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ABSTRACT

The Cañon City Embayment, located at the southern end of the Denver Basin, Colorado, 

is an understudied area with a complex structural history affected by major tectonic events 

such as the Ancestral Rocky Mountain Orogeny, Laramide Orogeny, regional epeirogenic uplift 

events, and Cenozoic extension.  This area is of interest to the petroleum industry in part due to 

its proximity to Florence-Cañon City Oil Field, which produces from shallow, heavily fractured 

Pierre Shale and is the oldest continuously working oil ield in the United States. 

Detailed ield mapping identiied a ~3 km2 detachment fault system in the Oil Well Flats 

area, located in the northern part of the Cañon City Embayment, which is currently mapped 

as Quaternary alluvium and landslide deposits.  The structure exhibits several topographically 

high, repeating blocks of Cretaceous Dakota Group sandstones, separated by topographically 

low valleys that are likely underlain by shale, and a large master fault, identiied by a major 

scarp with a large damage zone and deformation bands, that likely detaches on the shales of the 

underlying Jurassic Morrison Formation.  

In addition to the ield data collected, construction of cross-sections through the system, 

examination of HD Google Earth Pro aerial images, and a high resolution 5 meter DEM 

that reveals the master fault as a strongly linear feature, support the hypothesis that this is a 

detachment system exhibiting an extensional, normal faulted updip section and a probable 

compressional toe downdip.  The master fault is associated with an intense band of deformation 

characterized by an extremely dense zone of cataclasis deformation bands, identiied via 

thin section analysis. These bands cut through various lithologies within the Dakota Group, 

including lower porosity, higher clay content sandstones not typically associated with this type of 

deformation band.  

As a result of our study, I interpret that this structure, possibly a unique outcrop example, 

is not just a modern feature, but rather a longer-lived structure that was reactivated during a 

series of structural/geomorphic events, potentially including Laramide compression, regional 

uplift, Rio Grande rifting, and more recent stream downcutting at the toe of the structure.  
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CHAPTER 1

INTRODUCTION

 The Southern Rockies, located far from any plate boundary, have been one of the 

most enigmatic mountain ranges on Earth, and a long history of research has only added to 

the complexity of the area.  Several major tectonic events have affected the region including 

Proterozoic rifting, the Ancestral Rocky Mountain Orogeny, the Laramide Orogeny, uplift of 

the Colorado Plateau, and Cenozoic/Rio Grande Rift extension.  The Cañon City Embayment, 

located at the southern end of the Front Range Mountains and Denver Basin (Figure 1.1), 

is a surprisingly understudied region that exposes a large Paleozoic sedimentary section not 

commonly seen elsewhere along the Front Range.  In addition to the unique stratigraphy, the 

structural history of the embayment is somewhat ambiguous, as it appears to have been a 

continued structural low since the Ancestral Rocky Mountain Orogeny, despite being affected 

by subsequent major tectonic events in the region.  This area is of interest for the petroleum 

industry in part due to its proximity to the Florence-Cañon City Oil Field, which produces oil 

from shallow, fractured Pierre Shale and is the oldest continuously working oil ield in the United 

States, and also its potential for subthrust plays.  Therefore, further study of the structure of the 

Cañon City Embayment could have interesting implications for petroleum production in the 

region.    

During ield mapping of an area currently mapped as Quaternary landslide deposits (Qls), 

a potential detachment fault system was identiied in the northern portion of the embayment on 

Bureau of Land Management (BLM) controlled land called Oil Well Flats (Figure 1.2).  The 

structure exhibits repeating, topographically high blocks of Cretaceous Dakota Group sandstones 

separated by topographically low valleys that are likely underlain by shale, and a prominent 

scarp with extremely dense, intense cataclastic deformation bands (Figures 3.3, 4.5, 4.6).  This 

led to the hypothesis is that this area is actually a structurally contiguous detachment system with 

an extended, up dip component of rotated fault blocks, a central portion of translated blocks, and 

a possible compressional toe.  In order to try and conirm this hypothesis, a campaign of detailed 
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ield mapping and stratigraphic analysis was conducted to establish a detailed, structurally 

consistent map and cross-section in order to test the detachment system hypothesis through 

kinematic structural analysis.  Field data interpretation included creation of structural maps and 

cross-sections, examination of HD Google Earth Pro aerial images, and a high resolution DEM.  

A detailed stratigraphic analysis of the formations in the area was necessary to show that they are 

indeed the same unit repeating, rather than sandstones separated by shales.  Aside from the nature 

of the system, other issues present themselves, including the age of the system and what potential 

tectonic event it correlates to, whether as a Laramide or post Laramide feature. Therefore, the 

primary focus of this study was a detailed structural analysis of the previously unmapped Oil 

Well Flats/Dinosaur Flats detachment system, including high resolution structural mapping, 

cross-section construction, and kinematic analysis of fault and deformation band structures to 

help elucidate the timing and evolution of the system. A better understanding of this system has 

implications for the timing of deformation in the Cañon City Embayment and more generally for 

both subaerial and submarine detachment systems, with this being the irst outcrop plan view of a 

detachment system.  
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Figure 1.1. General geographical and structural map of the Cañon City Embayment region 
(modiied after Gerhard 1968).  Note in particular the Apishapa Uplift, which separates the 
Denver Basin from the Raton Basin, and the synclinal Cañon City Embayments position between 
the Wet Mountains and Front Range.
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Figure 1.2. General map of the Cañon City Embayment created using USGS geological maps as 
layers in Global Mapper, with the location of Dinosaur Flats (to the west) and Oil Well Flats (to 
the east), which are separated by Four Mile Creek, boxed in red.  Note how the area between the 
major Cretaceous (Kdp) scarp bounding the Dinosaur Flats and Oil Well Flats area is mapped as 
Quaternary (Qls).
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CHAPTER 2

GEOLOGIC BACKGROUND

2.1 The Cañon City Embayment 

The Cañon City Embayment is a syncline located between the southern termination of 

the Front Range Mountains and the beginning of the Wet Mountains.  Unlike most areas along 

the Front Range where the oldest sedimentary rocks are the Pennsylvanian Fountain Formation, 

it contains a relatively thick lower Paleozoic sequence of strata of Ordovician to Devonian age, 

primarily limestones, that were deposited during a series of transgressions and regressions across 

the Cañon City Prong, which was a paleohigh and part of the Sierra Grande series of uplifts  

(Figure 1.1, Gerhard 1968).  The general modern structure in the embayment was created during 

the Pennsylvanian Ancestral Rocky Mountain Orogeny, when the prong experienced topographic 

inversion and became a structural low, which it has remained ever since (Gerhard 1968).  Much 

of the present embayment consists of a faulted graben with synclinally folded, downdropped 

blocks exposing rocks from the Precambrian to the Cenozoic (Figure 1.2).  

2.1.1 Stratigraphy 

This section will overview the stratigraphy within the Cañon City Embayment, and is 

drawn from both literature and ield observations, with a tectonostratigraphic chart for reference 

in Table 2.1.  The Paleozoic section begins in the Ordovician, when the Manitou Limestone 

was deposited as the sea transgressed and onlapped the Cañon City Prong (Figure 2.1).  It is 

an arenaceous, dolomitic, and cherty unit divided into three main members: the basal Helena 

Canyon Member, middle bedded chert member, and upper non-cherty, cliff-forming, and 

arenaceous dolomite called the massive member (Gerhard 1967).  Following a disconformity 

caused by a regression, the Harding Sandstone, composed of ive members, was deposited 

(Gerhard 1968).  It is a low energy, shallow marine deposit with a generally ining upwards 

trend and is separated from the overlying units by another disconformity due to a regression 

(Gerhard 1968). Both the Harding Sandstone and the Manitou Limestone thin in the center of the 

embayment, revealing that the Cañon City prong affected sedimentation during their deposition 
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Table 2.1. Tectonostratigraphic table of stratigraphic units and events in the Cañon City 
Embayment.

Age Formation Member    Description Events Recorded 

Lower 

Cretaceous 

Dakota  

Group  

Muddy 

Sandstone 

Brown weathering, fluvial 

sandstone 

Fluctuations in sea level. 

  Glencairn 

Formation 

Grey shale to tan-brown 

sandstone, 5 coarsening up 

units of marine shale to marine 

shoreface sandstone, lower 

part is a massive, intensely 

burrowed progradational 

marine sandstone 

Western Interior Seaway reaches maximum 

transgression in the Cañon City Area. 

  Plainview 

Formation 

Interbedded fluvial, brown 

weathering sandstone and dark 

grey carbonaceous shale 

Eustatic rise in sea level resulting in 

transgression. 

  Lytle 

Formation 

White to light grey, cross-

stratified, poorly sorted, 

friable, pebbly sandstone, 

lacks fine-grained 

facies/organic matter 

Braided stream system trending east and 

northeast draining the Sevier Orogenic Belt, 

Mogollon Highlands, and Transcontinental 

Arch regions.   

Upper  

Jurassic 

Morrison  

Formation  

 Fine grained, greenish to grey 

to grey-brown, shales, 

sandstones, and limestones 

Fluvial megafans across a broad region. 

Middle 

Jurassic 

Ralston 

Creek 

Formation 

 Coarse clastics to fine clastics 

and some evaporates (gypsum) 

 

Continued erosion of the Wet Mountains. 

Permian Lykins  

Formation 

 Fine grained terrigenous 

clastics and limestones, 

interfingers with Fountain 

strata 

End of Ancestral Rocky Mountain tectonics. 

Pennsylvanian Fountain  

Formation 

 Coarse arkosic conglomerate, 

sandstone, and siltstone, a few 

limestone lenses 

 

Onset Ancestral Rocky Mountain Orogeny, 

including uplift of the Sierra Grande Arch.  

Cañon City Prong structural inversion 

complete, becomes modern low of Cañon City 

Embayment. 

Devonian Williams 

Canyon 

 Thinly bedded dolomite with 

shaley interbeds, basal unit is 

red to purple contorted shale  

 

 

Ordovician Fremont  

Limestone 

 Dolomite, absent is many areas  

 Harding  

Sandstone 

 Bimodal quartzose coarse 

sandstone, often white 

Cañon City Prong beginning to subside and 

lose influence on sedimentation. 

 Manitou  

Limestone 

Upper Unit Massive dolomite with shaley 

partings, topped by thinly 

bedded grey to red dolomite 

that weathers brick red 

Onlap of seas onto the Cañon City Prong. 

  Middle Unit Cherty, thin to blocky, pink to 

white dolomite 

 

  Helena 

Canyon 

Massive, pink dolomite, 

weathers brick red, lacks chert 
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Figure 2.1. Paleozoic stratigraphic column (Gerhard 1966).
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(Gerhard 1968).  

Next in the Paleozoic sedimentary succession is the Upper Devonian Fremont Limestone, 

which does not seem to be affected by the prong and is a slightly arenaceous dolomite, 

supporting the idea that the prong was experiencing topographic inversion at the time of its 

deposition (Gerhard 1968).  Following a disconformity, the Williams Canyon Limestone was 

deposited, a buff colored banded arenaceous dolomite, likely Devonian in age (Gerhard 1967).  

The Pennsylvanian saw the deposition of the Fountain Formation, which unlike the 

previous formations, is commonly seen along the Front Range (Figure 2.2).  It overlies earlier 

formations with an angular unconformity that was caused by the Ancestral Rocky Mountain 

orogeny, and the formation is a characteristically red coarse sandstone and conglomerate.  Atop 

of the Fountain Formation is the Permian-Triassic Lykins formation, which is a bright red shale 

and limestone unit with probable stromatolites that intertongues with the Fountain Formation 

Bedding Dip 

~ 66° W

Morrison 

Shales

Fountain 

Formation

Figure 2.2.  Field photo of the coarse, arkosic, steeply dipping Fountain Formation (right) at its 
contact with the Morrison Formation shales (left), which is delineated by a thick dashed line.  
The steeply dipping Fountain Formation bedding is shown by a thin dashed line.  Note rock 
hammer for scale.  
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(Gerhard 1968).  The Permian aeolian Lyons Formation is not present here.

Above the Lykins Formation is the early Jurassic age Ralston Creek Formation, which 

records the continued erosion of the Wet Mountains, irst uplifted during the Ancestral Rocky 

Mountain Orogeny, located to the southwest of the embayment (Gerhard 1968).  It is typically 

conglomeritic, red-brown in color, and can contain bedded gypsum in the upper portion, 

particularly in the eastern Cañon City area (Brady 1969).  It also lacks limestone, which can help 

distinguish it from the overlying Jurassic Morrison Formation, which is conformable to the east, 

but disconformably contacts in central to western areas (Brady 1969).  

The Ralston Creek Formation is followed by the late Jurassic Morrison Formation, a 

very heterogeneous formation that within the Cañon City area is nearly three-quarters claystone 

with interbedded sandstones, siltstones, and carbonates (in order of decreasing abundance), and 

is widely known for being colorful and its dinosaur fossils (Brady 1969, Figure 2.3).  Across 

the Colorado Plateau, the Morrison Formation is divided into four members, the Salt Wash, 

Recapture, Westwater Canyon, and Brushy Basin, with the Salt Wash and Brushy Basin being the 

most widespread (Brady 1969).  Outside the Colorado Plateau, it is not typically divided up into 

members, though the Morrison Formation present in eastern and central Colorado is considered 

to be the equivalent of the Brushy Basin in depositional environment and lithology (Brady 1969).  

Along the east side of the Front Range it is typically about 60 to 90 meters thick, and in the 

Cañon City area it can reach up to 107 meters, but is typically between 30 to 60 meters (Brady 

1969).  In the western part of the area, the Morrison lies nonconformably on the Pikes Peak 

Granite and has an angular unconformity with the Idaho Springs formation (Brady 1969). 

In Cañon City, the Morrison Formation consists of a lower blue to green, illitic, shaley 

unit that has thin tan sandstones and an upper red to maroon shaley unit with tabular sheets of 

red to yellowish sandstones increasing towards the top of the formation.  The sandstones within 

the Morrison are usually quartz arenites to subarkoses, grain size very ine to ine, and with 

either calcite or silicic cement with small-scale planar cross-bedding being the most common 

sedimentary structure (Brady 1969).  The claystones are generally structureless, but can have 
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some laminated beds, and in the lower half of the section they are calcareous (Brady 1969).  

 The top of the lower blue-green member most likely forms the detachment for the Oil 

Well Flats/Dinosaur Flats detachment system, as the contact between the illite and smectite clays 

of the lower and upper units, respectively, commonly have mass movement associated with them 

(Carpenter 1998).  Both illite and smectite are phyllosilicates with 2:1 layers, but illite is non-

swelling and smectite is swelling.  Illite is the most common clay mineral found in the Morrison 

and comes from preexisting sedimentary rocks, while montmorillonite, derived from volcanic 

ash, is the second most common, and found only in the middle member (Brady 1969). The 

a)

b) c)

Figure 2.3. a) Photo of a channel sandstone ~1.5 m thick within the Morrison Formation exposed 
in a road cut near the ield area with the channel base shown by a dashed line, b) a channel in 
the upper Morrison Formation and the characteristically reddish color, and c) typical blue grey-
green, crumbly, slope forming shales of the lower Morrison Formation. Both b) and c) were 
taken along the measured section traverse.
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depositional environment is interpreted to be many small meandering streams and loodplains.

Disconformably overlying the Morrison Formation is the lower Cretaceous Dakota 

Group, which is comprised of four members in the Cañon City area: the Lytle Formation, the 

Plainview Sandstone, the Glencairn Member, and the Muddy “J” Sandstone.  In older literature, 

the lower portion is also known as the Purgatoire Formation and the upper portion as the Dakota 

Sandstone (Gustason and Kauffman 1985).

The Lytle Formation’s basal contact with the underlying Morrison Formation can be 

distinguished easily when Lytle sandstone channel cut into the Morrison sandstones.  In addition, 

the contact can have local basal conglomerates and scour and ill structures (Brady 1969).  The 

Dakota Group in the ield area was logged in detail to allow identiication of units within the 

detachment system (see Appendix A for the ield stratigraphic log).  

The basal Lytle Formation is a tan to white, poorly sorted, ine- to medium-grained, 

friable, weakly cemented, clay-rich, and extensively trough cross-stratiied formation, sometimes 

containing dispersed ferruginous material that give it a “freckled” to pinkish appearance and 

generally lacking in organic matter (Altschuld 1980, Figure 2.4).  The cement is typically 

argillaceous, but it can also have calcareous or siliceous cement.  It contains varying amounts 

of conglomerate, and thicker deposits tend to have more conglomerate.  It ranges in thickness 

between 7.6 to 57.9 meters (25 to 190 feet) and was deposited in northwest lowing channels 

(Vinckier 1982).  The Lytle Formation was deposited in braided stream environments (Gustason 

and Kauffman 1985).

 In outcrop, the Lytle Formation is typically observed as rounded but steep cliffs, less 

resistant than the overlying Plainview Formation, but more resistant than the underlying 

Morrison Formation.  It is quite thick in the Oil Creek area and composed of lenticular sandstone 

bodies, which have shallow scour bases and the extensive trough cross-stratiication suggesting 

that the channels were rapidly shifting (Altschuld 1980).  It also contains paleosol layers.  The 

contact between the Lytle and overlying Plainview is often observed to have iron oxide staining, 

is always sharp, and can be scoured, and towards the top of the Lytle Formation, alternating 
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sandstone and mudstone layers were observed by Altschuld in the Oil Creek area.  

The Plainview Sandstone is composed of interbedded brown weathering, resistant 

sandstone and grey to black, issile carbonaceous shales, including paleosol units (Figure 2.5, 

Gustason and Kauffman 1985).  It lacks the Lytle’s clay-rich matrix and is a more transitional 

depositional environment including estuarine point bars, tidal channels, and tidal lats (Altschuld 

1980).  In the ield area it is observed as a very resistant, cemented, blocky brown sandstone 

a)

b)

c) d)

Figure 2.4. a) Photo of the Lytle Formation in the ield area showing its characteristic“freckled” 
pink appearance with a north arrow card for scale, b) characteristic rounded but steep appearance 
of Lytle Formation cliffs in the ield area ~20 m thick, c) a more highly stained portion of the 
Lytle Formation with a pen for scale, and d) block of Lytle Formation showing abundant cross-
bedding and coarse grained lithology with notebook for scale.
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a)

b)

c) d)

Figure 2.5. a) The dark-weathering Plainview Formation along the measured section traverse 
showing the very resistant, blocky brown weathering character, ~ 2 m thick with clipboard for 
scale, b) root structures observed near the contact with the overlying Glencairn Formation with 
a rock hammer for scale, c) paleosol layer near the contact with the underlying Lytle Formation 
with a clipboard for scale, and d) Plainview Formation within the detachment area ~2 m thick.
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above a paleosol layer in the Lytle Formation.  

 The Glencairn Formation is a fully marine formation that typically overlies the Plainview 

with a thin conglomeritic bed, above which it comprises of four to ive shallowing upward shale 

to sandstone units (Figure 2.6, Gustason and Kauffman 1985).  It is less resistant than either the 

Lytle or the Plainview, and tends to form slopes rather than cliffs.  The Glencairn has a basal 

sandstone followed by two alternating lithologies: grey, homogeneous issile shale and brown 

weathering ine to medium grained, well-sorted sub-rounded, thinly bedded sandstone with 

a) b)

c) d)

Figure 2.6. a) Resistant, brown weathering Glencairn Formation within the detachment area 
forming distinct topographic ridges, b) Glencairn Formation ledge within the footwall scarp 
showing a typical coarsening up sequence with a shaley base capped by a sandstone, c) ~3 m 
thick Glencairn Formation along measured section traverse showing a more buff-tan colour with 
the Glencairn sandstones about it a more weathered brown appearance, and d) resistant ripple cap 
to a sandstone within the Glencairn Formation along with abundant bioturbation.  
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horizontal stratiication with abundant burrows (Vinckier 1982).  

The lower Glencairn has three complete coarsening up sequences consisting of a basal 

shale that is overlain by interbedded shale, siltstone, and sandstone, and capped by a ine- to 

medium-grained sandstone bed.  The upper Glencairn has a basal shale that is carbonaceous, 

black, and issile that is overlain by a ine- to medium-grained sandstone with no clay, abundant 

ripples, ball and pillow structures, and is cemented by silica (Gustason and Kauffman 1985).   In 

the Oil Creek area this sandstone is seen at the top of the main scarp and is distinctly coarser 

grained, purplish in color, and with major soft sediment deformation.  

The Muddy “J” Sandstone forms the top of the Dakota Group and is a tan to orange 

brown weathering sandstone that typically forms steep cliffs, and while it is observed in other 

areas in Oil Creek, it is not observed near the detachment system.  It consists of a lower, massive, 

thick luvial channel sandstone with an upper portion consisting of a thin sequence of sandstones 

and shales with marine inluences (Altschuld 1980, Gustason and Kauffman 1985).  From ield 

observations of Altschuld’s sections, the Muddy appears to be fairly discontinuous and more 

orange in color than the Glencairn Formation.

2.1.2 Florence Field 

The Florence-Cañon City Oil Field, located within the Cañon City Embayment, produces 

from shallow and heavily fractured Pierre Shale.  It was discovered in 1876, making it the oldest 

continuously working ield in the United States.  The ield is synclinal in structure and does not 

have good reservoir candidates other than the Dakota Sandstone (Chapin 1983).  The primary 

producer in this ield is the Tepee Butte member of the Pierre Shale, which is 600 feet thick and 

has plentiful carbonate mounds (Hembre 1997).  The source rocks for the Denver Basin were all 

mature by the end of the Cretaceous, and the Pierre Shale is no exception.  It is likely that a heat 

source on the Cretaceous sea loor and contemporaneous fracturing was conducive to generation 

of oil at shallow depth and early migration in the fractured reservoir (Hembre and TerBest 1997).  

2.2 Regional Geologic History

Several major tectonic events have affected the history of the region, spanning from 
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the Precambrian to the present: Proterozoic rifting, the Ancestral Rocky Mountain Orogeny, 

the Laramide Orogeny, Cenozoic extension, and Cenozoic uplift of the Colorado Plateau.  In 

the context of the Oil Well Flats/Dinosaur Flats detachment system however, only the latter 

three events, which could have directly inluenced the structural development of the system, 

are described in detail below.  In addition, items important for the overall tectonic setting and 

structural history, such as the formation of the important petroleum province, the Denver Basin, 

and the major structural feature, the Rocky Mountain Front, will be discussed. 

2.2.1 Pre-Laramide Geology

 In the Mesoproterozoic between 1.4 to 1.1 Ga, the Rocky Mountain Front formed, which 

is a long-lived, straight, structural boundary (Chapin et al 2014).   It was reactivated during the 

breakup of Rodinia and subsequent Ancestral Rocky Mountain and Laramide orogenies and is an 

important factor in Rocky Mountain geology (Chapin et al 2014).  The supercontinent of Rodinia 

formed approximately 1.2 billion years ago, and split around 750 Ma.  During its breakup, 

rifts were formed throughout Rodinia, generating northwest and north trending normal fault 

systems throughout the continent, including in the Rocky Mountain region, creating an inherited 

structural fabric (Marshak et al 2000, Chapin et al 2014).  

 During the Pennsylvanian and into the early Permian as Pangaea was assembled from 

the collision of Gondwana and Laurentia, strong compressional forces reactivated preexisting 

weaknesses in crust—the normal faults formed during the rifting of Rodinia (Soreghan et al 

2012).  These compressional forces, likely from the Ouachita-Marathon orogeny to the south, 

initiated the rise of Ancestral Rocky Mountains (ARM), a system of basement cored uplifts and 

adjacent basins that developed until the early Permian (Soreghan et al 2012, Chapin et al 2014).  

The structure of these mountains was controlled by two main factors.  First, the Cambrian aged 

aulacogen likely controlled the northwest trending ARM structures, while the northerly trending 

structures show control by the previously mentioned Rocky Mountain Front (Chapin et al 2014).    

2.2.2 The Laramide Orogeny

 The enigmatic late Cretaceous to Eocene Laramide Orogeny in Colorado occurred 
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1000 kilometers from the western plate margin at the time and 500 kilometers from the eastern 

extent of the Sevier fold and thrust belt.  Therefore, the Laramide post-dates the deposition of 

the Cretaceous Dakota Group, potentially inluencing the development of the Oil Well Flats/

Dinosaur Flats detachment system.  Laramide compressional deformation created an area 

of generally northwest trending foreland basement uplifts and basins and additionally had a 

component of right-lateral displacement in the area now called the Southern Rockies, comprising 

the mountain ranges between New Mexico and southern Idaho and Montana (Leonard et al 

2002).  Further to the north and south, thin-skinned deformation occurred all along the North 

American Cordillera.  The Denver Basin, which contains the Cañon City Embayment, and its 

southern neighbor, the Raton Basin, are two foreland basins that were generated during the 

orogeny and were illed with syn- and post-orogenic sediments.

Towards the end of the Laramide Orogeny, a second phase in the orogeny began as 

the axis of regional compression shifted and there was north-northeastward movement of 

the Colorado Plateau.  This movement had two major consequences: it resulted in major 

crustal shortening north to south in the Wyoming province that overprinted earlier Laramide 

deformation, and generated a region of right-lateral wrench faulting in the Southern Rockies 

and Rio Grande Rift province along the eastern margin of the Colorado Plateau (Chapin 1983).  

This wrench faulting followed old structural trends created during Proterozoic and late Paleozoic 

Ancestral Rocky Mountain orogenies that parallel the trend of the Southern Rockies (Chapin 

1983).  These wrench faults are observed in the Cañon City Embayment and may have controlled 

the structural development of the Oil Well Flats/Dinosaur Flats detachment system.

2.2.3 The Denver Basin

The Denver Basin is a foreland style structural basin and asymmetric syncline east of 

the Rocky Mountain Front Range.  The pronounced asymmetry of the basin is exempliied by 

the extremely gentle west dip (about 0.5 degrees) of the eastern lank, while the western lank of 

the syncline has dips of up to vertical and even some overturned strata (Sonnenberg 1985).  The 

basin is oval in shape and extends to a depth of 13,000 feet at its deepest portion, below Denver, 
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and has a trend of approximately north to south with the basin axis offset by right-lateral wrench 

faults.  The sedimentary layers are aged from the Paleozoic to the Cenozoic (though nearly three 

quarters of the thickness are Cretaceous in age) and the basement rock is aged at over 1.6 billion 

years (Higley 2007). 

The basin has produced more than 3.67 trillion cubic feet of natural gas and 1 billion 

barrels of oil (Higley 2007).  The Denver Basin saw its irst well drilled in 1881 in the Florence 

Field, which is the main ield of interest in this thesis.  Over 52,000 wells have been drilled in the 

Denver Basin and there are 1,500 oil and/or gas ields (Higley 2007).  Conventional reservoirs 

produce from depths between 914.4 meters to 2,438.4 meters (3,000 to  >8,000 feet), and 

including unconventionals the production depth across the basin varies from around 274 meters 

to 2,734 meters (900 feet to 9,000 feet)  (Higley 2007). 

2.2.4 The Rio Grande Rift

The Rio Grande Rift is a 1000 kilometer long Cenozoic continental rift cutting across 

the northeast Precambrian structural grain of the Southern Rocky Mountain region, and can be 

divided into a southern and northern portion, the latter of which will be the focus of this research 

as it potentially inluenced the development of the Oil Wells Flats/Dinosaur Flats detachment 

system (Keller and Baldridge 1999). 

Unlike many other rifts, the Rio Grande Rift extension occurred in an area that had been 

very tectonically active, rather than quiescent, immediately preceding rifting (Kellogg 1999).  

The early rift phase (mid-Oligocene to early Miocene) is characterized by close spacing of low 

angle faults, while the later phase has widely spaced, high angle faults that border the modern 

fault block mountains and valleys (Morgan et al 1986). 

The Rio Grande Rift has experienced considerable uplift since the Cretaceous and much 

of the sediment exposed in its basins is due to greater than 1 kilometer of Neogene uplift in the 

past 7 to 10 million years and erosion.  Timing, amount of uplift, and mechanism for rifting is 

still poorly understood, something that is investigated in a paper by Moucha et al (2008).  This 

uplift phase is potentially important in terms of initiating timing of the Oil Well Flats/Dinosaur 
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Flats detachment system. 

2.2.5 The Uplift of the Colorado Plateau

An important aspect for understanding this northern portion of the Rio Grande Rift’s 

history is the Colorado Plateau itself, which is thought to overlie a strong mantle upwelling 

related to the sinking Farallon slab and is thus a focused dynamic topographic high that could 

account for some of the post-Laramide uplift of the region (Moucha et al 2008).  The Colorado 

Plateau contains strata of marine origin at a mean elevation around 2 kilometers, and just 

how and when this uplift occurred is a subject of continual debate (Moucha et al 2008).  The 

purported mantle upwelling hits the base of the lithosphere directly beneath the Rio Grande Rift 

at an oblique angle, lending support to the theory that the rift is now active rather than passive 

and therefore responding to far-ield stresses, which corresponds with observations that likely 

both passive and active processes have occurred during rift history (Moucha et al 2008).  The 

presence of such an upwelling since around 10 Ma is supported also by the start of late Cenozoic 

magmatic activity in the Rio Grande rift and the post 8 Ma incision of the Rocky Mountain 

orogenic plateau (Moucha et al 2008).  Hot, buoyant mantle upwelling is also the proposed 

mechanism for dynamic uplift and extension in the Basin and Range (Moucha et al 2008).  

2.2.6 The San Luis Basin

A potentially useful analog for the Cañon City Basin is the San Luis Basin, which lies 

just to the southwest and contains the city of Alamosa, Colorado.  Like the Cañon City Basin, is 

also a half graben with a major bounding fault on the east that dips west, in this case, the Sangre 

de Cristo normal fault, and a monoclinal structure to the west (Tandon et al 1999).  The San Luis 

Basin is the northernmost of the major basins in the Rio Grande Rift and is rhomb-shaped with 

greater than 6000 meters of basin ill (Leonard et al 2002). Seismic data have revealed that the 

Sangre de Cristo bounding fault is segmented with dips of around 40 degrees in the upper crust 

and then gradually decreases in dip until it soles out at around 9 seconds, or around 28 kilometers 

(Tandon et al 1999).   

Among the evidence that rifting in the northern Rio Grande Rift was not governed by 
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shallow listric faulting is the lack of reverse drag and post-Eocene antithetic faulting, the great 

distance between the fault and the monocline implying that the fault must sole out at deep and 

not shallow depths, and the fact that certain key seismic relectors show little rotation (Tandon 

et al 1999).  The relationship of the deep fabric to the bounding fault could by caused by either 

a broad region of ductile extensional strain and/or a pre-existing structural feature like the 

Laramide thrusts, making the fabric the root of these thrusts.  The second possibility would 

support arguments that preexisting Laramide structures controlled evolution of the San Luis 

Basin, and perhaps other parts of the Rio Grande Rift.      

2.2.7 Petroleum Implications 

 The petroleum prospects in the region are primarily subthrust structural traps along 

Cañon City Lineament and the Wet Mountain overthrust (Hembre and TerBest 1997).   In fact, 

there are surface oil seeps at the southern end of the Front Range and Wet Mountains where 

faults project into the Raton Basin and Cañon City Embayment (Chapin 1983).  The intersection 

of the basement wrench faults the Front Range Mineral Belt and the Cañon City Lineament with 

the Denver Basin form a zone of maximum overthrust of the basement onto the sedimentary 

rocks, and torsional compressional stress from this, along with wrench fault movement, probably 

formed major anticlinal traps in the footwall blocks (Hembre and TerBest 1997).   From seismic 

data it is inferred that within this area there is upwards of 11.3 kilometers (7 miles) of thrust 

overstepping, which could lead to a footwall anticline in excess of 14.5 kilometers (9 miles) long 

and 3.2 kilometers (2 miles) wide (Hembre and TerBest 1997).  

In addition, wrench faults created during the Laramide (discussed previously) have 

major implications for petroleum exploration in two main trap classes: subthrust plays beneath 

low angle thrusts from convergent wrenching, and various structural, stratigraphic, and fracture 

controlled traps along the wrench faults (Chapin 1983).  However, the nature of the thrusts 

is somewhat enigmatic, and they were previously considered mainly dip-slip reverse faults 

with little horizontal displacement, therefore they have been overlooked for subthrust plays.  

Wrench faulting in well-lithiied sedimentary rocks typically results in narrow zones of intense 
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deformation, and the fractured shale reservoirs seen in the area occur where brittle, silty, or 

calcareous shales are capped by interbedded and relatively plastic clay shales (Chapin 1983).   

Based on our study, the potential for enhanced detachment driven failure due to 

petroleum luids trapped at the detachment contact within the Morrison, active oil seepage in the 

area (hence the name Oil Well Flats).  

2.3 Field Area Geology

 Now that the Oil Well Flats/Dinosaur Flats area has been placed within the larger regional 

context of the Cañon City, Colorado Area, two important concepts become important speciic 

to the ield area are described in detail in the next section: deformation bands and gravitational 

systems.  Deformation bands are a type of strain localization feature that typically occur in high 

porosity rocks and sediments and have a variety of types (Figures 2.7, 2.8).  Gravitational slides 

are systems often characterized by updip extension and downdip compression and are observed 

commonly in seismic data (Figures 2.9, 2.10).    

2.3.1 Deformation Bands

 While in low porosity, stiff rocks strain localization typically occurs via fracturing (either 

extensional, such as in joints, or shear, such as in slip surfaces), in rocks and sediments with 

high porosity strain localization often occurs irst by the development of deformation bands 

(Fossen et al 2007).  Subsequent to the formation of the deformation bands, localized faults 

can form via failure along the margins of the deformation band zones.  Deformation bands 

are low displacement deformation zones mm to cm in thickness, typically show enhanced 

cohesion but reduced permeability, and often indicate proximity to a fault (Fossen et al 2007).  

In addition, rather than being associated with strain softening, as with classic fractures, they are 

associated with strain hardening.  Deformation bands can form in many environments, including 

Quaternary deposits, soft sediment gravity slides, and tectonically affected sandstones, but 

they require relatively high porosity in all settings due to the large amount of grain rotation and 

translation (Fossen et al 2007).  There are several types of deformation band, classiied by either 

kinematics which includes dilation, shear, compaction, and hybrid bands; and/or by deformation 
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mechanisms, which includes granular low, cataclasis, phyllosilicate smearing, and dissolution 

and compaction bands (Figures 2.7, 2.8).  The type of deformation bands developed depends on 

a variety of factors, including stress state, porosity, mineralogy, grain size, grain shape, sorting, 

and cementation (Fossen et al 2007).  

Of speciic interest to this research are compaction or cataclastic deformation bands, 

of which mechanical grain fracturing is the most signiicant deformation mechanism (Figure 

2.7).  They typically occur in rocks buried between 1.5-2.5 kilometers and are thought to form 

after lithiication but before uplift.  They can form in poorly consolidated sediments at less 

than one kilometer, but shallowly formed bands have much less intense cataclasis than bands 

formed at depths between 1-3 kilometers.  Disaggregation bands develop from shear related 

Figure 2.7. a) Types of deformation bands, b) their relationship to large faults, and c) types of 
deformation expected based on stress regime and depth (from Fossen et al 2007).
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Figure 2.8. This igure from Ballas et al 2015 shows the types of deformation bands expected 
with increasing cataclasis intensity (a to e) and also relates them to burial depth.  Note the 
increasing cataclasis with depth, going from primarily compaction type bands to cataclastic.
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disaggregation of the grains via granular low, and phyllosilicate bands, which are a special 

type of disaggregation band, occur where platy minerals present promote frictional grain sliding 

(Fossen et al 2007).  

 Conditions concerning the formation of deformation bands include conining pressure 

(burial depth), deviatoric stress (tectonic environment), pore luid pressure, and properties of 

the host rocks such as sorting, grain shape, mineralogy, and degree of lithiication.  A typical 

sequence of deformation within porous sandstones is the formation of deformation bands, 

faulting of deformation bands (development of a slip surface), jointing, and reactivation of 

joints as faults, therefore all other features postdate the deformation bands.  For the deformation 

bands, typically the earliest forming are disaggregation bands formed under low conining 

pressures and shallow burial depth, usually related to local, non-tectonic related deformation.  

These are followed by the formation of cataclastic bands, which can form in poorly consolidated 

sandstones at less then a kilometer burial depth, but these are less intense than those formed 

at 1-3 km depth (Fossen et al 2007).  The joint sets are typically inluenced by removal of 

overburden and related cooling during regional uplift, and it is important to note that they 

would not likely be present in subsurface petroleum reservoirs unless the reservoirs have 

been signiicantly uplifted (Fossen et al 2007).  In addition, cataclastic bands can change into 

disaggregation bands when they enter more poorly sorted, ine-grained sandstone.   

 Cataclastic type bands in general are characterized by grain fracture and breakdown, 

increase in angularity of grains, grain sorting decrease, and the porosity of the sandstone to 

decrease due to the compaction and rearrangement of grains (Ballas et al 2015).  The paper 

by Ballas et al (2015) also describes a classiication scheme for cataclasis type bands, ranging 

from less to more degree of cataclasis: crush microbreccia, protocataclasis, cataclasis, and 

ultracataclasis (Figure 2.8).  Ballas et al (2015) further deines the band structure types based 

on this: 1) pure compaction and shear enhanced compaction bands, which are mainly single 

strands of crush microbreccia, 2) cataclastic bands, which have one to a few strands of bands 

with protocataclastic to cataclastic deformation, 3) band clusters, which occur when several 
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strands of cataclastic bands, 4) slipped bands, which have cataclastic texture and an internal slip 

surface, and 5) fault core, which has a local slip surface and related cataclastic to ultracataclastic 

deformation.  Based on this research, the normal fault regime, with its higher shear stress, favors 

the formation of band clusters and the initiation of faults with intense cataclasis, whereas the 

reverse fault regime has greater mean stress and therefore favors the more compactional type 

bands (Ballas et al 2015).  

2.3.2 Gravitational Detachment Systems

 A thorough understanding of gravitational systems is required in order to understand 

potential structural development of the Oil Well Flats area (Figures 2.9, 2.10).  Gravitational 

collapse structures can range from just centimeters to many kilometers and affect either 

consolidated rocks or loose sediments.  In an area that has experienced gravitational failure, the 

strain increases in the direction of sliding, therefore fault blocks (which can move via rotation 

or translation) close to the breakaway tend to be larger and less deformed, whereas towards 

the toe blocks are smaller and more deformed (Fossen and Hesthammer 1998).  The amount 

of deformation increases in the direction of sliding with blocks being relatively intact close to 

the area where the gravitational failure starts and become more broken up to the toe, and if the 

movement of the sliding rock is slow enough, several intact slump blocks may be identiiable 

in the slide area, and the movement can be translational or rotational.  They typically have a 

map view appearance akin to an amphitheatre with a spoon shaped three dimensional view 

and curvilinear proile view, while in cross section usually show a concave upwards, listric 

detachment which usually follows a weak, bedding parallel surface (Fossen and Hesthammer 

1998).   Of importance to note, this geometry will not occur in areas where large reliefs cause 

“avalanches” of sedimentary blocks rather than more organized and gradual deformation.  

Tectonic slides are composed of an allochthonous unit (the slide) that the detachment separates 

from the underlying rocks, which are typically unaffected by the sliding related deformation.  

A typical detachment reaches the surface at the top and in front of the sliding unit, therefore 

requiring a topographic high or slope setting to form.  



26

There are two main types of gravitational systems: one where the detachment reaches 

a free surface at the toe, and another where the listric fault follows a layer of weakness and 

accommodates displacement by concurrent slip along a steeper, main fault, thus generating a 

ramp-lat-ramp fault geometry (Fossen and Hesthammer 1998).  Gravitational failure can have 

various triggering mechanisms, including seismic shocks, rapid sedimentation, over-steepening 

of slopes, changes in pore pressure, or extensional deformation.  In areas that are affected by 

extensional tectonics, gravitational instability occurs in footwalls to large rotating fault blocks.  

Basinal extension is often associated with normal faulting, which creates relief and can make 

sediments unstable and begin to slide.

Pore luid pressure is also a very important factor in gravity failure, as excess pore 

Figure 2.9.  Models showing updip extension and downdip compression similar to what is 
observed in the ield area (from Rowan et al 2004). 
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pressure reduces the effective weight of the overburden, which is supported by grain to grain 

contacts that give the sediments a frictional shearing strength.  The stability of a sedimentary 

deposit depends mostly on the shear strength and the rate at which this strength increases with 

depth (Fossen and Hesthammer 1998).  When pore pressure becomes higher than hydrostatic, 

the increase in shear strength with depth is reduced and failure may occur more easily, which 

is a common situation observed in delta settings due to rapid sedimentation.  If there is an 

impermeable layer present, there will be a marked increase in pore pressure, which will be 

accompanied by a decrease in effective overburden stress, which if large enough may result in 

slip at the top of the sealed and overpressured sequence.  A gravity slide will therefore tend to 

detach within or just below an impermeable layer, which acts as a dêcollements.  Within over-

pressured layers, normal faults will steepen updip and thus obtain a listric shape, related to the 

fact that high pore pressures will drastically change the direction of maximum stress and the 

effect of compaction.

In the study by Fossen and Hesthammer (1998), gravitational failure occurred on the 

east lank of the Statfjord Field, located in the northern North Sea, and was likely triggered by 

earthquakes and high luid pressures, with listric faults detaching in soft shales and associated 

with several rotated slump blocks that decrease in size away from the break-away zone.  

The pore pressure in the boundary between the porous sandstone and impermeable 

shale reduced the frictional shear strength of the rocks.  The gravitational collapse structures 

here developed during the early stages of the late Jurassic rift event when the relief of the main 

boundary fault reached a certain height that exceeded the shear strength of the rocks and the 

collapse took place as rotational block slides with listric faults detaching within the soft shales.

 In a 2004 paper by Rowan et al on gravity-driven fold belts along passive margins, 

focusing on both salt and shale dêcollements, the latter illuminating several principles that could 

be applied directly the study area are discussed.  Fold belts that detach on shales have basin-

vergent thrust imbricates, which is similar to what is hypothesized after preliminary examination 

of ield data in the Oil Well Flats area near the toe of slope.  In order for deformation to occur, 
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suficient overburden and high luid pressures are required.    

 Gravitational detachment systems can be important for exploration and production, 

especially when the reservoir is part of the detachment system.  Petroleum can travel up faults 

and into the reservoirs, with trapping potential from unconformities, looding surfaces, and so 

forth. Main implications are for redeposition of reservoirs and potential instability for sea-loor 

based installation.

Figure 2.10. Map and cross-sectional view of gravitational collapse systems showing particularly 
the listric break-away fault, mechanically weak dêcollement layer, and the increasing chaos and 
distortion with distance from the break-away fault (from Fossen and Hesthammer 1999)
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CHAPTER 3 

METHODS

3.1 Section Logging

In order to fully understand and describe the observed structure in the Oil Well Flats ield 

area, the irst step was to measure a detailed stratigraphic section in the undeformed footwall of 

the Oil Well Flats system (Figures 3.1, 4.5, Appendix A).  The stratigraphic log contains detailed 

stratigraphic observations and section measurements, which allowed for key mapping units based 

on previously named formations to be deined, a critical irst step for detailed ield mapping of 

the faulted and folded units within the detachment system.  Section logging incorporated use of a 

Jacob’s Staff, Brunton and Silva compasses, tape measure, and hand lens.  

Starting in the Morrison Formation and ending at the top of the scarp in the Dakota 

Group, stratigraphic detail at 10 cm resolution was recorded, including grain size and sorting, 

composition, sedimentary structures, bioturbation, colour, and weathering characteristics.  In 

general, the footwall had good exposures, though the best exposures are often located on 

cliffs just south of the detachment system.  However, this location was inaccessible for direct 

measurements due to the steepness of the cliff, but a series of carefully selected traverses in the 

ield area allowed the whole section to be successfully logged from the Morrison Formation 

through the Glencairn Formation of the Dakota Group.  A summary stratigraphic column of the 

ive mapping units and their four associated formation names is provided below, with a sixth unit 

and ifth formation, the Muddy “J” Sandstone, noted by other authors and observed elsewhere in 

the Oil Well Flats area, but not observed in the detachment system.
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3.2 Field Mapping

Once the section had been thoroughly logged, ield-mapping of the study area was 

completed by recording detailed structural data, including deformation band and joint 

orientations, and mapping fault and stratigraphic contacts (Figure 3.2).  The data were collected 

using Midland Valley’s FieldMoveClino digital mapping application, along with a Brunton 

compass and GPS for calibration.  These measurements included orientations of bedding, 

deformation bands, and joints.  In addition, topographic maps, aerial photos, and a DEM were 

used to better collect and analyze data in the ield (Figure 3.2).
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Figure 3.1. Stratigraphic column of the Oil Well Flats ield area created from the measured 
section traverses in the undeformed footwall scarp (full log in Appendix A).
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500 m

N

Figure 3.2. a) DEM with 5 meter resolution, and b) Google Earth Pro HD image of the Oil Well 
Flats ield area showing all of the ield data collected using the FieldMoveClino digital mapping 
application (see detailed maps created using this data in Figures 4.5, 4.6).
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3.3 Deformation Band Analysis

 Of particular interest in the ield area were the abundant deformation bands, for which 

structural data in the ield were collected on as a irst step (Figure 3.3).  There is a clearly 

observable spatial relationship between the location of deformation bands and the hypothesized 

breakaway fault, exhibiting the predicted pattern of increasing intensity towards the inferred 

location of this master fault.  In order to further examine these pervasive features, hand samples 

were collected and then examined in thin section.  This thin section analysis was performed on 

three different thin sections from one hand sample of the Lytle Formation from the footwall in 

order to identify the type of deformation band, which has implications for depth of formation.   

Figure 3.3. a) Extremely high density of deformation bands located in the Lytle Formation along 
the footwall scarp with varied orientations, b) deformation bands within the Lytle Formation 
further from the footwall scarp than in (a) showing a lower density and more consistent 
orientations, and c) deformation bands within the Glencairn Formation showing hints of 
conjugate sets.  Note the Silva compass for scale in all photos.   

a)

b)

c)
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3.4 Analysis of Field Data

 Once ield mapping was completed, the data were exported to both Google Earth Pro 

and Midland Valley’s Move software program for analysis.  The digital elevation model (DEM) 

acquired from MapMart with a resolution of 5 meters (projection UTM Zone 13 North and 

datum WGS84) was also loaded into both programs for more accurate structural analysis of the 

ield area (Figure 3.2).  

3.4.1 Lithologic and Structural Map Creation

 Using Adobe Illustrator software, the data and maps generated in the ield were digitized 

to create a lithologic and structural map for the Oil Well Flats ield area.  In addition to ield 

maps and the data collected with FieldMoveClino, Google Earth Pro, the USGS Cañon City 

reconnaissance topographic map, and a high resolution DEM were used to enhance the maps, 

particularly in areas where data were unable to be collected due to dificulties with exposure, 

terrain, and so forth.  In addition, FieldMoveClino does not collect elevation data, which made 

the DEM essential for structural analysis.  Field data were loaded into Move and then projected 

onto the DEM, which assigned accurate elevation values to each data point.  

The lithologic map (Figure 4.5) shows the distribution of various mapping units 

generated during section logging as well as data from the USGS map, DEM, and aerial images 

from Google Earth Pro to gain a more regional perspective that includes both the Dinosaur 

Flats area, which lies to the west of Four Mile Creek, and the Oil Well Flats area, which 

was the primary mapping area (Figures 3.2, 4.5).  As a irst step, the ield data collected in 

FieldMoveClino were uploaded to Google Earth Pro.  Next, screen shots were taken of the USGS 

reconnaissance map, Google Earth aerial photo, and DEM.  The reconnaissance map was used in 

order to generate a more regional framework for the area, including large-scale basement faults 

and lithologic data from areas outside the mapping area.

The lithologic map (Figure 4.5) is a general map showing the lithology and major 

structural features of the overall ield area and surroundings.  It was created using ield data, the 

USGS reconnaissance map, DEM interpretation, and aerial photo analysis.  The topographic 
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contours come from the USGS map, which also provided the groundwork for areas that were 

either outside the primary mapping area, or areas that were inaccessible due to terrain conditions.  

In particular, this map was useful for identifying large-scale basement structures, observed 

along the far-east side of the map, where bold black lines indicate faults.  In addition, bedding 

measurements on the USGS reconnaissance map were added to the lithologic map, and are 

shown on the map as black strike and dip symbols (Figure 4.5).  

After using the USGS reconnaissance map as a baseline, aerial photos from Google 

Earth Pro and ield data were consulted to modify formation boundaries and differentiate the 

formations mapped within the Dakota Group, which were not differentiated at all in the USGS 

reconnaissance map.  In particular, the focus was to map out blocks within the system, which 

was in its entirety mapped as Qls, Quaternary landslide, by the USGS (Figure 1.2).  In addition, a 

group called Un, or undifferentiated slide material, was added to the map in order to differentiate 

it from other Quaternary deposits.  The undifferentiated Dakota Group (Kd) was used in areas 

indicated on the reconnaissance map as Dakota Group, which were not mapped during ield 

work, and therefore not differentiated into speciic formations.   

The aerial photos were particularly useful in this area due to the high albedo of the 

Morrison Formation (where it is exposed in stream cuts) and the Lytle Formation, which shows 

up as a characteristically white colour.  Though differentiated in the measured sections, for 

mapping purposes the Glencairn Formation and the Plainview Formation were combined as 

Glencairn Formation due to the very small thickness and sporadic appearance of the Plainview 

Formation.  

Subsequently, the high resolution DEM was referenced in order to better deine edges 

of topographic blocks and identify possible blocks not mapped that are of interest for further 

study.  The DEM also provided excellent evidence for the lateral continuation of the master fault, 

trending approximately southwest from the scarp itself, in the form of a lineation on the ground 

that dies out near Four Mile/Oil Creek, shown by a heavy dashed line, and discussed further 

in the results section (Figure 4.5).  The scarp and its associated fault are indicated by a heavy, 
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closely spaced dashed line, while the interpreted northward continuation past the scarp into the 

Morrison Formation is indicated by a widely spaced, long dashed line (Figure 4.5).  There is also 

a dotted line indicating a probably continuation of a basement fault into the scarp fault.  Thin 

black lines indicate normal faults within the system and the downthrown side is indicated by a 

square (Figure 4.5).      

 In order to add the ield measurements to the map, they were broken up into different 

groups according to their location and then the groups of measurements were averaged.  Once 

this process was complete, all of the average values were plotted on the structural map (Figure 

4.6), and the most representative ones plotted on the general lithologic map (Figure 4.5). 

The structural map is a more detailed map that includes locations of faults, fault blocks, 

and structural measurements acquired in the ield and focuses on the primary area of interest, the 

Oil Well Flats system (Figure 4.6).  This map relies on the general lithologic map for a baseline, 

but focuses on a smaller area than the lithologic map, speciically the Oil Well Flats detachment 

system), and includes more ield data and structural detail.  It also includes other structural 

measurements in addition to bedding, such as deformation band and joint orientations.  

3.4.2 Cross-Section Generation

 Using data from the structural map, a cross-section across a representative portion of the 

ield area was generated (Figure 4.7).  First, the ield data were imported into the Move software, 

followed by the DEM for a very accurate elevation value.  From this, a representative cross-

section line was drawn through the primary area of interest, with data being projected from up to 

150 meters on either side of the cross section line.  This allowed for a more objective projection 

of the data, after which certain data points were manually removed if they were clear outliers, 

such as on splays from the main block.  Then, dip values were averaged for different formations 

and blocks and then drawn on the cross-section by entering in the average dip value into Move 

and creating a horizon.  

 Bedding thicknesses for different lithologic units were determined by ield measurements 

and various literature sources (Table 3.1) in order to make the cross-section more robust and 
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cover a larger area.  Due to the fact that no fault surfaces were directly observed in the ield, the 

faults were added once the cross-section with the dips was generated in Move and brought into 

Adobe Illustrator.

Formation Thickness (m) Source

Morrison 30-107, >18 Brady 1969, measured sections 
Cañon City; ield data

Ralston Creek 26-47, 0 Richardson 1975, measured sections 
Cañon City; ield data

Lykins 0 to < 100, 0 Johnson and Baltz 1960, text; Maher, 
isopach; ield data

Fountain (edges of embayment) >70, 339 – 442, 338 Gerhard; Shultz; ield data
Pre-Fountain Paleozoic Strata 
(to basement contact)

145, 0 - 231 Gerhard; Cullers

Table 3.1. Formation thicknesses and sources, bold indicates used for cross-section thickness.

A modiied Chevron construction was used to determine fault dips in the cross section 

(Figure 3.4, method from Groshong 2006, Appendix C).  This is simply a geometrical method 

for determining fault dips from bedding dips.  There a several variations of the Chevron method, 

with the traditional method involving constant area deformation of the hanging wall of a listric 

fault using vertical shear, while the modiied Chevron method allowing for synthetic or antithetic 

shear, the latter of which is used in this construction.  Antithetic shear works well in deformed 

hanging walls above listric faults and has the shear plane dipping against the main fault.  

The irst step in a Chevron construction is to choose a reference horizon, in this case the 

Glencairn Formation, and deine a regional from that horizon (Figure 3.4).  In order to deine the 

regional, the highest elevation of the Glencairn on the footwall scarp (~2050 m) was used, along 

with a low regional dip of about 10 degrees to the west, which also allowed for the regional 

to follow the general trend of the topography.  This elevation and scarp edge also deined the 

footwall cutoff (FWC).

Based on the topography of the main scarp and the ield data obtained, an approximate 

initial dip of the master fault was determined to be about 60 degrees, which is also consistent 

with the theoretical dips of normal faults in literature.  Next, a hanging wall cut off (HWC) 

in the Glencairn Formation was determined by projecting the surface ield dip data into the 
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Figure 3.4. Schematic diagram of how the Chevron construction is performed (from 3-D 
Structural Geology, R.H. Groshong 2006).  

subsurface until it intersected the master fault (Figure 3.4).  From this, the block displacement of 

the regional, or D, was determined.  Starting at the hanging wall cutoff, a series of vertical lines 

were drawn with a spacing of D apart until the regional intersected with the projected Glencairn 

Formation dips.  The distance between the regional and the hanging wall cutoff (HWC) was 

then measured and measured from the top of the bedding in the next vertical line.  This distance 

indicated the position of the fault at that point. These steps were repeated until the fault became 

lat, indicating the detachment level, and a line drawn between all of the points to represent the 

complete fault surface.
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CHAPTER 4

RESULTS

4.1 Deformation Bands

 Using both ield observations and petrographic thin section analysis, the deformation 

bands observed in the Oil Well Flats area were studied in order to further understand the 

structural evolution of the system.  Of particular importance was identifying the type of 

deformation bands present in order to better constrain the setting in which they developed.  Three 

thin sections were made from a highly deformed hand sample of the Lytle Formation taken from 

the main footwall scarp and are described in detail individually in the following sections.  

Several key characteristics of deformation bands, as noted by Fossen et al (2007), 

are important for understanding the Oil Well Flats area.  First, in rocks and sediments with 

high porosity strain localization can occur irst by the development of deformation bands and 

subsequently, faults can form via failure along the margins of the deformation band zones.  This 

is observed along the main scarp, where the master fault has developed along the edge of the 

intense deformation band zone.  Second, deformation bands can form in many environments, 

but all have very different characteristics depending on their type and environment of formation, 

and the type of deformation band developed depends on a number of factors, including 

conining pressure (burial depth), deviatoric stress (tectonic environment), pore luid pressure, 

and properties of the host rocks (Fossen et al 2007).  Therefore, it is essential to determine 

what environment the deformation bands in the area formed under and their type in order to 

understand the structural evolution of the system.  Third, cataclastic type deformation bands are 

categorized by grain fracture and breakdown, an increase in the angularity of grains, a decrease 

in the amount of grain sorting, a porosity decrease in the host sandstone, and are much less 

intense than those formed at 1-3 km depth (Fossen et al 2007, Ballas et al 2015).  

The Lytle Formation is a medium to coarse-grained sandstone with abundant quartz, 

minimal feldspar, sparse clays, and scant potential hematite, the latter of which gives the Lytle its 

characteristic freckled appearance.  It also reacts with hydrochloric acid, revealing that it is likely 
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cemented by carbonate, as is common with the Lytle Formation in the area, and is white, buff, or 

pink in colour, the latter two colours being from the hematite staining.  Under the microscope, 

the Lytle Formation is a quartz arenite (>95% quartz) to sub arkose (intermediate between arkose 

and quartz arenite, 10-25% feldspar) in composition, with a quartz rich matrix of moderate to 

well-rounded grains and moderate to well sorted (Figure 4.1).  There are few feldspars present, 

some of which exhibit alteration to mica.  In addition there is some iron oxide present, which 

appears in plane polar light as dark red spots on the surface of some of the grains.  The current 

porosity is around zero, indicating a very compacted sandstone, which gives the Lytle Formation 

a slightly different appearance than the sandstone in Figure 4.2 from Fossen et al (2007), which 

shows porosity.     

1 mm

Figure 4.1. A photomicrograph taken in crossed polars of thin section 3 showing the general 
fabric of the Lytle Formation sandstone without deformation bands.  Note the lack of any visible 
porosity and abundance of quartz.
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4.1.1 Field Relationships  

Deformation bands swarms identiied in the ield are spatially related to the main 

detachment fault, with a very clear relationship in that the deformation band intensity increases 

towards the hypothesized fault trace and decreases with distance away from it.  So it follows 

that i) the location of the detachment system may be preferentially reactivating these features, 

or ii) the detachment system formed under an overburden thickness of 1-3 km, according to 

literature. In addition, as large faults often display wider damage zones, it seems to suggest that 

damage zones are still active during fault movement (Fossen et al 2007).  Since the damage zone 

observed in the ield area is signiicant, it would seem that it was active during initial faulting, 

and reactivated later when the detachment system developed.  

In the Oil Well Flats area, the ield relationship of deformation bands, joints, slip surfaces, 

and faults show the general sequence that is expected in the deformation patterns of a porous 

sandstone: the formation of deformation bands, faulting of deformation bands (development of a 

slip surface), jointing, and reactivation of joints as faults (Fossen et al 2007).  In other words, all 

other structural features post-date the deformation bands. Due to the intensity of the cataclastic 

bands observed in the ield area, it is interpreted that they formed at the deeper depths predicted 

by Fossen et al (2007), as these typically form after lithiication but prior to uplift and in rocks 

that have been buried to at least 1.5 kilometers.  Elsewhere in the Denver Basin, the sedimentary 

deposits overlying the Dakota Group have been recorded at about 3 kilometers, as they include 

the Benton Shale, Niobrara Formation, and Pierre Shale (Weimer 1996), so it is entirely feasible 

that the system achieved the required burial depth.  

Joint sets in sandstones are typically inluenced by removal of overburden and related 

cooling during regional uplift, so it is important to note that they will not likely be present in 

subsurface petroleum reservoirs unless the reservoirs have been signiicantly uplifted (Fossen 

et al 2007).  The joints observed in the ield area all cross-cut the deformation bands and slip 

surfaces present within the deformation bands, therefore making them younger and related to an 

uplift event postdating the formation of the deformation bands. 
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4.1.2 Thin Section Analysis 

Using a petrographic microscope, three thin sections taken from the Lytle Formation in 

the footwall scarp exhibiting a high density of deformation bands were examined. The quartz had 

a yellowy appearance, indicating that the thin sections were slightly thick; however, this does not 

hinder identiication of the minerals and deformation band types.  These thin sections reveal the 

expected features of a cataclastic band as noted by Fossen et al 2007, with the deformation bands 

containing a central cataclastic core surrounded by an area of light grain fracturing characterized 

by compaction (Figure 4.2).  The central core has an absence of pore space, many angular 

grains, wide variety of grain sizes, and high matrix content, mostly ground up quartz grains with 

some clays.  As mentioned previously, these types of bands typically form after lithiication 

in rocks that have been buried to at least 1.5 km. Overall, the quartz is very uncharacteristic 

of undeformed sandstones, as the grains are very raggedy and fractured, which is evidence for 

substantial structural deformation and not characteristic of non-tectonically affected sandstones.   

1 mm

Figure 4.2. Thin section photomicrograph under crossed-polars of thin section #2 (left), SEM 
image of a thin section from Fossen et al 2007 (right).  The thin sections exhibit an intensely 
cataclastic core with angular grains and poor sorting.  
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Ballas et al (2015), describes a classiication scheme for cataclasis bands going from 

lower to higher degrees of cataclasis: crush microbreccia, protocataclasis, cataclasis, and 

ultracataclasis (Figure 2.7).  The band structure types that can be observed in cataclasis bands 

are deined by: 1) pure compaction and shear enhanced compaction bands, 2) cataclastic bands, 

3) band clusters, 4) slipped bands, and 5) fault core. Based on this classiication, the cataclasis 

bands observed in the ield area, as identiied via thin section analysis, vary in structure type 

from cataclastic to band clusters, displaying primarily cataclastic deformation, as well as some 

protocataclastic and ultracataclastic deformation (Figure 2.7). 

4.1.3 Thin Section Description

Thin section 1 is quartz rich with very minimal feldspar and extremely uncommon 

micas, and has hematite staining throughout.  It also shows possible pyrite, which would have 

implications for the potential movement of luids, as well as a reddish, roundish mineral that 

is dark under plane and crossed-polars, likely hematite.  There are some clays and carbonate 

present, which are grey to brownish in plane polar light and have very variable birefringence, 

ranging from quite low to very high, nearly pastel colors.  

The quartz grains present are very heavily fractured at edges of the deformation bands 

as well as within the bands, an uncommon behavior of normal sedimentary quartz grains, as 

they should become rounder rather than fracture, thus indicating deformation in this sample.  

In several cases, there is a fuzzy rim or halo around the quartz grains, which is potentially 

chalcedony, indicating quartz recrystallization, which created the ring around the grains.  Some 

quartz grains in the matrix are very round, indicating long travel distance and some potentially 

from an aeolian source.  

Interestingly, this is the only thin section of the three in which some of the deformation 

bands appear black under crossed polars.  There are a couple possibilities as to what this 

indicates, the most likely being either silica fracture ill or bad thin section preparation.  Some 

evidence suggesting bad thin section preparation is that fracture ill is typically more organized 

than shown in this sample and the relief of the quartz grains as compared to the matrix of these 
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bands seems to be much higher.  This difference in relief could be due to a slightly different 

hardness of the band versus the quartz grains, which could have led to them polishing differently.  

In addition, the bands do bear some similarities to the edges of the slide, which is a method 

commonly used to determine whether it is the sample or the slide itself being viewed. 

However, there are many very angular pieces of quartz ranging in size within the black 

that suggest that it actually is fracture ill, as silica/glass itself would be isotropic and appear 

black under crossed polars.  This fracture ill could be due to movement of hydrothermal luids 

possibly coming up along faults, which would also support the potential pyrite observed, and this 

can occur at a variety burial depths, not just deep burial. 

 Thin section 2 has the same general characteristics described for thin section 1, which 

is as expected coming from the same hand sample, being primarily composed of quartz and 

having very little feldspar, while containing some clays and carbonate that have generally high 

birefringence.  There is an unusual banded mineral that is likely carbonate cement, as it does not 

change birefringence with the insertion of the gypsum plate under crossed polars.  However, in 

this thin section and thin section 3, the deformation bands are different than those observed in 

thin section 1.  These bands are mostly quartz with some clays throughout, identiied by their 

“sparkly” appearance under crossed polars, with the grey matrix of the bands also likely being 

composed of extremely small, crushed quartz grains.  The deformation bands themselves are 

easily distinguished from the undeformed portions, as they display fractured quartz grains, many 

angular grains, and extremely poor sorting with a very wide range in the grain size.  There are 

also obvious deformation band clusters that show a strong similarity to those observed by Ballas 

et al (2014) (Figure 4.3). 
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Thin section 2 also contains a very long and straight feature, which could either be a large 

stylolite or deformation band (Figure 4.4).  In plane polar, it appears as a brown lineation and 

does have some associated grain size change, but less so than the other bands and is also much 

thinner, which lends itself to being a stylolitic feature associated with a deformation band, as 

observed in Figure 4.4.  

1 mm

1 mm

Figure 4.3.  Photomicrograph of thin section 2 in crossed-polars showing a deformation band 
cluster (left), and an SEM photo from Ballas et al 2014, also showing a deformation band cluster.

Figure 4.4. Left is a photomicrograph taken from thin section 2, right is an SEM photo from 
Ballas 2015. 

 The inal thin section, thin section 3, is extremely similar to thin section 2, exhibiting the 

same type of deformation bands as well as deformation band clusters.
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4.2 Field Data Analysis

 After analysis of the structure of the Oil Well Flats system via cross-section and map 

generation, it becomes evident that the structure is a detachment system with clear normal faults 

updip and a potentially folded, compressional toe.  Using the data collected in the ield, a general 

lithologic map, structural map, and cross-section were created for the Oil Well Flats area.  The 

lithologic map is a broader scale, less detailed map focusing on the lithologies present, which 

within the system were previously mapped as Quaternary landslide features (Qls).  The structural 

map is a more focused map of the system itself, giving more structural detail, including the 

location of the cross-section line, identifying fault blocks, and more structural measurements.  

Finally, the cross-section is a representative line drawn across the system in the Move software 

and then further modiied in Adobe Illustrator.  It shows the cross-sectional view of the dips of 

the beds and faults within the system, and in particular the probable depth and geometry of the 

detachment surface.

4.2.1 Field Lithologic Map 

 As described previously, the ield lithologic map was generated by incorporating pre-

existing maps, aerial photos, a high resolution DEM, and ield data (Figure 4.5).  Due to the 

lack of detail in the area, it was important to redeine formation boundaries, give a new general 

structural framework with major faults, and add to the ield measurements of the area.  

4.2.2 Structural Map of Detachment System

 The structural map focuses on the Oil Well Flats detachment system and incorporating 

as much ield data as possible (Figure 4.6).  The ive main fault blocks are identiied within 

the system and the amphitheatre like geometry common in detachment systems is evident.  In 

addition, the relationship between the main scarp and the basement fault can be observed, 

creating a strike-slip boundary between the southern edge of the system and what is likely 

a second system below it.  It also shows what is the likely compressional toe in a small fold 

observed in blocks 4 and 5.
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4.2.3 Cross-Section Of Detachment System 

 Once a map and cross-section of the ield area was created (Figure 4.7), several major 

structural features could be identiied, including ive major blocks of repeating Dakota Group 

with average dips ranging from 13° to 47°, and an average dip of 27°. Blocks 4 and 5, with 

average dips of 18° and 39° deviate the most from the average, whereas blocks 1 to 3 have all 

have average dips of 27°.  In addition, the lower member of the Morrison Formation proved to 

be an excellent candidate for the detachment level, due to its previously noted propensity for 

mass movement along it as well as the lack of any stratigraphy below it repeating within the 

system.  Utilizing the Chevron method, the dip of the faults in the subsurface were approximated, 

assuming a dip of about 60 degrees to start, and the cross-section shows them rapidly shallowing 

into a listric geometry and becoming lat into the detachment (Appendix C).  It also reveals 

the detachment progressively stepping upwards towards the toe of the system, giving it the 

characteristic curvilinear proile view.  It is not uncommon for detachments to step upwards 

towards the toe as they move into a more compressional, thrusting regime.  In addition, the 

Morrison formation is a heterogeneous unit, so it is entirely possible the detachment is stepping 

upwards due to a lithology change and into a more eficient lithology for a dêcollement surface.  

4.2.4 Oil Well Flats Detachment System

Several key aspects related to gravitational detachment systems, as outlined previously, 

are essential in order to understand the potential structural development of the Oil Well Flats 

area, which after analysis of the maps and cross-sections shows that the structure is a detachment 

system with extensional normal faults updip and a probable compressional toe with evidence 

for folding (Figure 4.6).  Despite the fact that no fault surfaces are directly observable due 

to exposure, the evidence for the normal faults within the system is from repeating blocks of 

Dakota Group stratigraphy, clearly identiied with a ield stratigraphic log in the undeformed 

footwall, while the master fault is evidenced by a topographically large scarp and deformation 

bands.  The compressional toe is poorly exposed and very broken up, but there are a few clues as 

to what the lithology and structure is.  In blocks four and ive, there were slight folds observed, 
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Figure 4.7. Cross-section Oil Well Flats detachment system generated using Move software, ield data, and the Chevron method.  
An interpreted location for the basal detachment within the Morrison Formation is shown in light blue with points where it steps up 
section as it moves towards a more thrusting regime indicated by yellow dots.

Morrison Formation

Lytle Formation

Dakota Group

Plainview & Glencairn 

Formations

Dakota Group 

Fountain Formation

Ordovician Limestone

Crystalline Basement

Formations

Formation Boundaries and Faults

Field measured formation 

dip/contact

Theorized formation 

contact

Theorized fault 

Legend

Quaternary Debris

Theorized detachment 

surface

Theorized folds in toe of 

system

B1 Fault block and number

Cross-Section of the Oil Well Flats Detachment System 

Folded Lytle FormationDetachment crops out in 

stream valley

Major Laramide 

Basement Cored Fault
Steeply dipping 

Fountain and 

Morrison Formations
Lower dips of the Dakota Group 

formations within the system

Very shallowly dipping 

Morrison Formation 

near Four Mile Creek

Four Mile 

Creek

1000 2000 3000 4000

4000300020001000

2000

1600

093°

1000 m250 m 500 m

EW

2000

1600

250

250

0 m

Points where detachment steps up section 

6660

B5

B2

Main Scarp

B1
B3B4

X

Ord
PlPf

Jmr

Kdl
Kdg

Ductile low in 

Morrison Formation 

beneath rotated 

hanging wall blocks

49



50

and the crumpled outcrop pattern revealed on the DEM and aerial photo, plus vegetation 

patterns, suggest that it is folded Lytle at the toe.

As gravitational collapse structures can range from just centimeters to many kilometers in 

size and can affect either consolidated rocks or loose sediments, the Oil Well Flats system at ~3 

km2 falls within the expected size range (Fossen and Hesthammer 1998).  Additionally, in an area 

that has experienced gravitational failure, the strain increases in the direction of sliding, therefore 

fault blocks close to the breakaway tend to be larger and more intact with less deformation, 

whereas towards the toe blocks are usually smaller, broken up, and generally more deformed 

(Fossen and Hesthammer 1998, Figures 4.5, 4.6, and 4.7).  This is evident in the Oil Well Flats 

system with the irst block being the most distinct, identiiable block, while as distance from the 

master fault increases the blocks become more dificult to outline with more variable dips.  Block 

ive has the steepest dips, which its with the predicted model that further from the breakaway, 

more deformation is observed (Figure 4.6).  The rotated black imply some ductile low in the 

Morrison Formation,as seen in the swelling clays on the north lank of the slide.  

Furthermore, the movement of the blocks within these gravitational detachment systems 

can be translational or rotational, both of which are observed in the Oil Well Flats area.  In 

particular, as seen on the lithologic map (Figure 4.5), there is a very obvious Lytle Block just 

south of the strike-slip zone that is very nearly lat and appears to have simply translated, while 

blocks within the main system are clearly both translated and rotated. 

Also, these systems typically have the appearance of an amphitheatre in map view, 

with a spoon shaped three dimensional view and a concave upwards, listric detachment which 

usually follows a weak, bedding parallel surface (Fossen and Hesthammer 1998, Figures 4.6, 

4.7).  This is clearly observed on both the map and the cross-section, which supports this being 

a detachment system rather than another type of normal fault system.  The Chevron method 

provides further evidence for this concave geometry of the detachment, as it predicts the faults 

shallowing rapidly into a lat detachment surface.  The upward steps in the detachment are 

predicted by the Chevron method and indicated by yellow dots on the cross-section, and show 
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the detachment stepping into a more compressional regime at the toe.  In addition, these steps 

could be caused by the very heterogeneous nature of the Morrison Formation and thus the 

detachment moving into a better lithology for the dêcollement (Figure 4.7).  

Gravitational failure can have various triggering mechanisms, including seismic shocks, 

rapid sedimentation, over-steepening of slopes, changes in pore pressure, or extensional 

deformation (Fossen and Hesthammer 1998).  In areas that are affected by extensional 

tectonics, gravitational instability occurs in footwalls to large rotating fault blocks (Fossen and 

Hesthammer 1998).  Basinal extension is often associated with normal faulting, which creates 

relief and can make sediments unstable and begin to slide (Fossen and Hesthammer 1998).  This 

latter mechanism is likely for the Oil Well Flats system, as the area is adjacent to the Rio Grande 

Rift.

Pore luid pressure is also a very important factor in gravity failure, as excess pore 

pressure reduces the effective weight of the overburden, which is supported by grain to grain 

contacts that give the sediments a frictional shearing strength (Fossen and Hesthammer 1998). 

If there is an impermeable layer present, there will be a marked increase in pore pressure, which 

will be accompanied by a decrease in effective overburden stress, which if large enough may 

result in slip at the top of the sealed and overpressured sequence (Fossen and Hesthammer 1998).    

A gravity slide will therefore tend to detach within or just below an impermeable layer, which act 

as dêcollements, and the Chevron method predict the dêcollement in the Oil Well Flats area to be 

within the shaley Morrison Formation.

4.2.5 Deformation Band and Joint Trends

 In addition to generating maps of the Oil Well Flats System, stereonets were generated 

for deformation band and joint orientations to further analyze any structural trends (Figure 4.8).  

The joints show a distinct NNW-SSE trend, which is very similar to the trend of the break-away 

fault.  The deformation bands are much more scattered, but do appear to show a weak preferred 

SW-NE trend similar to the transfer zone on the main breakaway fault (Figure 4.9).  For further 

stereonets including poles to planes and contours, please see Appendix B. 
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Figure 4.8. a) Equal area stereonet showing joint orientations and the approximate orientation of 
the main fault (marked with dashed line), b) poles to the joint planes.  

Figure 4.9. a) Equal area stereonet of deformation band orientations and a possible preferred 
orientation in red dashed line (based on contours of the poles, as seen in Appendix B), b) poles to 
the deformation band planes.  
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CHAPTER 5

DISCUSSION

Based on evidence collected from ield mapping, petrographic study, DEM data, and 

literature review, a likely sequence of events has been hypothesized for the Oil Well Flats ield 

area.  The Dakota Group was deposited in the Lower Cretaceous, which sets the oldest limit 

on the age of the Oil Well Flats detachment system.  The Laramide Orogeny then began in the 

Late Cretaceous with northeast-directed compression and continued until the Eocene (~75 to 45 

Ma), and was followed by major erosion and uplift events, including the uplift of the Colorado 

Plateau, and onset of Rio Grande rifting (Chapin 2014).  I postulate that the Oil Well Flats 

system began to form during the Laramide Orogeny, with the cataclastic deformation bands 

associated with the master fault forming under the thick overburden of Western Interior Seaway 

deposits and likely inluenced by movement on the nearby basement faults.  It is also interesting 

to note that the deformation bands are also observed in the more clay-rich Glencairn Formation, 

a very unusual behavior for cataclastic deformation bands.  Since the fault blocks within the 

system are not associated with deformation bands, it is likely that they postdate the formation of 

deformation bands, and therefore occurred under less overburden.  

From the mid-Eocene (~43 Ma) until around 37 Ma, a major uplift and erosion event 

occurred, with most activity occurring in northern Colorado and Wyoming due to lithospheric 

rebound from Laramide dynamic subsidence (Chapin 2014).  Shortly thereafter, Rio Grande 

rifting began.  The Rio Grande Rift had two phases, the irst of which occurred from mid-

Oligocene to early Miocene (~27 to 6 Ma) and the second of which began in the mid-Miocene 

(~6 Ma to present) (Chapin 2014). The irst phase overlaps with a major erosion and uplift event 

due to increased mantle buoyancy that was related to the major volcanism occurring in the 

region, and the Rio Grande Rift’s east lank was uplifted and tilted eastward (Chapin 2014). 

The Oil Well Flats detachment system likely reactivated during Rio Grande rifting, 

utilizing the previously formed deformation bands during the Laramide Orogeny to localize 

the master fault slip surface and forming a detachment system with the dêcollement within the 
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shales of the Morrison Formation as the area experienced gravity driven extension inluenced 

by Rio Grande rift tectonics.  The later formation of a slip surface within a deformation band 

zone is consistent with the expected deformation patterns within sandstones.  The Rio Grande 

Rift utilized many preexisting faults, and since the trend of the master fault is aligned with a 

basement fault, it suggests that this fault could have been reactivated.  In addition, the tilting 

of the eastern lank of the Rio Grande Rift could have created the change in slope necessary to 

initiate the formation of the detachment system, and since there was still a signiicant amount of 

overburden, it is likely the Morrison Formation could have been overpressured, facilitating the 

detachment. 

During the late Miocene to Holocene, the Southern Rockies region in particular 

experienced further uplift and erosion, which is the likely time of joint formation within the Oil 

Well Flats area.  The joints observed postdate other features in the system, evidenced primarily 

by the fact that they crosscut the deformation bands (and are typically last in the sequence 

of deformation of sandstones), and also because most joints in the region are related to this 

epeirogenic uplift event.  In addition, the primary joint set runs approximately parallel to the 

trend of the master fault on its southern boundary of the system (W-E trending), and a secondary 

joint set approximately parallels the main scarp at the head of the system (N-S trending).  

The system was likely reactivated again by stream downcutting, resulting in Quaternary 

movement < 1 Ma on the system.  Four Mile Creek, to the west of the Oil Well Flats system, 

downcuts the toe of the slide, leading to instability and possible continued Quaternary movement 

and is also near the theorized area where the detachment reaches the surface.

Of importance to note, the detachment system geometry observed in the Oil Well Flats 

area will not occur in regions where large reliefs cause “avalanches” of sedimentary blocks, 

rather than more organized and gradual deformation (Fossen and Hesthammer 1999).  Though 

originally mapped as Quaternary landslide material, the organized, repetitive nature of the blocks 

in the Oil Well Flats system does not support this interpretation.  Tectonic gravitational slides are 

composed of an allochthonous unit (the slide) that the detachment separates from the underlying 
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rocks, which are typically unaffected by the sliding related deformation (Fossen and Hesthammer 

1999).  A typical detachment reaches the surface at the top and in front of the sliding unit, 

therefore requiring a topographic high or slope setting to form (Fossen and Hesthammer 1999).  

 Gravitational detachment systems can be important for petroleum exploration and 

production, especially when the reservoir is part of the detachment system.  Petroleum can 

travel up faults and into the reservoirs, with trapping potential from unconformities, looding 

surfaces, and so forth.  The other main implications of detachment systems are for redeposition 

of reservoirs and potential instability for sea-loor based installations where detachment systems 

are currently active. 

Detachment systems are not unheard of in the Denver Basin, and a potentially interesting 

analogue for the Oil Well Flats system lies in the Boulder-Weld County fault zone.  This area 

sees a transition between structural styles along the Front Range, with a margin trend shifting 

from N-NW to N and NE vergent trusts to NW trending high angle reverse faults and occurs 

across the trend of the Colorado Mineral Belt (Trudgill 2015, Kittleson 2008). This large, and 

controversial, structural feature of ~205 square miles was likely formed by detachment and 

subsequent gravitational movement towards the basin during the Laramide Orogeny (Kittleson 

2008).  The detachment occurred due to movement on the Longmont Fault just below the top of 

the Pierre Shale, likely utilizing this horizon due to incomplete lithiication, which would have 

led to it being highly lubricated from high internal luid pressures (Kittleson 2008).  The move-

ment on the Longmont Fault could have been uplift, strike-slip motion, or a combination of both, 

and right-lateral motion could have released compression on faults bounding the Front Range 

here (Kittleson 2008).  Alternately, Laramide basement involved thrusting and uplift could have 

lead to the detachment within the Pierre Shale and gravitational movement towards the foredeep, 

which was then followed by epeirogenic uplift and erosion that led to the basin tilting towards 

the southeast, resulting in updip extension which led to inversion of the earlier formed normal 

faults (Trudgill 2015).  

 In detailed ield mapping of an array of faults exposed at Marshall Mesa within the late 
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Cretaceous Fox Hills Sandstone and Laramie Formation, Trudgill (2015) expands upon the work 

of Kittleson (2008).  This exposure is towards the southwest edge of the Boulder-Weld County 

fault zone previously mentioned, and thus interpreted two have formed one of two ways.  The 

irst hypothesis, a model based on listric growth faulting, comes from Weimer and Davis (1977), 

and interprets that high angle normal faults are the result of growth faulting in the delta front 

environment that was active during the deposition of the upper Pierre Shale to lower Laramie 

Formation (Trudgill 2015).  The second hypothesis, which is a dêcollement and high angle 

reverse faults model, from Kittleson (1992, 2009) is that the sub surface faults just northeast of 

the mapping are the leading edge of deformation of upper Cretaceous sedimentary rocks along a 

bedding plane dêcollement within the upper Pierre Shale (Trudgill 2015).  Trudgill’s work (2015) 

reveals both normal faulting and subsequent shortening shown by reverse faults and folds as well 

as inversion of some earlier normal faults, hypothesizing that the history of extension and growth 

faulting linked to down-dip contraction (including local inversion and potential strike-slip mo-

tion) can reconcile the previous competing interpretations and is summarized in Figure 5.1.  

First, Laramide basement-involved thrusting and uplift generates a foredeep in the western part 

of the Denver foreland basin, and initiates NW directed normal faulting caused by either lexure 

and/or gravity sliding on a detachment within the upper Pierre Shale in the Fox Hills Sandstone 

and Laramie Formation.  Second, epeirogenic uplift and erosion tilts the basin to the SE, which 

results in gravitational movement in that direction, causing updip extension, down-dip shorten-

ing, and some inversion of the normal faults formed previously (Trudgill 2015).  

 Though a much larger scale system than the one observed in Cañon City, this system 

bears striking resemblance to the Oil Well Flats system based on ield-based observations.  In 

addition, both systems observed occur at right-lateral steps within the Rocky Mountain Front that 

developed during the Laramide Orogeny, which is a persistent, long-lived structural boundary 

that originated during the Mesoproterozoic, and in areas associated with potential wrench fault-

ing (Chapin 2014, Kittleson 2008, Chapin 1983).  The Cañon City Embayment occurs at a step in 

the Rocky Mountain Front between the Wet Mountains and Front Range caused by a reactivation 
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of an Ancestral Rocky Mountains uplift, while in the Boulder-Weld County fault zone the step 

occurs across the Colorado Mineral Belt (Chapin 2014).  

 Based on Trudgill’s (2015) interpretation of the Boulder-Weld County detachment zone, 

it suggests another possibility for the timing of the Oil Well Flats detachment system.  The sys-

tem, as I suggested previously, could have started during the Laramide Orogeny, with the fault 

blocks beginning as thrust faults as the basement block adjacent was uplifted.  Following this, 

between the end of the Laramide and during the regional uplift and erosion events, the system 

Figure 5.1 Cross-sections of the Boulder-Weld County fault zone showing the development of 
the detachment system (Trudgill 2015).

 herefore, the structural development Oil Well Flats detachment system was likely im-

pacted by the Laramide Orogeny, Rio Grande Riting, and regional uplit and erosion, though the 

precise timing of each element within this framework is uncertain.  However, it can reasonably be 

hypothesized that the detachment system itself formed during the Laramide and/or Rio Grande 

Rit times.  It does not seem likely based on the evidence outlined that the system could have 

formed from simple Quaternary movement, and instead shows that the system is a long-lived 

structural feature in the region. 
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CHAPTER 6

CONCLUSION

 Detailed study of the Oil Well Flats area has led to several important indings.  1) While 

currently mapped as Qls, the Oil Well Flats system shows an organized repetition of the Dakota 

Group not likely to be observed in a landslide feature. 2) The major topographic scarp in the 

system is associated with intense deformation, with cataclastic deformation bands that increase in 

density towards the scarp and decrease steadily away from it.  3) These cataclastic deformation 

bands could not have formed at the surface due to their intensity, density, and the environmental 

conditions they require to form.  4) The main scarp and associated deformation bands occur on 

trend with a basement fault, suggesting that movement on this pre-existing fault was associated 

with the deformation.  5) Using the Chevron method, a probable detachment surface was deined 

within the Morrison Formation, which is also the only likely candidate for a dêcollement as it 

is directly underlain by the conglomeritic Fountain Formation. 6) Mapping and cross-section 

construction reveals that the Oil Well Flats ield area is a detachment system, and possibly a 

unique outcrop example.  

 From these conclusions, several implications and ideas for future study arise.  First, while 

the timing of the structural deformation of the system is constrained by the Lower Cretaceous 

age of the Dakota Group, it is poorly constrained on the upper end.  By using ield relationships 

and a general knowledge of the geologic history of the region, the upper limit can be reasoned 

to be prior to uplift of the Colorado Plateau, which likely caused the jointing patterns.  In 

addition, it is likely that Laramide tectonics started the development of the system, which further 

developed during Rio Grande Rifting.  

 Future work will help to further illuminate the structural history of the fascinating, 

complex region.  If dating of the deformation bands could be accomplished, this would place a 

irm age on the system, as would the uncovering and dating of a fault surface.  In addition, the 

Dinosaur Flats system, on the west side of Four Mile Creek, appears to have many similarities to 

the Oil Flats system, and ield mapping it would greatly add to the understanding of the area.  
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 The following supplemental iles include the original ield stratigraphic log, cross-section 

of the ield area showing the Chevron construction, and additional stereonets based on the 

deformation band and joint data.  Figure A.1 (pages 63-68) is the ield log of measured section 

with units in meters, Figure A.2 is the Chevron construction for the ield area including showing 

the regional line used, and Figure A.3 are the stereonets, with additional contours showing the 

distribution of the data.  

APPENDIX A


