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ABSTRACT 

 

The Deadman Creek Thrust Fault was mapped in a structural window on the 

west side of the Sangre de Cristo Range. The study area, located in southern Colorado, 

is a two square mile area halfway between the town of Crestone and the Great Sand 

Dunes National Park.  The Deadman Creek Thrust Fault is the center of this study 

because it delineates the fold structure in the structural window.  The fault is a 

northeast-directed low-angle thrust folded by subsequent additional compression.  This 

study was directed at understanding the motion of the Deadman Creek Thrust Fault as 

affected by subsequent folding, and the driving mechanism behind the folding of the 

Pole Creek Anticline as part of a broader study of Laramide thrust faulting in the range. 

This study aids in the interpretation of the geologic structure of the San Luis Valley, 

which is being studied by staff of the United States Geological Survey (USGS), to 

understand Rio Grande Rift basin evolution by focusing on rift and pre-rift tectonic 

activity. It also provides a geologic interpretation for the Saguache County Forest 

Service, Great Sand Dunes National Park, and its visitors. 

The Sangre de Cristo Mountain Range has undergone tectonic events in the 

Proterozoic, Pennsylvanian (Ancestral Rocky Mountains), Cretaceous-Tertiary 

(Laramide Orogeny) and mid-Tertiary (Rio Grande Rift).  During the Laramide Orogeny 

the Deadman Creek Thrust Fault emplaced Proterozoic gneiss over Paleozoic 

sedimentary rocks and Proterozoic granodiorite in the area.  Continued deformation 

resulted in folding of the fault to form the Pole Creek Anticline.  The direction of motion 

of both the fault and fold is northeastward.  A self-consistent net of cross-sections and 

stereonet plots generated from existing and new field data show that the anticline is an 
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overturned isoclinal fold in Pole Creek Canyon, which shows an increasing inter-limb 

angle and a more vertical axial surface northwestward toward Deadman Creek Canyon.  

Southwest-directed apparent normal fault motion reflects out-of-syncline thrust faulting 

primarily on the forelimb of the anticline, which has subsequently been overturned by 

further tightening of the anticline.  The driving force of the anticline is inferred to be a 

propagating reverse fault breaking toward the surface and causing the Deadman Creek 

Thrust Fault to fold, forming the Pole Creek Anticline.  This fault appears to have a 

complex geometry that causes the fold axis to change orientation in two locations within 

the study area. Furthermore, diverse fault motions indicated in stereonet plots suggest a 

complex deformation system in these massive rock units. 

A syncline (Alpine Gulch Syncline) to the southwest of the Pole Creek Anticline 

becomes more open to the southeast.  The driving force for the Alpine Gulch Syncline is 

not understood, but may also have affected the Pole Creek Anticline.  Additional 

complexities include two minor faults north of the Pole Creek Canyon mouth, an inferred 

fault in Pole Creek Canyon, and a second inferred fault in Deadman Creek Canyon.  

These complexities make structural interpretation challenging. 
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CHAPTER 1 

INTRODUCTION AND OVERVIEW 

1.1 Geographic and Geologic Setting 

Deadman Creek Canyon gives its name to the mainly northeastward directed 

Laramide age thrust fault that is the subject of this study.  The fault is located in the 

western range front, halfway between Crestone and Great Sand Dunes National Park 

(Figure 1).  It is located approximately 8 miles south-southeast of Crestone, and can be 

accessed either from Crestone to the North or Great Sand Dunes National Park to the 

South.  The study site encompasses two square miles.  It starts just south of Deadman 

Creek at the Sangre de Cristo Range front and extends two miles to the southeast past 

Pole Creek, and northeast one mile into the mountain range. 

The Sangre de Cristo Mountains are located in southern Colorado and northern 

New Mexico.  The mountain range is bounded by five towns: (1) Alamosa, CO (west); 

(2) Salida, CO (north); (3) Trinidad, CO (east); and (4) Santa Fe and Las Vegas, NM 

(south) (Figure 1).   Physiographically, the range is bounded by structural highs (the 

San Juan Mountains to the west and the Wet Mountains to the east and north) and 

intervening lows (the San Luis Valley to the west and the Wet Mountain Valley to the 

east), as noted by Lindsey et al. (1986a), and illustrated in Figure 2. South of the Wet 

Mountains, Huerfano Park and the Raton Basin border the mountain range.   

The basins on either side of the range are bounded by normal faults.  Separating 

the San Luis Valley from the Sangre de Cristo Range is the Sangre de Cristo Fault, 



2 
 

 

Figure 1:  Map of Sangre de Cristo Range: a) Aerial view of the Sangre de Cristo Mountain Range with bordering 
towns, and b) Detail view of the field study area (modified from Google Earth, 2013). 
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Figure 2:  Regional Map of the Sangre de Cristo Range and bordering structural 

features (Lindsey et al., 1986). 
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which strikes to the southeast and dips southwestward.  On the west and east side of 

the Wet Mountain Valley – against the Sangre de Cristo Range and the Wet Mountains 

– are the Alvarado and Westcliffe Faults, respectively.  The two faults form a graben.  

The Sangre de Cristo Mountains have undergone reoccurring uplift, subsidence 

and deformation during several tectonic events.  The basement rock in this part of the 

Sangre de Cristo Range consists of (1) gneiss, amphibolite, and schist, derived from 

igneous and sedimentary rocks (generally referred to as gneiss, the dominant rock type) 

and (2) massive to gneissic granodiorite.  Both units formed during the interval from 

approximately 1.7 – 1.5 Ga. (Johnson, 1969; Jones and Connelly, 2006).  The main 

sedimentary rock formations of the Sangre de Cristo Range were deposited during the 

Pennsylvanian and Permian periods (Lindsey, 2010). These sediments were shed from 

the Ancestral Rocky Mountains as they were eroded and the sediment deposited in the 

Central Colorado Trough.  The Cretaceous – Tertiary Laramide Orogeny caused 

generally northeast-directed thrust faulting as the Pacific Plate was pushed under the 

North American Plate.  The thrust faulting resulted in a complex stack of major thrust 

sheets, some of which have been folded by subsequent compression. 

Prior to development of the Rio Grande Rift, approximately 35 – 27 Ma ago, 

volcanoes covered the area with ash and lava as the crust was pulled apart between 

the Wet Mountains, Sangre de Cristo Mountains, and Uncompahgre highland.  Rio 

Grande rifting occurred in two phases, beginning at about 26 Ma.  The first phase 

consisted of movement along low-angle normal faults, and was followed by a later stage 

of higher angle normal faulting (Kluth and Schaftenaar, 1994).  Finally, glaciers formed 
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during the Pleistocene carved through the Sangre de Cristo Mountains, giving the range 

its present day appearance.  

1.2 Project Significance and Objectives 

The Deadman Creek Thrust Fault, formed during the Laramide Orogeny, is 

exposed in a structural window on the west side of the Sangre de Cristo Range. This 

window is a key part of the evidence for large-displacement thrusting in the range. 

(Lindsey et al., 2013).  The current understanding of the Deadman Creek Thrust Fault is 

that it was originally nearly horizontal but has been folded and cut by younger Laramide 

thrusts. The thrust and associated structures are well-exposed and accessible between 

Deadman Creek Canyon and Pole Creek Canyon. This study better defines the 

structure of the Sangre de Cristo Range near the Sangre de Cristo fault and aids in the 

interpretation of geophysical data on the San Luis Valley by scientists of the United 

States Geological Survey (USGS).  A study of the Rio Grande Rift basins is being 

spearheaded by the USGS and the current focus is on rift and pre-rift tectonic evolution 

of the San Luis Basin.  This study was conducted in coordination with the USGS, the 

National Park Service, Great Sand Dunes National Park, and Great Sand Dunes 

Preserve. This research aids in natural resource management and park interpretation 

for park visitors by providing a more detailed understanding of the Sangre de Cristo 

Range. 

This research meets several objectives in mapping, analyzing, and interpreting 

the geological and structural data in the study area.  This work revises a geological map 

of the Deadman Creek Thrust Fault by David Lindsey et al. (1986c), showing an 

updated location of the thrust fault, the form of the folded Deadman Creek Thrust Fault 
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(referred to as the Pole Creek Anticline), and the distribution of the incorporated 

formations.  The new field map shows that the thrust fault has been folded, and displays 

the geometry of an isoclinal overturned fold to the southeast, and an open upright fold to 

the northwest.  The research also establishes a basis for understanding the progression 

of the thrust fault through space (geometry of the fault) and relative time (stages in fault 

motion) by identifying the direction and movement associated with the fault. 

1.3 Organization of the Thesis 

This thesis consists of six chapters.  This introduction provides a brief overview 

of the study area, the purpose, and the organization of the thesis. Chapter two 

describes the tectonic history of the region, including the Sangre de Cristo Range and 

rifted areas on either side of it.  It also describes the stratigraphic section in the area, 

and the local structural geology of the study area. Chapter three reviews the procedures 

that were used in order to collect, analyze, and interpret data.  Chapter four analyzes 

the data collected and presents two dimensional (2D) cross-sections and a three 

dimensional (3D) cross-section net in order to generate a geologic model of the study 

area. Stereonet plots were also generated to analyze the structural data and further 

refine and verify the results in the cross-sections.  Chapter five takes the data collected 

and analyzed in the previous chapters and develops a geologic model of structural 

evolution in the area.  Chapter six summarizes the results and interpretations of the 

previous sections and shows how the separate sections combine to generate a geologic 

picture of the structural events within the study area. The appendices contain a 

spreadsheet of all the data collected in the field, as well as all cross-sections and 

stereonet plots generated from the field data.   
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1.4 Previous Research of the Deadman Creek Thrust Fault 

Previous studies conducted on the Deadman Creek Thrust Fault are limited.  

Three geologists contributed to research in the broader Sangre de Cristo Range region.  

W. S. Burbank and E.N. Goddard wrote an article in the Geological Society of American 

(GSA) Bulletin describing the complexity of the structural geology in the Sangre de 

Cristo Range, more specifically in Huerfano Park, south-central Colorado.  Burbank 

noted that prior studies, “...have been handicapped by lack of key horizons in the 

Pennsylvanian and Permian formations, which constitute much of the complexly faulted 

and folded parts of the mountains” (Burbank & Goddard, 1937, p. 976).   

J. F. Clement (1952) wrote a thesis on the geology of the Baca Grant area in 

Saguache County.  In his master’s thesis Clement further explains the complexities of 

the Sangre de Cristo Range structural geology, and begins to describe the geology of 

Deadman Creek Canyon and the Deadman Creek Thrust Fault.  He identifies the area 

as a tectonic setting where Paleozoic sedimentary rocks exposed to the east of the 

mountain range in intact sections, are found on the western side of the range exposed 

beneath a Proterozoic overthrust sheet, and are commonly overturned, and heavily 

sheared (Clement, 1952).  Clement also identifies magmatic intrusions where dikes 

have cut through the Proterozoic gneiss and have formed pegmatites and mafic dikes 

throughout the basement rock and overthrust sheet.  He also notes sulfides containing 

gold within the Proterozoic rock at or near the fault contact zone, although noting that 

further investigation would need to be conducted in order to determine whether mining 

for the gold would be economic (Clement, 1952). 
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In recent years D. A. Lindsey et al. (1986a; 2010; 2012, 2013) of the U. S. 

Geological Survey have conducted extensive research on the Sangre de Cristo Range 

to further understand the structural geology of the range, along with several ranges and 

basins within the Rio Grande Rift Basins.  A field map has been published in the region 

identifying various faults and rock formations, including the Deadman Creek Thrust 

Fault and units within the study area (Lindsey et al., 1986c).  Lindsey and others have 

also identified the age of Tertiary magmatic intrusions by using fission-track methods on 

zircon and sphene crystals (Lindsey et al., 1986a).  Using this dating method Lindsey 

and associates were able to identify the age of felsic and mafic dikes and sill intrusions 

to range between 28 Ma and 25 Ma, with an uncertainty of ±1.1 – 2.5 Ma.  Lindsey has 

also produced a guide for the general public explaining the geological progression of the 

Sangre de Cristo Mountain Range from the formation of the Proterozoic Gneiss, through 

several periods of uplift and erosion, to the glacial carving of the modern day range 

(Lindsey, 2010).   

1.5 Research Approach 

The work of this thesis was broken up into four parts:  (1) work conducted in the 

field, (2) updating and enhancing of the geological map, (3) generating cross-sections, 

and (4) generating and analyzing stereonet plots.  Some activities were conducted in 

parallel.  Details of the methods used are described in Chapter 3. 

Part One:  Field Data Gathering 

 Mapping the Deadman Creek Thrust Fault:  Following the axial surface of the 

thrust fault using GPS & SPOT Tracker.  
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 Measuring four structural parameters to the extent possible, at numerous 

locations within the study area. 

Part Two:  Geologic Map 

 Generation of the geologic map in Google Earth as a 3D overlay. 

Part Three:  Cross-Sections 

 Generation of the surface topography of the cross-sections using Global 

Mapper version 13.00. 

 Hand drawing of the cross-sections and importing into Autodesk AutoCAD 

2014 to be digitized and modified in 2D space. 

 Placement of digitized cross-sections 3D space.  

Part Four:  Structural Analysis on Stereonet Plots 

 Importing of field data into Faultkin 7 and Stereonet 9. 

 Evaluation of trends of data within and among stereonet plots, to understand 

the evolution of the Pole Creek Anticline. 

 Definition of folding and movement patterns to delineate the various folds 

formed in the study area. 

The data compiled from field work, map generation, and analyses of the cross-

sections and stereonet plots were used to reconstruct the Deadman Creek Thrust Fault 

and determine the cause of the fault’s structural alteration due to folding during the 

Laramide Orogeny. 
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1.6 Project Goals 

Important issues addressed in this study include: 

 Identify whether the fault in the study area and the fault in Deadman Creek 

Canyon (to the northwest of the study area) are considered to be one fault; 

the Deadman Creek Thrust Fault. 

 Identify if the Deadman Creek Thrust Fault was folded from Deadman Creek 

Canyon, through the study area, and continues to be folded toward the 

southeast. 

 Verify the transition of folding from a gentle, nearly horizontal fold in Deadman 

Creek Canyon to an isoclinal, overturned fold in Pole Creek Canyon. 

 Identify the direction of motion of the Deadman Creek Thrust fault. 

 Identify the driving mechanism forming the fold identified above. 
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CHAPTER 2 

GEOLOGY OF THE SANGRE DE CRISTO MOUNTAIN RANGE 

2.1 Tectonic History 

Prior to the uplift of the Ancestral Rocky Mountains (Ancestral Rockies) a 

complex series of tectonic events, sedimentation, and volcanism formed the Proterozoic 

rocks within the study area.  Deposition and metamorphism turned the laminated rock 

layers into gneiss, and the intruding granite-granodiorite, plutonic rock into massive non-

foliated to locally foliated augen gneiss of granodioritic composition.  These tectonic 

events were estimated to have occurred from approximately 1.7 to 1.5 Ga.  These 

formations are discussed in further detail within the Stratigraphy section of this thesis. 

2.1.1 Ancestral Rockies 

During the beginning of the Pennsylvanian period, approximately 320 Ma, the 

Ancestral Rockies were formed.  Mountain ranges were separated by fault-bounded 

basins, which were filled with shallow seas (Lindsey, 2010).  The cause of the Ancestral 

Rockies uplift is still uncertain.  One hypothesis suggests mountain building from 

compression and thrusting of the earth’s crust.  Another hypothesis proposes strike-slip 

faulting as the central tectonic driver.  The uplift could result from a combination of the 

two types of motion (transpression) as the Laurentian continent (North America and 

Europe) collided with Gondwana (South America and Africa) (Lindsey, 2010; Lindsey et 

al., 1986b).  However the Ancestral Rockies were formed, the Uncompahgre highland, 

Front Range highland, and San Luis highland were uplifted around 300 Ma (Figure 3). 
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As the Uncompahgre highland was being eroded, sediments from gravel to silt in size 

were being deposited in the Central Colorado Trough between the Uncompahgre and 

Front Range highlands (Figure 3).  More than two miles (3 km) of sediment were 

deposited in this trough.  This created two rock units; (1) the Minturn Formation, and (2) 

the Sangre de Cristo Formation.  Except for the basal Minturn, these formations are not 

 

Figure 3:  Paleogeographic reconstruction of the Uncompahgre Highland during the 

formation of the Ancestral Rockies (Blakey, 2011). 
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preserved within the study area, but they make up most of the Sangre de Cristo Range 

east of Crestone and are important in understanding the range’s geologic history. 

2.1.2 Laramide Orogeny 

Between the late Cretaceous and middle Eocene periods, approximately 80 – 40 

Ma, the Laramide Orogeny uplifted the modern day Rocky Mountains (Lindsey, 2010).  

At the beginning of the orogeny a shallow sea covered the area where the Sangre de 

Cristo Range now stands.  No sedimentary rocks from this period are preserved within 

the study area.  During this period faulting and folding occurred due to compression and 

uplift from the subduction of the Pacific Plate under the North American Plate.  The 

eastward movement of the Pacific Plate resulted in the low angle thrust faults 

throughout the Rocky Mountains.   

During the uplift a series of low– and high–angle reverse faults formed the 

Sangre de Cristo Range.  Just north of the Great Sand Dunes, Precambrian Gneiss can 

be seen thrust on top of Paleozoic limestone and sandstone.  These thrust faults can be 

viewed in windows formed by fluvial erosion that exposed younger sedimentary rock 

underneath the Precambrian Gneiss.  As thrusting continued and the thrust faulted 

sheets stacked up on the San Luis highland, the western side of the Raton basin began 

to sink and fill in with sediment from erosion of the uplifted highland.  

2.1.3 Rio Grande Rift 

During the Oligocene, approximately 35 – 27 Ma, volcanoes in the San Juan 

Mountains and Bonanza area erupted, spreading ash over the area (Lindsey, 2010).  

Some of the ash can be found in old valleys, but most of it has been eroded away.  At 
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approximately 26 Ma rifting began throughout Colorado and New Mexico (Chapin and 

Cather, 1994).  During this time granitic to granodioritic plutons intruded the Sangre de 

Cristo Range.  The Spanish Peaks contain dikes that radiated outward from a central 

intrusion site within the mountains (Penn and Lindsey, 2009).  Lindsey et al (1986a) 

have been able to determine the age of Tertiary intrusive dikes and sills in the Sangre 

de Cristo Mountains using fission-track methods on zircon and sphene crystals.  These 

crystals have dated the intrusions at 28 – 25 Ma.  As the surface dropped and spread 

apart in response to rifting, the San Luis and Wet Mountain Valleys formed to the west 

and east of the Sangre de Cristo Range, respectively (Lindsey, 2010).  Block faulting 

occurred on both sides of the Wet Mountain Valley, against the eastern side of the 

Sangre de Cristo Range, and the western side of the Wet Mountains, forming 

asymmetric half grabens (Chapin and Cather, 1994).  To the west of the Sangre de 

Cristo Range a fault formed, dropping the San Luis Valley on the eastern side of the 

basin.  This fault is known as the Sangre de Cristo fault. 

The Sangre de Cristo fault contains several primary fault branches that extend 

along the range, and secondary cross faults extending across the range at varying 

strikes.  On the downthrown side of the Sangre de Cristo fault, sediment filled the newly 

created accommodation space, or zone.  These zones have been identified as 

fundamental features for all extensional tectonic processes (Chapin and Cather, 1994).  

The layers of sediment near the Sangre de Cristo Fault increase in thickness toward the 

normal fault and away from the hinge point of the half-graben.  The deeper, older 

sediment layers tilt toward the mountain range and the shallow, more recent sediments 

show shallower dips.  This feature indicates that the sediment was deposited during and 
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after rifting.  During rifting in the San Luis Basin both volcanic and sedimentary material 

were deposited during the Oligocene through the Quaternary (Chapin and Cather, 

1994).  Rifting continued at a rapid pace approximately 20-12 Ma ago (Lindsey, 2010).   

2.1.4 Post Rifting History 

Uplift of the Sangre de Cristo Range began again in the last one million years.  

Blanca and Twin Peaks show evidence of rapid uplift with fault-offset alluvial deposits 

that formed within the last few thousand years (Lindsey, 2010).  Rift faulting produced 

closed basins, cutting off drainage.  In the Rio Grande Valley the Rio Grande River 

eventually cut through the surrounding basins to connect them in a single drainage 

system.  The San Luis Valley was still cut off from the drainage system and during 

periods of high rainfall it formed a lake to the north and east of Alamosa (Machette, 

2004).  At approximately 500 Ka, the Rio Grande was able to erode through volcanic 

rock downstream and connect the San Luis Valley to the drainage system to the south.  

Once the valley was connected with the other basins the lake that formed was drained.  

Strong southwesterly winds picked up sand and silt left by the Rio Grande and by San 

Luis Creek in ancient levees and oxbow lakes, and carried the sediment to the Sangre 

de Cristo Range where it dropped and become the original sediment source of the 

Great Sand Dunes (Johnson, 1971; Madole et al., 2008). 

2.2 Stratigraphic Framework of the Sangre de Cristo Mountain Range 

The area around Deadman Creek Canyon is composed of six main formations: 

(1) The Proterozoic gneiss; (2) the Proterozoic granodiorite with and without augen; (3) 

the Ordovician Harding Formation  ; (4) the Devonian Chaffee Formation; (5) the 
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Mississippian Leadville Formation; and (6) the lower to middle Pennsylvanian lower Brill 

unit (Minturn Formation).  There were localized outcrops of the Chaffee limestone within 

study area.  The red-bed sandstones in the Chaffee Formation were only identified in 

float north of Alpine Gulch.  Outcrops of the Leadville Limestone and Minturn 

Formations were not found within the study area.  They are mentioned here as they 

provide controls on the stacking of thrust sheets outside the study area, including the 

Deadman Creek Thrust Fault. During the Cambrian and Silurian periods, erosion 

created unconformities between the Harding and Chaffee Formations, and between the 

Chaffee and subsequent formations.  Erosion and possibly tectonic stripping along the 

Deadman Creek Thrust Fault have erased nearly all of the Chaffee Formation and most 

of the Harding Formation within the study area.  The following stratigraphic summary is 

derived in part from Clement’s (1952) thesis on the Baca Grant area, based on areas 

where the entire rock formation has been preserved. Features significant to the study 

area are based on observations as part of this study.  The Harding Quartzite and 

localized outcrops of Chaffee limestone are all that is left of the Paleozoic rocks in this 

area.   

2.2.1 Proterozoic Gneiss 

There were three main rock types formed during Proterozoic time.  Hornblende-

biotite gneiss was the first to be formed (Figure 4), probably from pre-existing 

supracrustal rocks.  The major mineral composition is hornblende, quartz, andesine, 

and in some locations biotite.  Principle accessory minerals in the area consist of apatite 

and magnetite, with orthoclase feldspar and albite locally significant.  Within Deadman 
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Creek Canyon there is little to no quartz or feldspar present in the gneiss, giving the 

rock a composition consisting primarily of hornblende and apatite.   

2.2.2 Proterozoic Granodiorite  

The next major metamorphic rock unit is the Proterozoic granodiorite (Figure 5).  

In this field area it has uniformly been converted to augen gneiss.  It is coarse-grained 

with large feldspar crystals, referred to as augen, which are stretched and more 

elongated near fault contacts.  The augen consist dominantly of single microcline 

crystals, with some composed of orthoclase feldspar.  They can be up to an inch in 

 

Figure 4:  Image of the Proterozoic gneiss a) in outcrop and b) in hand sample 

(collected in Alpine Gulch). 
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length, and are surrounded by a dark green to gray matrix whose mineralogy is not 

discernible at a macroscopic level.  In other areas of the Sangre de Cristo Range the 

granodiorite is massive and does not show the augen gneiss texture.  The granodiorite 

is interpreted as metamorphosed plutonic rock.  In areas of strong Laramide 

deformation, the augen fabric within the granodiorite have been almost lost as it has 

been broken and rearranged in the rock matrix forming a finer-grained massive 

granodiorite.   

In areas of the Sangre de Cristo Range the gneiss and granodiorite can be seen 

together.  Large inclusions of gneiss are visible within outcrops of granodiorite.  Each 

 

Figure 5:  Image of the Proterozoic granodiorite a) with augen in outcrop.  The 

plagioclase phenocrysts (augen) are identified as the white spots in the granodiorite. 

b) Hand samples collected in Pole Creek Canyon identifying the granodiorite without 

augen. 
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inclusion contains an outer rim of feldspar.  These relationships suggest that the gneiss 

was intruded, altered, and partially replaced by constituents of the granodiorite. 

The final type of rock to form during the Proterozoic is the pegmatite, which 

intrudes through both the other main units (Figure 6).  The pegmatite consists of quartz 

and microcline feldspar and is characterized by having little to no ferromagnesian 

mineral content.  A large pegmatite lens is visible in the granodiorite outcrop on the 

 

Figure 6:  Image of a mafic intrusion into gneiss in a) outcrop (Proterozoic gneiss to 

the left and mafic intrusion to the right) and b) hand sample (collected in Pole Creek 

Canyon). 



20 
 

southern flank of Deadman Creek Canyon.  Separate age determinations are not 

available; therefore the pegmatite is not mapped as a separate unit. 

Brister and Gries (1994) suggest that alignment of the mica minerals and 

straining of quartz crystals (which have been identified within the Proterozoic rock), 

indicated a metamorphic origin, although, foliations may also form  by realignment of 

existing minerals (Kuiper, personal communication). Major thrust sheets in the Sangre 

de Cristo Range predominantly consist of at least one of the Proterozoic units. 

2.2.3 Ordovician Harding Formation 

During the middle of the Ordovician period, after a period of erosion, the Harding 

Sandstone Formation was deposited over the Proterozoic basement.  The formation 

consists primarily of massive, fine-grained siliceous quartzite and argillite (Figure 7).  

These layers are very tough and vary widely in color through the section. 

 

 

Figure 7:  Image of the Ordovician Harding Quartzite in a) outcrop and b) hand 

sample (collected near Alpine Gulch). 
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The base of the formation consists of a conglomerate layer approximately 1 foot 

thick.  The conglomerate is composed of fine-grained sandstone nodules and 

subangular to subrounded quartz pebbles in a fine-grained sandstone matrix. 

Approximately 64 feet of quartzite rock overlies the conglomerate.  The first layer 

of quartzite is hard, very fine-grained, and gray to olive-green in color.  Some 

conchoidal fracturing is visible within the quartzite.  It fines upward to homogeneous, 

argillaceous quartzite and argillite.  This rock is also very hard, fine-grained, and black 

to dark gray in color.  The rock becomes lighter further up section.  The upper layers are 

composed of very fine-grained, well-sorted, light gray to white colored quartzite.  The 

last few feet of the Harding Formation are composed of greenish-gray argillaceous 

quartzite. Outcrops of the Harding Formation can be identified by hard, erosion-resistant 

cliffs.  The weathered surface of the rock is a dark limonitic brown color. 

2.2.4 Devonian Chaffee Formation 

The Chaffee Formation was deposited during the Devonian period, after another 

interval of erosion.  The formation consists of interbedded calcareous to dolomitic 

quartzite and shale, and dolomite (Figure 8).  The base of the formation can be 

identified by a thin layer of carbonaceous shale.  Massive beds of hard dolomitic 

quartzite overlie the shale.  Within the quartzite, there are thin interbedded layers of 

conglomerate.  The beds become more dolomitic as they change from a dolomitic 

quartzite to a quartzitic dolomite.  The top of the Chaffee Formation consists of very 

thin-bedded layers of alternating quartzite, argillite, and limestone with the limestone 

beds increasing in thickness, and a decrease in quartzite, moving up section. 
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Shearing and deformation strongly affect the thickness of the Chaffee Formation 

along the Sangre de Cristo Range.  Within Deadman Creek Canyon the Chaffee 

Formation measures approximately 41 feet thick.  Moving southward; however, 

limestone beds can be seen overlying the Harding Quartzite in localized pockets, but 

the formation has otherwise been completely removed.   Because the limestone is 

softer than the underlying Harding Formation, it can be identified by a gentle slope 

above cliff faces of the Harding.  The weathered limestone can also be identified by the 

smooth, yellowish-brown colored alteration located on the surface of the outcrop.  It is 

unclear whether the localized occurrence of the Harding and Chaffee Formations is due 

to erosion prior to the Laramide Orogeny or if it was a product of Laramide tectonic 

erosion.  These two units are mapped as the MDO group on the geologic map in 

parallel with the mapping of Lindsey (1986), although the Mississippian Leadville 

Formation was not identified in the field area. 

 

Figure 8:  Image of the Devonian Chaffee Formation in hand sample (collected 

between Pole Creek Canyon and the ridge northwestward). 
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2.2.5 Mississippian Leadville Formation 

The Leadville Formation was deposited during the Mississippian period and 

consists mostly of limestone layers with interbedded dolomitic and quartzite layers.  The 

base is limestone interbedded with dolomitic, conglomeratic limestone and quartzite 

layers.  Moving up section, the limestone becomes more prominent with lenticular 

bands of quartzite and conglomeratic quartz pebbles.  An unconformity separates this 

layer from a massive limestone layer containing small chert nodules, some fine quartz 

grains, and a probable sheared zone just above the unconformity. 

2.2.6 Pennsylvanian-Permian Minturn Formation 

Separating the Leadville Formation and the Pennsylvanian-Permian Minturn 

Formation is an unconformity with a possible shear zone overlying it.  Above the shear 

zone is a layer of fine-grained quartzite.  The formation fines upward as it transitions 

into interbedded quartzite and shale layers, progressing toward a predominantly shale 

section.  The top of the Minturn Formation is conglomeratic and limonitic quartzite. 

2.3 Local Structural Geology of the Sangre de Cristo Mountain Range 

In the late 1800’s the Sangre de Cristo Range was considered to be a large 

anticline with a Proterozoic core, overlain by Carboniferous sediment, and bounded by 

synclines to the west and east underneath the San Luis Valley and Wet Mountain Valley 

(Burbank & Goddard, 1937).  This early idea could have come from the metamorphosed 

core of the range, along with the granitic intrusive rocks being interpreted as part of this 

Proterozoic core. 
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However, over the years the range has been understood to be more complex 

(Clement, 1952).  The range was interpreted as comprising two major structural units, 

divided at the town of Orient, a ghost town in the northern Sangre de Cristo Mountains 

(Figure 1).  To the north, southeast trending folds and faults formed on the eastern flank 

of a Laramide anticlinal structure during Late Cretaceous to Eocene time (Clement, 

1952). 

South of Orient, Clement (1952) suggested westward compressional movement; 

however, further study of the area suggests a continued eastern motion with western 

directed out-of-syncline thrusts.  As the anticline (and the syncline further to the east) 

continued to fold and tighten, both high- and low-angle reverse faults began to form, 

thrusting toward the west like toothpaste out of a tube.  The propagated fault length can 

be determined by the fault and fold angles, and the amount of fault slip.  Propagation 

increases as the fault angle and slip increases, and will decrease as the fold inter-limb 

angle decreases (McConnell & Wilson, 1993). 

2.3.1 Structure Within the Study Area 

The structure of Deadman Creek Canyon has been described as an anticlinal 

fold involving lower Paleozoic sedimentary rock sandwiched between the Proterozoic 

granodiorite and an overthrust sheet of hornblende-biotite gneiss (Clement, 1952), 

called here Proterozoic gneiss.  Clement (1952) provides a description of this structure, 

which is the central focus of this work, but not a figure. His description is summarized 

here. The crest of the anticline plunges toward 315°.  The southwestern limb is affected 

by extreme shearing and dips gently westward.  The southeastern limb steepens from 

nearly flat lying to steeply dipping and overturned between Deadman Creek Canyon 
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and Pole Creek Canyon.  Sections of the eastern limb have been eroded down to the 

Proterozoic basement rock.  The deeper Proterozoic rock unit is visible in structural 

windows.  It is composed mostly of very coarse-grained granodiorite with no distinct 

foliation evident (Clement, 1952).  The augen-rich granodiorite is overlain conformably 

by lower Paleozoic sedimentary rocks. The Paleozoic rocks are sheared by an 

overthrust sheet of Proterozoic gneiss.    A brecciated zone, consisting of fragments of 

fractured and sheared Harding Quartzite, is located on top of the Harding Quartzite and 

can be seen near the mouth of the Deadman Creek Canyon.  The thrust fault zone rests 

on top of the heavily fractured Harding Quartzite layer.  The fault strikes at an azimuth 

of 155° and dips at an angle of 35°.  The right hand rule is used throughout this thesis, 

where the dip is considered to be 90° clockwise from the strike. 

On the footwall of the thrust fault on the northern flank of the anticline,  the 

Harding Formation dips eastward and disappears beneath Deadman Creek Canyon 

approximately a mile east of the mouth of the canyon (Clement, 1952).  At this location, 

between the Harding and the overthrust Proterozoic rock, is the Chaffee Formation.  

The formation has been heavily sheared as well.  Proterozoic gneiss outcrops are 

visible along Deadman Creek Canyon where lower Paleozoic beds disappear to the 

east, toward the Baca Grant boundary (Clement, 1952).  

On the southern side of Deadman Creek Canyon, Paleozoic beds have an 

attitude similar to that in the beds on the northern side, with sedimentary rocks heavily 

deformed due to shearing by thrust faulting. The crest of the anticline is higher on 

southern side of Deadman Creek Canyon than on the northern side.  This suggests a 

northwestward plunge of the anticline (Clement, 1952).  
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Tertiary intrusive rocks penetrate the Proterozoic granodiorite throughout the 

canyon in the form of mafic and felsic sills and dikes, explained earlier in the Rio 

Grande Rift section.  Some of the intrusive rocks follow along formation boundaries; 

however, most of them cut through the Proterozoic and Ordovician formations.  These 

Tertiary intrusions can be identified within the study area.   

  



27 
 

 

CHAPTER 3 

RESEARCH PROCEDURES 

Data collection and analysis were broken into four parts, some of which were 

accomplished in parallel.  The first part involved collecting data in the field.  The second 

part required generating a geologic map and enhancing the currently published map by 

David Lindsey (Lindsey et al., 1986c).  Part three was compiling the measurements 

taken in the field and building cross-sections in order to understand the structural 

complexities of the Deadman Creek Thrust Fault and create an interpretation of what 

the fault looked like prior to being eroded.  Part four consisted of plotting field data onto 

stereonet plots and determining the direction of movement of the Deadman Creek 

Thrust Fault. 

3.1 Field Work 

The study area starts in the mouth of Pole Creek and extends one mile northeast 

into the mountain range.  It extends northwest for two miles across Pole Creek, Alpine 

Gulch, and ends just short of Deadman Creek (Figure 1).  The terrain consists of two 

creeks (Pole Creek and Alpine Creek) and steep inclines to spurs and ridgelines.  

Elevation in the study area ranges between approximately 8,500 ft. and 10,000 ft. 

The field work was broken up into two activities; (1) mapping the Deadman Creek 

Thrust Fault, and (2) collecting structural data using a Brunton compass; each activity 

being carried out in any day’s work.  Collected data were separated into various groups 

throughout the study area, initially along each day’s traverse.  Eventually, the data were 
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rearranged into structural domains.  The fault was followed beyond the limits of the 

study area toward the southeast, and up around Deadman Creek Canyon. 

The fault was mapped using three separate techniques: (1) taking Geographic 

Positioning System (GPS) waypoint measurements periodically when the fault contact 

was identified, 2) using GPS and SPOT Tracker® were also used to track progression 

automatically along traverses; and (3) tracing the fault location on a topographic map 

and comparing it with a published map (Lindsey et al., 1986c) (Figure 9).  Each day’s 

structural data were recorded on a separate worksheet in Microsoft® Excel. 

Four types of data were collected in the field based on the guidance from David 

Lindsey and Dr. Jonathan Caine of the USGS (Figure 10):  (1) The strike and dip of fault 

surfaces containing lineations (slickenside); (2) the plunge and trend of lineations found 

on shear fractures formed by physical abrasion of the hanging-wall scraping over the 

footwall (slickenline) (Fossen, 2010) along with the rake (the angle between the strike 

and the slickenline); (3) the motion sense of Riedel stress fractures (the direction of 

motion of a fault on a slickenside by the grinding of two fault planes into one another) 

(Petit, 1987); and (4) mullions within the fault zone (transverse faulting caused by the 

lateral movement of faulted rocks).  The slickenlines and Riedel stress fractures are 

correlated with other structural features, such as mylonites, in Deadman Creek Canyon 

in order to validate these data for use in determining the direction of motion of the 

Deadman Creek Thrust Fault. 

Measurements were collected along traverses across the major thrust fault zone, 

commonly taken from outcrops on the hanging wall and the footwall; through the gneiss, 

Harding Quartzite, and granodiorite.  Few data were collected along the thrust fault itself 
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Figure 9:  Geologic map of the study area generated by David Lindsey (modified from Lindsey et al., 1986). 
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due to surficial erosion of the fault and burial by float throughout the study area.  This 

could explain the variability of the data when analyzed in stereonet plots, as perfect 

alignment of the structures in rocks adjacent to, but not at the fault might not be 

expected.  The measurements for each group began in the gneiss and were recorded at 

each outcrop until reaching a major expanse of granodiorite or moving back into the 

gneiss formation of the hanging wall. 

The complex tectonic history of the Proterozoic gneiss and granodiorite make it 

difficult to distinguish pre- Laramide and Laramide tectonic activity in areas where the 

thrust fault is identified between the granodiorite and gneiss.  In areas where the 

Paleozoic sediments are sandwiched between the granodiorite and gneiss, it is easier 

 

Figure 10:  Image of an outcrop identifying the strike, dip, slickenline, and Riedel 

Stress fractures: a) Outcrop of quartzite with both Riedel Stress fractures and 

slickenlines and the relationship between the two.  b) Detail view of the Riedel stress 

fractures. 
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to identify Laramide age tectonics.  The Paleozoic sediments, to include the Harding 

Quartzite, were deposited prior to the Laramide Orogeny, but post-dates any other 

major tectonic event in the area, allowing for good indicators of Laramide tectonic 

activity.  Therefore, when tracking the Deadman Creek Thrust Fault data were only 

measured and recorded when outcrops of quartzite were present between the gneiss 

and granodiorite.  However, there is still a possibility of post-Laramide faulting in the 

Paleozoic sediments, providing complexities in analyzing the data.  Each measurement 

was taken on a clean surface where slickenlines and Riedel stress fractures could be 

identified.  All data measurements were recorded and transferred to Microsoft® Excel 

alongside the fault coordinates.  A complete spreadsheet of the data is located in 

appendix A.   

3.2 Geological Map 

The geologic map was generated using Google Earth® 2013.  Waypoints and 

Tracks from the Garmin GPS and SPOT Tracker were imported and displayed on the 

3D terrain (Figure 11).  Utilizing the location data points the Deadman Creek Thrust 

Fault was mapped out, along with two localized faults.  Using the data measurements 

and David Lindsey’s map in figure 9, boundaries between formations were generated.  

Building and separating each formation, as well as draping them over the topography, 

was accomplished by using a polygon tool in Google Earth® (Figure 12).  Two inferred 

faults were marked on the map as well. The first inferred fault was identified near the 

eastern extent of the study area.  The second inferred fault was identified by Jonathan 

Caine of the USGS (Caine, 2014).  Finally, cross-section lines were drawn across the 

study area (Figure 12).  
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Figure 11:  Areal image of the study area with all data locations (modified from Google Earth 2013). 
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Figure 12:  Updated geologic map a) identifying the location of the cross-section lines, formation contacts, and structural 

data for cross-sections A – E (modified from Google Earth). 
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3.3 Cross – Sections 

The geologic map from Google Earth was imported into Global Mapper® and the 

surface topography of each cross-section was generated using a cross-section tool.  

The cross-sections were adjusted to ensure no vertical exaggeration (1:1 ratio between 

vertical and horizontal scale).  The cross-section lines are shown in Figure 12. 

Once the surface topography was created the cross-sections were printed and 

each cross-section was hand drawn using data from the field, stereonet plots, and the 

formula    ( )     ( )     ( ) to find the apparent dip angle of the thrust fault and 

formations.  The formations and fault lines were extended above the topographic 

surface in order to interpret what the fault and formations looked like prior to erosion.  

Eight cross-sections were then scanned and inserted into Autodesk AutoCAD® 2014; 

five sections that cut across the fold, two that run along the axial surface, and one along 

the mouth of Alpine Gulch, extending toward Pole Creek Canyon.  Each cross-section 

was digitized and repositioned in 3D space for analysis.  The lateral cross-       

sections were used to make minor adjustments to the interpreted formations above the 

surface in order to more accurately represent the study area. 

3.4 Stereonet Analysis of Structural Orientation Data 

The field data consisting of the strike, dip, and rake were imported into Faultkin 7 

and Stereonet 9 to find, compare, and contrast various trends in the fault data.  For 

many of the measurements, two different approaches were used to determine the 

orientation of the slickenline; directly measuring the plunge and trend, and the 

measurement of the rake of the lineation in the plane of the fault, which uniquely 
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determines the orientation of the slickenline.  Several areas showed a difference 

between the two measurements to be greater than 10 degrees, especially in locations 

where the dip of the fault was steep and typically difficult to accurately measure the 

trend of the slickenline.  Therefore, the strike, dip and rake measurements were used to 

determine the orientation of the slickenline due to its accuracy in measuring the angle 

between the slickenline and the strike of the slickenside (as opposed to estimating the 

trend of high-angle slickenlines). Two types of stereonet plots were generated; (1) plots 

showing great circle traces of planes showing strike, dip, and fault movement trends, 

and (2) poles to the strike/dip curves.  The curves and fault movement indicators were 

generated in Faultkin and the poles were generated in Stereonet.  The stereonet data 

were initially broken up into three domains similar to the field data, separated into the 

forelimb, backlimb and nose of the Pole Creek Anticline.  The domains were then 

separated into geographic groups based on where the data were collected.  The 

forelimb was separated into groups 1 – 3, located along the fault in Pole Creek Canyon, 

near the ridge between Pole Creek Canyon and Alpine Gulch, and near the creek in 

Alpine Gulch; the backlimb was separated into groups 5 and 6, located north of the 

mouths to Alpine Gulch and Pole Creek Canyon, respectively; and the northwestern 

window remained as a single group.  This was done because certain patterns in the 

data were better defined in different portions of each domain.  The northwestern extent 

of the fault window was separated into three sections based on the northern most line of 

the fault trace; at the nose of the Pole Creek Anticline and the two fault line traces that 

connect to the forelimb and backlimb.  The data were grouped and analyzed in other 
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trends; however, the geographic orientation of the data showed the clearest picture of 

the shape and direction of movement of the Deadman Creek Thrust Fault. 
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CHAPTER 4 

DATA ANALYSIS 

The field work data were used to generate three analyses of the Deadman Creek 

Thrust Fault: (1) a geologic map; (2) a cross-section network through the major 

structure in the area; and (3) stereonet plots of the structural data from the area and 

interpretation of the fault orientation, movement, and folding patterns. Structural 

measurements included: 234 strike/dip measurements (taken on: 198 fault surfaces; 24 

mullions; 10 bedding planes; and 2 mafic dike contacts); 193 plunge/trend 

measurements; 221 rake measurements; and 210 Riedel stress fracture 

measurements.  The fault surfaces were the only features where the data were fully 

analyzed for this thesis, as the mullions, bedding planes and dike orientations differed 

significantly in trend from the fault orientation data, and did not provide additional 

consistent relationships.  There are also no unambiguous indications of tectonic fabric 

related to the Sangre de Cristo fault, and Rio Grande rifting in general.  Thus, the major 

interpretative results related to fault orientation and motion during the Laramide 

Orogeny. 

4.1 Map Generation 

The geologic map was generated primarily by following the Deadman Creek 

Thrust Fault trace, which was mapped out from GPS data collected in the field while 

tracking the thrust fault.  Each formation was mapped relative to the fault trace, based 

on data collected in the field.  The study area is underlain mostly by the Proterozoic 
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granodiorite and gneiss formations.  In areas along the Deadman Creek Thrust Fault 

there are outcrops of Harding Quartzite, along with Chaffee limestone in a few locations.  

The Harding Quartzite is shown along the trace of the thrust fault as thin, discontinuous 

outcrop belts, and is considered to be the best indicator of structural orientation and 

movement of the thrust fault because it was deposited prior to the Laramide Orogeny, 

but after any other major tectonic event in the area.  In some areas (for example, at the 

eastern end of the study area in Alpine gulch) the quartzite has been eroded away prior 

to tectonic activity or completely removed by thrusting during the Laramide Orogeny.  

On the geologic map (Figure 12), the Harding Quartzite (mapped together with the 

Chaffee limestone, where present, as the MDO rock unit) is very prominent in Deadman 

Creek Canyon.  Southeastward toward Pole Creek Canyon, the quartzite becomes 

thinner, with only thin slivers present along the Deadman Creek Thrust Fault.  The 

Paleozoic units are completely absent at the thrust fault contact in a number of areas 

between Deadman Creek Canyon and Alpine Gulch, and Alpine Gulch and Pole Creek.   

The absence of Paleozoic sedimentary rocks along much of the Deadman Creek 

Thrust Fault may simply reflect erosion or non-deposition of these units, as each is 

bound by unconformities.  Alternatively, the Paleozoic cover may have been removed 

by tectonic erosion during Laramide thrust fault movement.  The outcrop is sparse, and 

few contact exposures are present to differentiate these two interpretations 

In the southeastern part of the study area the window through the Deadman 

Creek Thrust Fault narrows northwestward into Pole Creek Canyon (Figure 12).  

Between Pole Creek Canyon and the ridgeline north of the canyon the window remains 

constant with each side of the fault trace remaining relatively parallel.  Once over the 
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ridgeline, the window widens into Alpine gulch, and continues to open into Deadman 

Creek Canyon.  

The southwestern portion of the Deadman Creek Thrust Fault trace (to the north 

of the Pole Creek Canyon mouth) trends northwestward over the ridgeline and into 

Alpine Gulch (Figure 12).  However, the trace changes direction as it nears the mouth of 

Alpine Gulch, and curves toward the west and southward.  It is presumed to make 

contact with the Sangre de Cristo Fault underneath the Quaternary alluvium (Qal).  

There is also a possible normal fault located in Pole Creek, just east of the study area, 

and two local faults that are located in the middle of the study area (north of the Pole 

Creek Canyon mouth) and that appear to penetrate through the gneiss.  .  

4.2 Cross – Section Analysis 

Five cross-sections were generated throughout the study area in order to 

describe the form of the Pole Creek Anticline, extending the structure into the 

subsurface as well as providing a model of the portion of the structure removed by 

erosion.  Figure 12 shows the locations of the cross-sections in the study area.  Cross-

section A – A’ crosses the anticline at the southern end of the study area near Pole 

Creek.  Cross-sections B – B’ through E – E’ are arrayed across the anticline northward 

through the study area toward Deadman Creek (Figure 13).  The blue represents gneiss 

(Xgn), the green represents the granodiorite (Xgd), and the red represents the MDO 

rock unit, primarily the Harding Quartzite (Oh).  The boundary between the darker colors 

and the lighter colors (for example the green) is the topographic surface, with the lighter 

colors representing the inferred, eroded rock formations.  All cross-sections cut the axial 

surface of the Pole Creek Anticline to give a good representation of the form of the 
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Figure 13:  2D view of cross-sections A through E facing south-southwest to north-northeast with the exception of 

cross-section C, which runs southwest to northeast.  The blue represents gneiss, the green represents granodiorite, 

and the red represents the MDO group, primarily Harding Quartzite.  The boundary between light and dark colors is 

the topographic surface, with the lighter colors representing the inferred, eroded rock formations.  The inclination of 

the cross-sections are the apparent angles.  The true angle is described in the thesis. 
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anticline.   They run south-southwest to north-northeast, with the exception of cross-

section C – C’ which runs southwest to northeast.  The base of each cross-section has 

a lower cutoff of 2,000 ft. elevation, and the upper limit is slightly higher than the highest 

point on the inferred trace of the Deadman Creek Thrust Fault.   

The cross-sections show the opening of the Pole Creek Anticline north-

northwestward through the study area as the folded fault goes through a transition from 

an isoclinal, overturned fold in Pole Creek Canyon to an open fold near Deadman Creek 

Canyon.  Cross-section A – A’ shows an isoclinal fold with an inter-limb angle of 

approximately 0°.  The axial plane is inclined to the northeast, with an inclination of 76° 

from the horizontal.  Cross-section B – B’ also shows an isoclinal fold; however, the 

inter-limb angle is 15° in accordance with the definitions of Fossen (2010).  The axial 

plane is more upright as the inclination is 80°.  In C – C’, the fold is tight, with an inter-

limb angle of 21° and the axial plane inclined at 80°.  D – D’ is a closed fold with an 

inter-limb angle of 35°.  The axial plane is nearly upright, inclining at 89°.  Cross-section 

E – E’ shows the fold still more open, with an inter-limb angle of 110°.  The axial plane 

changes dip directions and inclines to the southwest at an angle of 89°. 

There is an apparent matching syncline to the southwest of the Pole Creek 

Anticline.  This syncline is referred to here as the Alpine Gulch Syncline.  It can be seen 

clearly in cross-section C – C’, and dies out to the northwest just past cross-section D – 

D’.  The syncline appears to die out on the surface prior to reaching cross-section E – 

E’; however, the lack of outcrops between D – D’ and E – E’ in this area makes it 

impossible to further define the structure of the syncline with the available data.  Cross-
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section E – E’ does show an inferred representation of the Alpine Gulch Syncline within 

the subsurface. 

Using the geological map, data collected in the field, and placing the cross-

sections in 3D space, the structure of the eroded portion of the Pole Creek Anticline can 

be inferred.  Figure 14 shows all five transverse cross-sections in a 3D view.  Three 

additional cross-sections were generated approximately along the axial surface of the 

folds (two along the Pole Creek Anticline, and one along the Alpine Gulch Syncline) in 

order to tie the inferred formations above the surface topography together.  These 

figures are not included here because they did not provide any additional information to 

this thesis, and the structure was difficult to see when the cross-sections were present 

in the 3D model.  All the cross-sections are presented in appendix B. 

The hinge line between cross-sections A – A’ and B – B’ is inferred to be 

horizontal with a plunge of nearly 0° and a trend of 282°.  Northwest of cross-section B 

– B’ the hinge line remains horizontal, plunging at 0°, but the trend changes to 325°.  

The plunge and trend of the hinge line remains relatively constant until cross-section D-

D’ where it plunges at 8° and changes direction, trending at 296°.  Figure 14 shows the 

changes in plunge and trend of the hinge line.  It would be easier to infer these 

orientations if there were more folded surfaces to fully delineate the form of the 

structure.  In the absence of such data, these orientations are inferred after construction 

of a relatively consistent set of cross sections.  It is possible that the second change in 

trend between cross-section D – D’ and E – E’ is due to other structural complexities in 

the area.  It is not possible to offer a clear explanation for these changes in trend, and 

their existence is to some extent an artifact of the construction of these cross-sections.  
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Figure 14:  3D representation of cross-sections A – E: a) View of cross-sections 

looking north-northwest, and b) view of cross-sections looking west.  The hinge line 

identifies the bend in the fold. 
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It is hard to envision a consistent set of cross sections that does not show these 

changes, but it is equally hard to suggest what data could be gathered to better define 

the form and interpret the causes of these changes in trend. . 

4.3 Stereonet Analysis 

The data collected in the field, as well as data collected by David Lindsey, were 

imported into Faultkin 7 and used to generate a series of stereonet diagrams.  The fault 

was broken into various sections, as described in chapter 3.4.  The groupings of data 

are indicated in Figure 16.  The data were separated into categories of geologic 

features (as described in section 3.1).  The largest portions of measurements were the 

fault plane (slickenside), slickenline and Reidel fracture orientations used to deduce 

fault motion.  All stereonet plots have been included in Appendix C.  

The stereonet planes (representing slickenside surfaces) plotted with the arrow 

(identifying the direction of fault movement) on the concave side indicate reverse or 

thrust faulting (green arrows), planes with the arrow on the convex side indicate normal 

faulting (yellow arrows), and planes where the arrow is within forty-five degrees from the 

edge of the stereonet curve or less indicate strike-slip faulting (red arrows).  Virtually all 

motion sense indicators indicate some oblique slip, and the arrow colors indicate the 

predominant sense of fault motion. Groups 2, 3, and 4.3 (Figure 15) show the general 

motion of the Deadman Creek Thrust Fault. 

Pole Creek Canyon (group 1) contains seven measurements: three 

measurements indicating primarily thrusting motion, one plane with normal fault motion, 

and three planes with strike-slip motion (Figure 16).  The thrust fault plane strikes vary 

widely; one is to the west, dipping 34°, one strikes northwest and dips at 50°, and the 
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Figure 15:  Geologic map showing eight stereonet groups. Group 1 is in Pole Creek Canyon on the southeastern 

extent of the study area.  Group 2 is on the forelimb of the Pole Creek Anticline between Pole Creek Canyon and 

Alpine Gulch.  Group 3 lies on the forelimb in Alpine Gulch Canyon.  Group 4 is the northwestern edge of the window 

of the Deadman Creek Thrust Fault.  It is split into three sections; 4.1 is the eastern section, 4.2 is the northern 

section, and 4.3 is the western section of the window.  Group 5 is the data collected on the backlimb of the Pole Creek 

Anticline, north of the Alpine Gulch mouth.  Group 6 is the data collected on the backlimb of the anticline, north of the 

Pole Creek mouth (modified from Google Earth). 
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third strikes northeast and dips at 83°.  The normal fault plane strikes to the southwest 

and dips at 80°.  The strike-slip fault planes strike to the northeast and southwest with 

high-angle dips between 78° and 87°.  Direction of motion is mainly to the northeast with 

two planes showing motion to the southwest, and two showing motion to the southeast.   

 

Figure 16:  Stereonet plot of data collected on the eastern part of the fault in Pole 

Creek Canyon. 
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The two planes dipping northward are potentially influenced by the inferred fault 

in Pole Creek Canyon (Figure 15).  The high-angle fault planes are trending 

northeastward to southwestward.  This is a possible indication that the thrust fault 

curves into the vertical due to compressional forces along the fold’s axial plane, giving 

the fault a transverse motion.  Another interpretation could involve small transverse 

faults in Pole Creek Canyon.  Given the limited continuity of outcrop available in the 

area, as well as the ambiguity of the data, it is difficult to clearly distinguish the shape 

and direction of movement of the thrust fault within this group.  There is no recognizable 

offset in the fault position that would reflect strike-slip faulting.  To summarize, these 

data are puzzling, and no definitive interpretation can be made. 

Between Alpine Gulch and Pole Creek Canyon (group 2) there were nine total 

fault planes measured; six data measurements indicate normal faulting and three 

measurements indicate strike-slip faulting (Figure 17).  Four of the normal fault 

measurements strike to the southeast, and dip from 30° – 60°.  One measurement 

strikes southwest, dipping 72°, and one strikes east, dipping 42°.  The strike-slip fault 

planes strike to the southeast and dip from 12° – 58°.  Motion is generally 

southwestward, with two strike-slip measurements indicating southeastward movement.   

The slickenlines are better aligned in group 2 than they are in group 1 and show a 

clearer representation of the direction of motion of the fault (Figure 17).  The fault 

planes striking to the northwest and dipping to the southwest indicate a continuation of 

overturned beds from Pole Creek Canyon.  The fault also shows signs of out-of-syncline 

faulting.  An overturned thrust fault will continue to look like a thrust fault as the beds are 

presented upside-down.  In order to obtain a normal faulting pattern the fault needs to 
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be reactivated in the opposite direction (Figure 18).  As compressional forces were 

folding the Deadman Creek Thrust Fault, at some critical point in the fold (prior to being 

overturned) the fault may have reactivated and began moving in the opposite direction 

along the eastern limb of the fold.  Once the fault became overturned, motion indicators 

show a normal fault dipping to the west.  Another interpretation involves reactivation of 

the fault plane during the Rio Grande Rift.  However, the stereonet plots in groups 4.3 

 

Figure 17:  Stereonet plot of data collected between Pole Creek and Alpine Gulch. 
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and 5 (discussed later in this section) show a major direction of motion northeastward.  

Groups 4.3 and 5 are located closer to the Sangre de Cristo fault and would be 

expected to show significant signs of normal faulting if the fault were reactivated due to 

rifting.  The data do not show this, making the out-of-syncline faulting interpretation 

more plausible.  A more detailed discussion of this out-of-syncline faulting is located in 

Chapter 5. 

 

Figure 18:  Cartoon showing the folding of a fault after being reactivated by out-of-

syncline thrusting.  The yellow arrows show the original direction of the thrust fault 

motion, and the red arrows show the direction of fault reactivation.  As the 

reactivated thrust fault is being overturned, the new hanging wall shows downward 

shifting of the rock, suggesting normal faulting.  These cross-sections were an earlier 

representation of what was believed to be the structural shape of the anticline in the 

area prior to stereonet analysis. 
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In Alpine Gulch (group 3) eleven slickensides were measured.  Six 

measurements show thrusting, four show normal faulting, and one shows strike-slip 

faulting (Figure 19).  The thrust faults have a strike to the northwest with a dip of 58°, 

and between southeast and northeast, dipping from 30° – 69°.  Motion is primarily east-

northeastward, but one shows northwestward movement, another shows 

southwestward movement, and a third shows southeastward movement.  One of the

 

 

Figure 19:  Stereonet plot of data collected in Alpine Gulch. 
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normal faults strikes to the north, and the others strike south to northwest.  All the fault 

planes dip between 55° and 65°.  The fault motion is in all directions, showing 

movement to the east, northeast, west, and southwest.  The strike-slip fault plane 

strikes northeast, and dips at 70°.  The fault plane shows movement southwestward.   

Five of the eleven fault planes dip to the southwest, four dip to the southeast, and 

two dip to the northeast.  The southwestward and southeastward dipping planes 

indicate an overturned structure.  These planes are all located on the southern side of 

Alpine Creek.  The two planes dipping northeast indicate lack of overturning and are 

located north of Alpine Gulch Creek, displaying the northward opening of the Pole 

Creek Anticline.  It is unclear whether out-of-syncline faulting occurred due to the 

inconsistent movement among fault planes.  A possible explanation for the ambiguity of 

the data in this group involves an inferred thrust fault north of the study area, identified 

by Jonathan Caine of the USGS. 

Group 4 is the northwestern section of the thrust fault trace where it curves 

around the northwestern extent of the window, tracing the nose of the fold (Figure 15).  

The area is structurally complex and identifying the movement of the fault is difficult 

(Figure 20a).  Twenty-two measurements were taken around the nose of the trace.  A 

plunge and trend for the fold axis were identified by mapping the poles to the planes in 

the group.  The Pole Creek anticline, as inferred from these measurements, has a 

plunge of 8° and trends 306° near cross-section E – E’ (Figure 20b).  This coincides 

with the 3D model in Figure 14.  This trend of the fold axis as defined by poles to fault 

surfaces is one of the best-defined structural features in the thesis area.  Separating 

group 4 into east, north, and west sections (groups 4.1 – 4.3, respectively), the 
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Figure 20:  Stereonet plot 

of data collected on the 

northwestern edge of the 

Deadman Creek Thrust 

Fault window: a) Planes, 

and b) poles measured 

along the window.  Taking 

an average plane to the 

poles enables estimation of 

the plunge of the Pole 

Creek Anticline. 
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movement of the thrust fault is better identified.  However, the diverse orientations of 

measured surfaces, lines, and motion directions suggest that not all motion indicators 

can be interpreted as directly related to movement of the Deadman Creek Thrust Fault. 

Out of the twenty-two measurements taken in group 4, six were taken in group 

4.1, showing a change in direction in the movement of the Deadman Creek Thrust 

Fault.  One measurement shows thrusting, one measurement shows normal faulting, 

and four measurements show strike-slip faulting (Figure 21).  The thrust fault plane 

strikes to the southwest and shows a dip of 14°.  The normal fault plane also strikes to 

the southwest and shows a dip of 40°.  Three of the strike-slip fault planes strike to the 

northwest and one strikes to the southeast.  The dips range from 4° – 57°.  Five of the 

six fault planes show northwestward movement, with the thrust fault plane showing 

movement to the southeast.   

The general direction of motion in group 4.1 is to the northwest, toward Caine’s 

inferred fault.  This area is in the footwall of the inferred thrust fault.  The dip direction 

and direction of motion of the measurements in group 4.1 possibly indicates movement 

directly influenced by the inferred fault.  Further research will need to be conducted in 

order to identify this with certainty. 

 Group 4.2 shows seven fault measurements striking and dipping in various 

directions, with three measurements showing thrusting, one showing normal faulting, 

and three showing strike-slip faulting (Figure 22).  The thrust fault planes strike from the 

northeast to the southwest.  They range in dip from 30° – 76°.  The normal fault strikes 

to the northwest and has a dip of 27°.  The strike-slip fault planes strike from the 

northwest to the southeast.  They range in dip from 30° – 66°.  The general direction of 
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motion is northeastward, with one thrust fault plane showing movement southwestward, 

and the strike-slip fault plane showing movement southward.  The variable strike of the 

fault planes could be due to their position at the nose of the Deadman Creek Thrust 

Fault window.  However, the movement of the thrust fault is persistently shown to be to 

the northeast. 

 

Figure 21:  Stereonet plot of data collected in the eastern third of the northwest part 

of the Deadman Creek Thrust Fault window. 
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In Group 4.3, nine measurements were collected three measurements indicate 

thrusting, one indicates normal faulting, and five indicate strike-slip faulting (Figure 23). 

The thrust fault planes strike to the east and southeast. They range in dip from 18° –

51°.  The normal fault plane strikes to the southeast and dips at 45°.  The strike-slip

 

 

Figure 22:  Stereonet plot of data collected on the northern third of the northwest part 

of the Deadman Creek Thrust Fault window. 
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fault planes strike to the east and southeast and dip from 11° – 55°, with one striking to 

the southwest and dipping at 36°.  The fault planes display northward to eastward 

movement, with the majority showing movement to the northeast.  Two strike-slip 

measurements show a direction of motion northwestward, and the normal fault plane 

shows motion southwestward.   

 

Figure 23:  Stereonet plot of data collected on the western third of the northwest part 

of the Deadman Creek Thrust Fault window. 
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The strike, dip, and direction of motion measurements for the Deadman Creek 

Thrust Fault are more consistently aligned in group 4.3 than in groups 4.1 and 4.2 

(Figure 23), with strikes generally southeastward and the movement northeastward.  

This pattern is consistent with the data from Alpine Gulch and between Alpine Gulch 

and Pole Creek Canyon.  Because the limbs of an anticline are supposed to strike and 

dip in opposite directions, identifying the same strike and dip trends identifies the 

anticline as overturned in Alpine Gulch and further south, through Pole Creek Canyon. 

Group 5, consisting of nineteen measurements, is located along the western 

section of the Deadman Creek Thrust Fault just north of the mouth of Alpine Gulch.  

Five measurements indicate thrusting, two indicate normal faulting, and twelve indicate 

strike-slip faulting (Figure 24a).  The thrust fault measurements vary in strike from south 

to southeast.  The fault planes dip between 11° and 68°.  Three measurements show 

northeastward movement, and two show southeastward movement.  The normal fault 

measurements strike to the north and east.  The fault planes all dip at approximately 10° 

– 30°.  The direction of motion is eastward and southward.  The strike-slip fault 

measurements vary in strike direction all around the stereonet plot.  Seven of the fault 

planes strike to the east and southeast, two strike to the northeast, two strike to the 

northwest, and one strikes to the southwest.  There are three main groups of strike-slip 

dips.  There are low-angle dipping planes from 14° – 28°, moderate-angle dipping 

planes from 50° – 70°, and high-angle dipping planes from 60° – 70°.  The low- and 

high-angle dipping planes are closely grouped together with similar strike; whereas, the 

moderate-angle dipping planes are varied in strike orientation.  Eleven of nineteen fault 
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Figure 24:  Stereonet plot 

of data collected on the 

western part of the fault, 

north of the Alpine Gulch 

mouth: a) shows the 

thrust, normal, and 

strike-slip fault planes, 

and b) shows the plunge 

of the Pole Creek 

Anticline. 
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planes show a prominent direction of motion from the east to the northeast, although 

motion to south, west and north does occur.  

At first look, the data appear to lack a consistent fault direction or movement 

sense (Figure 24a).  However, plotting the poles to each plane, and defining the best fit 

great circle to these poles indicates the possible presence of a second fold structure for 

which the plunge and trend can be identified (Figure 24b).  This fold can be seen in 

cross-sections C – C’ and D – D’ to the southwest (Figure 14). The Alpine Gulch 

Syncline plunges at 13° and trends to the southeast at 167°.  To the northwest between 

Pole Creek Canyon and Alpine Gulch, the syncline becomes less prominent and may 

disappear northwest of the Alpine Gulch Canyon, prior to reaching the Deadman Creek 

Canyon mouth.  As with the data in Group 4, the delineation of the folded structure is 

the least ambiguous feature of this dataset.  There is a preponderance of movement 

directions toward the east to east-northeast, but there is substantial diversity in the fault 

orientation and type. 

Group 6, comprising thirty-four measurements, is located along the western 

section of the thrust fault just north of the mouth to Pole Creek Canyon.  The area is 

structurally complex (Figure 25) and there is no evident trend in the strike, dip, or 

movement of the thrust fault.  The planes have been broken up into two groups, low-

angle fault planes and high-angle fault planes (Figure 26).  The low-angle fault planes 

are weakly oriented (Figure 26a) and show a wide range of dips, ranging from 20° – 

75°.  The high-angle fault planes, with dips ranging between 75° and 90°; however, 

have a strong strike orientation (Figure 26b).  The strike orientations for the high-angle 
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fault planes are to the southeast and west-southwest.  These planes show six 

measurements indicating thrusting, four measurements indicating normal faulting, and 

three measurements indicating strike-slip faulting.  Four of the thrust fault planes are in 

the southeast striking set and show movement northwestward and southeastward.  Two 

measurements are on the plane striking west-southwest and show movement eastward.  

All four normal fault planes are in the set striking west-southwest, with two 

 

Figure 25:  Stereonet plot of data collected on the western part of the fault, north of 

the Pole Creek Canyon mouth as planes. 
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Figure 26:  Stereonet plot of 

data collected on the 

western part of the fault, 

north of the Pole Creek 

Canyon mouth separated 

into a) low-angle faults and 

b) high-angle faults. 
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measurements moving north-northeastward and two moving west-southwestward.  Two 

of the strike-slip fault planes are in the southeast striking set and show opposing 

movement directions northwestward and southeastward, and one falls on the west-

southwest striking set, showing a direction of motion eastward.   

The difference in strike between the two sets of planes is approximately 69°.  The 

southeast oriented fault plane set shows the fault planes moving toward the center on 

either side of the set, indicating compressional forces.  The west-southwest oriented 

fault plane set shows a primary motion away from the center of the circle on either side 

of the set, indicating extensional forces.  These observations (combined with the 

variation in the strike of the fault planes), places the maximum compressional stress 

trending northwest – southeast.  These stresses are not consistent with the movement 

of the Deadman Creek Thrust Fault, but may be influenced by the local faults found in 

the study area and near Group 6.  The ambiguity of all other data in Group 6 provides 

no consistent pattern and makes it impossible to understand the structure with the 

current data available (Figures 25 and 27).  Further research is needed to determine the 

relationship, if any, of the various fault planes in this area. 
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Figure 27:  Stereonet plot of data collected on the western part of the fault, north of 

the Pole Creek Canyon mouth as poles. 
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CHAPTER 5 

DISCUSSION 

The Pole Creek Anticline (and the Deadman Creek Thrust Fault, the trace of 

which best defines the fold in the study area) is interpreted as the product of a curved 

blind fault propagating toward the surface (possibly from a deeper detachment fault). 

This interpretation defines the anticline as a listric fault-propagation fold.  A fault-

propagation fold is defined by Fossen (2010, p. 320) as, “Folds that form ahead of a 

propagating fault tip” (Figure 28).  He continues to explain the fold by stating, “…many 

reverse and thrust faults form a ductile fold zone around their tips as they form or 

propagate.  The tip-fold zone is particularly well developed where thrust faults affect 

non- and low-metamorphic sedimentary rocks.  The fold associated with the fault tip is a 

fault-propagation fold (Fossen, 2010, p. 320).”  The term “listric” is derived from the 

Greek word “listros” which means spoon shaped.  Therefore, a listric fault-propagation 

fold is caused by a propagating fault in which the fault has a downward flattening curve 

from the fault tip.  This forms more concentric folded layers, as opposed to chevron 

folds that are formed with a straight propagating fault (Figure 28). 

Fault-propagation folds have a growing forelimb, a growing backlimb, and a flat 

(or rounded in the case of listric faults) crest at the top (Figure 28b).  As the fault 

continues to propagate toward the surface the crest becomes smaller in length until it is 

replaced with a point or sharp curve in the latter stages of the fault (Figure 28b-e).  

Once the crest is gone the forelimb becomes passive and the fold transitions from 

asymmetric to overturned as the backlimb continues to grow. 
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Figure 28:  Cartoon showing the progression of a fault-propagation fold.a) Overlying 

beds prior to blind fault changing directions and propagating toward the surface.  

Figure b) – d) progression of the fault as it moves toward the surface, identifying a 

growing forelimb and backlimb.  e) Fault as it nears the surface and the forelimb 

becomes passive and overturned (modified from Fossen, 2010). 
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As with all faults, the fault-propagation fold is a three dimensional structure that grows in 

all directions.  The fault starts in a centralized location and expands vertically 

(displacement) and laterally (length) (Figure 29).   Figure 29 is a representation of a 

normal fault below a displacement profile.  The same characteristics pertain to reverse 

faults.  The center part of the fault typically shows a maximum displacement and the 

amount of displacement gradually decreases along the fault until there is no visible 

displacement.  This is referred to as the “tip point” (Fossen, 2010).  There are three 

main profiles for fault displacement; (1) the point style fault, (2) the bell style fault, and 

(3) the plateau style fault.  These displacement profiles are shown in Figure 30 a-c, 

respectively.  The point style profile has a narrow maximum displacement and plunges 

steeply on either side until reaching the tip point.  The bell style profile looks like a bell 

curve.  The center of the profiles expands out laterally with a low-angle plunge.  About 

half way on either side of the maximum displacement the

 

 

Figure 29:  Cartoon depicting the relationship between vertical displacement and 

lateral expansion of a normal fault (modified from Fossen, 2010). 
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plunge begins to steepen until it is close to the tip point where it begins to flatten out.  

The third profile, the plateau style, is the longest of the profiles and is the profile used 

for this fault-propagation fold model.  The profile extends out on either side of the 

maximum displacement with little to no plunge.  Approximately two-thirds of the way to 

the tip point the profile begins to plunge more steeply before flattening out again to the 

tip point. 

 

Figure 30:  Cartoon showing three fault displacement profiles identifying a) point 

style, b) bell style, and c) plateau style fault displacement (modified from Fossen, 

2010). 



68 
 

It is unclear when the propagating fault began; however, it would presumably 

have originated during a time of compressional tectonics.  The Deadman Creek Thrust 

Fault formed first, during the Laramide Orogeny.  Following the formation of the 

Deadman Creek Thrust Fault (or toward the end of that tectonic event), but still during 

the Laramide Orogeny, a fault began to form and propagate toward the surface that 

folded the Deadman Creek Thrust Fault into its current form.   

Cross-sections A – A’ through D– D’ are examples of the latter stages of the 

fault-propagation fold.  The Pole Creek Anticline is overturned with the limbs 

approximately parallel, making the fold tight to isoclinal (Figures 13, 14, 16, & 17).  The 

eastern limb of the fold represents the passive forelimb, and the western limb is the 

growing backlimb, as shown in Figure 28e.  The apparent plunge of 0° (Figure 14) 

suggests that cross-sections A – A’ through D – D’ are in a plateau of fault offset, like 

that shown in  Figure30c.  However, the complexities apparent in the full suite of data 

(including significant indications of strike-slip and oblique motion) make detailed 

description of the inferred blind thrust difficult.  The presence of a blind thrust 

propagating upward beneath the Deadman Creek Thrust Fault is an inference drawn 

from the form of the fold as constructed in the cross sections. 

Another interpretation for the driving mechanism of the Pole Creek Anticline and 

Alpine Gulch Syncline is that it reflects disharmonic, asymmetric folds, folding the 

Deadman Creek Thrust Fault above a detachment surface (also inferred) deeper in the 

subsurface.  As the fault progresses and continues to displace, the overlying beds begin 

to fold into asymmetric and overturned folds (Figure 31).  However, the fold as defined 

in the cross-sections constructed here is largely concentric in form (Figure 14), and 
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concentric structures generally require a blind propagating fault to preserve geometry at 

depth.  Thus, an interpretation of the folds as disharmonic folds above a detachment 

surface might require a different construction of the cross-sections.  Lindsey’s structural 

map (1986c) also shows similar thrust fault trends to the northeast of the study area that 

could represent detachment faults that have propagated to the surface.  A different 

cross-sectional model showing more chevron shaped or similar folds would potentially 

provide a better argument for disharmonic folding of the rock layers in the study area.  

The major folded rock units (the gneiss and granodiorite) do not provide horizons that 

might define more clearly which form the fold actually takes.  Therefore, there is no 

distinguishing evidence of either interpretation and the disharmonic folding interpretation 

cannot be ruled out. 

 

Figure 31:  Cartoon of a plow truck pushing a pile of snow.  This cartoon illustrates 

the formation of disharmonic folds overlying a series of detachment faults within a 

compressional regime. The folding represented in this figure does not appear to be 

driven by propagating faults (modified from Norton, 2004). 
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It may be possible to draw a set of cross-sections consistent with all of the data, 

but with more chevron-shaped folds, which could be interpreted as occurring above a 

propagating fault that was not listric.  This would simply be a variant of the primary 

interpretation presented above.  Mapping in the extension of the Pole Creek Anticline to 

the southeast (Johnson et al., 1989) clearly indicates complex stacking of multiple 

thrusts, but does not provide unambiguous data to support either of these two main 

options. 

The main direction of motion of the Deadman Creek Thrust Fault is 

northeastward.  Groups 1, 3, and 4.3 (Figures 16, 19, and 23) show a dominant 

direction of motion.  Group 2 (Figure 17) appears to be moving in the opposite direction, 

but because the fault is overturned the motion indicators would be expected to be 

reversed.  Group 2; however, shows possible signs of out-of-syncline faulting (Figure 

18). The cross-sections show an inferred syncline to the northeast of the Pole Creek 

Anticline. The primary alternative to the existence of the matching syncline would be an 

additional thrust fault, which has not been identified.  Out-of-syncline faulting originates 

in the core of a syncline and slip occurs within the hinge zone, roughly parallel to the 

axial plane of the syncline or along the forelimb or backlimb of a fold (Mitra, 2002).  The 

most important mechanism in the formation of an out-of-syncline fault is the increase in 

curvature toward the core of the syncline.  Differential strain between the surrounding 

units and the Deadman Creek Thrust Fault is also a contributing factor in forming the 

out-of-syncline fault.  The Deadman Creek Thrust Fault is likely to have been a zone of 

weakness, so that out-of-syncline faulting occurred along it, and on the forelimb of the 

Pole Creek Anticline.  Signs of out-of-syncline faulting are diminished in Group 3 (two 
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normal faults showing out-of-syncline characteristics) (Figure 19), even though the fold 

is still very tight, and overturned.  This difference may relate to the reorientation of the 

fold axis in this area, and will be discussed below.  

Within the study area, the form of the Pole Creek Anticline in cross-sections D – 

D’ and E – E’ show the effect of the decrease in offset of the propagating blind thrust 

fault as it nears the tip point (Figure 14).  There is a progressive opening of the Pole 

Creek Anticline to the northwest.  The anticline transitions from being overturned in 

cross-section D – D’, to an open fold in cross-section E – E’.  Both the forelimb 

(northeastern) of the anticline and the backlimb (southwestern) are decreasing in dip.  

The forelimb has a greater change in dip than the backlimb, identifying the middle to 

earlier stages of the fault-propagating fold.  The axis of the anticline, which is apparently 

horizontal south of this point, plunges at approximately 8° from D – D’ to the north.  The 

horizontal plunge of the southeastern portion of the fold is inferred from the cross 

section model, as the structural data in this area are almost entirely from the forelimb of 

the fold.  The 8° plunge inferred from the cross sections is supported by the structural 

data in Group 4.  At this time, the available data do not provide an unambiguous 

interpretation for the change in plunge.  However, the opening of the fold northward, 

and the plunge of the fold are consistent with a decreasing degree of offset on the 

propagating fault (Figure 30c).   

Displacement on the fault decreases from the central point (Figure 30) toward the 

fault tip.  The decrease in displacement results in a decrease in intensity of folding of 

the overlying rock, and causes the Pole Creek Anticline to open and plunge to the 

northwest.  Another possibility for the plunge of the anticline is a deepening of the 
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propagating fault as it extends toward the northwest, which would require a thickening 

of the preserved portion of the thrust plate overlying the propagating fault.  With more 

overlying rock above the propagating fault it would result in a decrease in the folding 

intensity of the overlying rock units.  A firm understanding regarding the opening and 

plunging of the Pole Creek Anticline is still not available. 

There is no unambiguous structural interpretation concerning the fold axis 

reorientation between cross-sections B – B’ and C – C’, and between cross-sections D 

– D’ and E – E’.  The change in direction is inferred from the constructed cross sections 

in the portion of these sections lying above the topographic surface.  Thus, it is not a 

topographic effect.  One possibility would be that it results from rotation of the Deadman 

Creek Thrust Fault by other faulting in the region.  The B fault (mentioned in chapter 2) 

could be propagating toward the southeast, past Deadman Creek Canyon, and 

contribute to the change in direction of the hinge line (a possible relay ramp). Offset 

along transverse faults between cross-sections B – B’ and C – C’ on the one hand, and 

D – D’ and E – E’ on the other, striking to the southwest-northeast, and with opposite 

offset directions could also produce these changes.  A right lateral shift between cross-

section B – B’ and C – C’, followed by a left lateral shift between cross-sections D – D’ 

and E – E’, would contribute to the shift in the hinge line in the Pole Creek Anticline.  A 

third possibility takes into consideration a second propagating fault to the south of the 

Pole Creek Anticline.  This fault could show an increase in displacement, causing the 

southeastern portion of the hinge line to bend counterclockwise, but does not account 

for the second bend to the northwest.  Regardless of the cause (or combination of 

causes) of the reorientation of the fold axes, the structural event most likely occurred 
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during the Laramide Orogeny because this is the major regional post-Paleozoic 

compressional tectonic event. 

The syncline seen at the edge of cross-sections C – C’ and D – D’ is located 

around the mouth of Alpine Gulch.  The syncline is not well understood but could have 

similar characteristics to the Pole Creek Anticline.  Another propagating fault could have 

formed farther south (potentially also causing the bend between cross-sections B – B’ 

and C – C’) and the tip point of that fault would be northwest of cross-section D – D’, 

pressing the Alpine Gulch Syncline between the additional propagating fault and the 

Pole Creek Anticline propagating fault.   However, record of this faulting and folding 

would be buried under the younger sediment west of the Sangre de Cristo Fault. 

  



74 
 

 

CHAPTER 6 

SUMMARY AND FUTURE RESEARCH 

The Sangre de Cristo Mountain Range is located in southern Colorado and 

northern New Mexico.  The mountain range has gone through several tectonic events, 

ranging from uplift and erosion of previous mountain ranges, uplift of the Sangre de 

Cristo Mountains, and structural deformation and intrusion throughout the mountain 

system.  During the Laramide Orogeny (80 – 40 Ma) a series of low- and high-angle 

reverse faulting events uplifted the mountain range and thrust the Proterozoic 

metamorphic rocks over the Paleozoic rocks due to east-west directed compressional 

forces. 

Within the study area, several structural units can be identified on the surface.  

The basement rock, the Proterozoic gneiss and granodiorite, is seen overlying 

Ordovician Harding Quartzite and, in localized areas, Devonian Chaffee Limestone, 

along an overriding thrust sheet defined by the Deadman Creek Thrust Fault.  The area 

has been eroded to the point where the over-thrust sheet of gneiss has been eroded 

away, along with all younger rock units, and exposes the Harding Quartzite and 

granodiorite in windows at the crest of the Pole Creek Anticline. 

The thesis was broken down into four main efforts in order to identify and 

understand the structural complexity of the study area.  The thrust fault within the study 

area between Deadman Creek Canyon and Pole Creek Canyon comprises a complexly 

folded structural setting primarily deforming relatively massive Precambrian crystalline 
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rocks.  It is a concentric anticline that is open in the northern part of the area, tightening 

and closing to an isoclinal, overturned fold over the distance of two miles.  The folding of 

the rock layers is interpreted as being caused by a listric propagating thrust fault 

beneath the surface.  The fault extends from the southeast, propagating toward the 

northwest, and changing direction around the ridgeline between Alpine Gulch and Pole 

Creek Canyon, and in Alpine Gulch.  A secondary syncline is forming to the west of the 

Pole Creek Anticline.  This, and a related anticline, now buried beneath the San Luis 

Valley, could be caused by a second propagating fault following roughly parallel to the 

primary propagating fault. 

The data gathered in this study show remarkable diversity of fault orientation, 

fault type, and motion direction, making unambiguous interpretation challenging.  

Additional minor structures, such as the minor reverse faults near the Pole Creek 

mouth, a small normal fault in Pole Creek Canyon, and the inferred thrust fault identified 

by Jonathan Caine, as well as the southeastward plunging Alpine Gulch Syncline add to 

the complexity of interpretation, raising questions that have not been resolved in this 

study.  Because there were no fault motion indicators identified in the younger mafic 

and felsic intrusive rocks in the area, it is not possible to identify any fault motion that 

can be directly connected to the Sangre de Cristo Fault and Rio Grande rifting in 

general.  Some complexity in the stereonet data from the older rock units may be 

related to this motion.  

6.1 Further Study and Research Development 

With the structural complexity of this area there is a great deal of further research 

that needs to go into understanding the geology of the Pole Creek Anticline.  Jonathan 
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Caine of the USGS has made extensive observations in Deadman Creek Canyon, 

revealing the complexity of the structure in the northern part of the Pole Creek Anticline.  

Connecting these observations to the data collected on the northwest part of the thrust 

fault in this area, would make a valuable contribution to understanding what is 

happening to the thrust fault between Deadman Creek and Alpine Gulch.   

An extensive study of the Alpine Gulch Syncline would be beneficial in 

understanding the folding mechanisms, not only with the syncline itself, but also how the 

Sangre de Cristo Fault affected both the Alpine Gulch Syncline and the Pole Creek 

Anticline.  Further research in this area will also allow a better understanding about what 

is going on with the localized faults north of the Pole Creek Canyon mouth. 

Along the ridgeline between Pole Creek and Alpine Gulch there were areas on 

both sides of the Pole Creek Anticline that appeared to produce “slivers” of the footwall 

on top of the hanging wall.  This cycle has been seen to repeat two or three times and 

more observation and additional analysis will help to better identify the tectonic structure 

of the area. 

The Deadman Creek Thrust Fault trace changed direction sharply in the eastern 

corner of the study area.  Further research of this area in order to understand the 

properties of the change in direction could identify additional local faults. 

Lastly, extending the research toward the southeast and following the trace of the 

Deadman Creek Thrust Fault along both limbs of the Pole Creek Anticline might identify 

further complexities, as well as additional insights, into the geologic structure of the 

area, as it did between Deadman Creek Canyon and Alpine Gulch.  Also, extending the 
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study to the east would help to verify the observations and interpretations made by 

Jonathan Caine and within this thesis. 
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Appendix A:  Cross – Sections 

 

 

 

Figure A – 1: Location map of all cross-sections 
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Figure A – 2:  Cross-Section A – A’ Figure A – 3:  Cross-Section B – B’ 

Figure A – 4:  Cross-Section C – C’ Figure A – 5:  Cross-Section D – D’ 
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Figure A – 6:  Cross-Section E – E’ 

Figure A – 7:  Cross-Section F – F’ 
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Figure A – 8:  Cross-Section G – G’ 

Figure A – 9:  Cross-Section H – H’ 
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Appendix B:  Stereonet plots 

 
Figure B – 1: Location Map of all Stereonet plots 
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Group 1 

      

 

 

 

 

 

 

Figure B – 2: Planes and direction of motion in Pole Creek Canyon and associated poles. 
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Group 2 

      

 

 

 

 

 

 

 

Figure B – 3: Planes and direction of motion between Pole Creek Canyon and Alpine Gulch and 
associated poles. 
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Group 3 

      

 

 

 

 

 

 

 

Figure B – 4: Planes and direction of motion in Alpine Gulch and associated poles. 
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Group 4 

      

Figure B – 5: Planes and direction of motion around the northwestern section of the thrust fault and 
associated poles. 
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Figure B – 6: Plunge and trend of the Deadman Creek Folded Thrust Fault. 
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Figure B – 7: Planes and direction of motion in group 4.1 and associated poles. 
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Figure B – 8: Planes and direction of motion in group 4.2 and associated poles. 
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Figure B – 9: Planes and direction of motion in group 4.3 and associated poles. 
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Group 5 

      

Figure B – 10: Planes and direction of motion of the western section of the thrust fault, north of the 
Alpine Gulch mouth and associated poles. 
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Figure B – 11: Plunge and trend of the secondary fold using the poles from group 5. 
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Group 6 

      

 

 

Figure B – 12: Planes and direction of motion of the western section of the thrust fault, north of the Pole 
Creek Canyon mouth and associated poles.  The poles have been grouped into four areas with an 
average plane associated with the poles. 
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  Figure C – 13: High-angle planes and low-angle planes of the western section of the thrust fault, 
north of the Pole Creek Canyon. 
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Appendix C:  Field Data 

 Spreadsheet containing structural information for all data collected and analyzed 

as part of this thesis.  Refer to Chapter 3.1 for description of data collection procedures.  

The spreadsheet is in Microsoft® Excel 2010 format. 


