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ABSTRACT

The Late Cretaceous Niobrara Formation is a productive unceentional hydrocarbon
system throughout the Denver Basin. Alternating chalk and ma units of the Smoky Hill
Member act as a source, reservoir, and seal for the Niobraramméeum system. The Niobrara
has attracted attention from operators after advances in dling and production technologies
have made Niobrara oil and gas economic. The focus of this sjudims at achieving a
complete understanding of fracture types, fault charactestics, and fault systems in Niobrara
outcrop using modern technology.

Outcrop analysis across western Kansas indicates the pnese of a polygonal fault system
(PFS) within the Niobrara. Unmanned aerial vehicle (UAV) data wascollected, developed
into 3D models, and interpreted to identify fault and joint aientations, geometries, and re-
lations across the study area. Polygonal and structurallgeactivated faults were observed in
outcrop. Non-tectonic polygonal faults display random ori@ations, dip-slip normal faults,
are characteristically layer-bound, and are una ected by @pmechanical variation. Limited
outcrop and exposure bias result in a general SE-NW trend forolygonal strike orienta-
tions; however, increased data and hangingwall slip direchs con rms the presence of a
non-tectonic fault system at Castle Rock, Kansas. Structaily-reactivated polygonal faults
originate from fourth-order structural in uence or tectonic events and display common an-
tithetic faults, brecciation zones, fracture swarms, andhanges in fault plane geometries
across geomechanical boundaries in the chalk and marl intals. Data indicates the pres-
ence of two or three joint sets at most eld locations. Stablesotope results of host rock and
calcite fault Il samples indicates meteoric in uence. Stuctural analysis of the UAV models
resulted in accurate measurements. Applications for UAVs shloube incorporated into all
facets of geological research including structural geolpgtratigraphy, sequence stratigraphy,

sedimentology, mineralogy, and eld mapping.
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CHAPTER 1
INTRODUCTION

Recent advances in hydrocarbon production technology haepened new opportunities
for operators to produce hydrocarbons from unconventiongletroleum systems. With im-
provements in horizontal drilling and multistage hydraulc fracturing technology, operators
can now explore asset opportunities that would have previsly been uneconomic a decade
ago. One such asset opportunity lies in the geologic units tife Denver Basin. Increased
interest in the unconventional hydrocarbon plays within tle Denver Basin has led to the
production of oil and gas from Cretaceous-aged sediments.

The Late Cretaceous Niobrara Formation is a series of altertiag chalk and marl units
that creates a self-sourced unconventional petroleum sgst. The Niobrara Formation is
divided into two members: the Smoky Hill chalks and marls andhe Fort Hays Limestone.
The marl intervals of the Niobrara contain higher concentrabns of organic matter, driving
the generation and expulsion of hydrocarbons into the sumading chalk reservoirs. Chalks
are composed of 70% or greater calcium carbonate while themsaange in calcium carbonate
content from 30% to 70% (Sonnenberg, 2016). Clay, silt, andganic matter account for the
rest of the mineral constituents of the Niobrara. Operatorsoicus their e orts on producing
oil and gas primarily from the B and C chalk intervals of the Nibrara (Sonnenberg, 2016).

To economically produce oil and gas from unconventional egsoirs, natural and induced
fracture systems play a key role in the migration and extraain of hydrocarbons. Due to
high calcium carbonate composition in the chalk units, the rittle chalk reservoirs of the
Niobrara are highly suited for fault formation and the propagtion of hydraulically-induced
fractures. The origin of natural faulting and fracturing wihin the Niobrara Formation
has been debated over the past several decades. New inteigtiens and hypotheses are

consistently the product of advances in data acquisition édnologies and increased quality



of three-dimensional (3D) seismic data. Several hypothes@cluding listric faulting, wrench
faulting, and polygonal faulting have all been proposed aseauohanisms for fault systems
that are present in the Niobrara Formation (Davis, 1985; Sorenberg and Underwood, 2013;

Weimer, 1980).
1.1 Purpose and Objectives

The purpose of this study is to gain a better understanding dfliobrara Formation fault
systems at several outcrops in Kansas and the Holcim Portlan@uarry in southern Col-
orado. Comparison of the observations found in Kansas and I6ado outcrops may lead
to further development and interpretation of a fault systemmodel for Niobrara rocks of the
Denver Basin. Ultimately, making and building additional olservations and interpretations
potentially could help determine the in uence of normal faliing on hydrocarbon production
in Niobrara plays.

The primary objectives for this study include:

Compare and contrast the fault and fracture styles seen in saus outcrop locations

of the Niobrara;
Compare eld observations with previously published modsj

Help establish geological research methods for UAV technojog
1.2 Study Area Locations

The outcrops researched for this study are located in westeKansas and southern Col-
orado. Five outcrop locations in Kansas are in four countiemd one outcrop in Colorado
is located at a limestone quarry in Penrose, Colorado (Figutel). Smoky Valley Ranch is
located in Logan County, Kansas; Monument Rocks and CastleoRk are located in Gove
County, Kansas; Cedar Blu s is located in Trego County, Kanas; and road cuts around

Stockton, Kansas are located in Rooks County (Figure 1.1). AKansas outcrops are lo-



cated on public land. Access for the Portland Quarry west of Pido, Colorado was granted
by the mine manager after completion of site-speci ¢ safetyaining.

The Niobrara Formation is a regionally-extensive rock unitad outcrops of the Niobrara
can be found across the Colorado Front Range, southern anduowestern Colorado, and
the northwestern quarter of Kansas (Figure 1.2). Field locatns for this study focused
in particular on nding exposures of vertical outcrop. Verical exposures of the Niobrara
provide the best sense of fault o set, fault orientation, ad joint sets. Additionally, long
exposures increase the probability of exposing multiple dttis. Multiple faults exposed in
one outcrop may increase the understanding of fault interdons and the overall trends of

the entire fault system.
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Figure 1.1: Geographic map of southeastern Colorado and werst Kansas displaying the
locations of outcrops in yellow stars. The Portland Quarrys approximately 230 miles east
of Monument Rocks, Kansas (Google, 2017).
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2017).



CHAPTER 2
GEOLOGIC FRAMEWORK

The geologic history of the Western Interior Seaway, Denv@asin, and Niobrara Forma-
tion have been the subjects of extensive research across Recky Mountain and Western
Plains regions. This chapter will discuss the general gegloof the Denver Basin, an overview

of Late Cretaceous stratigraphy, and Niobrara source and mwoir rocks.
2.1 Regional Geology

The Late Cretaceous Period in North America was dominated by aonth-south oriented
epicontinental Western Interior Seaway (WIS) that stretchd from the modern Arctic to
the Gulf of Mexico (Figure 2.1). Formation of the Rocky Mount&s helped develop the
asymmetric Denver Basin, which covers almost 70,000 squargles of northern and east-
ern Colorado, northwest Kansas, western Nebraska, and soa#st Wyoming (Figure 2.2,
Figure 2.3). Traditionally, hydrocarbons in the Denver Basi were produced from conven-
tional accumulations in Permian and Cretaceous sandstonéke the Lyons Sandstone, D
Sandstone, and Muddy J Sandstone. With the recent advances dhilling and completion
technology, unconventional accumulations of hydrocarbsrhave renewed interest in oil and
gas production of tight reservoirs and source rocks withirhe Denver Basin. The US Energy
Information Administration (2015) estimated proved resergs of 512 million barrels of oil in
the Niobrara play of the Denver Basin.

The Western Interior Seaway is structurally constrained tahe west by the Cretaceous
Sevier Orogenic Belt and to the east by passive continentatust. The Denver Basin is
constrained to the northwest by the Hartville Uplift, to the northeast by the Chadron-
Cambridge Arch, to the southeast by the Las Animas Arch, and to th west by the Colorado
and Laramie Front Range (Sonnenberg, 2016; Sonnenberg aneikver, 1981) (Figure 2.2).

The majority of structural features located within the Denwer Basin are attributed to the



Laramide Orogeny, which occurred during the late CretacesuPeriod and early Cenozoic Era
(Kau man, 1977; Longman et al., 1998). Laramide mountain bilding events in conjunction
with sediment loading created the asymmetric geometry of éhDenver Basin and also con-
tributed to coarse siliciclastic sedimentation on the westn margin of the basin (Figure 2.3).
Finer-grained clastic sediments from the western margin wetransported by currents and
deposited as silts and shales on the gently-dipping eastgoortion of the basin (Longman
et al., 1998) (Figure 2.4).

The structural history of the Denver Basin is important bothfor knowing how the basin
developed and also for identifying areas for hydrocarbon @gration and production. The
tectonic history of the basin can be traced back to the Late P@sylvanian Period as sub-
stantial clastic sedimentation eroded from the Ancestral Riky Mountains. This shedding of
material caused initial sediment loading and subsidence dime western margin of the basin;
however, the majority of deformation can be attributed to tle Laramide Orogeny where ma-
jor deformation occurred and de ned the asymmetric geometrthat is recognizable today.
The eastern margin of the basin dips approximately 0.5r less to the west and the western
margin is bounded by Front Range thrust faults. Structural omplexities and previous work

are discussed in more detail in Chapter 3.
2.2 Late Cretaceous Stratigraphy & Depositional Environment

The epicontinental Western Interior Seaway was a product adverall high eustatic sea
levels and tectonic activity which produced an extensive gsimetric interior cratonic basin.
In addition, tectonic activity to the west of the WIS and overdl passive margin tectonics to
the east helped contribute to the development of diverse stiigraphic units. ?? illustrates
this diversity of stratigraphy that envelops the Niobrara Fomation.

The Niobrara Formation was deposited within the Western Inteor Seaway approximately
89.5 to 82 million years ago between the early Coniacian andrly Campanian stages of
the Late Cretaceous Period. The Niobrara is approximately 80ft thick in most areas of

the Denver Basin and is composed of two members: the Smoky Hilhalk and Fort Hays



Limestone. The Fort Hays Limestone is the basal chalk unit olhe Niobrara with greater
than 95% carbonate content. The Smoky Hill Chalk is divided o three primary intervals:
the A chalk and marl, the B chalk and marl, and the C chalk and m@ (??). Although
dominantly composed of chalk and marl intervals, the Niobrar also contains occasional
shales and sandstones (Landon et al., 2001).

Deposition of the Niobrara occurred during normal marine calitions, in a period of
highstand sea level, and in an oxygenated water column. Higasd conditions allowed for
decreased clastic sedimentation into the seaway and highygen levels created a favorable
environment for high rates of carbonate sedimentation in #hform of coccoliths, planktonic
organisms, and their associated fecal pellets (Longman dt, d4998). The chalk facies of the
Niobrara consist largely of coccolith tests and fecal pelgtbenthic oyster shells, and mud
(Lockridge and Scholle, 1978). Within the chalks of the Smokldill Member lie interbedded
marls and mudstones. Increased terrestrial sedimentati@eriods primarily from the western
orogenic belt contributed to the formation of the interbedéd marly shales and mudstones.
The chalk and marl intervals of the Niobrara are associated thi repetitive transgressive and

regressive cycles in sea level (Figure 2.5).
2.3 Niobrara Source Rocks & Reservoir Rocks

The Niobrara is a textbook example of a self-sourced uncontemal petroleum system.
Three major features of unconventional petroleum systemsaluding abundant source rocks,
proximal reservoirs, and e cient trapping mechanisms, arall included within the Niobrara
petroleum system. Niobrara source rocks contain rich type imharine kerogen (Landon et al.,
2001; Meissner et al., 1984) (Figure 2.6). Additionally, it mbeen analyzed that Niobrara
source rocks contain approximately 0.43 to 5.8 wt.% TOC (Ré& 1984). An increase in
maturity is associated with an increase in depth of burial (jure 2.6).

Marl units of the Niobrara are the dominant source rock interals while the chalks host
hydrocarbon reservoirs. Niobrara reservoirs throughout ¢hDenver Basin are notoriously

tight with porosities ranging from 1 to 10% and permeabilityin millidarcies. Gas elds



along the eastern margin of the Denver Basin are of biogenidgin, as source rocks in this
area have not been buried to su cient depths to yield thermognic oil and gas. These gas
elds typically exist at depths shallower than 3,500 ft and ee economic due to higher than

average matrix porosities (Rice, 1984; Rice and Claypool81; Sonnenberg, 2016).



Figure 2.1: Middle Coniacian (87.9 Ma) paleogeographic maptbe Western Interior Seaway
with the study area indicated by red boxes. Modi ed from Blaky (2017).
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Figure 2.2: Structure contour map of the top of the Niobrara Fanation in the Denver Basin
with the major oil and gas elds labeled in green and red. Basilimiting structures are
labeled across the region. Cross section A to A' is shown in Figu2.3. Modi ed from
Sonnenberg (2016).

West East

Sea Level

B8 Tertiary
B Niobrara
Cretaceous sandstones
[ Cretaceous Shales
Jurassic
" 7 £ Triassic
MILES Permian
B Pennsylvanian
B8 Pennsylvanian-Permian Arkoses
M |Mississippian

Figure 2.3: West to east cross section through the asymmetiiRenver Basin with a black
dashed line representing the approximate beginning deptifithe oil thermal maturity window
(Sonnenberg, 2016).
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Figure 2.4: Schematic diagram depicting depositional cotistents of the Niobrara Formation
during the Late Cretaceous Period. Gary (2016), modi ed frm Longman et al. (1998);
Roberts and Kirschbaum (1995).
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CHAPTER 3
PREVIOUS WORK

The Niobrara Formation has a lengthy research history. Primdy, this research has
focused on understanding lithologic variation, depositi@al environments, source and reser-
voir rocks, and geochemical properties. Structure of the Nboara and other Cretaceous
lithologies within the Denver Basin has received less resela attention when compared to
stratigraphic and hydrocarbon-related topics. The vast awunt of structural research has
been dedicated to understanding Laramide tectonics and assated Front Range structure.
Several contributions have focused speci cally on develiog an understanding of the fault
system present in Niobrara outcrop and within the Denver Basi(Collins and Sonnenberg,
2013; Davis and Weimer, 1976; Davis, 1974, 1985; Fentre®53; Maher, 2014; Russell, 1929;
Sonnenberg and Underwood, 2013; Sonnenberg and Weimer, 198&nhofel, 1925; Weimer,
1980).

As technology has developed over the past several decadesiaased resolution of seismic
data has been the primary driver for continued fault model extution. High-resolution seismic
surveys today have increased detail for fault interpretatin and allow the interpreter to
identify the orientation and dip of faults, if the faults arelayer-bound, and the geometry of
the fault plane. These observations help constrain fault noels to appropriately t specic
lithologies, depositional and tectonic settings, and ideify the presence or absence of tectonic
stresses that may a ect fault propagation. The progressioonf studies listed above re ect
the parallel nature between technological innovation andernement in fault models. This
chapter will focus on identifying fault models that have be® proposed in the Denver Basin

and the progression in hypotheses as technology has evolved
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3.1 Early Niobrara Structural Research

Initial observation and research of Niobrara structure, paicularly in western Kansas,
was the product of extensive oil and gas exploration. Disceny of oil and gas in southwest-
ern Kansas and northern Oklahoma started a frenzy of expldran throughout the 1910s. It
was not until later in the 1910s and early 1920s that explorgtn for these resources arrived
in western Kansas. Discovery of hydrocarbon resources inghime period relied on conven-
tional trapping mechanisms found based on surface mappingdaobserving subtle structural
trends and closures.

Some of the rst eld work conducted along the Smoky Hill Riveroccurred in the early
1920s (Lupton et al., 1922). The primary purpose of these sties was to attempt to identify
and map subtle surface structures that may generate four-ywalosures at depth. Lupton
et al. (1922) identi ed eighteen structural features alonghe Smoky River Valley and west-
ern Kansas and noted that at least eight displayed four-waylasures. These features were
mapped at the surface and did not produce bedding plane dipsegter than ve degrees;
however, it was recognized that the same structures at deptometimes were more distinct.

An important aspect of understanding early structures were # faults that are present
within the exposed rock. Two main sets of faults were commanidenti ed in the eld:

a small o set, irregularly-oriented fault set and a large oset fault set hypothesized to be
associated with basement structural features (Lupton et al1922). Lupton et al. (1922)
mentions speci cally the importance of larger-scale faidtas migration pathways between
the hydrocarbon accumulations and older source interval€arly speculation indicated the
presence of Mississippian and Pennsylvanian oil accumudats in early Cretaceous sandstone
reservoirs (Lupton et al., 1922). Additionally, the frequeay of sur cial faulting was noted
to be associated with the structures in the area. The extentnd trends of faulting observed
in outcrop mapping and interpreting subsurface well data gsented a challenge for under-
standing the structural mechanisms and trends of western Kaas outcrops. Features such

as tilted fault blocks, wide ranges in fault and fracture ogntations, and irregular extents of
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fault planes limited understanding of the structural featues observed in outcrop and from
well data (Lupton et al., 1922; Russell, 1929; Twenhofel, 29).

Early fault models changed over the course of only severabys due to the complexity of
features observed in outcrop. Initial models speculated ¢hformation of structural features
caused by di erential compaction of Cretaceous sedimentser older and more pronounced
structural trends (Twenhofel, 1925). This hypothesis wasevised by Russell (1929) after
incorporating more surface mapping data that revealed sonfi@ults extending upwards into
overlying Tertiary sediments. Based on this information, ie hypothesis that the faulting
occurs as a result of structure formation was discussed (Red, 1929). Additionally, it
is noted that the overall occurrence of faults increases Witcloser proximity to structural
features (Russell, 1929).

Further interest in Denver Basin Cretaceous hydrocarbon servoirs throughout the 1940s
and 1950s drew a prominent need for more detailed analysesbakin faults. During this
period of time, conventional structural and stratigraphictrap mechanisms were relied upon
to produce economic oil and gas wells. Therefore, much e onas dedicated in trying to
decipher structural trends and fault patterns observed troughout Rocky Mountain basins. A
higher concentration of well data in the Denver Basin alloveegeologists to begin to attempt
at interpreting structural models for various basin plays.

The well-log scale of subsurface data allows for basic remab correlation of stratigraphic
units and for observing changes in thickness. This partical method of basin structure
analysis results in structural maps, isopach (unit thickn&s) maps, and interpretation of
geologic cross sections between wells. Visualization andenpretation of faults using this
method of geologic interpretation can be di cult, especialf in complex tectonic regions and
generally results in low-quality or basic assessments ofdira faulting. Fentress (1955) notes
that Niobrara faults within the Denver Basin are abundant wit the highest overall amount
of o set; however, the faults are not correlative from welld well. Structure maps of the top of

the Niobrara display a highly irregular surface, which is amuication of a pronounced fault
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network, especially within the Western Interior Seaway whe planar deposition occurred
across a large region. The non-correlative nature of the féaiprevents logical interpretation
of the structural system when only well data is available. Adtionally, Merriam (1963)
described Niobrara faults across Ellis County as displayingteep dips, strong slickensides,
and exhibiting random orientations. The faults were obseed to decrease in o set with
depth and varied widely in total vertical o set. Solution cdlapse was interpreted to be the

faulting mechanism.
3.2 Evolution of Modern Niobrara Formation Fault Models

The hypothesized mechanism of faulting in the Niobrara Fornt@n has undergone con-
siderable evolution in the past ve decades. The primary dving force for the advancement
of fault mechanisms is attributed to advanced data colleain, overall higher data quality,
and an increased abundance of data and analogues.

Within the Denver Basin, a complex series of northeast to sduwest-trending basement
features have been extensively studied (Boos and Boos, 1,953vis and Weimer, 1976; Ed-
wards, 1966; Sonnenberg and Weimer, 1981; Tweto, 1980a,lmeto and Schoenfeld, 1979).
Weimer (1980) identi ed a series of large-scale normal fdslin the subsurface in the Denver
Basin (Figure 3.1). This interpretation identi ed the causeof normal faulting in the Niobrara
as features overlying reactivated basement wrench faultathich are of tectonic origin and
have in uenced the deposition of younger sediment. It is naaincommon for stratigraphic
packages to increase or decrease in thickness across theatufes. Similarly, Davis (1985)
interpreted Niobrara faults in a seismic line in the Denver Bas as having listric-type ge-
ometries that overlie the reactivated basement faults préausly identi ed by Weimer (1980)
(Figure 3.2).

Polygonal faulting in the Niobrara Formation has most recemy been recognized as a
potential fault mechanism observed both in Kansas outcropnd Denver Basin seismic data.
Polygonal fault systems (PFS) occur in ne-grained sedimeaty rocks and are formed by

uid expulsion and compaction processes shortly after depibion. Faults in a PFS are char-
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Figure 3.1: Geologic map of northeast-southwest trending moal faults found in the Denver
Basin (Davis and Weimer, 1976).
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Figure 3.2: Diagram depicting the Davis (1985) listric faulimodel.

acterized by random orientations, 45normal fault planes, are layer-bound, and occur at a
fractal scale (Sonnenberg and Underwood, 2013) (Figure 3.3onnenberg and Underwood
(2013) interpreted a series of randomly-oriented, layereloind, 50 to 80 dipping normal
faults in the Niobrara and Pierre Formations in the Bunting 3Dseismic survey (Figure 3.4).
This survey illustrates two distinct layer-bound fault sysems: one in the Niobrara and one
in the younger Pierre Shale (Figure 3.4). A map view of this fdiusystem demonstrating
the irregular, fractal, and polygonal geometries charaatstic to a PFS can be observed in
Figure 3.5. After interpreting seismic data from the Bunting arvey and analyzing results
from other ne-grained mudrock and carbonate petroleum sysms, Sonnenberg and Under-
wood (2013) came to the conclusion that the fault system with the Niobrara of the Denver
Basin may be caused by a PFS. Additionally, Maher (2014) recoged that the random
nature of fault strike distribution in outcrops at Monument Rocks and Castle Rock, Kansas
may further indicate the presence of a PFS. It is important to ate that almost all faulting
present at the outcrop locations is most likely below seismresolution; however, because
PFES are fractal in nature, smaller, sub-seismic-scale faslltnay indicate the presence of a

regional PFS.

19



UPPER TIER

UNDEFORMED -+ = =
INTERVAL "

LOWER
TIER /

e

COMPLEX CONJUGATE
INTERSECTIONS

Figure 3.3: Schematic diagram of a multi-layer polygonal fétusystem (PFS). Faults are
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Figure 3.4: A seismic line from the Bunting 3D survey that didpys a series of 45normal
faults that are layer bound. Note that the normal faults boundwithin the brittle Niobrara
are not interpreted to extend far into the underlying Carlie Shale. Vertical exaggeration
makes the faults appear to be dipping steeper than 4§Sonnenberg and Underwood, 2013).
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Figure 3.5: A heat map of the Niobrara in the Bunting 3D survey wich displays the fractal
pattern and polygonal geometry of fault traces. Cool colonsidicate fault traces and warm
colors indicate areas less a ected by faulting. Modi ed frm Sonnenberg and Underwood
(2013).

3.3 UAV Research

Despite a relatively short history of UAV use for geologicalesearch, a number of papers
have already been published (Bemis et al., 2014; ColominadaiMolina, 2014; Franceschi
et al., 2015; Zahm et al., 2016). Many of these preliminarywdies focus on publishing UAV
work ow methods to help others increase e ciency for the UAV d@ta acquisition, processing,
and interpretation processes. A fewer number of UAV photognametry studies focus on
developing results from using the UAV system. In the next serad years, it can be expected
that a greater volume of research using UAVs will be conductedhd published as experience
and technology continually improve. Previously, researchsing Landsat images, land-based
LiDAR systems, and land-based cameras initially helped in tablishing photogrammetry

and 3D models as research tools (Assali et al., 2014; Merin akidore, 1986).
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CHAPTER 4
METHODOLOGY

Research for this project focused on collecting structuralata from the Niobrara For-
mation at ve outcrop locations in western Kansas and at the Hoim Quarry in southern
Colorado (Figure 1.1). This chapter will focus on the means dnprocesses of acquiring,
developing, and interpreting data from the eld locations.

Before continuing, it is important to recognize the variousised nomenclature for aerial
robots. The title drone and acronyms unmanned aerial vehe(UAV) and unmanned aerial
system (UAS) are the three most widely used names for aeriabts. This paper will use the
term unmanned aerial vehicle and the associated acronym, UAMote that various authors
may prefer certain nomenclature because of personal prefece, geographic location, or a

particular use for the system; however, most names are syyamous.

4.1 Field Work

Each eld location underwent the same progression of workw for this study: recon-
naissance and locating outcrops, detailed structural map@ and recording of qualitative
observations, acquiring UAV photos, and sample collectiororf isotope analysis. Each of
these steps in the work ow are discussed in this chapter.

Establishing the locations of quality outcrop for this stug was evaluated in several
phases. First, published literature for western Kansas andhé Penrose, Colorado area was
researched and previously worked outcrops were determine8moky Valley Ranch, Mon-
ument Rocks, and Castle Rock were found to have extensive thiy as classic Niobrara
outcrop locations in western Kansas and were the starting pus for expanding eastward
and northward to Cedar Blus Reservoir and to outcrops aroud Stockton, Kansas. Ad-
ditionally, it is bene cial to have previously worked outciops to compare eld observations

and measurements to. After establishing the locations of wddhown outcrops, searching
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for other outcrops in Google Earth satellite images was couadted. Potential outcrops were
marked with locations on a map, and while in the eld, these loations were visited. The
highest quality faulted Niobrara outcrops are road cuts or rtaral vertical exposures. Verti-

cal outcrops provide the best examples of normal faulting inoth the Fort Hays and Smoky

Hill members of the Niobrara Formation in Kansas and Colorado.Displacement can be
measured and determining an approximation of the extent ohe fault is more easily accom-
plished when observing vertical exposures.

After each eld area was determined to contain valuable fauihformation, satellite images
from Google Earth were downloaded at the maximum resolutiofor each of the outcrops.
Printed copies of these maps were used in the eld to mark measments and locations of
faults and acquired samples. In the eld, signi cant time wa taken to methodically and
extensively map as many faults and joints as possible. Measments were taken using a
smartphone application and a traditional geologic compads verify application accuracy.
The application, Fieldmove Clino Pro, simultaneously measas geologic features, marks
the measurement GPS locations on satellite maps, and storaé measurements within the
onboard database. Additionally, measurements can instagtbe analyzed in stereonet plots
within the application for immediate feedback and interpredtion of geologic features.

After the preliminary mapping was complete, photos of the oetops were acquired by
the UAV. These photos were collected for both orthomosaic mapsd for three-dimensional

models. Subsection 4.4.1 details the process of UAV data aigjtion in more detail.

4.2 Unmanned Aerial Vehicles (UAVS)

Over the past decade, technological innovation has allowéor the development of more
e cient consumer and professional-grade unmanned aeriakhicles (UAVS). The develop-
ment of high e ciency and capacity battery packs has increasd opportunity for small xed-
wing and quadcopter UAVs, especially in the consumer-grade rkat. Modern quadcopter
UAVs now have the capability to y for over twenty minutes, at a dstance approaching ve

miles, take ultra-high resolution photos and videos, carrgdvanced technological payloads
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such as terrestrial light detection and radar (LIDAR) equipnent, and can integrate both
global positioning system (GPS) and global navigation sdtie system (GLONASS) satel-

lites for autonomous ight and precise location data. Betteaccessibility to these tools has
also contributed to the expansion of the use of UAVs into variaiindustries including civil

engineering, surveying, equipment inspection, agriculte, and now, geologic research.

For industry and research applications, there are two printg con gurations of UAVSs:
multirotor and xed-wing UAVs (Figure 4.1 and Figure 4.2). Depenling on application de-
mands, these two UAV con gurations have respective advantag and disadvantages. Fixed-
wing UAVs are con gured similarly to airplanes where one or mer wings are made of
lightweight materials to achieve lift for ight. Additional ly, xed-wing UAVs have one or
more horizontally-oriented engines or electric motors fqropulsion. Horizontal motors do
not allow for the aircraft to y in a backwards direction. Fixed-wing UAVs are primar-
ily used for long-distance and long-duration ights becawes xed-wing aircraft are able to
achieve faster velocities, higher altitudes, and can y famuch longer distances than multiro-
tor aircraft without having to be refueled or have the batteres recharged. Fixed-wing UAVs
are ideal for developing large-area surveys, maps, and atsoaemployed for long-duration

observation and reconnaissance missions.
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Figure 4.1: A DJI Phantom 4. This type of UAV uses a four-rotor (qadcopter) design for
propulsion. This UAV model was used for this thesis research.

24



Figure 4.2: A standard xed-wing UAV. This design is typically enployed for long-distance
or long-duration ights and mapping applications.

Multirotor UAVs are con gured with three or more vertically-oriented motors attached
to arms which extend from the main frame or body of the UAV. Battdes, navigation
systems, and other data collection tools like cameras, LiDABystems, or sample transport
systems are located underneath the center of the UAV. Verticalopulsion permits multirotor
UAVs to take-o and land vertically in restricted areas. This propulsion system, which is
similar to a helicopter, allows multirotor UAVs to hover in place, y in all directions, and
approach objects at close proximity. Battery life and ight time are more limited in a
multirotor con guration; however, a high level of maneuveability allows for this type of
UAV to be own with more control. Additional motors can be added to this con guration of
UAV to increase the payload capacity for additional batteris, equipment, or larger sample
transport. Multirotor UAVs are most commonly employed for stucture inspection, high-
resolution surveying and mapping, or cinematic Iming. Foiseveral of the reasons mentioned
above, a four-rotor (quadcopter) DJI Phantom 4 UAV was used toagher data for this study
(Figure 4.1).

UAVs have become important in foundations for mapping and moéleg applications.
Since acquisition and operation of UAVs has recently becomerpeularly inexpensive, aca-
demic research has bene tted signi cantly in establishingnew applications for this technol-

ogy. Reviews and examples for using UAVs in research and as caencral tools has become
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a popular topic in recent years and many papers with this theencan be found like Colomina

and Molina (2014) and Zahm et al. (2016).
4.3 Project UAV

Reconnaissance and image acquisition was accomplishedha study areas using a DJI
Phantom 4 quadcopter (Figure 4.1). This quadcopter is equigga with a 4K/12.4 megapixel
camera that is stabilized with a dedicated three-axis gimtha Flight time uctuates from
approximately 17 to 23 minutes per battery depending on windonditions, temperature, the
size of the outcrop, the distance away from the target outcpothe UAV starts from, and the
speed at which the UAV travels. Acquiring data for road cuts andgmaller exposures did not
require more than one ight, while larger surveys such as atd3tle Rock needed four or ve
full ights.

Several features of the Phantom 4 make it especially usefalr fmapping vertical rock
outcrops in remote areas. The Phantom 4 features a dual GPSI®NASS positioning
system for acquiring more satellites and contains a dual cpass for increased orientation
reliability during ight. The transmission system allows for ight up to three miles from
the pilot and a 720p live video view on a mobile device. A systeof forward-facing and
downward-facing camera pairs combined with downward-fang ultrasonic sensors calculates
in real time the distance the UAV is ying from objects. These snsors map surrounding
objects in three dimensions and onboard computers are pragimed to avoid collision during
ight. Additionally, the Phantom 4 marks the GPS coordinatesof its takeo point so that
when the battery depletes to a certain level or transmissias lost to the pilot's receiver, the
UAV will automatically return and land on the point from which it took o . Autonomous
obstacle avoidance and return-to-home features help inaee con dence when ying close to
outcrops for both experienced and inexperienced pilots.

The DJI Phantom 4 along with many other UAV systems have the capmlity to exceed
Federal Aviation Administration (FAA) ight regulations. Per t he FAA 14 CFR part 107,

all small unmanned aerial systems (UAS) must weigh less than 5 must only be operated
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within line-of-sight, must not exceed an altitude of 400 ft bove the ground, and the UAS
must be registered with the administration, among other r@s (FAA, 2016). Current UAV
technology allows for ight well beyond the regulated distace and altitude limits, so careful

preparation for project demands should be considered befoemploying a UAV.
4.4 UAV Work ow

In order to produce quality maps and models, an e cient UAV wok ow was established.
There are four basic stages of the work ow which include: I)cguisition, Il) development,
[1) exportation, and IV) interpretation (Zahm et al., 2016) (Figure 4.3). Acquisition of
data involves two or three steps, depending on the requireeMel of accuracy for the survey.
These steps include: planning, acquiring photos, and estedhing ground or survey control
points. Development also involves two or three steps, deping on whether control points
are used and includes photo stitching, georeferencing, amdnimizing errors. Exportation
occurs after the development stage and typically entails parting Geoti images, 3D point
cloud data, and 3D meshes. Finally, the interpretation stageses the exported data to make
geologic interpretations on the 2D and 3D datasets. Each gf@ in the UAV work ow is
equally signi cant for producing quality and accurate gedalgic interpretations. For more
information regarding UAV work ow, Colomina and Molina (2014) o ers greater detail into

the many stages of UAV remote sensing than what is presentedtims chapter.
4.4.1 | Data Acquisition Stage

Acquisition of data is the rst stage in the UAV work ow. Before any data can be
collected, the eld area or outcrops have to be identi ed andhe trip must be planned
accordingly. This step was explained in greater detail in son 4.1. Next, the UAV rmware,
physical condition, and overall function should be checkedThis step involves turning on
the UAV and checking within the DJI Go application for smartphones and tablets to ensure
that the rmware is up-to-date. Typically, the application will automatically recognize

inconsistencies in rmware versions and will notify the useto install updates. After the
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Figure 4.3: A standard UAV work ow for geologic research, whitis comprised of four steps:
[) Acquisition, 1) Development, I11) Exportation, and IV) In terpretation (Zahm et al., 2016).

rmware has been checked and/or updated, the UAV should be t&hk to a local eld for a
test ight. It is important to test every function of the UAV th at will be used in the eld.
For example, the Phantom 4 was own before every trip to the & at a local park where
smartphone connection, communication between the radio @rlJAV, maneuverability of
both the UAV and camera gimbal, camera settings, and qualityfdest photos was checked.
After it was determined that the UAV was prepared for eld work, all batteries for the
UAV and radio were charged, equipment checks were performeahyd memory cards were
reformatted. Completing physical and functional checks dhe UAV before use in the eld
may help eliminate problems that can occur in the eld where rainternet connection or
computer may not be accessible.

After the outcrops were identi ed and the UAV was checked for faction, travel to the
outcrops for data acquisition took place. For high-accurgcsurveying or mapping, an addi-

tional step may need to be taken in the eld. This step involve establishing and measuring
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ground control points (GCPs) within the survey area. An objet; such as a bucket lid, is
placed on the ground at designated sites within the survey ea. At least three of these
points should be established within a GCP survey, at varyinglevations and X, Y positions
within the survey area. In larger surveys, 20 or more GCPs mayed to be established to
create optimum accuracy. Each GCP is measured with a high@gaacy GPS device to record
the exact position of the point on the Earth's surface in X, Y, Z gace usually as latitude,
longitude, and elevation above sea level. Commonly, a diential GPS system is used to
record this information and provides accuracy up to three téour inches (Zahm et al., 2016).
These positions are recorded for later use in the developmetage of the work ow and the

marking objects are left within the UAV's eld of view to be recaded in the models and
orthomosaic maps. The geopositional accuracy of models foetpurpose of this project did
not require establishing GCPs.

After the outcrops have been identi ed and GCPs are establigll, the UAV must be own
to take photos. Weather and lighting conditions are importat for the acquisition of images
and for the overall quality of the nal orthomosaic and 3D moel. Although the Phantom 4
can handle wind speeds approaching 30 mph, it is advised to only in conditions of 15 mph
winds or less. Increased wind speed may cause the UAV to y lesgiently and with less
stability, potentially impacting the battery life and image quality. Additionally, the UAV
should not be own in adverse weather or in any wet conditionsLighting conditions are
equally as important for photo acquisition as fair weatheranditions. All photos collected
at a survey should be taken as quickly as possible and duringet best sun exposure to
increase the continuity of the nal processed results. Ovahe course of taking photos at
Monument Rocks, for example, the shadows from the outcropfanged signi cantly and
resulted in some areas of the orthomosaics and 3D models Ingviough edges around the
outcrop shadows. For optimal detail, it is important to gatrer photos when the sun is facing
the main sides of the outcrop or during overcast days when itjng is even around all sides

of the outcrop.
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The Phantom 4 quadcopter used for the study comes equippedhva 4k/12.4 Mp camera
(4,000 x 3,000 pixels) and is stabilized by a three-axis gimb Settings for the camera
were xed over the length of each survey to ensure the exposuand shutter speed of the
resulting photos remained constant. If these settings areoh xed, some photos may be
brighter, darker, or more blurry than average and post-progaction photo editing may be
required to correct severe contrast variance. Automatic cagna settings are su cient for
most applications, especially for mapping, and can be emptay for beginner-level pilots
without signi cant loss in overall product quality. The altitude at which photos are taken
also impacts the nal quality of orthomosaics and 3D models.Photos were taken at an
altitude from anywhere between approximately 40 to 200 ft. kIng at a lower altitude
results in higher quality photographs; however, at lower aludes, more photos are required
to cover a survey area than photos taken at higher altitude. @average, images acquired for
orthomosaic maps were taken at 150 to 200 ft altitude, whilenages acquired for detailed
3D models were taken approximately 40 to 100 ft away from theutcrop. After each ight,
the MicroSD memory card was removed from the UAV fuselage andl photos were backed
up onto an external hard drive. This step helped eliminate caern of accidental overwriting
of data that potentially could occur between battery swaps.

Higher-altitude images for orthomosaic maps were taken wittihe camera pointed per-
pendicular to the Earth's surface. A grid was own parallel b the length of the outcrop
so that the resulting images would overlap at least 60% bete®e successive photos. An ex-
ample of this grid can be seen in Figure 4.4. Photos were takeranually to accommodate
changes in ight speeds and to ensure that a minimum 60% sussé/e overlap of photos was
achieved. Depending on the size of the survey, it may be nesa&ay to y more than once to
take a complete photo set of the survey area. This situatiorcourred when collecting data at
Castle Rock. Approximately three quarters of the orthomosaisurvey was completed with
one battery. The quadcopter was landed, photos were backeg anto a hard drive, batteries

were exchanged, and a second ight began where the last phatas taken in the previous
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ight and the original grid pattern was continued until the survey was completed.

Lower-altitude images for detailed 3D models and point clais were taken with the
camera angled anywhere between 3flom perpendicular to parallel with the Earth's surface.
For vertical outcrops at Cedar Blu s Reservoir and the HolcimPortland Quarry, the camera
was angled almost parallel to the Earth's surface in combitian with a 30 series of photos
as to limit vertical distortion of the bedding and fault planes that can occur with photos
taken exclusively when the camera is angled. When collectingages with the camera for
3D models, it is immensely important to ensure the resultingnages do not capture the sky,
clouds, and horizon. Overlapping photos with any of these tee components will result in
the processing software creating bubbles of artifact dataitivin the 3D model that can be
seen in Figure 4.8. This component of data processing is exp&d in more detail later in
this chapter.

Two primary types of ight patterns were tested at Monument Rocks to determine which
technique would result in the highest quality three-dimenenal model. Both patterns were
own at xed altitudes over the extent of the survey area. The rst pattern followed an
orbital ight path around the outcrops at an altitude of roughly 60 ft and a camera angle of
approximately 45 (Figure 4.5, Figure 4.6). Similarly to the orthomosaic imagig, photos for
the 3D models were taken manually to ensure maximum overlap successive images. The
guadcopter camera was oriented perpendicular to the facestioe exposures as it orbited the
outcrops.

The second pattern used for 3D model photo acquisition folled a grid pattern across
the outcrops (Figure 4.7). For this method of data collectionthe UAV must face at least
four sides of the outcrop to produce a quality 3D model. Theftelmage in Figure 4.7 shows
the rst grid that was own at Monument Rocks North. The UAV was own approximately
north-south for the rst series of photos. This grid was owntwice: once with the quadcopter
facing north, and once with the quadcopter facing south to pduce images of the north

and south-facing sides of the outcrops. Next, the quadcopteras own in a grid oriented
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Figure 4.4. A grid ight pattern used for gathering images fororthomosaic maps and in
combination with photos taken 30 from the Earth's surface for 3D models (Google, 2017).

approximately west-east. Similar to the north-south photacquisition grid, the quadcopter
was own once oriented to the east, and a second time orienteéd the west. After these
two grid patterns were completed, all four north, south, easand west-facing sides of the

outcrop exposure had been imaged. If necessary, additiogaids with the UAV ying in the

32



20y = 5
@ Monument Rocks South

UAV Travel Path
Start Position
End Position

UAV Orientation

UAV Direction of Travel

Figure 4.5: An orbital ight pattern as demonstrated at Monument Rocks South outcrops
(Google, 2017).
northwest-southeast and southeast-northwest directiorould be added to increase nal 3D
model quality, but for the purpose of this project, the four pimary image capture directions
proved su cient.

Figure 4.8 displays the di erence in resulting 3D model qudji between the orbit and
grid methods of photo collection. The most signi cant di elence between the two models
is the accuracy of the ground surface surrounding the veritexposures. In the model of
Monument Rocks South, there is clear misinterpretation infte ground surface surrounding
the outcrop closest to the viewer. Overall quality and claty of the models is better using
the grid method; however, it is reasonable to say that the higst model quality was collected
using the orbit method when viewing the rocks at a higher magoation. Sky and cloud

artifacts were also captured in the Monument Rocks South med however, this is primarily
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Figure 4.6: The camera of the DJI Phantom 4 displaying an anglé approximately 45 from
the Earth's surface.

Legend
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Figure 4.7: A multi-directional grid ight pattern tested for gathering images for 3D models
(Google, 2017).

34



because the resulting photos were taken with too shallow ofcamera angle. This problem
was immediately recognized and addressed for future photoaaisitions after the results
from processing this model were viewed. With these conclussoin mind, a combination
of the grid method and in lling greater detail into speci ¢ parts of outcrops with the orbit
method was utilized to produce the highest overall quality B3 models. Additionally, the
orthomosaic photos taken perpendicular to the Earth's suate of the entire survey area were
always included in processing with the detailed model phado increase overall mapview
and geographic accuracy.

The total quantity of photographs varied between each suryesite. Processing at Mon-
ument Rocks North utilized 283 photos, Monument South utilied 327 photos, Castle Rock
utilized 1,312 photos, Cedar Blu s 1 utilized 267 photos, QGlar Blu s 2 utilized 226 photos,
Cedar Blu s 3 utilized 279 photos, Stockton West #1 utilized 115 photos, Stockton West
#2 North utilized 69 photos, Stockton West #2 South utilized 22 photos, Stockton South
utilized 63 photos, and 232 photos were taken at the main waif the Portland Quarry. As
each photo is captured, the UAV automatically stores GPS codinates, the elevation at
which the photo was taken, and the direction and angle at whicthe camera was facing into
the exchangeable image le (EXIF) of the photo. Ultimately, theEXIF data within each
photo helps processing software to stitch the photos togethfor orthomosaics, point clouds,
and 3D models. After each ight, all images on the onboard memyp card were transferred
to an external hard drive. This step minimized the risk of lecorruption and unwanted le

overwriting problems that were experienced during severptactice ights.
4.4.2 |I. Development Stage

The second stage of the UAV work ow is the development stage.n Ithis stage, the
photos acquired by the UAV are examined and processed in a pbgtammetric software into
orthomosaic maps and 3D models. After the photos were takerach photo was manually
checked to ensure it contained quality exposure, focus, aedlor tone. Then, a choice had

to be made regarding which photogrammetry software would hesed for this project.
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Monument Rocks North

Figure 4.8: Figure comparing the resulting 3D models from theig method (top) and orbital
method (bottom). The grid method resulted in overall highemodel quality, especially with
undistorted ground surface modeling. The orbital method seilted in poorer surface model-
ing but overall higher detail of vertical outcrops. Artifact "bubbles” are also present in the
resulting orbital 3D model because photos containing the gland horizon were accidentally
used.
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There are many options on the market for photogrammetric swfare, including Agisoft
Photoscan, DroneDeploy, Drone2Map, and Pix4D to name a feeach of these companies
o er various levels of software, from the basic low-qualitynodel creation, to the advanced
export of densied 3D point clouds and topographic maps. Adtonally, most of these
services o er cloud processing for the easiest and most u$seendly data processing. This
study utilized Agisoft Photoscan after a quality comparisorbetween DroneDeploy, Pix4D,
and Photoscan was conducted. Ultimately, the user can manlalmodify point clouds,
orthomosaics, and change quality settings for these typetdata if original processing yields
poor quality results. Pix4D o ers a similar style data procssing software comparable to
Photoscan and is also widely-used for academic research aodnmercial applications.

Photogrammetry has been used for topographic mapping andrtain visualization for
over a century. The principle of photogrammetry is simple: pair of photographs of the same
object are taken parallel to one another at two di erent pogions (Figure 4.9). The resulting
two images must contain at most 60% overlap to result in an ikion that tricks the brain
into thinking it is seeing a three-dimensional object. For\er a century, photogrammetry
was accomplished using an airplane and a high-resolutioomlcamera. Images of the Earth's
surface were taken parallel to one another with a resultingd8o standard overlap. After the
images were developed into high-quality aerial photographa stereoscope was used to view
the resulting three-dimensional surface in the overlap ae This method of visualizing the
Earth's surface was widely used for making topographic maps

UAVs use the same principles of analog stereoscopic photogmaetry to create computer
maps and 3D models with digital photography. Photogrammeyr software utilizes overlap-
ping digital images of a 3D object in 3D space to calculate théistance between points
in overlapping photos. The resulting distance calculatiaof points in overlapping digital
images produces 3D point clouds. Point clouds are a matheritat representation of a 3D
surface where data is perceived as independent points in X, YjdaZ space. Color values

can be assigned to each point, usually in the red, green, anldi® (RGB) color scheme. The
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Figure 4.9: Diagram depicting the orientation of stereoscapphotographs taken parallel to
one another and with at least 60% overlap.

RGB color scheme de nes unique colors based on the mixed poofon of red, green, and
blue with a scale of 0-255 for each of the three colors. When R@Bta is added to the point
cloud, each point then contains the digital representationf its color in actuality. Point cloud
les are particularly large and can contain hundreds of miibns of datapoints depending on
the resolution and size of the model. The largest model proced for this project, Castle
Rock, created a point cloud le just under 2.5Gb in size.

Cleaning the resulting model point clouds is exceedingly portant for overall model qual-
ity. It is common for miscalculations and misrepresentatits of actual surfaces to be included
in processed point clouds. Usually, these miscalculationgeaninute and only include several
points, but sometimes, larger miscalculations may exist. ofF example Figure 4.8 displays
artifact bubbles of data that did not exist when the photos wee collected. Miscalculations
when processing the point cloud caused these bubbles to fowhen the camera angle was
too shallow and captured sections of the horizon and sky in rtiple images. Fortunately,
errors such as this are easy to x and avoid. The best option favoiding this error is to

capture photos without elements of the sky. If this is unavdable, the second-best option
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is to crop the resulting photos to eliminate the sky before picessing the point cloud. If
necessary, points that were miscalculated in the point clducan be deleted from the point
cloud in the software program if this feature is o ered. Deking problematic points results
in much higher quality meshes and overall higher quality ohie point cloud. After processing
and cleaning the point cloud is complete, the cloud can thenebreprocessed into a trian-
gular mesh as a triangular irregular network (TIN) le. This process draws lines between
the points in the point cloud to form a 3D surface composed of reetwork of triangles that
overlays onto the point cloud. It is not uncommon for millios of triangles to be formed
when creating a TIN le; however, this le typically contains signi cantly less data than its

point cloud counterpart.
4.4.3 lll: Exportation Stage

The third stage is the exportation stage. In this stage, the ata created from the pro-
cessing stage is saved and exported as les to be used in thiarty applications. The
standard export formats for point clouds and triangular mdses are LAS and TIN les. LAS
les follow the American Standard Code for Information Intechange (ASCII) standard and
presents data in X, Y, Z, and RGB format. This is the most widelyaccepted format of point
cloud data and is easily transferrable to most third-party sftwares. GeoTIFF les are also a
common export for work with 2D maps. These les are georefereed to a speci ¢ coordinate
system and can be overlain on existing digital map programi&é Google Earth and ArcGIS.
Lastly, it should be noted that careful consideration shodl be taken when accounting for
the nal le size and workstation limitations as very large les may cause an underpowered

workstation to crash or perform at a prohibitive rate.
4.4.4 |V Interpretation Stage

The interpretation stage of the UAV work ow encompasses theralysis of outcrop mod-
els to extract structural information. Similarly to the anaysis stage in Section 4.4.2, two

interpretation software packages were considered and coaned to be used for this study:
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Virtual Reality Geologic Studio (VRGS) and Maptek I-Site Studo 6.0. Both of these soft-
ware packages are programmed to run structural attribute alysis to help determine stress
orientations in the outcrop, map fault planes, and can evenelp determine potential failure
envelopes for geotechnical applications. After learning sia functions of both software pro-
grams and running sample interpretations and analyses, Mgk I-Site was chosen to carry
out the rest of the interpretive work. 1-Site contains an easto-use interface, automatic
discontinuity extraction, and stereonet plotting and ana}sis all within the software. Dis-
playing the structural measurements directly within the pogram decreased the workload of
displaying the data, especially if a dedicated stereonetfsgare program was used.

To carry out work using I-Site, rst the point cloud (LAS) les and triangular mesh
(TIN) les were imported into the project. Importing the TIN les directly into I-Site
displays a single color across the model. If preferred, thesaciated texture le can also
be imported to give the model a photorealistic nish. Sincehe photorealistic nish does
not a ect the analysis of structural trends, it was omitted n this project to save time. A
characteristic of the point clouds is that it does not contai a perfectly smooth surface.
Within I-Site, a spherical triangulation of the point cloud @an be produced to create a model
surface similar to a triangular mesh. However, it became apgant that the irregular nature
of the point cloud was also translated to the spherical triagulation model. Irregular surfaces
presented a problem for analyzing the at structural featues of the outcrops. It was found
that extracting discontinuities was much more di cult for t he software with the point cloud
model and spherical triangulation compared to the triangalr mesh. The smooth nature of
the triangular mesh proved to be the most accurate and e eaté surface when extracting
structural information from the model.

Extracting joint planes of the models was a critical step in@uiring data. I-Site provides
users with a well-de ned structure for automatically idenifying similar discontinuity, or
joint, sets. First, the user selects the surface that serves &e reference face for identifying

similar surfaces throughout the model. The free-hand setetool was identi ed to be the
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best type of selection mode for de ning the reference faces eompared to the rectangular
and polygonal selection tools. Free-select is a custom tdbht de nes an area by drawing
on the surface of the model. After the reference surface ises#ed, the user sets bounding
limits for the angle and surface area of the other surfaces be identi ed in the model. I-
Site will not extract discontinuities from outside the de ned limits, and this, allows for easy
identi cation of separate joint sets. When the extract discatinuities command is run, the
software automatically recognizes all of the other surfaseawithin the de ned limits in the
model. Typically, the number of discontinuities automatially identi ed depends on the size
of the model, how well the joint sets are exposed, and the deed limits of extraction. Larger
limits of angle and surface area will include more identi edurfaces within the model. Too
tight of limit constraints will not produce enough data poirts for viable structural analysis
and comparison and too broad of constraints will produce tomuch data. Too many data
points often results in multiple discontinuities that shae the same strike and dip immediately
adjacent to one another. This is problematic since repetdn of the same data point does
not produce reliable and reproducible structural and stastical results. To solve this, the
user must adjust the constraints of discontinuity identi cation, manually merge identi ed
discontinuity planes, or delete duplicated discontinuitydata. Discontinuity extraction must
be completed several times to account for various joint sethat may be present in the
model. Each extraction de nes a new set of joints that all ar@approximately the same dip
and strike. This is re ected in the resulting stereonet whie displays each discontinuity as a
separate color.

After all of the discontinuity sets have been identi ed, the éta was plotted to stereonet
charts for each of the outcrop models analyzed. Displayinbe data on stereonets allows for
viewing of structural trends found within the various outcops. Faults within the outcrops
were identi ed and the tted plane tool was used to identify the orientation and dip of the
faults. Fault trends were plotted as planes with poles on thetereonet of the outcrop to

compare the resulting fault orientations with other outcrg@ models.
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4.5 Advantages of UAVs

This section will compare UAVs to LIDAR systems as data acquisdn tools. Unmanned
aerial vehicles hold several key advantages as data gatheriools over specialized scienti ¢
equipment. The overall cost of a UAV system is one of the majodgantages for this type of
data acquisition platform. Basic, consumer-grade UAVs staaround $500. In comparison,
LiDAR systems are both very expensive to purchase and experesio use for data collection.
In addition to the price point of a UAV, collecting surface datahrough aerial photographs is
more time-e ective and requires less processing time tharaditional LIDAR surveys. UAV
surveys quickly and e ciently image a survey area in one or tw ights, whereas LiDAR
surveys typically require multiple surveys at di erent lo@tions throughout the survey area.
Each LiDAR survey may take upwards of several hours to compktiepending on the survey
area and the resolution at which data is collected. When using UAV, it is possible to
gather outcrop data and process the images into a digital atrop model, point cloud data,
and high-de nition orthomosaics in under three hours, depeling on the survey area size.
For the majority of applications, the overall cost of a UAV syem, speed at which data
is collected, and the resulting data quality greatly outwegjh the benet from an extremely
accurate, expensive, and time-consuming low or high-detysiLiDAR survey.

In addition to the cost and time advantages a UAV platform o ess, UAVs can be con-
gured for a wide range of custom applications. Some applitans include agricultural
monitoring, wildlife tracking and rehabilitation, sample collection and transport, package
delivery, infrared surveillance, professional drone ram@, shing, and even recreational wake-
boarding. The versatility of UAVs o ers continued support for various applications only
limited by needs of the user and current technology availadal More examples of applications

and technology used with UAV systems can be found in Colomina@ Molina (2014).
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4.6 Oxygen and Carbon Stable Isotope Sampling

In order to help determine the relative age sequence of defiimm and faulting events,
each eld location was sampled for isotope analysis of fault minerals and adjacent host
rock. A fault candidate with adequate calcite fault Il was rst identi ed in each of the eld
areas. Due to the expanse of Castle Rock, four sample setssptine additional fracture I
sample were taken from this location, while only one sampletswas collected from each
of the other four eld locations: the Portland Quarry, SmokyValley Ranch, Cedar Blus
Reservoir, and Stockton South. Fault Il was not sampled at Mnument Rocks due to the
absence of coarse calcite Il at this location. The sampleseve collected, labeled, and GPS
coordinates were recorded for each pair of samples. A onehirmore drill bit was used with
an impact hammer drill to take small core plugs of some host ¢k samples. Other samples
collected involved breaking a small piece of the host rock édault | when drilling was not
feasible (Figure 4.10 and Figure 4.11).

Preparation of the samples occurred at a later date in a rockgparation lab at Colorado
School of Mines. Each sample was meticulously cleaned anawgrd to an unweathered
surface to decrease the chance of cross-contamination. Hostk samples taken using the
one inch core bit were washed of loose powder residue bef@m@dpe sampling occurred.
After the samples had dried, a dental drill with a cylindricalgrinding bit was used to collect
powder from small areas of each sample. Powder was colleciei labeled 1.5 mL clear
plastic centrifuge test tubes that were weighed before andter the addition of powder to
measure the exact weight of each powder sample (Figure 4.1Binal weights for powder
samples were between 0.0107 and 0.0304 grams. After each $antfands and the drill bit
were thoroughly cleaned using laboratory wipes and 70% isopy! alcohol to prevent cross-
contamination. A test tube rack was used to organize the sargtubes for shipment to the
Colorado Plateau Stable Isotope Lab (CPSIL) at Northern Arimna University (Figure 4.12).
Further discussion and interpretation of the stable isotop analysis can be found in Chapter

5.
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Figure 4.10: A host rock sample collected for stable isotop@alysis. One-inch core pieces
were also collected when it was not possible to collect a haspecimen. Scale is in centime-
ters.

Figure 4.11: Calcite fault Il samples collected for stablesotope analysis. The samples on
the left are from the Portland Quarry, samples on the right a& from Castle Rock, Kansas.
Scale is in centimeters.

Figure 4.12: Examples of stable isotope sample centerfugebés (left) and sample box
(right).
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CHAPTER 5
RESULTS

Fault and fracture data were collected from each outcrop irhe study for analysis of ori-
entation trends and qualitative observations which aims ahelping to identify the cause of
faulting in the Niobrara Formation. This chapter will focus o presenting eld observations
and structural data analyzed from the Kansas and Colorado &rops. The data are summa-
rized in tables, stereonet plots, rose diagrams, and photaghs depicting the observations
made at each outcrop.

Determining dominant and subordinate joint sets based o mesurements taken from the
digital outcrop models (DOMs) is estimated. Plan views of th outcrops was only exposed
at Castle Rock; therefore, the dominant orientation of thegint sets at that location was
easier to identify. For the other outcrops, determining thelominant and subordinate sets was
estimated based on model measurement frequency and the oled preference characteristics
of joint orientations while in the eld.

Please note The colors of bedding correlation lines, joint sets, and di# planes in this
chapters gures in actuality do not represent the same featas across multiple outcrops -
these colors solely represent features measured in indivadl outcrops and are not correlative

across multiple outcrops unless otherwise stated.
5.1 Stockton, KS

The outcrops around the town of Stockton are the easternmosutcrops studied and are
located in north-central Rooks County, Kansas (Figure 1.1)Outcrops in close proximity to
Stockton include the basal Fort Hays Member of the Niobrara andnderlying Carlile Shale.
Four outcrops around Stockton were studied: West #1, West #2\orth, West #2 South, and
South (Figure 5.1, Figure 5.2). Several features observed ito&kton area exposures were

not detected in other Kansas outcrops visited for this studyThe features that di erentiate
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Stockton outcrops from the other Kansas outcrops are detad in this section and have been
caused by reactivation from a local fourth-order structurgust east of town (Merriam, 1963).
The fault plane orientations and slickenside measurementdserved in outcrop are listed in

Table 5.1 and all fault plane measurements are displayed indtire 5.3.
5.1.1 Stockton West #1

Outcrop Stockton West #1 is a large vertical road cut and is aproximately 3 mi west
of town (Figure 5.1). This outcrop was the only example of theutcrops visited in the
Stockton area that displays the contact between the undeiityg Carlile shale and overlying
Fort Hays Member of the Niobrara Formation. The Carlile and Far Hays contact is of
particular importance when trying to identify changes in oset along the fault plane and for
understanding whether faults show characteristics of begncon ned to speci ¢ layers.

West #1 contains one normal fault with an orientation of 242773 and slickensides mea-
suring 84/290 (Table 5.1, Figure 5.3). Measured from the DOMhe fault is oriented ap-
proximately at 256/71. This fault in particular was unique due to its high degree of dip and
oblique orientation with the outcrop face. Across the lengtlof the fault, the orientation
appears to follow approximately the same trend. Displacemkincreases upward from what
appears to be zero o set at the contact between the Fort Hays drCarlile Shale. Shrubbery
and fallen talus from the face of the road cut prevents obsertion of the vertical extent of
the fault into the underlying shale unit.

Additionally, the bedding planes within the hangingwall blek of the outcrop appear to
increase in dip with increased proximity to the fault plane tigure 5.4). Dip of the beds in
the hangingwall block of the outcrop also appears to grow witincreased o set towards the
top of the outcrop (Figure 5.4). Observation of the change inig in Figure 5.4 is apparent
when viewing correlated beds and comparing the change in dib the magenta correlation
to the orange correlation. Moreover, the apparent o set in avertical and lateral sense in
this gure is intensi ed by the apparent dip of the fault plane coupled with the strike of the

of the outcrop face. True lateral o set is less pronounced #n how it appears in Figure 5.4.
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Further comments and interpretations of features of this darop can be found in Chapter 6.
Measurements using the DOM of West #1 indicates two joint sat blue J1 averages
241/88 and red J2 averages 299/82 (Figure 5.5). It is di cult todetermine which of these
joint sets is the principal and subordinate set and when thefprmed since both joint sets con-
tain approximately the same number of measurements (Figured. From eld observations,

it appears that the J1 set is in red.
5.1.2 Stockton West #2 North

Stockton West #2 was divided into a north and south location o further classify observa-
tions and are approximately 2.5 mi west of town. The base of #houtcrop is approximately
10 to 15 ft above the Fort Hays and Carlile contact.

The north side of the road cut contains three normal faults \h various orientations
(Table 5.1). Two of these faults come together to form a grahestructure (Figure 5.7).
The left fault in Figure 5.7 splays towards the bottom of the otcrop to accommodate o set
at the bottom of the structure. These faults displace layerbetween approximately 1.5
ft to 4 ft. Signi cant fracturing of the footwall block of the right fault also has occurred
(Figure 5.8). These smaller fractures are primarily layerdund within the chalky beds and
follow approximately the same orientation as the main faulplane. Fracture density decreases
with increased distance eastward (right) from the main fatlplane and the small fractures
cease approximately 2 to 3 ft from the main fault plane. The hagingwall appears to contain
several small antithetic faults and fractures; however, ibverall has undergone signi cantly
less deformation (Figure 5.8).

The easternmost fault in this exposure, which is oriented 8463, shows evidence of clay
smearing and bed thinning across a muddy break between twotbé chalk beds (Figure 5.9).
Compared to the previous fault, signi cantly less fractunmg has occurred surrounding the
main fault plane.

Measurements of Stockton West #2 North indicate two joint seg of similar orientation

to that measured in outcrop West #1. The red joint set is foundto be the dominant set
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and averages 080/89, while the green J2 set averages 154/86g(fe 5.10, Figure 5.11).
Figure 5.11 displays the DOM measurements of the two joint setand of the three faults in

outcrop West #2 North and looks north.
5.1.3 Stockton West #2 South

Stockton West #2 South displays similar fault features as ta north side of the exposure.
The main fault in this outcrop is oriented 160/70 (Table 5.1Figure 5.12). This particular
exposure displays several features only seen at Stocktoriawaps. The rst is the presence
of a brecciated fault zone along the plane of the fault, whicts highlighted in translucent
red in Figure 5.12. Breccia within the main fault appears to cdain remnant blocks of
chalk intervals with a muddy bed inbetween, which has been ielated with the green line
(Figure 5.12. A second key feature of this outcrop is the pres=e of two main antithetic faults
which extend westward from the primary synthetic fault. Theantithetic pairs increasingly
displace beds upward, similarly to the main normal faults irthe area and do not contain
calcite Il along the fault plane. Third, bed thinning along a muddy interval between more
brittle chalk beds occurs at this outcrop (Figure 5.13). Fuitter discussion and interpretation
of these features can be found in Chapter 6.

Measurements of Stockton West #2 South indicate two joint 46 that are similar to
both outcrops West #1 and West #2 North. The red joint set is fond to be the dominant
set and averages 082/85, while the green J2 set averages 1974fBigure 5.14, Figure 5.15).
Figure 5.15 displays the measurements of the two joint setskian using the DOM. The red
joint set is well-exposed in this outcrop and helped with detmining the preferred J1 set for
the western outcrops in the Stockton area. The main synthetifault and top antithetic fault
in this outcrop could not be measured within the DOM becausée faults present very thin

planes which resulted in eld measurement of only the primgrsynthetic fault.
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5.1.4 Stockton South

The Stockton South outcrop is approximately 900 ft in lengtralong Highway 183, ap-
proximately 2.5 mi south of town (Figure 5.1). This road cut ha undergone particularly
harsh weathering e ects; therefore, faults and joint setsould only be measured in the eld
on small plane exposures.

The outcrop contains three normal faults, two of which are @@nted in approximately
the same direction: 291/59 and 301/56 (Table 5.1, Figure 5.16The near-identical orienta-
tions of these faults causes a step-down of the Fort Hays outgr north along the exposure
(Figure 5.16).

The southernmost fault in the outcrop is a large normal faul{291/59) that shows o set
approaching 4.5 ft (Table 5.1, Figure 1.2). This fault does naeaxhibit additional antithetic
fracturing, brecciation, or a fault zone surrounding the mia fault plane (Figure 5.17). It
does; however, exhibit ne calcite- lled fractures along he strike of the fault plane which
can be seen in Figure 5.18.

The central fault in the outcrop is a unique outlier from all atcrops studied for this
project. The plane is oriented at 124/67, which is approxintaly opposite of the two other
fault orientations, and the o set of the fault plane decreass upwards. A vertical fracture
swarm begins approximately where the o set of the main faulplane ends which is seen as
blue lines in Figure 5.19.

The northernmost fault in the outcrop displays the most comiex deformation features.
The main plane of the fault is oriented at 301/56; however, a ® 28 in. fault zone and
two small antithetic faults are present within the exposurgFigure 5.20, Figure 5.21). Bed
thinning can also be observed along several of the muddieydas of the outcrop and a
step-down plane-parallel fault is seen o setting the cortated green bed in the bottom right
portion of the photos (Figure 5.20, Figure 5.21). Discussiomd interpretation of these

features can be found in Chapter 6.
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Measurements of Stockton South indicates two joint sets (Fige 5.22). The red joint
set is found to be the dominant set and averages 114/87, whilee subordinate green J2 set
averages 160/85 (Figure 5.22). The primary orientations ohe joint sets di er from those

measured at the other Stockton outcrops.
5.2 Cedar Blu s Reservoir, KS

Cedar Blu s Reservoir is located approximately 54 mi southest of Stockton in south-
eastern Trego County, Kansas (Figure 1.1). Outcrops of Fort & Member of the Niobrara
Formation comprise the majority of the outcrops in the arearad underlying Carlile Shale
is also present at all three of the studied outcrops. The follving three locations at Cedar
Blu s Reservoir can be found on the far east side of the reseiv, near the inlet of the
Smoky Hill River (Figure 5.23). Cli s of the Fort Hays Member arepronounced and reach
thicknesses approaching 70 vertical ft. Several intervala these clis contain nearly full
stratigraphic sections of Fort Hays chalk. Measurements oh¢ structural elements of these
outcrops wereonly accomplished through the digital outcrop models (DOMs) frm the re-
sulting photos taken with the UAV. A signi cant amount of fallen chalk talus overlying an
unstable shale base made physical observation of these feas dangerous, so time spent at
the base of the cli s was avoided. Fault planes at this locatn did not display any indication
of fault zones along the main plane, and the faults rarely dpinto additional surfaces. The
fault plane orientations measured from the DOMs are listechiTable 5.2 and all fault plane

measurements are displayed in Figure 5.24.
5.2.1 Cedar Blus 1

Cedar Blu s 1 is the middle of the three outcrops at the resenir location (Figure 5.23).
This outcrop represents a nearly complete section of the Eddays Member of the Niobrara
Formation, contains approximately 65 ft of vertical sectin, and is approximately 520 ft
long. The contact between the Fort Hays and Carlile Shale issa present on the west side

of the exposure (Figure 5.25). All faults in this outcrop disgly increasing upward o set and
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exhibit planar fault geometry.

Cedar Blus 1 contains three normal faults, oriented at 04685, 344/63, and 013/64
(Table 5.2). The eastern fault runs approximately paralleto the strike of the outcrop and
displaces approximately 10 ft of section near the top of theautcrop. This fault is composed
of one main observed fault plane and shallows gently near thep of the exposure. The
central fault (344/63) is de ned by a more constant orientaion, and causes approximately
12 ft of o set at the top of the exposure (Figure 5.26). This falt also has a small synthetic
fault extending from the main fault plane to the west. Both the east and central faults
cut into the underlying Carlile Shale; however, since o seflecreases towards the bottom of
these faults, o set into the Carlile does not extend deep balv the contact. The westernmost
fault (013/64) displaces approximately 5 ft of rock at the tp of the exposure. This fault is
most intriguing since it terminates at the Fort Hays and Carlie contact (Figure 5.27). The
importance of this observation is discussed further in Chégr 6.

Measurement of the Cedar Blus 1 DOM indicates the presencd three joint sets (Fig-
ure 5.28, Figure 5.29). It is di cult to distinguish the dominant and subordinate joint sets
of the outcrop; however, by comparing the orientations of # other dominant joint sets at
the other Cedar Blu s outcrops, it was observed that the mainoint set (in blue) is ap-
proximately parallel to the main orientation trend of this autcrop. The blue joint set is the
dominant set and averages 094/87, the green joint set aveesy015/89, and the red joint set
averages 315/89 (Figure 5.28). Comparing the frequency andemtation of the measure-
ments between the three Cedar Blu s outcrops does not help @emine the J2 and J3 joint
sets. Instead, ground truthing joint measurements and obiseng the cross-cutting relations
of the joints in plan view in addition to analyzing statistical outcomes of measurements from

the DOMs would help determine actual joint set hierarchy.

5.2.2 Cedar Blus 2

Cedar Blu s 2 is the westernmost outcrop at the Cedar Blu s Reervoir location (Fig-

ure 5.23). This outcrop is approximately 900 ft long and comnins approximately 70 ft of
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vertical exposure (Figure 5.30). The contact between the FoHays and Carlile Shale is
present almost the entire length of the outcrop.

One fault is present in the Cedar Blus 2 outcrop (Figure 5.3Q) On the west side of
the outcrop, one normal fault oriented at 150/58 and has o deapproaching 20 to 25 ft
(Table 5.2). This fault in particular is quite linear and does not display associated synthetic
or antithetic faults (Figure 5.31).

Measurement of the Cedar Blus 2 DOM indicates the presencd three joint sets (Fig-
ure 5.32, Figure 5.33). The blue joint set averages 282/89,elpurple joint set averages
054/87, and the red joint set averages 310/88 (Figure 5.32)t dppears as if the purple joint
set has undergone a shift in orientation of approximately 4@egrees from the Cedar Blu s
1 green joint set. Therefore, this joint set has been labelexs a separate set from the set
observed at Cedar Blus 1. Similarly to Cedar Blus 1, it is dicult to determine the J1,
J2, and J3 joint sets from statistical analysis of model dataste ground-based observations

cannot be determined to help identify actual joint set hierechy.
5.2.3 Cedar Blus 3

Cedar Blu s 3 is the easternmost outcrop at Cedar Blu s Reseoir (Figure 5.23). This
outcrop contains a long northern exposure and a smaller stmiestern exposure. The longer
exposure measures approximately 1,050 ft, and the shorteqp@sure measures approximately
250 ft in length (Figure 5.34, Figure 5.35). Similarly to CedaBlu s 2, this outcrop exhibits
the contact between the Fort Hays and underlying Carlile Shalalong almost all of the
exposure.

One small normal fault was identi ed in the smaller southwesrn outcrop of Cedar Blu s
3 (Figure 5.35). The fault is oriented at 335/65; however, dut® its location at a deeply cut
section of the outcrop, o set of this fault is only several iohes (Table 5.2). Similarly to the
western fault in Cedar Blu s 1, it appears as if this fault teminates at the Fort Hays and

Carlile Shale contact.
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Measurement of the Cedar Blu s 3 DOM indicates the presencd three joint sets (Fig-
ure 5.36, Figure 5.37). The blue joint set averages 258/85,elpurple joint set averages
215/77, and the red joint set averages 111/88 (Figure 5.36).h€ purple joint set in Cedar
Blu s 3 most closely is related to the same set measured in CadBlu s 2; however, this set
is only 20 degrees di erent than the green joint set measuredd Cedar Blus 1. The purple
and red joint sets of Cedar Blu s 3 closely resemble the measments of the same sets at
Cedar Blu s 2; however, the blue set is oriented 24 degreessethan the blue set at Cedar
Blus 2. Similarly to Cedar Blus 1 and 2, it is di cult to dete rmine the J1, J2, and J3
joint sets from statistical analysis of model data since gumd-based observations cannot be

determined to help identify actual joint set hierarchy.
5.3 Castle Rock, KS

Castle Rock is located approximately 20 mi west of Cedar Blg Reservoir in eastern Gove
County, Kansas (Figure 1.1). Outcrops of Smoky Hill Member oftie Niobrara Formation
comprise the chalk blus and badlands of the area. The exposuat Castle Rock extend
slightly less than one mile; however, all data and observatis were collected in the badlands
of the southern half of the location (Figure 5.38). Data in theworthern area of Castle Rock
were sparse and of poor quality due to the state of weatherintperefore, measurements are
not presented from this area.

All data collected at Castle Rocks was completed using eld gaisition methods. Over
1,300 photos were collected for photogrammetric modelinging the UAV; however, the
resolution of the resulting DOM for the badlands area was ndtigh enough to reveal fault
and joint planes present in outcrop. More focused acquiiti of photos on speci ¢ outcrops
with well-exposed fault and joint planes is necessary forgiial measurement of structural
features at this site. Most fault and joint planes at the expsure presented thin planes
for measurement and digital acquisition of these measuremg may be di cult even with

outcrop-speci ¢ high-resolution DOMSs.
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Castle Rock has previously been mapped and studied to obsestructural features in
the outcrop (Maher, 2014). Fault data collected from the owrop for this study indicates
weak orientation trends for both strike and dip data as well & hanging wall slip direction
arrows (Table 5.3, Figure 5.39). Weak trends in fault oriention was also observed by
Maher (2014); however, the apparent preference of fault entations to the ENE to WSW
determined from the study was dismissed because of potehtexposure orientation bias.
Observation of mapview fault trends in Figure 5.38 reveals awverall preference for random
orientation.

Faults at the Castle Rock exposure generally display sevemmmon features. The faults
typically occur as single planes through the outcrop with @rse, slickensided calcite veins
up to 12 in. thick (Figure 5.40). Strong slickenside lineatiws present on the calcite fault
lls allow for easy measurement of displacement directiornméble 5.3). O set of these planes
is di cult to determine; however, up to 80 ft o set has been olserved by other authors in
similar western Kansas Niobrara outcrop (Merriam, 1963).

Small, calcite- lled fractures are abundant in the marl inervals of the Smoky Hill Member
at Castle Rock, Monument Rocks, and Smoky Valley Ranch (Figar5.41). These features
characteristically are only observed in the marl intervaldo not exceed several millimeters
in width, commonly cross bedding planes, display concave caconvex geometries, and do
not appear to follow preferential orientation trends. Faulplanes cut cleanly through these
features and the smaller fracture lls do not appear to a ecthe larger-scale fault orientations
or o set into the marl intervals. Discussion of these fracttes can be found in Chapter 6.

Joint data at Castle Rock were collected accordingly in attept to measure the preference
and occurrence of each set fairly. Ground observation of theint sets helped identify the
dominant and subordinate joint sets. A total of 26 joints wes measured across the southern
badlands region of Castle Rock. Two joint sets were identice the J1 set averages 107/84
and the J2 set averages 019/81 (Figure 5.42). Comparing measments of the dominant joint

set obtained for this study to data from Maher (2014), the prerential joint set (indicated
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in green in Figure 5.42) matches well. With the addition of graar joint measurements at
the outcrop, a more random orientation of the subordinate jat set observed in this study

may be found as was recognized in Maher (2014).
5.4 Monument Rocks, KS

Monument Rocks is located approximately 32 mi west of CastiRRock in southwest Gove
County, Kansas (Figure 1.1). Large vertical outcrops of SmgkHill Member chalk and marl
are located at this site (Figure 5.43). Monument Rocks standsathe remains of extensive
chalk badlands in the area. Substantial weathering has deased the quality of outcropping
structural features at this location and as a result, only far fault planes and one slickenside
was measured (Table 5.4, Figure 5.44).

Faults at Monument Rocks are characteristically planar andypically exhibit fossil frag-
ments, calcite, and occasional pyrite fault Il (Figure 5.4%. The four fault planes measured
at Monument Rocks are preferentially oriented SE-NW (Figure .84). Slickensides of the
fault planes are typically nonexistent due to the highly wethered nature of the outcrop.
Additionally, the overall low proportion of crystalline cakite Il within the fault planes com-
pared to faults at Castle Rock may play a role in low preservain of slickenside lineations.
Displacement along the fault planes is very di cult to detemine, as bedding plane de nition
in the marl has been eroded away. The contact between the ck@nd marl intervals is also
di cult to identify and it appears gradational due to weathering e ects. Joint sets in this
outcrop are also poorly preserved due to weathering; theoeé, not enough measurements
were successfully recorded to demonstrate local trends. NMfracture Il that was mentioned

in the last section is also present at Monument Rocks.
5.5 Smoky Valley Ranch, KS

Smoky Valley Ranch (SVR) is approximately 15 mi northwest of Mnument Rocks in
west-central Logan County, Kansas and is the westernmost towop studied in Kansas (Fig-

ure 1.1). Outcrops at this location are similar in style to wht is exposed at Castle Rock
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and Monument Rocks with small badland portions of Smoky Hill Mmber chalk and marl
eroding from the surface (Figure 5.46). The A chalk and marl ¢crop at this exposure and
are easily identi ed due to the yellowish color of the A challand darker gray color of the
marl. Additionally, the marl fracture Il that was previousl y mentioned is present in this
exposure.

Due to the highly weathered nature of the outcrop, joint anddult data at SVR was
measured and recorded in the eld. A resulting DOM of this oudrop would not contain
enough detail to yield structural measurements. A total of 4 joint measurements were
taken in the eld at the main exposure of SVR. The J1 joint set caiains 10 measurements
that average to 080/84, while the J2 joint set only contains tey measurements and does not
present enough data to measure an average orientation (Figu5.47). One fault with calcite
Il and slickensides was observed at the outcrop and meassr@37/65. Slickensides of the

fault measure 86/046.
5.6 Portland Quarry, CO

The Holcim Portland Quarry in Penrose, Colorado is approxintaly 220 mi west of Smoky
Valley Ranch and is the westernmost and only Colorado outgpan this study (Figure 1.1).
Due to its close proximity to the tectonic events of the Larande Orogeny, the quarry is
the only location in the study that has been subjected to sigrant tectonic in uence.
The data collected from this location are sparse compared tther outcrops in Kansas.
Groundtruthing the measurements taken from the DOM of the mia quarry wall could not be
accomplished due to established quarry safety procedur@hese procedures prevented close
observation of quarry walls to help prevent accidents assated with collapse and rockfall.
Instead, approximations of the general trends of the struatal features were estimated in the
eld and sketches were drawn to help understand observed geetries. The faults observed
in the quarry and modeled in the DOM are located on the westerface of the main quarry

pit (Figure 5.48).
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The quarry produces Niobrara rock for production of cement. kgh calcium carbonate
content of the Fort Hays Limestone makes it an ideal candidatéor production of these
materials. Mixing rock produced from the Smoky Hill and Fort Hgs helps plant operators
produce consistent product. Stratigraphy at the quarry is aticeably di erent than outcrops
observed in Kansas. Below the Fort Hays Member, the Codell S#stone Member of the
Carlile Shale is present. Throughout the Denver Basin, the ddlell Sandstone is an active
production target for hydrocarbon resources. In the quarrthe Codell is approximately 20
ft thick (Figure 5.49).

Data collected from the DOM of the main quarry wall suggestsn@ major joint set
averaging an orientation of 163/84 (Figure 5.50). A subordate joint set approximately
perpendicular to the main joint set may also exist; howevewell-exposed planes of this joint
were unable to be accurately modeled and measured. The otaion of the subordinate
joint set is estimated to be approximately 073 with dips alsapproaching 90 degrees. Walls
of the main face of the quarry are almost parallel to the mairojnt set orientation, resulting
in major blocks of Smoky Hill separating at the joint planes ah falling into the quarry.

Two fault planes were observed in the main western wall of tliuarry and it was possible
to measure only one of these faults using the DOM (Figure 5.51)he measured fault is
oriented at 063/64 with increasing o set upwards. The unmesured fault displayed about
the same dip and opposite strike, at approximately 243/60 ahis located approximately
200 ft south of the measured fault plane. Combined, the two dié planes converge to form
a graben fault block. O set along these faults is di cult to estimate due to the distance
away from which they were observed; however, an approximaii of maximum o set is likely
between 20-25 ft at the top of the fault. Decreased o set algnthe fault planes with depth
was also observed, and faults likely tip out shortly into theCarlile Shale.

Commonly, Front Range faults are associated with swarms ahaller fractures and faults
that increase in occurrence with increased proximity to thenain faults. Multiple fault planes

and increased density of fractures surrounding a fault arggical characteristics of tectonic
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faulting. At the Cemex Quarry, located in Lyons, Colorado, @Gllins (2012) analyzed various
walls of the quarry that contained fault swarms, stylolitesand other compressive tectonic
features. Fault swarms were also noted at the northeast canof the Portland Quarry where
a higher density of fault planes occurred. The presence olufaswarms suggest a similar
style of brittle deformation as the Cemex quarry where tectuc forces and uplift has caused
widespread deformation to brittle lithologies around a pmary fault plane.

One calcite fault Il sample was collected in the quarry froma fault plane along with
a host rock sample (Figure 4.11). The orientation measurenteof the sampled fault also
could not be obtained due to safety concerns. DOM measuremeri the fault plane also
could not be analyzed because rubble in front of the face ofdtguarry prevented modeling
of the exposed fault plane. Moreover, additional stable iggpe samples from various faults
in the quarry could not be collected due to safety procedure3he results of stable isotope

analysis on these samples is presented in the next section.

5.7 Fort Hays Stratigraphic Correlation

An additional use for UAV-acquired digital outcrop models (DOM) is for stratigraphic
correlation and comparison. Take note that high precisionusveying of DOMs requires the
integration of several ground control points (GCPs) throulgout the model, as explained in
Chapter 4. Because GCPs were not used for this study, measuents of bedding thicknesses
are approximate; however, comparison of models producedhaut GCPs allows for obser-
vation of changes in stratigraphic thickness. Additionallyit is possible that a small amount
of image distortion may slightly contribute to apparent chage in bedding thickness. For
the most accurate and representative model of bedding thickss and vertical stratigraphic
architecture, extensive, close-proximity perpendiculgshotography, and integration of GCPs
in the study area is necessary.

Correlation of the Fort Hays Member of the Niobrara Formation \&s conducted compar-
ing composite images from the Stockton West #1 DOM and CedarlBs 2 DOM, and a

measured section north of Hays, Kansas from Wood (2017) (Figub.52). Multiple images
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from the Stockton and Cedar Blu s models were stitched togéer to depict the maximum
thickness present at the model exposures. The two DOMs wettgosen because of the pres-
ence of maximum representative thickness of the Fort Hays arlmecause of the exposed
contact between the Fort Hays and Carlile Shale. The Wood (20) measured section does
not display the Fort Hays and Carlile contact, so a bentonite &d was used as the datum to
hang the cross section in Figure 5.53.

Pelagic sedimentation of the Fort Hays within the Western Intrior Seaway contributes to
a highly uniform nature of bedding thicknesses across a relely short distance. Widespread
in uxes of terrestrial sediment from the west into the basirresults in mud breaks between
the chalks. Correlated beds within this cross section ovdrae ect the uniform nature
of the depositional system. Within the cross section, beddinthickness does not change
signi cantly; however, the fourth chalk bed that lies abovethe datum does indicate a more
substantial thickness change. Additionally, two mud breaksvithin the Cedar Blus 2 (c)

outcrop do not appear to correlate across to Stockton West #{a) (Figure 5.53).

5.8 Oxygen and Carbon Stable Isotopes

Stable isotope samples were collected from ve eld locatms: Stockton South, Cedar
Blu s, Castle Rock, Smoky Valley Ranch, and the Holcim Portlad Quarry (Figure 5.54).
Results of the analysis for both 120 and *3C are reported on the Pee Dee Belemnite (PDB)
scale.

Results from the isotopic analysis have indicated some naterthy observations. Oxygen
and carbon ranges fall within the typical range of Niobrara da (Hefton, 2015). The 3C
range in which the host rock samples formed con rms a normal arine carbonate origin.
The two types of samples indicate di erent isotopic compasbns from the water which
contributed to their formation. Fault |l samples are sepaiated from the host rock in which
they formed along the 20 axis. Light *2O values present throughout the fault Il calcites
indicate formation from meteorically-in uenced water. Addtionally, the Portland Quarry

sample indicated in black in Figure 5.54 shows distinct segion from the other fault |l

59



samples along the 80 axis. A lighter 20 signature is present in the sample collected
from the quarry may indicate a di erent original meteoric 80 composition than the other
Kansas samples. It is also possible that burial and thermagesis of the quarry sample may
have altered the original isotopic signature to a lighter 80O value. Additionally, the ranges
of 180 displayed from the fault Il samples likely is not great enagh to help determine
relative age dates. Sample CRO5 represents a sample of maitite fracture Il taken from
Castle Rocks (Figure 5.54). The isotopic analysis of this ftaure || may indicate formation

of these features closer to the age of deposition of the hostlsnents since it shares a similar

isotopic signature; and therefore, may share a similar oxgg and carbon source.

Figure 5.1. Satellite image of the Stockton, Kansas area. Hastar indicates an outcrop
location. West #2 was further divided into a north and south aitcrop exposure (Google,
2017).

60



West #2 North

'E d 1

127

= West #2 South

1000 ft i

Figure 5.2: Satellite image of the west Stockton, Kansas outps. Carlile Shale is visible
immediately south of the light Fort Hays outcrop at West #1. Eeach star indicates an outcrop
location (Google, 2017).

Table 5.1: Fault orientation data collected from Stockton eea Fort Hays Member outcrops.

| Fault | Strike (azimuth degrees) | Dip (degrees) | Slickensides |

1 242 73 73/290
2 032 69 N/A
3 124 56 N/A
4 160 70 N/A
5 291 59 59/034
6 301 56 N/A

Table 5.2: Fault orientation data collected from Cedar Blus Reservoir Fort Hays Member
outcrop DOMs.

| Fault | Strike (azimuth degrees) | Dip (degrees) |

1 046 65
2 334 63
3 013 64
4 150 58
5 335 65
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Figure 5.3: Stereonet of all fault planes measured manuallye@ach of the Stockton outcrops.

Figure 5.4: Interpreted DOM of Stockton West #1 facing north. The fault plane was
measured in the eld at 242/73, and an increase in o set can bebserved upward. Yellow
indicates the fault plane, the shaded red area indicates thexposed sections of the fault
plane, and the green and purple lines indicate correlated dding surfaces.
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Figure 5.5: Joint stereonet of outcrop West #1. Two dominant jot sets were identi ed:
blue (J1, n = 30) and red (J2, n = 34).

Figure 5.6: DOM of outcrop West #1 facing north. The joint setsare highlighted in blue
and red, and the fault within the outcrop is highlighted in geen. The fault dips to the south
between 71 to 73 degrees. This outcrop extends approximatds0 ft.
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Figure 5.7: DOM interpretation of Stockton West #1 North looking north displaying two
fault planes and resulting graben fault block. Fault o set aries from approximately 4 ft to
18 in. The right fault in this gure is seen in greater detail h Figure 5.8.

Table 5.3: Fault orientation data collected from Castle Rdc Smoky Hill Member outcrops.

| Fault | Strike (azimuth degrees) | Dip (degrees) | Slickensides |

1 266 76 76/001
2 226 65 51/347
3 167 a7 42/299
4 216 42 40/305
5 143 42 42/257
6 160 38 37/252
7 037 54 54/132
8 061 54 54/153
9 291 57 55/039
10 290 59 51/033
11 141 63 60/230
12 328 68 66/041
13 107 56 55/192
14 092 58 53/161
15 110 55 54/176
16 287 59 59/230
17 229 59 47/345
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Figure 5.8: Photo of Stockton West #2 North displaying the righ fault from Figure 5.7.
The top of this fault displaces beds approximately 4 ft. The eld notebook measures 7 in.
and rests on the footwall side of the fault.
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Figure 5.9: Interpreted photo of Stockton West #2 North displging the easternmost fault
in the outcrop and a zoomed inset of clay smearing present i the fault plane. The

green arrow points to a smeared and rotated section of muddgak displaced from the bed
correlated in green. Smearing of this muddy layer is preseatross the entire length of o set,
which is approximately 5 ft. The eld notebook measures 7 in.
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Figure 5.10: Joint stereonet of outcrop West #2 North. Two jointsets were identi ed: red
(J1, n = 30) and green (J2, n = 34).

Figure 5.11: DOM interpretation of outcrop West #2 North, facing north. The joint sets
are highlighted in red and green. The faults within the outap are displayed in orange,
magenta, and yellow; however, the westernmost orange fagiinnot be seen in this gure.

This outcrop extends approximately 250 ft.
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Figure 5.12: Interpreted photo of Stockton West #2 South dislaying the synthetic main fault
oriented at 160/70 and a pair of antithetic faults extendingo the west. Yellow lines indicate
fault planes, dashed yellow lines approximate the trend of éhfault into the subsurface, red
shading indicates breccia fault Il, arrows indicate the demnthrown side of faults, colored

lines indicate correlated bedding planes, and the red boxditates the position of Figure 5.13
b).
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Figure 5.13: a) Sketch depicting a normal fault and resultingontractional overstep with
bed thinning of more ductile lithology and networks of smalscale synthetic and antithetic
faults (Peacock, 2002) b) Interpreted photo of Stockton We¢1 South zoomed inset from
Figure 5.12 which displays a near-identical contractionaldnd compared to a)
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Figure 5.14: Joint stereonet of outcrop West #2 South. Two joihsets were identi ed: red
(J1, n = 15) and green (J2, n = 10)
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Figure 5.15: DOM of outcrop West #2 South, facing south. The jmt sets are highlighted in
red and green. The magenta plane in this gure is the lowermbantithetic fault extending
from the main 160/70 fault plane. This outcrop extends appeomately 140 ft.

Figure 5.16: DOM of outcrop Stockton South, facing west. Theosithern and northern faults
cause a step-down of the Fort Hays outcrop to the north. The tlee faults observed in the
outcrop are indicated by green, blue, and red arrows. This &®n of the outcrop extends

approximately 250 ft.
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Figure 5.17: Photo of the southernmost fault in the Stockton &ith outcrop, facing west.
Approximately 4.5 ft of o set has occurred along the green coelated bedding plane. The
fault plane is indicated by a yellow line, bedding plane coetation is in green, o set direction
is in the yellow arrows, and the red box indicates the locatioof Figure 5.18.
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Figure 5.18: Inset photo of ne calcite fracture lls along tke fault plane from Figure 5.17.
The eld notebooks measures 7 in.
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Figure 5.19: Interpreted photo of the middle normal fault at ®ckton South, facing west.
Yellow indicates the fault plane, the yellow arrow shows oet direction, and the blue lines
indicate near-vertical fractures.
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Figure 5.20: Photo of the northernmost fault in the Stockton &uth outcrop, facing west.
An interpreted version of this photo can be seen in Figure 5.21.
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Figure 5.21: Interpreted photo of the northernmost fault in he Stockton South outcrop from
Figure 5.20, facing west. Faults are indicated by yellow liige the fault zone is indicated in
red, bedding correlation is indicated in green, the blue les indicate parallel fractures, and
the yellow arrows indicate the o set direction of the faults
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Figure 5.22: Joint stereonet of outcrop Stockton South. Two jot sets were identi ed: red
(J1, n = 9) and green (J2, n = 6) with averages of each set labeled the respective color
box.

Figure 5.23: Map of cli locations 1, 2, and 3 on the eastern stdof Cedar Blu s Reservoir
in Trego County, Kansas. The yellow box in the overview map peesents the enlarged area
displayed in this gure (Google, 2017).
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Figure 5.24: Stereonet of all fault planes measured from DOM¢$ each of the three Cedar
Blu s outcrops. Cedar Blus 1 is in blue, Cedar Blus 2 is in red, and Cedar Blus 3 is in

green.

Figure 5.25: DOM of Cedar Blu s 1 facing south. The three fault present in the outcrop
are indicated by green, blue, and red arrows. Displacemenbag the faults increases upward
and the westernmost fault in the outcrop terminates at the amtact of the Fort Hays and

Carlile Shale.
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Figure 5.26: Interpreted UAV photo of the central fault in Ceda Blu s 1. Displacement of
beds toward the top of the outcrop approaches 10 ft. Beddingwelation lines are in solid
colors, approximate correlations are in dashed lines. Thetbom blue correlation line is the
contact between the Fort Hays and Carlile Shale. The yellowne represents the fault plane
and the yellow arrow represents the o set direction of the fat. Correlation lines correspond

to those in Figure 5.27.
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Figure 5.27: Interpreted UAV photo of the west fault in Cedar Bl s 1. Displacement of the
beds towards the top of the outcrop approaches 4 ft. Correiah lines correspond to those
in Figure 5.26.

Figure 5.28: Joint stereonet of Cedar Blus 1. Three joint setsvere identi ed: blue (J1, n
= 32), green (n = 20), and red (n=5).
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Figure 5.29: DOM of Cedar Blu s 1 facing south. The joint sets i@ highlighted in blue, red,
and green with averages of each set labeled in the respectoedor box. The faults within
the outcrop are displayed in orange, magenta, and yellow.

Figure 5.30: DOM of Cedar Blu s 2, facing south. The base of th&ault in this outcrop is
indicated by the green arrow.

Figure 5.31: Interpreted UAV photo of the fault in Cedar Blus 2. Displacement of beds
toward the top of the outcrop approaches 20-25 ft. Bedding oelation lines are in solid
colors, approximate correlations are in dashed lines. Thetiom blue correlation line is the
contact between the Fort Hays and Carlile Shale. The yellowne represents the fault plane
and the yellow arrow represents the o set direction of the fat. Correlation lines correspond
to those in Figure 5.26 and Figure 5.27.
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Figure 5.32: Joint stereonet of Cedar Blu s 2. Three joint setsvere identi ed: blue (J1, n
= 32), purple (J2, n = 20), and red (J3, n=5).

Figure 5.33: DOM of Cedar Blu s 2, facing south. The joint setsare highlighted in blue,
purple, and red with averages of each set labeled in the respee color box. The fault on
the west side of the outcrop is indicated in magenta.

Figure 5.34: DOM of the northeastern Cedar Blu s 3 exposureating southeast.

82



Figure 5.35: DOM of southwestern Cedar Blu s 3 exposure, fag southeast. The fault is
indicated by the green arrow.

Figure 5.36: Joint stereonet of Cedar Blu s 3. Three joint setsvere identi ed: blue (J1, n
= 32), purple (32, n = 20), and red (J3, n=5).
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Figure 5.37: DOM of the smaller southwest Cedar Blu s 3 outcqm facing southeast. The
joint sets are highlighted in blue, purple, and red with aveages of each set labeled in the
respective color box. The fault in the outcrop is indicatedn magenta.
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Figure 5.38: UAV orthomosaic map of the badlands at Castle Rodk Gove County, Kansas.
All faults measured in the eld are in blue.
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Figure 5.39: Stereonet of all fault planes and correspondingiging wall slip direction arrows
measured in the eld from Castle Rock (n = 17). Random orienttion trends of the HW slip
directions con rms the presence of a non-tectonic fault sigm at Castle Rock.

Table 5.4: Fault orientation data collected from Monument Rcks Smoky Hill Member out-
crops.

| Fault | Strike (azimuth degrees) | Dip (degrees) | Slickensides |

1 144 63 N/A
2 327 78 72/048
3 010 63 N/A
4 153 62 N/A

86



Figure 5.40: Coarse calcite fault Il along a single fault plae at Castle Rock. Fault I
typically remains under 3-4 in. width; however, veins suchsathis can reach thicknesses of
12 in. Strong slickenside lineations were present on all nse@ed fault planes. The eld

notebook measures 7 in.

Figure 5.41: Calcite fracture Il present in the marls of Cade Rock. a) Close-up view of
the fracture |l features. b) Concave fracture lIs presentin the marl interval of this Smoky
Hill Member outcrop. The approximate contact between the chia and marl is interpreted

with the blue line.
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Figure 5.42: Joint stereonet of Castle Rock. Two joint sets weridenti ed: green (J1, n =
16) and red (J2, n=10).
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Figure 5.43: UAV orthomosaic maps of a) northern, and b) soutihe Monument Rock out-
crops in southwestern Gove County, Kansas.

Figure 5.44: Stereonet of all fault planes measured in the é&from Monument Rocks (n =
4).
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Figure 5.45: a) A typical fault plane at Monument Rocks and b)nterpreted beds and fault
plane of same photo. Displacement of the beds is di cult to dermine due to weathering
e ects. Correlation lines are approximate and may not re ectexact o set due to severe

weathering.
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Figure 5.46: Map of Smoky Valley Ranch in Trego County, KansasThe green lines indi-
cate the border of the public land and the yellow diamonds incate the locations where
measurements were taken (Google, 2017).
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Figure 5.47: Joint stereonet of Smoky Valley Ranch. One joineswas identi ed: blue (J1,
n = 10), and two additional joint measurements were acquire@red).

Figure 5.48: Dated satellite map of the Holcim Portland Quarry The yellow line indicates
the approximate location of outcrop modeled. Since this ingg@ was acquired, the quarry has
expanded to the north (Google, 2017).
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Figure 5.49: Stratigraphic section of the sediments preseit the Portland Quarry. The
Codell Sandstone is present in this area to a thickness of appimately 20 ft. The Codell is
not present at Kansas outcrops studied in this research (Hahe, 2001).
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Figure 5.50: Joint stereonet of the Portland Quarry. One maimjnt set was identi ed: green
(J1, n = 29).

Figure 5.51. DOM of the main pit face at the Portland Quarry, faing west. The joint set is
highlighted in green. The fault in the outcrop is indicatedm magenta.
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Figure 5.52: Map of Smoky Valley Ranch in Trego County, KansasThe green lines indi-
cate the border of the public land and the yellow diamonds inchte the locations where
measurements were taken (Google, 2017).
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Figure 5.53: Cross section acquired from composite DOM sansbots and from Wood (2017)
from north to south. a) Stockton West #1 b) Wood (2017) measuwrd section ¢) Cedar Blu s
2. The red line represents the datum on which the cross sectics hung, muddy breaks
between chalk beds are correlated using blue lines. Dashddeblines indicate beds that do
not correlate and the bottom light blue correlation is the cotact between the Fort Hays and
Carlile Shale. The distance from a) to c) is approximately 58ni.
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Figure 5.54: Scatterplot of stable isotope data from host rk@nd fault Il samples acquired
for this study. Circles and the abbreviation HR designates Isb rock, diamonds and the
abbreviation FF designates calcite fault Il. Colored pairsof points represent corresponding
HR and FF samples collected at the same location. The red and gretriangle is a sample
of marl calcite fracture Il discussed in the Castle Rock sé¢ion earlier in this chapter. Both
axes are reported on the Pee Dee Belemnite Scale.
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CHAPTER 6
DISCUSSION

This chapter focuses on discussing and interpreting the asations and resulting data
presented in previous chapters.

Two distinct styles of faulting and fracturing of the Niobrarawere observed in this study.
The rst type are faults that display characteristics of a conpactionally-driven or non-
tectonic polygonal system, and the second are fractures aneiactivated faults originating

from tectonic or local structural forces.
6.1 Non-Tectonic Polygonal Faulting

Although brittle deformation is attributed to tectonic or structural in uence in most
cases, some examples of extensional faulting have beenrpreted to form by mechanical
and diagenetic mechanisms during the early burial stage oédiments. This special case
of normal faulting within ne-grained, pelagic-marine setnent have been examined and
interpreted to occur in many basins worldwide (Cartwright2011; Cartwright and Dewhurst,
1998). Polygonal fault systems (PFS) are laterally-extens assemblages of normal faults
which are layer-bound. Most commonly, PFS form in continentanargin basins; however,
occurrences within intracratonic and foreland basins (shcas the Western Interior Seaway)
also exist (Cartwright, 2011). Slow rates of pelagic to hemelagic sedimentation of clay-rich
particles resulting in the deposition of high porosity and ery low permeability sediments is
further characteristic to the mechanical and diagenetic nohanisms that forms these systems
(Cartwright, 2011; Cartwright and Dewhurst, 1998). Additionally, PFS typically exhibit
planar normal faults with dips ranging from 50 to 80 , o set from a few feet to over 400 ft,
and random orientations that converge to form polygonal p&rns when observed in map

view (Cartwright, 2011; Sonnenberg and Underwood, 2013) (kiges 3.3 to 3.5). Previous
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work of observing polygonal characteristics in the Niobrar&ormation is documented in
Chapter 3.

The rst, and primary, type of faulting is interpreted to be of polygonal origin. The
fault planes observed at Cedar Blu s, Castle Rock, and Monuent Rocks display a linear
nature and deviate little in orientation across the obsenlae extent of the fault plane. Dis-
placement increases upwards along the fault plane and as rmened earlier, many of the
faults exhibit traits of being layer-bound. Because the fduplanes are linear in nature, do
not bend at changes in geomechanical boundaries, do not éihfault swarms or increases
in fractures around primary fault planes, and lack breccian zones, these features likely
occurred when the sediment had not fully lithi ed. Lack of dagenesis and lithi cation at
the time of fault propagation results in planar fault plane gometries through changes in
geomechanical boundaries that are encountered across khahd marl couplets in Fort Hays
Member outcrop.

Characteristic fault traits observed in Kansas and Coloraal provide compelling evidence
that supports the formation of polygonal faults in the Niobraa Formation. Layer-bound
faulting can be observed at several outcrop locations in Kaas and at the Portland Quatrry.
The best observed examples of layer-bound faulting occurs@edar Blu s Reservoir. Two
layer-bound faults in Cedar Blu s outcrops 1 and 3 terminateat the contact of the Fort
Hays and underlying Carlile Shale (Figures 5.27 and 5.35). Thather faults observed at
Cedar Blu s displace layers into the Carlile; however, a deease in o set with depth sug-
gests these faults are also layer-bound. Faults that extemeto underlying ductile lithologies
likely represent larger features that may be similar in scalto those that have been inter-
preted in 3D seismic volumes of the Denver Basin by Sonnengpend Underwood (2013) in
Figure 3.4. Furthermore, layer-bound faults were also obsexd at Stockton West #1 and the
Portland Quarry. Widespread geographic distribution, outmp observation, and subsurface
interpretation of this characteristic PFS feature points toa common origin of these types of

extensional faults across the range of the Niobrara Formatio
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Orientation trends and patterns are a second key charactstic of PFS. Convergence of
random fault orientations produce polygonal patterns in m@view, hence the name for this
system. Generally, a weak southeast-northwest and southstaortheast trend was mea-
sured in Kansas outcrop locations (Figures 5.3, 5.24, 5.3%1085.44). This trend may not
accurately re ect the true nature of average fault orientabns, however. This is because
small outcrops studied for this research may contribute toavds exposure bias for exhibiting
faults in preferred orientations, and this caveat was alsdénti ed by Maher (2014). Greater
guantities of measurements help to better de ne true fault dtribution and average orien-
tations, like what is seen when comparing the stereonet clisrof fault planes at Stockton
to that of Castle Rock (Figures 5.3 and 5.39). Widespread badild regions of outcrop and
3D seismic data ultimately provide the best understandingfdhe overall orientation trends
and lateral distribution of polygonal fault planes observale within the Niobrara Forma-
tion. Fault and slickenside orientation data collected frm Castle Rock indicates a lack of
tectonic in uence when the fault system formed (Figure 5.39) Strikes of the fault planes
show variation in the orientation of the faults throughout the outcrop; however, hangingwall
slip direction arrows point in all directions. If the systemwas in uenced by tectonic forces,
more of the slickenside lineaments would likely point in pferential patterns (Figure 5.39).
Additionally, the polygonal pattern of converging normal falts is also observable at various
scales: from outcrop-scale observations to large-scal®dsurface interpretations. It is likely
that most outcrop-scale faults are below seismic resolutiphowever, random orientations of
small-scale faults measured at the Castle Rock badlands inigrstudy and by Maher (2014)
re ects similar geometric patterns that have been interpried at signi cantly larger scales.
Polygonal patterns of faults at all scales indicates a fraat nature of the system, which was
suggested by Sonnenberg and Underwood (2013) (Figure 3.5).

Formation of crystalline calcite fault Il is present in nealy every fault plane observed in
Kansas. Commonly, the calcite Il associated with these fdis is only one to two centimeters

in width; however, zones with thick, sparry fault Il like in Figure 5.40 may have formed due
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to overpressured uids acting along the fault plane. This aaributes to thickness increases
where uid escape pathways had the greatest permeabilityrgbably along fault planes with
greater lateral extent and vertical o set. The very coarserained crystalline calcite Il along
the fault planes almost without exception exhibited strongslickenside lineations, which also
helps to determine the direction of fault displacement. Addionally, because of crystalline
calcite precipitation along fault planes, it is likely thatcalcite acts as a uid ba e along the
fault plane below the surface. Compartmentalization of resvoir hydrocarbons within the
Denver Basin most likely can be attributed to the extensive etworks of polygonal faults.

Small-scale fracture Il in the marl intervals at Castle Ro& Monument Rocks, and
Smoky Valley Ranch formed before faulting occurred (Figurés41 and 5.45). Fault planes
cut cleanly through these features; however, the smallerafiture lls typically do not cross-
cut one another and the truncation of one plane into anothelsimost commonly observed.
Since the fracture lls cut across bedding planes without gnnoticeable o set, exhibit both
concave and convex geometries, do not follow a preferredemtiation, and faults o set these
features, the timing of these features must have happenedryesoon after deposition and
before the initiation of the main polygonal structures. Alttough these fracture lls are not
usually laterally-extensive and do not exceed in thicknesd several millimeters, it is possible
that the calcite Il acts as a small-scale uid ba e, preventing the migration of hydrocarbons
through the marl into the chalk reservoirs. Slumping may exXpin these features if concave
fracture lls were exclusively observed; however, both caave and convex geometries negate
a slump origin. Further study of these features is needed t@me to a conclusion on the
mechanism of origin; however, these features seem to havtelimpact on the larger-scale
PFS.

The absence of stylolites in all outcrops examined in Kansawlicates that the outcrops
have not been exposed to signi cant compressive stress ither the horizontal or vertical
axis. Stylolites are common features of carbonate rocks titaave been exposed to signi cant

burial depths or compressive tectonic forces, resulting pressure dissolution of carbonate
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grains perpendicular to the principle stress orientation.Collins (2012) observed vertical
stylolites at Six-Mile Fold and the Cemex Quarry in Niobrara atcrops north of Boulder,
Colorado. Vertical stylolites are important in the identi cation of zones that have undergone
signi cant horizontal stress, i.e. tectonic compressionThe presence of these features in Front
Range outcrops and noteworthy absence of stylolites in Kaass outcrop suggests signi cant
di erences in the overall induced stresses within the Niobra interval at di erent geographic
locations. Front Range outcrops of the Niobrara have underge exceptional burial and
uplift, causing the formation of pressure dissolution feates. Because stylolites were not
observed at any outcrop in Kansas, this feature helps con rrithat these outcrops have not
been su ciently compacted or stressed to result in pressurdissolution of the carbonate
grains. Shallow burial depths and erosion on a stable congintal craton both contribute to

carbonate rock outcrops that do not exhibit stylolites.
6.2 Local Structure Reactivation Faults

Faulting and fracturing in most cases is a direct result of sin release in brittle litholo-
gies due to structural events that occur after deposition,cmmpaction, and lithi cation. Tec-
tonic in uence orients fault and fracture planes in predicable patterns related to the overall
stresses present within the rocks. Evaluation of these patins is based on stereonet analysis
which quanti es structural orientations of lines and plans to form an analytical method for
understanding local or regional stresses.

The second type of faulting observed in Kansas outcrop cosis of structural reactivation
of polygonal faults after full lithi cation of the rock unit s. Since the chalk and muddy inter-
vals of the Fort Hays Member exhibit di erent geomechanical operties after lithi cation,
fault bends, bed thinning across fault planes, fracture swas, and common antithetic sets
that extend from the main fault plane and are observable at tkton outcrops (Figure 5.12
and Figure 5.13). Peacock (2002) describes similar featuresnormal faulting in Creta-
ceous chalk outcrops in the United Kingdom (Figure 5.13). Addibnally, Peacock (2002)

notes that the geometry of normal faults is heavily in uence by the proportions of brittle
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to ductile layers within a given section. Initiation of fauting occurs within more brittle
lithologies, and contractional bends occur in more ductilbeds as the fault plane crosses
changes in the brittleness of lithologies (Peacock, 2002entler dips of the faults within
the more ductile beds are commonly observed at the intersemt of a fault plane with more
ductile rock between layers of more brittle rock (Peacock0PR2) (Figure 5.13). The outcrops
around Stockton were the only outcrops in Kansas that exhitad structurally reactivated
fault characteristics similar to what is described by Peaai (2002).

Observations and data analysis from the roadcut outcropsdm around Stockton are inter-
preted to display a level of structural character not dete@d at other Kansas outcrops. Struc-
tures undoubtedly exist within western Kansas outcrop as aerved by Twenhofel (1925),
Russell (1929), and by the presence of conventional oil eddhat produce to this day. These
features were key for early oil exploration; however, theyase not at a large enough scale to
cause widespread structural deformation of the Niobrara. @nof these structures is present
at Stockton and has caused the reactivation and brittle defmation features observed in Fort
Hays outcrops. Several of these features help identify sttucal reactivation which include
the presence of common antithetic faults, brecciation zogseand increased fracture density
around primary fault planes. Each of these features are olged at Stockton and can be
seen in Figures 5.4, 5.7, 5.8, 5.9, 5.12 t0 5.13, and 5.17 tal5.2

Outcrops West #2 North and South display the most abundant exdence for structural
reactivation in the Stockton area. A graben fault block exteds from the northern outcrop
to the southern and associated antithetic faults which conbute to the graben form also
extend from primary fault planes (Figure 5.7 and Figure 5.12). Aithetic faults branching
from main fault planes were not observed elsewhere in Kansawd these features contribute
to the interpretation of additional structural deformation that occurred after lithi cation.
Antithetic faulting in polygonal systems have been observetiowever, outcrops of polygonal
faults in Kansas did not display this feature. Reactivatiorof the polygonal system appears to

cause more antithetic faults to form than what normally woud occur in a natural compaction-
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dewatering fault system. Additionally, calcite fault Il was not present within antithetic fault

planes at Stockton outcrop which indicates these featurexaurred at a much later time.
Similarly to Collins (2012), an increase in fracture dengitand fracture swarms surrounding
primary fault planes was observed at West #2 (Figure 5.8). Breciation zones, pull-aparts,
contractional bends, a rotated fault block, and mud smearslso occur within some of the
Stockton outcrop faults, futher supporting faulting cause by structural deformation after

lithi cation (Figures 5.9, 5.12, 5.13, 5.21, and 5.22).

Although structural reactivation has caused the addition obrittle deformation features
not seen elsewhere in Kansas outcrop, the original fault plas appear to exhibit consistent
average dip angles, increasing o set upward, and display idence that the faults are layer-
bound in nature (Figure 5.4, 5.16, 5.17, and 5.20). This evidee suggests that the original
mechanism of faulting in the Stockton areas is of a polygonatigin. Structural reactivation
along these fault planes has contributed to signi cant defmation, brecciation, and the
addition of other structural features at Stockton outcrop dcations as noted above; however,

original geometries of the reactivated polygonal fault plees remain intact.
6.3 Using UAVs for Geologic Research

The use of a UAV for this research has proven to be a valuable atilon to the traditional
eld mapping tool box. The DJI Phantom 4 quadcopter captures lgh-resolution photos of
features in outcrop that otherwise would be di cult to identify and quantify. In addition to
the quality of the information gathered, the acquisition pocess is simple, e cient, and sig-
ni cantly reduces the time required normally spent on tradiional mapping and observation.
Even though using the UAV is a simple process, malfunctions veerelatively common and
steps to avoid loss of data and inaccurate models were takendnsure accuracy of resulting
maps and models. In addition to the previous bene ts listedaelier, the use of UAVs for
research applications is virtually unlimited. Studies ofdteral stratigraphic variation and
correlation, modern coastline deposition, and identi cabn of possible rockfall hazards are

only several of the hundreds of possible applications fordluse of a UAV in geologic research.
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Continued advancement in technology, a ordability, and lgal regulations will help sustain

diverse, accurate, and responsible utilization of this nedata acquisition technology.
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CHAPTER 7
CONCLUSION

Three main objectives for this study include 1) comparing ahcontrasting the fault and
fracture styles observed in various Niobrara outcrop locatns, 2) compare eld observations
with previously published models, and 3) help establish glegical research methods for
UAVS.

The rst objective was completed by incorporating traditional geologic eld data and ob-
servations with modern photogrammetric surveys acquiredsing a UAV. Models of outcrops
were created using photogrammetry, structural data were &acted using digital methods,
and interpretations of the structural features were compald. Widespread regions with lesser
structural in uence were observed throughout Kansas Niobra outcrops and an example
of local structural deformation at Stockton exhibits simiar features to outcrops along the
Colorado Front Range. Observations collected at Stocktorutcrops suggests a component of
structural in uence in post-lithi cation brittle deforma tion due to the presence of antithetic
faulting, bed thinning at fault bends, increasing fractunng around primary fault planes, and
normal fault pull-aparts and contractional bends within the fault planes. Other Kansas out-
crops display single, linear fault planes with weak orient@n trends, consistent dips, and
strong bed-bound geometries.

The second objective was completed by interpreting infornian extracted from the eld
and from the digital outcrop models and comparing the reswdtto previous work. This
comparison helps with understanding the fault mechanism tfie Niobrara Formation within
the Denver Basin. Since the great majority of western Kansasutcrop has seen little to
no tectonic in uence, shallow burial depths, and underwentleposition and lithi cation on a
stable craton, identi cation of original structural features of Niobrara rock is best observed in

this region. Widespread features such as linear fault plangke absence of stylolites, layer-
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bound faulting, and random fault orientations suggests a aonal faulting mechanism.

The third objective was completed through extensive resedr into photogrammetric
methods, trials for acquiring the highest resolution modslof vertical faces, troubleshooting
numerous problems encountered throughout the process, amding solutions to contribute
towards accurate and meaningful results. Utilizing grid-gte photo acquisition resulted in the
highest quality orthomosaic maps and 3D models of badland twwops. Vertical grids along
tall outcrops and road cuts similarly resulted in the highgsDOM accuracy and resolution
for collecting measurable structural data. Utilizing basi®JAVs for research is now attainable
thanks to increasingly advanced and a ordable technology.

Understanding whether a polygonal or tectonic fault systensipresent within a hydrocar-
bon reservoir is important for economic development of an aanventional reservoir. Predic-
tion of the fault planes along a horizontal wellbore may be me di cult when drilling within
a polygonal system due to the random nature of the fault orieations. Predicting the ori-
entation trend and potential spacing between faults withira tectonic system is reliable and
useful for understanding where hydrocarbons have migrateshd whether potential reservoir
intervals may contain economic quantities of oil and gas. Adibnally, polygonal faults may
create compartmentalized reservoirs due to the convergenof fault planes into polygonal
patterns. The fault planes observed in Kansas very commongxhibited thick calcite lls,
which also may act as e cient uid and pressure ba es at depth within reservoir intervals.

Additional conclusions drawn from this research include:

1. Evidence of layer-bound faulting at Cedar Blu s Reservoj Stockton, and the Portland
Quarry helps constrain the polygonal fault model as an expiation for regional fault
development throughout the Niobrara Formation. These fault exhibit a decrease in
o set with depth and terminate at the contact of the Fort Hays Member and Carlile

Shale or within tens of feet of the contact.

2. Evidence of structurally-in uenced and polygonally-iduced faulting within the same

lithologic interval de nes noticeable variations in faultplane geometries and bedding
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characteristics in the Fort Hays Member of the Niobrara Formabn. Characteristics

of both styles of faulting were identi ed and interpreted.

. Faults around Stockton, Kansas display evidence of polygal fault planes that have

undergone structural reactivation.

. Weak southeast-northwest and southwest-northeast tres of fault planes are observed
in Kansas outcrop; however, this trend is less pronouncedttvincreased fault orienta-
tion measurements in outcrop. Widespread badland regionsaitcrop and 3D seismic
data ultimately provide the best understanding of the ovedaorientation trends and
lateral distribution of polygonal fault planes observablevithin the Niobrara Formation

of western Kansas.

. Uniform stratigraphic thickness of the Fort Hays Member is lzserved across 58 mi of
western Kansas. Additionally, the use of UAVs for stratigrapti modeling and inter-

pretation is achievable; however, the use of ground contrpbints should be employed.

. The absence of stylolites in all studied Kansas outcrops evidence that the Niobrara
in this region has not undergone signi cant burial or compdmon and has not been

subjected to signi cant tectonic stresses.

. A range from outcrop to seismic scales of polygonal faulegmetries suggests fractal
size variation within the system. Polygonal faults occur aoss a range of tens of feet

to thousands of feet in length.

. Stable isotope analysis of host rock samples and adjaceaicite fault Ills conrms a
meteoric origin and formation of small-scale calcite- ll@ fractures in the marl intervals

likely preceded initiation of polygonal faulting.

. UAVs o er a ordable means of quickly acquiring high-resoltion and precise data for

maps and models in locations that may otherwise be inaccddsifor eld observation.
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7.1

. UAV-acquired DOMs are an accurate platform for extractingnd interpreting struc-

tural data.

Recommendations for Future Work

. Extend outcrop comparison and study of faults and fractws to additional outcrops

and badland regions in southeastern Colorado, northern angestern Kansas, and
central Nebraska for the most comprehensive analysis and repentation of regional

fault trends in the Niobrara Formation.

. Expand outcrop analysis to include data collection methus like fracture scanlines and

fracture maps in addition to the established methods of UAV ah eld data collection.

Collect data related to the speci ¢ mechanical properteeand variation in the Niobrara
Formation. Conduct rock mechanics analyses throughout deérent lithologic intervals
at various depths to better quantify, predict, and model thenteraction of fault prop-

agation against changes in mechanical stratigraphy.

Compare rock mechanics analysis to mineralogic compasit and characteristics for

identi cation of speci c facies and resulting in uence on &ult propagation.

Create dynamic models of fault propagation through di eent stages of diagenesis,
lithi cation, and compaction to better constrain variables that a ect the formation of

PFS.

Perform additional analysis and interpretation of 3D semic surveys in the Denver
Basin for contribution toward understanding and de ning vaiations in faulting within

the Niobrara and other Cretaceous formations.

. Experiment with comparing model resolution of di erent fhotographic distances from

outcrops to nd the optimal photo resolution for structural analysis.
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8. Utilize UAV-acquired maps and models for future structuralstratigraphic, deposi-
tional, and other eld-based research studies. Applicatianfor UAVs are only limited

to one's imagination and current technology.
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