky Mountain orogeny resulted from the complex tectonic
interaction between the North American plate and the South American-African plate that formed
Pangea (Kluth and Coney, 1981). In the CCE, the Ancestral Rocky Mountain orogeny was
characterized by northwest—southeast crustal shortening and resulting intra-cratonic block uplift
(DeVoto, 1980; Tweto, 1980; Kluth and Coney, 1981). This block uplift formed the Wet
Mountains and Front Range (Tweto 1980; Fig. 1). During the Pennsylvanian, topographic relief
of the Ancestral Rocky Mountains is thought to be approximately 3,000 m (DeVoto, 1980). The
erosion of the Ancestral Rocky Mountains led to the thick and aerially extensive deposition of
the Pennsylvanian Fountain Formation. The Fountain Formation is a prominent geologic unit
commonly used by geologists to constrain the timing of the exhumation of the Ancestral Rocky

Mountain orogenic block uplifts (Hubert, 1960; Mallory, 1972, Rascoe and Baars, 1972; Wilson,



1975, DeVoto, 1980; Tweto, 1980; Kluth and Coney, 1981). The Ancestral Rocky Mountains
further eroded and deposition of sediments in the Jurassic and Cretaceous occurred (Erslev et al.,
2004). Jurassic sediments such as the Middle Jurassic Ralston Creek Formation and the Late
Jurassic Morrison Formation were deposited throughout CCE (Frederickson et al., 1956).

During the Early Cretaceous, the Dakota Group was deposited. The Dakota Group
consists of the Purgatoire Formation and the Dakota Sandstone. The older Purgatoire Formation
is composed of the Lytle Sandstone Member and the Glencairn Shale Member. The Lytle
Sandstone is Aptian to Albian (Weimer 1990). The Glencairn Shale is late Albian (Weimer,
1990). The Dakota Sandstone is Cenomanian, overlies the Purgatoire Formation, and is the
primary unit to form topographic highs in the CCE that are resistant to erosion. Together with the
Jurassic units and Upper Cretaceous sedimentary rocks, the Dakota Group forms the Dakota
Hogback (Taylor et al., 1975, Wobus et al., 1979; Wobus et al., 1985; Scott et al., 1977; Fig. 1).
These rock units along the Dakota Hogback encompasses Cafion City from the southwest to
north to northeast. The northwest extent of the Dakota Hogback is part of the southeast-plunging,
asymmetrical Chandler Syncline (Jurista, 1996; Taylor et al., 1975, Wobus et al., 1979; Wobus et
al., 1985; Scott et al., 1977). The exhumed fold limbs of the Chandler Syncline define the
morphology and expanse of the Dakota Hogback within the CCE.

In the northern quadrants of the CCE, faulting is pervasive within Proterozoic basement
rock and Ordovician sedimentary rocks, and is less pervasive towards the south (Fig. 1).
However, within the southern extent of the embayment, Jurassic and Cretaceous sedimentary
units come into fault contact with the Proterozoic basement rocks. Temporally, faulting during
the Ancestral Rocky Mountain orogeny could only deform the Pennsylvanian Fountain

Formation syn-depositionally and deform pre-Pennsylvanian units post-depositionally (DeVoto,



1980; Tweto, 1980; Kluth and Coney, 1981, Taylor et al., 1975; Wobus et al., 1979; Wobus et
al., 1985; Scott et al. 1977; Fig. 1). Faults seen within Jurassic to Paleocene rocks must have
been deformed as part of a later large-scale orogenic event.

During the Late Cretaceous to late Paleocene, the oblique, northeast-trending, shallow
subduction of the Farallon Plate (Lipman et al., 1971; Lowell, 1974; Dickinson and Snyder,
1978) produced the second main deformation event, the Laramide orogeny. The Laramide
orogeny exhibited a northeast-trending crustal shortening direction, and generated an
anastomosing system of basement-cored arches, bounding the northern and eastern margins of
the Colorado Plateau (Erslev, 2004; Hamilton, 1981; Fig. 2). These basement-cored arches form
en-echelon steps towards the northeast of topographic highs of Proterozoic crystalline rock
(Kluth and Nelson, 1988; Erslev et al., 1988; Erlsev 1993; Hamilton, 1981; Fig. 2). The
Laramide orogeny is found to account for the en-echelon formation of northwest—southeast
oriented ridges in the CCE: The Wet Mountains, bounding the CCE to the south-southwest, and
the Front Range, bounding the embayment to the north-northeast (Fig. 1). As a result of the
crustal shortening, these northwest—southeast ridges were exhumed by thrust faulting initiated in
the Late Cretaceous as indicated by syn-orogenic sediments deposited along the flanks through
thrust faulting (Tweto 1975; Kluth and Nelson, 1988; Erslev et al., 1988; Erslev, 1993). Uplift
from the Laramide orogeny ended in the Paleogene and a late Eocene erosional surface formed
in the CCE, truncating Laramide structures from younger Cenozoic sediments (Epis and Chapin

1975; Leonard and Langford 1994).



1.2 Oblique-Slip Tectonics and Previous Structural Analyses

Strike-slip faults are kinematic consequences of large-scale plate motion on a sphere
(Wilson, 1965). They are well known for developing in continental and oceanic transform plate
boundaries but can also form in intraplate settings as a continental interior reaction to plate
collision as well as manifest as transfer zones of deformation between normal faults in rift
systems, and thrust faults in fold-thrust belts (Woodcock 1986; Sylvester 1988; Yeats et al.,
1997; Marshak et al., 2003). Strike-slip faults are prevalent in obliquely convergent subduction
zones where inter-plate strain is partitioned into arc-parallel strike-slip zones in the fore-arc, arc,
and back-arc regions (Beck 1983, Jarrard 1986; Sieh and Natawidjaja 2000). Wrench faulting
(Moody and Hill, 1956) is the formation of vertical or near-vertical faults displaying strike-slip
movement with a component of dip-slip. Transpressional or transtensional tectonic environments
can also form by wrench faults. Structures classified as transpressional or transtensional are
described as strike-slip structures that differ from simple shear because of an element of
extension or compression orthogonal to the zone of deformation (Dewey et al., 1998). In general,
the combination of a strike-slip component and a dip-slip component of slip along a fault
indicates oblique-slip fault movement. When described in the field, right-lateral reverse oblique-
slip motion along a fault surface can be referred to as right-lateral reverse-slip. Likewise, right-
lateral normal oblique-slip movement can be described as a right-lateral normal-slip. During the
initiation of faults containing a component of strike-slip, they form en-echelon sets of fault and
fold segments (Cloos, 1928; Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973), forming fault
bends. Such fault bends are described as divergent bends and convergent bends. Usually,
divergent and convergent bends are described as having offset where bounding strike-slip faults

are continuously linked and curved across the area of deformation. In contrast, stepover



structures are zones of slip transfer by sharply stepping over laterally, containing oblique-slip
faults in the overlap region between the fault segments (Wilcox et al., 1973; Crowell 1974;
Aydin and Nur 1982,1985). Over time, fault-segmented faults coalesce at the stepover regions
(Zhang et al., 1989; Peacock and Sanderson, 1991; McClay and Bonora 2001). Consequently,
fault bends and stepovers are complementary to each other (Cunningham and Mann, 2007). Fault
bends that accommodate contraction and extension are described as restraining and releasing
bends, respectively (Crowell 1974; Christie-Blick and Biddle 1985). Restraining bends and
releasing bends may form in single and en-echelon sequences of fault planes that describe unique
geologic structures with lateral components of movement (Cunningham and Mann, 2007; Fig. 3).
Jurista (1996) conducted a structural analysis in the CCE using orientations of small
faults. The goal of this study was to test different tectonic models within the area, including
strike-slip, rotational, and multi-stage origins for the CCE. The findings of this study recognized
that the Laramide maximum principal orientation of tectonic stress in the general area of the
CCE trends around N75°E and plunged nearly horizontally. There is no evidence within the CCE
for multiple maximum orientations of tectonic stress, furthermore, this northeastward direction
lines up with Laramide stress trends observed in the Front Range. Regional slip directions
observed along slip surfaces in the CCE were previously reported to trend toward ~N76E°,
plunging gently (around ~7°), and matching the recognized principal stress direction of Laramide
deformation in the area (Jurista, 1996). Cross sections constructed across the embayment indicate
different directions of thrust movement. Jurista (1996) states the southern extent of the CCE as
containing eastward thrusting and the northern segment of the CCE having eastward and
westward thrusting. Jurista (1996) further hypothesizes that the en-echelon geometry of the

Rocky Mountain front in Colorado and the formation of embayments arises from accumulation



of slip and relay of slip along north to south oriented faults. Jurista (1996) further states that the
coaxial relationship between stress and strain seen in this area indicates a pure shear environment
that is not consistent with large-scale wrench faulting.
1.3 Structural Characteristics of Deformation Bands

Deformation bands are key indicators for interpreting oblique-slip, strike-slip, and dip-
slip kinematics in porous sandstones. Their spectacular exposures in the CCE allow for a detailed
study of fault damage zone evolution originating from large-scale orogenic processes.
Deformation bands are localized, tabular structural discontinuities accommodating porosity
reduction indicating that they are diagnostic structures of strain-localized zones within
particulate materials, such as sandstones (Aydin and Johnson, 1978; Fisher and Knipe, 2001).
Deformation bands show mm- or cm-scale shear offset, dilation or compaction, and involve
various micro-mechanisms of deformation, such as grain rearrangement, cataclasis and
cataclastic flow, or pressure-solution (Aydin et al., 2006; Fossen et al., 2007). Cataclastic
deformation bands reduce porosity and permeability of otherwise highly porous sandstones (e.g.,
Fowles and Burley, 1994; Fisher and Knipe, 1998; Ogilvie and Glover, 2001; Fossen and Bale,
2007; Torabi et al., 2013). Reduction of porosity and permeability is driven by the concentration
of cataclasis present in the bands (Pittman, 1981; Crawford, 1998; Ballas et al., 2012). Therefore,
cataclastic bands are able to baffle, channelize, or trap fluid flow in reservoir settings (Harper
and Moftah, 1985; Antonellini et al., 1999; Sternlof et al., 2006; Rotevatn et al., 2009;
Tueckmantel et al., 2012). These bands are present in the CCE (Gibson, 1998). Cataclastic bands
displaying components of shear and compaction are the most common deformation bands in
zones of localized strain (Fowles and Burley, 1994; Fisher and Knipe, 1998; Ogilvie and Glover,

2001; Fossen and Bale, 2007; Torabi et al., 2013).



Cataclastic deformation bands can be seen in single strands, in an assemblage of multiple
strands forming band clusters, or as arrays of single strands and clusters forming a damage zone
within fault cores with up to hundreds or thousands of individual bands. Structural characteristics
of deformation bands in fault zones include increases in band density with proximity to a major
fault. Deformation bands are precursors of larger faults, so their presence and geometric
properties are indicative of the geometry and kinematics of the parent-faulting event. As
precursors to faulting, deformation bands allow different tectonic regimes to be discerned. For
example, deformation bands share the same sense of slip as the major fault with which they are
associated, allowing the kinematics of faulting to be deduced. Faults form in conjugate sets
where a single homogenous stress state forms two simultaneous fault planes (Anderson, 1905;
Fig. 4). In this fault model, the maximum compressive stress is described by the acute bisector
between the two planes. The minimum compressive stress is marked by the obtuse angle that
forms between the planes, and the intermediary compressive stress lies parallel to the point of
intersection (Fig. 4). Deformation bands also form conjugate sets (Cruikshank et al., 1991;
Olsson et al. 2004). The two fault planes that form are described as the master and antithetic
(Tchalenko, 1970; Tchalenko and Ambraseys, 1970; Davis et al., 2000), where the master
deformation band plane shares the same orientation with the master fault plane (Fig. 4). Ladder
structures, which consist of longer bounding bands accommodating offset from smaller linking
bands, describe larger assemblages of conjugate deformation bands (Davis, 1999). The
assemblage of ladder structures gives insight on kinematics associated with large networks of
observed slipped deformation bands. Deformation bands also manifest in larger sets of
simultaneously forming planes known as quadrimodal and polymodal faulting (Fig. 4). A

quadrimodal fault set describes four clusters of poles representing the master and antithetic



bimodal conjugate faults as well as nested conjugate faults coincident to both master and
antithetic (Fig. 4). Polymodal faulting, which includes quadrimodal faulting, displays a
seemingly continuous orientation distribution of poles spanning finite arcs of strike and dip
(Peacock and Sanderson 1992; Healy, 2015; Fig. 4). Deformation bands can express polymodal
fault sets and were first observed in the Entrada and Navajo sandstones found in southeast Utah,
and in the Wingate Sandstone in Colorado (Aydin and Reches, 1982; Jamison and Stearns,

1982).
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Proterozoic basement rocks are overlain by Ordovician to Cenozoic sedimentary units that form
a broad syncline between the Wet Mountains and the Front Range. Modified from Taylor et al.
(1975), Wobus et al. (1979), Wobus et al. (1985), and Scott et al. (1977).
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Figure 2. Geographical extent of the Laramide orogeny (Modified from Hamilton, 1981).
During the Late Cretaceous to late Paleocene, the oblique, northeast-trending, shallow
subduction of the Farallon Plate (Lipman et al., 1971; Lowell, 1974; Dickinson and Snyder,
1978) produced the Laramide orogeny. The Laramide orogeny exhibited a northeast-trending
crustal shortening direction. Noted within the red ellipse, this crustal deformation event
generated an anastomosing system of northwest—southeast oriented basement-cored arches. The

arches were exhumed through thrust faulting (Erslev, 2004) The CCE is located within this
region, and is noted in blue.
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(a) Conjugate set of faults where the master and antithetic planes form under a single
homogenous stress (Anderson, 1905). The acute angle between the master and antithetic fault
plane describe the acute bisector. The acute bisector describes the orientation of the maximum
compressive stress. The poles to the fault planes are observed beneath the block diagram. (b, ¢)
Faults may display multiple sets of planes when they develop. Quadrimodal and polymodal
faulting describe multiple clusters of poles representing the master and antithetic bimodal
conjugate faults as well as nested conjugate faults coincident to both the master and antithetic
faults (Peacock and Sanderson 1992).
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CHAPTER 2
Methods

This thesis focuses on the collection of field data through detailed structural mapping of
faults and deformation bands within porous sandstones. The field data were used for a fault-
kinematic analysis that allowed for a comprehensive interpretation of the tectonic evolution of
the field sites in the CCE via construction of geologic cross sections in the Mixing Bowl field
area. Samples collected from the fault zones were used to evaluate and describe the micro-scale
deformation.

Data collection for this project concentrated on three separate field areas within the CCE:
the Mixing Bowl, South Twin Mountain, and Sheep Mountain (Fig. 1). The Mixing Bowl shows
deformation in the southwestern extent of the CCE directly bordering the Wet Mountains. The
South Twin Mountain field area, about 8 km north of the Mixing Bowl, characterizes
deformation in the western extent of the embayment. The Sheep Mountain field area, 12 km
northeast of South Twin Mountain field area, represents the interface between the basin of the
embayment and deformation along the southwestern extent of the Front Range. Mapped
lithologic units were described in this thesis from observations in these field areas (see Chapter
3).

The collection of field data focused on the detailed structural characterization and
geologic mapping of each of these three field areas. A total of 688 bedding orientations of
Ordovician to Cretaceous sediments were recorded. A total of 1131 deformation band

orientations and the lithologies they were found in were also recorded. Each deformation band
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measurement was recorded as being either an individual deformation band, part of an assemblage
of bands in a band cluster, or a fault core. Deformation band length was measured and grouped
into<lm, 1 —3 m, 3 — 10 m, and 10+ m. Strand thickness of deformation bands as well as
cluster thicknesses were collected and assembled in values from 0 — 2 mm, 2 — 5 mm, 5 mm — 2
cm, 2 — 10 cm, and 10+ cm. Where present, conjugate sets of deformation bands were noted. If
the offset between deformation bands was apparent, it was also recorded. If there was no
apparent offset, deformation band orientations were used as an approximation of the stress field,
especially when multiple band orientations were present in the outcrop. This was described only
if there was no indication of rotation of bedding units from a subsequent deformation event. The
attitudes of 112 slickenlines were recorded from well-developed deformation band slip surfaces.
Slip direction was recorded if clearly visible from slickenline formation along the slip surface or
deformation band offset. Slickenlines display grooves that display a millimeter-high topography
on their surface, or ridges, which indicate slip direction of the fault plane or, in this case,
deformation bands (Brown and Scholz, 1985; Petit 1987; Power et al., 1987; Lee and Bruhn,
1996; Doblas 1998; Renard et al., 2006; Sagy et al., 2007; Sagy and Brodsky, 2009; Candela et
al., 2009; Candela et al., 2012; Foundriest et al., 2013; Siman-Tov et al., 2013).

Bedding orientations, deformation band orientations, and slickenline measurements were
recorded using Midland Valley's FieldMove Clino application through a portable tablet device.
Midland Valley is a structural geology software company that employs techniques to reduce
structural uncertainty in the field. FieldMove Clino is the Midland Valley proprietary field
application that can be used as a traditional hand-held bearing compass and clinometer
measuring and recording the orientation of planar and linear features in the field. The device

captures the longitude and latitude of each measurement through automatic positioning from the
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device GPS. All recorded measurements were identified, validated, and recorded, with a physical
field map. FieldMove Clino files were exported as .csv files for kinematic analyses through
stereonet construction.

Kinematic analyses of recorded deformation bands were described in equal area stereonet
constructions. A total of 69 stereonets were constructed using the coding package, Graphics for
Spherical and Earthquake Focal Mechanisms (RFOC; Lees, 2017), in the statistical computing
programming language R (R Core Team, 2015). Refer to Appendix B for a template of the R
code. Stereonets were annotated after the construction process. These stereonets represent 23
stations of collected deformation band measurements. Four stereonets contained more than 45
deformation band planes and were plotted as poles in a density plot. The density plots were
generated using Stereo32, a stereonet construction program created at the Ruhr-Universitat,
Bochum, Germany. Each one of these stations describes the kinematics along observed
deformation band damage zones. Within these stereonets, deformation band orientations,
attitudes of associated slickenline data, and, if applicable, slip direction of those slickenlines are
displayed. Slip direction along a corresponding deformation band slip surface is a direct
indication of fault kinematics related to that deformation band. Stereonets were annotated to
describe and illustrate deformation band kinematics. Geologic cross sections were manually
constructed through each of the three field areas, as well.

Fault rocks were also described on the microscopic scale. The fault rock thin sections
were studied under a Zeiss AXIO Scope.A1 microscope. Microscope imaging was collected
through an Axiocam 506 color camera attachment. Three fault rock samples were examined

microscopically from the Mixing Bowl field area.
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CHAPTER 3
Description of Mapped Lithologic Units
3.1 Proterozoic Basement Rock

In this thesis, the Proterozoic basement is mapped as undifferentiated. The topographic
highs seen in the Front Range and Wet Mountains around the CCE are composed of this unit
(Figure 1). Within the Mixing Bowl and South Twin Mountain field areas, this rock unit was
identified by pink, red, and gray crystalline exposures of a porphyritic, quartz monzonite defined
as the San Isabel Granite (Boyer, 1962). Outcrops of black to gray, metamorphic crystalline rock,
first described as a migmatitic biotite gneiss (Taylor and Scott, 1973) was also mapped as
Proterozoic basement. Both of these Proterozoic units form the most prominent exposures in the
Wet Mountains (Boyer, 1962; Taylor and Scott, 1973). In the Sheep Mountain field area, the
Proterozoic basement rock is predominantly black to gray, massive to foliated hornblende and
biotite quartz diorite is found in the southwestern extent of the Front Range (Jurista, 1996).
Modern erosion of the Proterozoic basement generates an extensive cover of pebble-size
fragments over other rock units that it juxtaposes, including Ordovician to Jurassic units.

3.2. Lower Ordovician Manitou Formation

The Manitou Formation is a massive gray dolomitic limestone with thin interbedded red
to white shale layers. The unit has distinguishing white chert nodules and ribbons near its base.
The formation is pink to purple where weathered. The Manitou Formation is observable in the
Sheep Mountain and South Twin Mountain field areas. It can be thoroughly studied in the

northern portion of the CCE, outcropping as a cliff-former, but is commonly covered by younger
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units towards the south to southwest limits of the embayment. The maximum unit thickness is 15
meters (Erslev, 1996). The Manitou Formation lies nonconformably on the Proterozoic
basement.
3.3 Middle Ordovician Harding Formation

The Harding Formation consists of red, white, and green, moderately cemented, fine- to
coarse-grained, well-rounded, moderately sorted, porous, quartz arenite sandstones with
interbedded subsets of sandstone and variegated shale. A white, quartz-pebble conglomerate
marks the bottom of the Harding Formation, and the top is marked by a less than a meter-thick
yellow sandstone layer. Where weathered, the Harding Formation is dark gray. Like the Manitou
Formation, it is well-exposed near the northern part of the CCE as a cliff-former, but is less
exposed towards the south to southwest. It is exposed in the Sheep Mountain, South Twin
Mountain, and Mixing Bowl field sites. The thickness of the unit is approximately 20 meters, and
it pinches out towards the south (Erslev and Selvig, 1996). The Harding Sandstone lies
unconformably on the Manitou Formation or nonconformably on the Proterozoic basement.

3.4 Upper Ordovician Fremont Formation

The Fremont Formation is composed of white to gray, fossiliferous dolomite. Where
weathered, the Fremont Formation is red to gray. The Fremont Formation is a cliff-former and
predominantly crops out in the northern segment of the CCE in conjunction with both the
Manitou Formation and Harding Sandstone. Though it becomes less extensive in the south to
southwestern limits of the CCE, it still forms cliffs. It is exposed in the Sheep Mountain, South
Twin Mountain, and Mixing Bowl field sites. The formation has a maximum thickness of 10
meters (Erslev and Selvig, 1996). The Fremont Formation lies unconformably on the Harding

Sandstone.
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3.5 Pennsylvanian Fountain Formation

The Fountain Formation includes purple to red, poorly cemented, coarse-grained, sub-
rounded, poorly sorted, porous, arkosic sandstone with interbedded, feldspathic pebble to cobble
conglomerates derived from Proterozoic rocks. The Fountain Formation is extensive across the
CCE as a slope-former. It can be found within all three field areas. It is the thickest of all rock
units in the CCE, with a maximum thickness of up to 600 meters (Erslev and Selvig, 1996). The
Fountain Formation unconformably overlies the Fremont Formation.

3.6 Middle Jurassic Ralston Creek Formation

The Ralston Creek Formation consists of white, pink, and green, poorly cemented,
coarse-grained, sub-angular to sub-rounded, poorly sorted, porous, subarkosic sandstones with
interbedded pink, feldspathic conglomerates. The conglomerate clasts range from pebble- to
cobble-size, with their provenance likely from Proterozoic rocks. The Ralston Creek Formation
is seen throughout the CCE, in particular, in the Mixing Bowl field area and outcrops as a slope-
former. The formation has a maximum thickness of approximately 20 meters (Erslev and Selvig,
1996). The Ralston Creek Formation unconformably overlies the Pennsylvanian Fountain
Formation.

3.7 Upper Jurassic Morrison Formation

The Morrison Formation is composed of white, pink, and green fine-grained siltstone.
The thickness of the formation averages approximately 90 meters (Erslev and Selvig, 1996). The
Morrison Formation is observed only in the Mixing Bowl field area, where it is a slope-former
that is extensively covered by vegetation. The Morrison Formation lies unconformably on the

Ralston Creek Formation.

19



3.8 Lower Cretaceous Lytle Sandstone
The Lytle Sandstone is a white to gray, well-cemented, fine- to coarse-grained, porous,
quartz arenite sandstone with sub-angular to sub-rounded, moderately sorted grains. The
sandstone layers are locally interbedded with pebble-sized, chert conglomerates. Where
weathered, the unit is red to orange. This unit is exposed in the Mixing Bowl as a cliff-former.
The sandstone has a thickness ranging from 10 to 30 meters (Erslev and Selvig, 1996).
3.9 Lower Cretaceous Glencairn Shale
The Glencairn Shale is a white to blue to gray, fissile shale. It is exposed in the Mixing
Bowl. The shale layer is approximately 20 meters thick (Erslev and Selvig, 1996). The Glencairn
Shale forms a conformable contact with the underlying Lytle Sandstone.
3.10 Lower Cretaceous Dakota Sandstone
The Dakota Sandstone is a white to gray, well-cemented, fine- to medium-grained, sub-
rounded, well-sorted, porous, quartz arenite sandstone. Where weathered, the unit is red to
maroon. The Dakota Sandstone is exposed along the top of the ridges, as a cliff-former,
surrounding the Mixing Bowl to the west, south, and east. The sandstone is 35 to 50 meters thick
(Erslev and Selvig, 1996).
3.11 Upper Cretaceous Graneros Shale
The Graneros Shale is blue to black and is exposed on the west, south, and east side of
the Mixing Bowl map area. The unit is approximately 30 meters thick (Logan, 1966). It
conformably overlies the Dakota Sandstone and is part of the Cretaceous Benton Group (Mateer,

1987).
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CHAPTER 4
Structural Styles of Faulting in the CCE
4.1. Expressions of Fault Rocks in Mapped Lithologic Units

Deformation bands, heavily cemented sandstones, and incohesive brecciated fault rocks
are observable in the CCE (Fig. 5). Prominent across each field area (Fig. 1) are the presence of
deformation bands. Deformation bands are white, gray, pink to brown, very fine-grained,
angular, poorly sorted, discontinuous bands hosted in porous sandstone (Fig. 6). Deformation
bands are highly resistant to erosion relative to its host sandstone (Fig. 5b). Deformation bands
are visible in the Fountain Formation (Fig. 7), Ralston Creek Formation (Fig. 7), Lytle Sandstone
(Fig. 6), and the Dakota Sandstone (Fig. 8). They are also present in the Harding Formation in all
three field areas (Fig. 9). Bands are commonly observed as single strands of varying thickness
ranging from <2 mm to 1 cm (Fig. 6). Single strands are also viewed in larger accumulations,
such as band clusters (Fig. 10). Strand accumulations range from two to three, and in certain
locations include hundreds to thousands of strands to form a fault core with a deformation band
damage zone (Fig. 11). Strand clusters and fault cores range from 2 cm to over 10 cm in
thickness (Fig. 11). Deformation band lengths of thinner, single strands range from <I m to 3 m
long (Fig. 11). Deformation band clusters are 3 to 10 meters long, and the thickest band clusters
are more than 10 meters long (Fig. 11). These arrays of deformation bands form en-echelon sets
with similar orientations (Fig. 8). Frequently, multiple sets of deformation band orientations are
present in a single location (Fig. 12), and offset between two bands may occur along a slipped

band (Fig. 13). Offset can also be observed from slickenlines along slipped band surfaces (Fig.
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14). In zones of higher intensity of deformation, ladder structures show bounding and linking
bands (Fig. 8; Fig. 12).

Heavily cemented sandstones and incohesive fault breccias are visible in the middle of
the Mixing Bowl field area (Fig. 16; Fig. 17). The middle of the Mixing Bowl field area consists
of Proterozoic basement rock that is in structural contact with the Harding, Fremont, Fountain,
and Ralston Creek Formations (Fig. 15). Smaller outcrops of the Harding Formation within the
extent of the Proterozoic basement rock outcrop occur (Fig. 15). A horizontal structural contact
is expressed solely in the Harding Formation at four different locations on the map (Fig. 15). The
location of sample S2 indicates where these heavily cemented sandstones appear within the
Harding Formation (Fig. 18). These sandstones consist of white, dense, firmly compacted grains
(Fig. 16). The compacted sandstones form abruptly adjacent to the porous Harding Sandstones
(Fig. 16), and are only observable when in proximity to the structural contact between the
Harding Formation and the Proterozoic basement rock.

Incohesive brecciated fault rocks are visible in the Mixing Bowl and Sheep Mountain
field area (Fig. 19). Within both field areas, brecciated fault rocks mark the boundaries between
the Harding Sandstone and Proterozoic rock (Fig. 5d; Fig. 17). Like the heavily cemented
Harding Sandstone, the brecciated fault rock is also only found in the middle of the Mixing Bowl
field area (Fig. 15). The location of sample S24 indicates where these brecciated fault rocks
appear in the middle of the Mixing Bowl (Fig. 18). The brecciated fault rock consists of purple,
and green to white incohesive rock fragments directly below outcrops of the Harding Sandstone
(Fig. 5e; Fig. 17) The purple brecciated layer overlies the white to green brecciated layer. Grain
size between the two layers differs, with the purple layer being very fine, whereas the white to

green brecciated layer displays medium to coarse-grained sized brecciated fragments (Fig. 20).
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The fault breccia located in the Sheep Mountain field area is visible throughout the easternmost
structural contact between the Harding Formation and the Proterozoic basement rock (Fig. 19).
The fault rock consists of white brecciated clasts (Fig. 5d).
4.2. Mixing Bowl Field Area
4.2a. General Geologic Observations of the Field Area

The Mixing Bowl field area is located southwest of Cafion City (Fig. 1). It marks one the
westernmost points where Paleozoic to Cenozoic rocks crop out in the CCE (Taylor et al., 1975;
Wobus et al., 1979; Wobus et al., 1985; Scott et al., 1977). The Wet Mountains surround the
field area to the south, west, and north. The field area is approximately four square kilometers.
Throughout the field area, 527 bedding measurements were collected (Fig. 18). Cretaceous
sedimentary units bound the field area to the east, south, and west. Proterozoic basement rock
bounds the Mixing Bowl to the north. Within the Mixing Bowl, the Proterozoic basement comes
into structural or fault contact with younger Ordovician, Pennsylvanian, Jurassic, and Cretaceous
units. In the northern portion of the mapped area, the Harding Formation lies nonconformably
above the Proterozoic basement rock. In the central Mixing Bowl area, the Proterozoic basement
is in fault contact with the Harding Formation (Fig. 17). Observed between the Proterozoic
basement rock and the Harding Formation are purple, and white to green layers of sheared
brecciated rock fragments (Fig. 20). The Proterozoic basement rock is inferred to be in structural
contact with the Fremont Formation, Fountain Formation, and Ralston Creek Formation (Fig.
15). The bedding orientations of Ordovician to Cretaceous rock units are consistent across
depositional contacts, but increase in dip magnitude when in proximity to a structural contact

(Fig. 15).
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The Manitou Formation is not present in the Mixing Bowl. The Harding Formation is
present in the middle of the Mixing Bowl as well as in the northeastern section. The Fremont
Formation lies unconformably on the Harding Formation, and bedding orientations are the same
above and below the contact. In the middle portion of the field area, the orientations along the
contact dip towards the south-southeast between 0° and 10° (Fig. 18). Likewise, in the
northeastern section, the orientations along the contact display dip directions towards the south-
southeast with dips of 5° to 15° (Fig. 18). The Fountain Formation lies unconformably above the
Fremont Formation and bedding attitudes dip towards the south-southeast between 10° and 20°
along the contact.

The Fountain Formation extends from the northeastern quadrant of the mapped area,
forming an arcuate map pattern, towards the western portion of the map (Fig. 18). The Fountain
Formation is in structural contact with both the Fremont Formation and the Harding Formation in
the northeast quadrant of the map (Fig. 15). The Ralston Creek Formation lies unconformably
above the Fountain Formation. Along the unconformable contact in the east, orientations
between the two units dip approximately 20° to the south. In the west, dip magnitudes are
between 20° and 30° with dip direction towards the southeast (Fig. 18). The Ralston Creek
Formation mimics the arcuate map pattern of the Fountain Formation (Fig. 18) The Morrison
Formation lies unconformably above the Ralston Creek Formation with like bedding attitudes
above and below the unconformity. Dip magnitudes along this contact are between 20° and 30°
towards the southeast (Fig. 18).

The Cretaceous Dakota Group Formation lies unconformably above the Morrison
Formation. Bedding attitudes above and below the contact are consistent throughout the field

area. In the west, bedding orientations dip towards the south-southwest at approximately 15°. In
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the east, dips above and below the contact dip between 20° and 30° toward the east-southeast.
The Cretaceous Dakota Group consist of the Lytle Sandstone Member, Glencairn Shale Member,
and Dakota Sandstone, and dip shallowly in the west and transition to a moderate dip towards the
northeast section of the area (Fig. 18). Unrestricted structural contacts are apparent along the
Cretaceous Dakota Group Ridge. For example, two major faults trend east-west and southwest-
northeast along the ridge and are continuous through each of the three units (Fig. 15). The
Cretaceous Benton Group is conformably above the Cretaceous Dakota Group. The Cretaceous
Benton Group is represented in the field area by the stratigraphically lowermost unit, the
Graneros Shale. The Graneros Shale marks the boundary of the mapped region of the Mixing
Bowl to the south and the east (Fig. 18). Bedding planes in the Graneros Shale are shallowly to
steeply dipping and follow the dip magnitudes in the Cretaceous Dakota Group. All observed
unconformities in the field area display little to no difference in strata orientation above and
below the contacts (Fig. 15). Refer to Table 1 for a summary of the results presented below.
Refer to Appendix A for field photos of the Mixing Bowl field area.
4.2b. Station Observations of Deformation Bands
4.2b.i. Cretaceous Dakota Group Ridge

The Cretaceous Dakota Group Ridge bounds the Mixing Bowl to the west, south, and
east (Fig. 15). The topographically raised landform contains the Lytle Sandstone Member,
Glencairn Shale Member, and Dakota Sandstone. These sandstones host well-deformed
deformation band damage zones correlating to major and minor faulting seen along the ridge
(Fig. 15). Deformation bands located along the ridge are hosted in both the Dakota Sandstone
and Lytle Sandstone. The Cretaceous Dakota Group Ridge is a well-developed representation of

these arrays of pervasive brittle deformation structures. Across the Cretaceous Dakota Group
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Ridge, 626 deformation band measurements and 64 slickenline measurements from deformation
band slip surfaces were collected. There are eight stations that these measurements are compiled
into.

Station 1 is located along the northern segment of the Cretaceous Dakota Group Ridge
(Fig. 15). Stereonet locations are represented by numbered white circles (Fig. 15). Stereonets 1a,
1b, and 1c are substations of station 1. The stereonet locations are numerically arranged north to
south. At this station location, 30 deformation bands were measured along with 16 slickenline
measurements from their correlated deformation band slip surfaces.

Stereonet substation 1a displays 14 deformation band orientations and 8 slickenline
measurements (Fig. 15; Fig. 21.1a). Five sets of band orientations are present. Deformation
bands dip in all directions. Deformation bands dip from moderate to steep with a maximum dip
of 75° and a minimum dip of 34°. Observable slickenlines along band surfaces show trends
toward the northwest, east-northeast, and southeast. Plunges are steeply dipping with three
measurements dipping moderately. The maximum plunge of slickenlines is 74° and minimum
plunge is 32°. Deformation bands show left-lateral reverse-slip, right-lateral reverse-slip, and
thrust dip-slip offset.

Stereonet substation 1b shows 11 deformation band attitudes and 7 slickenline
measurements (Fig. 15; Fig. 21.1b). Five sets of deformation band orientations are observable.
Deformation bands vary in dip direction from the northeast to northwest to southwest.
Deformation bands have steep dip magnitudes. Dip magnitudes have a maximum of 88° and a
minimum at 51°. A cluster of deformation bands dip towards the northeast and southwest.

Slickenlines trend toward the northeast and southwest. Plunges range from shallow to
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predominantly moderate with a maximum plunge of 52° and a minimum plunge of 18°.
Deformation bands display left-lateral reverse-slip and right-lateral reverse-slip offset.

Stereonet substation 1c contains 5 deformation bands and 1 slickenline (Fig. 15; Fig.
21.1c). The single set of deformation bands are uniformly dipping to the northeast. Deformation
bands have steep dip magnitudes. The maximum dip magnitude is 71° and the minimum is 53°.
The single slickenline trends towards the east-southeast with a plunge of 35°. Deformation bands
show right-lateral reverse-slip offset.

Station 2 covers areas including a low elevation topographic gap between the north and
south ridges as well as the deformation bands located along the northwestern face of the south
ridge of Cretaceous Dakota Group Sandstones (Fig. 15). The stereonet locations for each
substation are situated west through the low elevation topographic gap at the bottom of the ridge,
and established east at the top of the ridge towards substation 2d. Within this area, a total of 393
deformation band measurements and 9 slickenline measurements were recorded. Substations that
contained more than 45 deformation band measurements were displayed as poles in density
plots. Stereonet substations 2a, 2b, and 2d were expressed in this manner. For each plot,
maximum density is in black and minimum to zero density is in white. Each stereonet contains
different density maximums and minimums due to the differing amount of deformation bands in
each substation. The extensive amount of recorded data from deformation band orientations is
due to outcrop exposure through the low elevation topographic gap and on top of the ridge (Fig.
15).

Stereonet substation 2a, includes 280 deformation band orientations and 4 slickenline
measurements (Fig. 15; 21.2a). At least four sets of deformation band orientations represented by

pole accumulations in the density plot (Fig. 22.2a). These 