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ABSTRACT

The Paradox Basin is a structurally unique and importatmblgem basin in southeastern
Utah and southwestern Colorado that provides pristine examgbldiapiric salt structures and
supra-salt faulting. The structural and stratigrap hchiteccture of the Paradox Basin was
strongly influenced by the complex, dynamic evolution ofetxporite-rich Paradox Formation
and development of NW trending salt wall structures. ThebMr@ault System is one of the
largest normal fault structures within the ParadoxmBared provides an ideal opportunity to
study the linked evolution of salt structures and supltafeadting. The fault system trends
parallel to the Moab-Spanish Valey salt wal, extending eympately 30km NW of the
entrance to Arches National Park. Although the faultesydbas been extensively studied, the
timing and mechanisms controling faulting are not wedewstood. The lterature presents a
range of inconsistent dates for fault intiation, rangiram the Permian through the Quaternary,
while extensional mechanisms include regional extensait evacuation, and salt dissolution.

This study reveals new information and conclusions rdéga the development of the
Moab Fault System and the underlying Moab-Spanish Valdywsd] answering questions that
were previously in debate. Detailed mapping along the Moammeé3®gand Mil Canyon Linkage
Zone of the Moab Fault System characterize important hangadgstructures: collapse v-
shaped synclines on the limb of a rollover anticline altwgsbuthern portion of the Moab
Segment and extensional fault tip monoclines along theemartportion of the fault system. The
synclines and monoclines indicate brittle, post-depositionainfp Kinematic data indicate
primarily dip-slip faut motion with oblique slip concentr@t@long fault branch points and
curved fault segments. Extension is towards the NW alad\NE-striking Moab Segment,
transitioning to mainly northward extension along the E-\Kirsr segments of the Mill Canyon
Linkage Zone. A series of closely spaced 2D cross section8asdrfaces were constructed by



integrating detailled surface data with all avaiablesadace data including wells, one 2D
seismic profie, published 2D cross sections, and published ustruoontours. The interpreted
3D geometries reveal a lack of evidence for growth faulind a genetic relationship between
the shape of the top of the underlying Paradox Formation anttdolcdhult inttiation. Throw
distributions indicate that the highest point of the upohgr asymmetric salt high, or pillow,
corresponds to the maximum throw and the location of fatéitinn of the Moab Segment.
Addtionally, the faults along the Mil Canyon Linkage Zoaee located where the top of the
Paradox Formation increases in slope, dipping to the north. tldgesuggest that the fault
system developed after the formation of the diapiric saitteres and deposition of the strata
exposed in the field (early Cretaceous). This study alggests salt movement from beneath the
hanging wall as a stronger candidate for fault intiatiban regional extension due to the lack of
additional large-scale normal faults (graben systentheinarea surrounding the Moab Fault
System, indicating more localized strain than expectedgduegional extension.

Faultng may have intiated due to uplift of the CO platdating the late Neogene,
which substantially increased erosion and initiated disdblution along the Moab-Spanish
Valey salt wal. This process would have lowered therdiffdal pressure on the Paradox
Formation evaporites along the salt wall, forcing salt toateig away from the thick overburden
surrounding the salt structure (high differential) tadgathe main salt wal and thinner
overburden (low differential pressure). The presence oflastia deformation bands across the
fault system provides evidence for deformation at a suladtdantrial depth and, therefore,
before complete uplit and exhumation. This proposed deformatiechanism suggests that the
brittle hanging wall accommodated the evacuation of therlyimie Paradox Formation through

the initiation of the Moab Fault system.
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Figure 4.7 Examples of minor faults in the hanging wathefsouthern portion of the
Moab Segment, along the Moab Anticline. (a) and (b) Poorly edpfasis
offsetting the Tidwell member of the Morrison Formation irsgathe Moab
Tongue member of the Entrada Formation. Figure locationsnsimowigure 4.8.
(c) and (d) Close-up photos of deformation bands within the Moab Tongue..52

Figure 4.8 Simplified map ilustrating the faults compristhg Moab Fault System: (1)
Moab Segment (2) Courthouse Rock Fault (3) Tusher Canyon Radations
of photos shown in Figure 4.FFigure 4.16 are marked by blue dots with
arrows showing the Viewing dir€CtION. ........ccoouuuiiiiiiiiiii e 53

Figure 4.9 Conjugate joint sets in the footwall, immedyatedjacent to the main fault
surface (Cutler Formation). Viewing direction is towards®1f#fiage location
SNOWN INFIGQUIE 4.8. ... e e e e e et e et e e e e e e e e aeeaees 54

Figure 4.10 Intersection of the Moab Segment and CourthBas& Fault of the Mil
Canyon Linkage Zone. Viewing direction is towards V8@nage location is
SNOWN INFIQUIE 4.8, ...ttt e e e e e e e e e e e e e e e e eeee e 55

Figure 4.11 Field photo ilustrating the complex fault gedesetalong the Courthouse Rock
fault and its intersection with the Tusher CanyonltFd@hoto viewing direction
is towards 272 Image location is shown in Figure 4.8 ..........cccccoveveeiieecie e, 56

Figure 4.12 Complex fault zone on the east side of Tushayad, along the E-W striking
segment of the Tusher Canyon Fault. Viewing directiotoviards 097. Image
location iS SNOWN IN FIQUIE 4.8. ... ...uiiiiiiiiiiieiiieeeei e 57

Figure 4.13 (a) Overview of Chinle-Cutler contact. ViewiDgection towards 342. (b)
View of outcrop where Chinle conformably overlies Cutler) Giose-up of
Cutler-Chile contact and paleosol within the top of thee€Cormation. (b)
and (c) taken by Bruce Trudgill. Viewing direction is towa@ds’. Image
locations SNOW INFIQUIE 4.8. ........uiiiiiiiiiieee e 59

Figure 4.14 Chevron fold in the hanging wall of the Moab Sepit®ait WWash Formation).
Viewing direction is towards 134 Image location shown in Figure 4.8................. 61

Figure 4.15 Wel-exposed outcrop along the Tusher Canyon $teting the steeply
dipping Cedar Mountain Formation adjacent to the fault andgigudually
decreasing towards the NE (away from the fault). Noteethévely flat-lying
Moab Tongue and Slick Rock Formations in the footwall. Viewingcton is
towards 328 Image location Shown in Figure 4.8. .........cccoeevvueeeiieeecie e, 63

Figure 4.16 (a) Steeply dipping shale within the BrushgirB&ember. The shale is
adjacent to a fault surface and lies beneath the Cedatdifoudember. (b)
Detail view of shale smear within the Brushy Basierer. Viewing direction
is towards 328 Image location shown in Figure 4.8..........c.cccovevvieiieiieecie e 64
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Figure 4.17 Kinematic analysis of the Moab Segment antith&€anyon Linkage Zone,

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

divided into structural domains. (a) A map of the study dime&rating data

collection locations of faut and slickenline orientatiorils)-(i) P-T analyses

projected on lower-hemisphere equal-angle stereonets, divitedlata

collected along the (b) Moab Segment; (c) Mil Canyon Liek&gpne; (d) NE-

SW striking Tusher Canyon Fault; (e) E-W striking Tus@amyon Fault; (f)

Courthouse Rock Fault; (g) Secondary faults along Mil yGan(h) Linkage

Zone where the Tusher Canyon fault intersects wihGburthouse Rock Fault;

() Linkage zone where the Courthouse Rock Fault inteyseith the Moab

6HIJPHQW 6WHUHRQHWY FUHD WadlKin®steednebLFN $OO0OPH:
=] 0] (o= 1 o o SRS 65

Three-dimensional view of Sections 2, 5, 8, and 12 shdengtructural

change along strike. The fault trace is at the surfpogected to a DEM) and

cross sections extend above the surface. Note the transitihe hanging wall

from a rollover anticline in Section 2 to a monocline in $eacfi2. Also note

the change in the salt geometry along Strike. ..o 71

Seismic line (104B-82) located NW of the study akeaation is shown in

Figure 3.3. Note the steep faults above the Paradox Salteatintiing of the

supra-salt strata onto the crest of the salt pilow aokething into the adjacent
minibasins. The formations do not change thickness sigmificacross the

SUPTA-SANK TAUIS. ... 73

Section 2, intersecting the southern portion dfitteb Segment of the Moab

Fault System, oriented NE-SW. The location of the se@imiown in Figure

3.3. The color of the title corresponds to the orientation ofeitiios, shown in

Figure 3.3. Wels in inset map are shown in Figure 3.4 and BableWells

intersecting the cross section are show in red and thtise Wkm are shown in

orange. Cross-cutting 2D sections are shown along the botidhe color
FRUUHVSRQGLQJ WR WKH VHFWLR QW HROUWIHHQW.QW LR Q
geologic horizons are shown by black dots. Note the rolloverlirantin the

hanging wall, the footwall dipping away from the fault to 8/, formations

thinning onto the top of the salt pilow (Paradox Formation) thiening into

the minibasin to the NE, and no thickness changes witkirsuprasdt strata

across the fault. No vertical exaggeration. ..........cccccceeeiiiiiieeeeriieiir e 75

Section 5, intersecting the middle of the Moab Ségnfiehe Moab Fault

System south of the fault kink, oriented NE-SW. The locatiotineo&ection is

shown in Figure 3.3. The color of the title corresponds to thetatien of the

section, shown in Figure 3.3. Wels in inset map are showigure 3.4 and

Table 3.1. Wells intersecting the cross section are shogdiand those within

1km are shown in orange. Cross-cutting 2D sections are shlowg the

bottom, in the color correspondn WR WKH VHFWLRQYYV RULHQWDWLR!
3.3. Intersecting geologic horizons are shown by black dots. Noteldvenr

anticline in the hanging wall, the footwall dipping awegni the fault to the

SW, formations thinning onto the top of the salt pilow (Pard@osmation) and

Xi
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thickening into the minibasin to the NE, and no thicknessgelsa within the

supra-salt strata across the fault. Also note the hebtite salt beneath the

footwall and hanging wal. The legend is shown in Figure 5.8.véitical

(3 e Lo 0] = 1A (0] o T PP P PRSP PTTPPPPO 77

Figure 5.5 Section 8, intersecting the middle of the Moab Seégofi¢he Moab Fault
System north of the fault kink, oriented NE-SW. The locatioth@fsection is
shown in Figure 3.3. The color of the title corresponds to thatatien of the
section, shown in Figure 3.3. Wells in inset map are showiigure 3.4 and
Table 3.1. Wels intersecting the cross section are shoadjnthiose within
1km are shown in orange, and those further than 1km are shdwack.
Cross-cutting 2D sections are shown along the bottom, inclbe
corUHVSRQGLQJ WR WKH VHFWLRQYV RIMHIFEIMWDQWLRQ VK
geologic horizons are shown by black dots. Note the relatiatlyhdnging
wall, the footwall dipping away from the fault to the SW, fations thinning
onto the top of the salt pilow (Paradox Formation) and thickemiteg the
minibasin to the NE, and no thickness changes within upeassalt strata across
the fault. Also note the height of the salt beneathfabivall and hanging wall.
The legend is shown in Figure 5.3. No vertical exaggeration. ................ccecccvnvnnnnns 78

Figure 5.6 Section 14, intersecting the northern portion dfitteb Segment of the Moab
Fault, oriented NE-SW. The location of the section is showRigure 3.3. The
color of the title corresponds to the orientation of the@gcshown in Figure
3.3. Wels in inset map are shown in Figure 3.4 and Table 3.1. Wels
intersecting the cross section are show in red, thosin viiltm are shown in
orange, and those further than 1km are shown in black. Cutisgr2D
sections are shown along the bottom, in the color correspondihg WiHFW LR QYV
orientation shown in Figure 3.3. Intersecting geologic horizamsshown by
black dots. Note the hanging wall dipping away from the fauliatdsythe
minibasin to the NE and the monocline adjacent to the falto note the
relatively flat footwall, formations thinning onto the toptbé salt pilow
(Paradox Formation) and thickening into the minibasin td\tlie no thickness
changes within the supra-salt strata across the fandt the depth of the salt
beneath the footwall and hanging wall. The legend is showigure 5.3. No
VertiCal @XagQeratiON. ......ccooiiiiiiiieiee e —————————————— 79

Figure 5.7 Section 29, intersecting the Courthouse Rock andrTGsimyon Faults in the
Mill Canyon Linkage Zone, oriented N-S. The location of thetisn is shown
in Figure 3.3. The color of the title corresponds to the onentatf the section,
shown in Figure 3.3. Wells in inset map are shown in Fi§ueand Table 3.1.
Wells intersecting the cross section are show in red, thiisie \ikm are shown
in orange, and those further than 1km are shown in black.s@ratihg 2D
sections are KRZQ DORQJ WKH ERWWRP LQ WKH FRORU FRL
orientation shown in Figure 3.3. Intersecting geologic horizams shown by
black dots. Note the hanging wall dipping away from the faalthe N, the
footwall dipping slightly towards the fault to the N, formaso thinning onto the
top of the shallow salt pillow (Paradox Formation) and thickeriritg the
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minibasin to the N, and no thickness changes within fhassalt strata across
the faults. Also note the depth of the salt beneath thevdthoand hanging wall.
The legend is shown in Figure 5.3. No vertical exaggeration. ..........cccccoeeeeeeeieeeennns 80

Figure 5.8 Map view showing the contoured structure surfatédse top Kayenta, Chinle,
Honaker Trail, and Paradox Formations. These surfaces vested inPetrel
using formation tops in wells and 2D cross sections that weatedt inMove .....81

Figure 5.9 Three-dimensional view of the four strucsweaces created iRetret the
Kayenta, Chinle, Honaker Trail, and Paradox formations. ..............cccccevvviviviiennnnn. 82

Figure 5.10 Geometries of growth fault strata in both ibadit basement-involved rift
basins and along listric faults that propagated upward frdeteechment layer.
Pre rit units are stippled and synrift units are shaday g(a) Schematic
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Figure 5.11 Throw distribution along the Moab Segment of tbabVFault System. (a)
Surface trace of modeled faults (b) 3D view of modeled famfaces (c)
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Figure 5.12 Throw distribution along individual fault segmeat the Courthouse Rock
Fault and the Tusher Canyon Fault of the Mil Canyaikdge Zone. (a)
Surface trace of modeled faults (b) 3D view of modeled faufaces (c)
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Structure of the top of the Paradox Formation iniD loking to the SE (top)
and map-view (bottom). Note that the location of the fautisesponds to an
increase in the slope of the top Paradox Formation, whiclly latips to the

Detailed map of the southern-most synclinesthentbcations of 2D cross
sections constructed in this study. The depth to the to ¢tdhadox beneath
the syncline (within each cross section) is posted in the grees.hax................. 95

Processes illustrating the development of noamiitplarallel monoclines. (a)

Vertical fault propagation (modified from Schiche et al., 1995).Lé&weral

fault propagation (modified from Sharp et al.,, 2000). (c) Frictiahab

(modified from Ferrill et al., 2012). ...oovrmriiiiiiie e 97
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Roler faults. (a) Comparison of fault familiegspnt above autochthonous

salt. (b) and (c) Examples of roller faults in seismidngohto salt, ilustrating
istric faut geometries, rollover anticlines in thentgdg wall, and growth

strata thickening toward the fault. (c) shows a n ideal jelraf faults

detaching along asymmetric salt rollers. (Modified from Rowamh,et399). .....102

Geometries of synrift strata. (a) Comparison of synrift atetsociated with a
basement-involved rift fault and fault propagation folding. (Nikxtlifrom

Withjack et al,, 2002) (b) Truncation of synrift units andeasing dip

rotation with increasing fault propagation. (Taken from Sharp,e2@00) .......... 104

(@) Orthogonal and (b) Oblique rit development alisil by scaled sandbox
models. (Modified after McClay et al, 2002). .........oueeiiiiiiiiiiiiii s 108

Fault development and diapirism in salt-influericasins. (a) Map view of the
northern Red Sea where regional extension has producee@ aylafzen system
of faults (black lines) and salt walls (black polygons). (o) @y experimental
models showing faulting and diapirism during thin- and tkkkned
extension, respectively. (Modified from Jackson and Vendeville, 1994)....... 109

Timing of movement along the Moab Fault Systessepted by various
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Figure 6.10 (a) Schematic illustrating the relationshipveen deformation bands and
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fault tip (taken from Fossen, et al., 2007). (b) Deformation basdifdation
based on permeabiliby (taken from Ballas et al.,, 2015). ..........ooooiiiiiiiiiiiiiiiiienee, 114

Figure 6.11 Field examples of deformation bands (a) Exammles Balas et al., 2015,

based on the classification shown in Figure 6Cdlor photos are taken in the
field whie black and white photos are SEM photomicrographs. EXainples
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CHAPTER 1
INTRODUCTION
The Paradox Basin is a geologically unique petroleum lra$k Utah and SW

Colorado (Figure 1.1). The basin evolved as a flexural fatetzasin (Barbeau, 2003),
developed in the footwall of the Uncompahgre thrust front glutie Pennsylvanian-Permian
Ancestral Rocky Mountain (ARM) orogeny (Figure 1.1). Theoteic history of the Paradox
Basinis dominated by the movement and diapirism of a substantiaacalmulation and the
EDVLQTY VWUXFWXUDO DUF RQIH/DiwaRihhtrend/NWiaidie FWHUL]JHG
separated by deep, evacuation minbasins (Figure 1.1). Tireibagsologically unique because
the salt walls are close to, or in some places exposed atrkheesand linear topographic valeys
le above the salt walls. The salt walls formed during ldke Pennsylvanian and Permian as
substantial clastic sediment was shed from the risingotdpahgre mountain front, loading and
driving migration of the salt basinward (southwest) ame@ttyg large salt structures through
differential loading and downbuilding (Trudgill, 2011). This proagesatly influenced the
resulting stratigraphy, which is well-exposed, allowing fariksl study and understanding of
the behavior of the Paradox salt and associated faultusérsic

There has been substantial research in the Paradox tBasiderstand the processes
controling the formation of the linear salt wals andriyueg valeys (e.g., Gutierrez, 2004;
Banbury, 2005; Ge et al., 2008; Kluth and DuChene, 2009; Trudgill an®@a&; Trudagill,
2011). The valleys are characterized by extensive surfg@dens, formed by normal faulting
along the crests of the anticlines that lie above thevslis (Figure 1.2). The Moab Fault is part
of this overall array of commonly NW-SE striking normal tigulhowever, it is much larger in
scale than the rest of the faults in the region asdaldifferent relationship to the underlying salt

wall. It crops out at the NW end of the Moab-Spanish Vadag trends parallel to the valley,

E
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extending beyond the salt wall for a substantial distance (30khe NW; Figure 1.2). Many
specific structural studies have been completed on theifaluding detailed field descriptions
of the fault zone and associated veining, calcite cetimamtaand iron oxide reduction, analysis
of its abilty to act as a seal or baffie to hydrocarbon flow, itendarthquake potential (eg.,

Foxford et al., 1996; Olig et al., 1996; Foxford et al., 1998; Garden et al., 2001).dtpwev

2



integrated study has been performed to understand the evoditibe Moab Fault system and
how it relates to the growth and development of the MoabiSpMalley salt wall. This study
aims to achieve this goal, in addition to gaining a betenstanding of the fault-slip
kinematics and timing of movement along the Moab Fault. sttty wil also add data to the
ongoing research/debate regarding fault monocline and nafay evolution, improving the
understanding of the development of these structuresd¢Céilal., 2016
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Figure 1.2 A structural map of the northern Paradox Basin, showindNW¥weSE trend of the se
wall structures and major faults, including the Moab Fsydtem and Tenmile Graben.
Elongated salt wals are shown in light blue. (Modified fforadgill and Paz, 2009; modified

after Doeling, 2001).



A digital database was compied Global Mapperand OLGODQG 9DQOH\YV ORYH
consisting of publishedPDSV DLU SKRWRV DQG 'LILWDi®Oord@kYDWLRQ OF
complete preliminary mapping and focus data collection enfi¢iid. Detailed field
measurements were then collected in order to charactiez detailed structures along the strike
of the Moab Fault System. A kinematic analysis of slickenkmd fault orientations was created
to define the bulk shortening and extension directions almndatit system. These detailed
structural field data were added to the digital databa€eliitG OD QG 9 D GaiHhtéprxate®R Y H
with available subsurface data including seismic, weth,dand published cross sections and
structure contours in order to construct a series of clag@ced structural cross sections. The
2D cross sections were then used to develop a 3D model ofjilatestructure in
6 O X P E HUJH wduding H&y Bish&ions and fault surfac&snally, the surfaces were used
to generate fault throw-length plots usif@L G OD QG 9 D GnoHileftd aBdR 2 Hhe
initiation and development of the Moab Fault System.

These products represent a valuable addition to the Paradoxdzdabase that has been
compiled by Bruce Trudgill and associates. The constructedr@$ sections and 3D model
provide an enhanced understanding of the 3D structural ggoatedepth and insight into how
the evolution of the Moab Fault System relates to theathvevolution of the Paradox Basin,
including the development and growth of the salt structuresddition, the characterization of
detailed structures along the hanging wall of the Moali ISysttem provides additional
knowledge of the complex geometries of petroleum traps crbgtedpra-salt fault structures.

This enhanced understanding of the relationship betweestsgitures and supra-salt faulting
also has implications for resource exploration in analodgasns throughout the world that are

similarly dominated by salt tectonics, such as the Guflefico, North Sea, Brazil, and Angola.



CHAPTER 2
GEOLOGICAL BACKGROUND AND PREVIOUS WORK

2.1Study Area

The study area lies in the northern part of the Paradex Ba SE Utah and is limited to
the extent of the Moab Fault system (Figure 1.2). The segment of the Moab fault is a NW-
SE trending large-scale normal fault that crops outeatNtW end of the Moab-Spanish Valley
salt wall and continues approximately 30 km to the NW beyondaieval, possibly
connecting to Tenmile Graben (Figure 1.2; Foxford et al., 1996).
2.2The Paradox Basin

The Moab Fault is a large structure located in the atalt complex Paradox Basin in
eastern Utah and western Colorado (Figure 1.2). Locateé icettiter of the Colorado Plateau,
The Paradox Basin formed during the Ancestral Rocky Maourfi@aRM) orogeny (Trudgill,
2011). It is an assymetric fiexural foreland basin (Figuf® tBat formed along the southwestern
flank of the Uncompahgre Uplift, a large basement cored uplfUtah and Colorado that trends

NW-SE (Figure 1.1). The basin is large, approximately 265km x 190 km

SCHEMATIC PARADOX BASIN COMPOSITE SCHEMATIC FORELAND BASIN

NE SW FOREDEEP FOREBULGE BACK-BULGE

PROXIMAL MEDIAL DISTAL PROXIMAL DISTAL

Gateway, CO Blanding, UT Buff, UT  Kayenta, AZ

Wolfcamp Perm

s -"-\."-ir-QTli-ﬂ_-n“E’-ei'l-n-'
Missourian
Desmoinesian

! (with time lines)

barred basin
saline tacies

Dorobek, 1995;
Galewsky, 1998;
Allen et al., 1999; Giles & Dickinson, 1995
Gupta & Allen, 2000

Sinha & Friend, 1994; DeCelles & Giles, 1996;
DeCelles & Cavazza, 1999

Figure 2.1 Left: Schematic of facies distribution acrbesRaradox Basin. Right: Schematic
facies distribution of a restricted marine flexural fanel basin. (Taken from Barbeau, 2003)



(Barbeau, 2003), and its limits are defined by the extent d?dinadox Salt, deposited in the
basin during the late Pennsylvanian (Desmoinesianuré-ig.1; Trudgill and Paz, 2009).

The formations exposed within the study area and offsé¢tebivioab Fault at the surface
range from late Pennsyivanian through early Cretaceoage (Figure 2.2). They include the
Pennsylvanian and Permian Hermosa and Cutler Groupstidissid Moenkopi and Chinle
formations, the Jurassic Glen Canyon and San Rafaep&rnd Cedar Mountain and Morrison
formations, and the Cretaceous Dakota Formations (Figureli2iBg eastern portion on the
Paradox Basin, adjacent to the Uncompahgre Uplit, the HeramagaCutler groups (Figure 2.3
FRQVLVW RI WKH 3XQGLYLGHG  &Xk¥E®GbhakelO@VForm&tibir indD UH FRH
Cutler Groupin the more distal portions of the basin. During the uplifthefUncompahgre
plateau, substantial clastic sediment was shed fromsiing basement rock and deposited as
large prograding alluvial fan, debris flow, and aeolan-reworfiedal megafan deposits in the
SUR[LPDO IRUHGHHS RI WKH EDVLQ LIRRXcrbEs th8 Qistal fekumaH G~ & X'W
forebulge, approximately 200 km SW of the Uncompahgre front (Barl2€83), biohermal
carbonate mounds created a topographic high that restrictied vy into the basin from the
open ocean to the south and west. Thick evaporates (Paradatiéigrnwvere deposited in the
restricted basin (Trudgill and Paz, 2009). The shelf carbonapessent a significant petroleum
reservoir system, sourced by high TOC black shales teahtarbedded with the evaporites in
the center of the basin and sealed by marine shalelbnastbnes that were deposited in the
backbulge (Figure 2.1).

The Paradox evaporites were originally deposited to a thickneappadximately 2200m
(Trudgill and Paz, 2009, after Peterson and Hite, 1969) and are hgtdyogeneous, consisting

of a multiple cycles of dolostone, hydrocarbon-rich organic tdhale, anhydrite, halite, and



Northern Paradox Basin Stratigraphy
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Figure 2.2 Stratigraphic column of units in the northerradRa Basin. Late Pennsylvanian
through mid-Jurassic strata are exposed along the foativdle Moab Fault System while mic
Jurassic through early Cretaceous strata are exposesl imnging wall (Modified from
Trudgill, 2011; after Doeling & Ross, 1998 and Doeling, 2001).



other salts that were deposited during sequences of floodehglessication related to glacio-
eustatic sea level fluctuations during the middle Bémansian (Hite and Buckner, 1981;
Trudgill and Paz, 2009; Trudgill, 2011). The Honaker Trail Formatios aegosited above the
Paradox evaporites during the late Pennsylvanian in a broa&stieonment, basinward and
SW of the fan system that was stil receiving sedinfienh the Uncompahgre front. The
Honaker Trail Formation consists of alternating crinoid, boacidl, fusulinid, and bryozoan-
rich packstones, lenticular and cross-stratified carbonatgssfcoated grain packstones), and
coastal channels (sistones and sandstones) (Petesdfitegn1969). The Cutler Formation
includes the coarse undivided clastic wedge that was shedttie Uncompahgre throughout the
Pennsylvanian, consisting dominantly of arkosic conclomeratis minor amounts of arkosic
sandstones, sitstones, mudstones, and carbonates (Trudgill, P8 Qutler Group grades
westward into thinner, more uniformly distributed deposits altbg Honaker Trail during the

early Permian. The Cutler Group includes the Cedar Megs@mnQRock, and White Rim

Stratigraphy
European North American medial/distal proximal | thrust
basin basin front
2706 Ma 2 : ‘
Ungutian Leonardian M g = }
Artinskian (~ 9.4 my) : i |
c c i
i) i) s
§ Sakmarian g Wolfcampian % k
A & (~19.0my) |
=
= i
; 2 (undivided) 6 km
Assellan Halgaito Fm | d s
299.0 Ma thickness
§ o Gzhelian % o Virgilian ~ 6.0my
(1} =’ i |
5| | Kasimovian | § Missourian ~ 1.5my e
f'é il %\ 2| Desmoinesian ~ 1.5my 5_1 _ Paradox Formation
n oscovian ° oSV, evaporite-shale facies !
_8 E 21 = Atokan ~ 3.7 my 7 1 / i :
E = .. 5 . Paradox | |
V] Bashkirian ol £ ~6.4 my Bioherms ! i
318.1 Ma - ~ Molas & Pinkerton Trail Fms b e amees

Figure 2.3 Stratigraphic column of Pennsylvanian througimi&e fil of the Paradox Basin.
(Taken from Trudgill and Paz, 2009, modified after Barbeau, 2003).



sandstones which are more marine-influenced than the BGweer, (Figure 2.3). The Moenkopi
Formation is a heterogeneous sandstone deposited in a mixied anadt terrestrial environment
during the early Triassic (Figure 2.2). It consists @frr&hore and tidal flat deposits in addition
to river and floodplain sandstones. The Chinle was deposited dbengiddle and late Triassic
in lacustrine, perennial and ephemeral river systent,aaalan environments (Figure 2.2).
During the Jurassic, the area was dominated by occasimarale and lacustrine advancement
into the margins of an aeolian erg system (Foxford et al., 1988)Glen Canyon Group
contains the aeolian sandstones of the Wingate, Kayemtd)a@vajo Formations (Figure 2.2).
The San Rafael Group les above these, containing the C@ooadly, the Dewey Bridge) and
Entrada sandstones. The Dewey Bridge was deposited on a ca&giah and consists of
interbedded sity sandstone, silstone, and lenticular sand beledord et al., 1996). The
Entrada is more mature, consisting of mostly quartz aseaitel can be separated in to the Slick
Rock and Moab Tongue Members (Figure 2.2). The Slick Rock Membemgosed of
discontinuous aeolian dunes interbedded with sabkha and intesdimastones to mudstones.
The Moab Tongue is dominated by large-scale aeolian dunesseafimg a return of the erg
system and more arid conditons (Foxford et al., 1996). The Rimk and Moab Tongu
Member of the Entrada Formation were deposited on the mafgjire interior seaway that
began to transgress from the north. The Morrison and Géolaatain formations were
deposited as fluvial and lacustrine deposits in the latessiar as the seaway continued to
progess southward and the Sevier fold and thrust belt developke west (Figure 2.2). The
Cretaceous fluvial and marine Dakota Formation was then ikeghaellowed by the Mancos
Shale as the Cretaceous Interior Seaway transgressieel fand deepened in the foreland basin

of the Sevier orogeny (Figure 2.2).



2.2.1Development of Salt Walls and Minibasins

In order to analyze how the Moab Fault system fits intohidtery of the Paradox Basin,
it is essential to have an understanding of the dominagidnes structures and the processes
controlling their development. The NE portion of the ParadoxnBasiiominated by a series of
salt walls that developed through a complex interplay betlwasament uplft, sedimentary
loading, creation of accommodation, differential sedimentat@m salt movement (Trudgill and
Paz, 2009). Various salt structures are present including deeqey, low relief pilows, salt
diapirs, and elongate salt walls (Trudgill, 2011). The largewsds are paralel to the

Uncompahgre front, trending NW-SE (Figure 2.4). The suprassatia are highly faulted and
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Figure 2.4 Map of the northern Paradox Basin showing distriibwof the salt valleys and
associated crestal salt anticlines. (Taken from Gujei2804).
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folded into asymmetric anticlines above the salt walls thioken significantly in the wide
synclines in the adjacent minibasins. Linear valegsabove each salt wall due to salt
dissolution, normal faulting, and collapse of the overlyingtatrThe Fisher and Sinbad Valleys
are the most proximal salt structures to the Uncompaingré and lie along strike from one
another; Fisher Valley lies in Utah to the NW and Sinbadey les to the SE in Colorado
(Figure 2.4). To the SW, the Salt-Cache Valley, Castlieyabnd the Paradox Valey, also lie
along strike from one another (Figure 2.4). The next sedllel/s to the southwest is the Moab-
Spanish Valey and Gypsum Valey (Figure 2.4). The mostldistley is the Libson Valey
(Figure 2.4; Gutierrez, 2004; Trudgill, 2011). The NW (Utah) and Sio(ado) valleys are now
separated by the La Sal Mountains, comprised of 29-25Mamrusaimplexes but are
interpreted as being originally at least partly conne¢tagure 2.4).

The oldest and generally more proximal salt walls begalevelop during the late
Pennsylvanian as the clastic sediment of the Cutlem&timn was deposited in the foredeep of
the basin, driving the underlying Paradox evaporites basinvandyrds the SW. As the Cutler
Formation prograded away from the thrust front, the evaponitee expelled in the same
direction. At depth and over geologic time, salt acts ascampressible fluid, moving away
from differential stresses applied due to sediment loadingzeRsting NW-SE trending subsalt
faults at the top of the Mississippian strata (base &et)d as buttresses to the salt migration,
helping to initiate diapirism along a linear NW-SE trendud@ill, 2011). The salt moved from
beneath the region of active deposition into a growing sdlt mereasing accommodation and
allowing more sediment to be deposited in the developing minbasinpéssive diapirism).
Once all of the salt evacuated from the area, formingt avelal, the saft wall could no longer

grow, creation of accommodation ceased, and the deposition o@wed basinward. The active
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salt wall was at, or near to, the surface throughout digpwth. This process, known as
SGRZQEXLOGLQJ -WRHDWHKNPH WKHNHRO VHG LFHiy®aN2.9; Qutv KH PLQLI
& DuChene, 2009). The new depo-center then forced a youngewnadaib develop basinward.

This process continued through the early Jurassic antt@dreder minbasins and salt walls

adjacent to the Uncompahgre front and progressively yoursgewalls and associated

minibasins towards the SW (Trudgill, 2011). Figure 2.6 shows essefistructural restorations

of a cross section passing through the Onion Creek Valdy V&8ley, and Moab-Spanish

Valey salt walls and Figure 2.5 shows a schematic repediee of this downbuilding process

(Paz and Trudgill, 2006; Trudgill and Paz, 2009).

The subsurface geometry of the salt wall structureshasvn by a redrafted gravity
gradient map of the area (Banbury, 2005; Figure 2.7). Thieofiped salt wals and flat-floored
minibasins have low gravity gradients. The salt walks characterized by high gradients due to
rapid changes in gravity across the steep salt flanks.sdlh walls are also clearly defined by an
isopach map of the Paradox Formation (Figure 2.7; Trudgill, 201é&)mEps show that the top
of the Castle Valey and Moab-Spanish Valey salt wgallsige steeply attheir NW ends, where
they cross the Colorado River, which is also confrmed byadedh (Trudgill, 2011). The sudden
terminations of the salt walls are interpreted to be ckeltdea subsalt NE-SW structural trend
that helped control the inttial deposition of the evaporigedaand influenced the edges of salt
wall development (Trudgill, 2011). The Moab Fault extends NW oétlge of the steeply
plunging Moab-Spanish Valey salt wall.

After mobilization of the salt ceased, the salt strustuneere overlain by horizontal strata
during the middle Jurassic. These strata now form aefcliabove the salt walls and synclines in

the adjacent minibasins, which has been explained throwgfiple mechanisms. Rasmussen

12



@ Lo e R = ey oo ]l pre-growth

pre-Cutler v Y ¢ v ¢« ¢ 2
time ¥ L > v oL > R TGl

salt

| | | | | | 1 pre-salt

@ deposition of
5 \growth stratigraphy

Cutler —

‘) salt wall

L | | T I T pre-salt

salt is displaced into salt wall by
increased overburden pressure of thicker
sedimentary package in a process called
"downbuilding”

@ land surface “Heel”

salt wall

“heel

I I I =1 — pre-salt
7

“Weld” (all salt displaced, no further
accommodation space available)

unconformity
» {former land surface)

¢ . Vv earler
i salt
later > 4 Y wall
salt wall : = o v
I I ] | T I I pre-salt

Figue 25 & DUWRRQ GHSLFWLQJ WKH SURFHVV RIKERBAE)>
sedimentary geometries in minibasins. (Taken from Klutbu&hene, 2009).

13



Upheaval dome Moab Castle Valley ~ Onion Creek
salt wall salt wall salt wall

‘White Rim SS

10 km
WSW ENE
S = il (00 _j
— Present-day
S ¥ = F .
— - R RN — Cedar Mountain
145 Ma restoration
—— — B e, Triassic
= - 199 Ma restoration
e L i Ny White Rim SS
275 Ma restoration
S fih - I"* e} P6
284 Ma restoration
o 2 )
- = NN P5
288(?) Ma restoration
e i — ,‘A‘ e P4
= 291(?) Ma restoration
e A‘__.'a\ fi - ‘-: e P3
293(?) Ma restoration
T\ — P2
295(?) Ma restoration
— == s e TR e D _— P]
297(?) Ma restoration
—_— — e Honaker Trail
299 Ma restoration
s==——=——u=,-5. . = == _LA Paradox

306 Ma restoration

Figure 2.6 Structural restoration of cross sectionBy ORFDWLRQ R VH&&VL:
andFigure 2.7). It shows the process of downbuilding and sedinemtakposition centers

migrating from the NE to SW. (Taken from Trudgill and Paz, 2009).
14



Gravity gradient
(milligals/km)
40

20

38°45"

'.k."'t
*=% Lasal
‘wIntrusives

38°15"

109°45' 109°30" °15' °00" 108°45'

B 109°00

39°00 39°00'
N

B
38°45'— -38°45"
any C 5\ N\ [r——— |_ageaqy
38°30 ) . \ 10 15 20km 38°30

T T T T
109°45' 109°15' 108°00"

Figure 2.7 Northern Paradox Basin maps of (a) Gravity gradafter Banbury, 2005 and
gravity data from Case and Joesting, 1972) (b) Paradox Fornsdpach map with 500m
contours (after Foxford et al., 1996; Doeling, 2001). The purple highligétts salt thickness
(salt welds). Maximum salt wall accumulations are &dbe(Taken from Trudgill, 2031
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(2014) claimed that compression during the Laramide Orogengedcstress on the weak
supra-salt strata causing them to fold into anticlinefferBitial compaction of the compressible
sediment in the minbasins and incompressible salt bdilevartticlines also may have helped
initiate folding (Trudgill and Paz, 2009).
2.2.2Unconformities and Thickness Variations

The movement of the Paradox salt had a strong influe ndbeateposttion of sediment
within the Paradox Basin and there is a direct correldtietween the thickness variations of
different formations and the rate of salt movement. Tiekrtess variations are also important to
understand when analyzing the Moab Fault system and detegnii it is a synsedimentary
growth fault or if it post-dates deposition. Regional stradhyji@ thickness changes are most
prominent from the Pennsylvanian Honaker Trail Formatioougir the Upper Triassic Chinle
Formation, although some mid, local thickness changes sogadsent through the Jurassic
Navajo Formation (Trudgill, 203Figure 2.6). The Honaker Trial Formation shows significant
thickness and facies changes, especially adjacent taltheads, indicating that the salt was at,
or close to, the surface at the time of deposition (Trud2@il1). The Cutler formation shows the
most extreme thickness and facies changes, ranging fron2450 meters, indicating that it was
deposited during the highest rate of minibasin subsidencesadtnashovement (Trudgill, 2011).
The end of Cutler deposition marked the end of basin subsidenteplift of the Uncompahgre,
forming an unconformity at this time due to erosion (BanbRB05). This unconformity is
marked by the presence of detrital gypsum at the base ofdbakiglpi in exposures on the SW
side of Castle Valey, indicating that the Castle Valajt wall was present at the surface,
eroding and redistributing gypsum within Moenkopi deposits (Bani2095). The Moenkopi is

absent above Salt Valey, Moab-Spanish Valley, and the Uaogre uplift. However, t is
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extensive across the rest of the basin, reaching a maxim50 m of thickness in adjacent
minibasins, and blanketing Onion Creek and Castle Valeyaddition to the SW end of the
Cache Valley (Banbury, 2005; Trudgill, 2011). From well data, tres3id strata thin in the
hanging wall of the Moab Fault and thicken away from tid, flowards the NE (Trudagill,

2011). The Chinle shows less pronounced thickness changes therdssin and only the top
30-60m is deposited above the Uncompahgre uplift. Several uncarmdsrrare also present
within the Chinle, caused by continued salt movement (irugigd Paz, 2009). Outstanding
exposures are present along the Colorado River in thedig Binibasin, on the SW side of the
Castle Valey salt wall (Trudgill, 2011). The last syn-diapstrata are the early-Jurassic
Wingate, Kayenta, and Navajo Formations of the Glen Ca@ronp which show only slight
thickness variations. The first post-diapiric strata, theJurassic Carmel/Dewy Bridge, and
Entrada Formations, are isopachous across the basin. Tleksedbi variations indicate that the
main salt movement occurred during Honaker Trail and Ciitlers and slowed after the
deposition of the Cutler (Trudgill, 2011). Movement continueceastlthrough the deposition of
the Navajo Formation during the mid-Jurassic (Trudgill, 20mladdition, the areas where each
formation is the thickest indicate where the centedepiosition and greatest accommodation was
located at the time (Banbury, 2005). The Honaker Trail anérClatirmations are thickest
adjacent to the Uncompahgre Uplit. The Moenkopi and Chinle atmns are thin adjacent to
the Uncompahgre front and are thickest on the SW side &aheCache and Castle Valeys.
This can be seen in isopach maps of each formation and grawitkence for the direction of
salt movement (Banbury, 2005). It also shows that oldest minbasithsalt walls are adjacent

to the Uncompahgre and are progressively younger towards thi@r8dfgill, 2011).
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2.2.3Faulting

A large system of normal faulting is present in theheort Paradox Basin (Figure 2.1).
The faults are almost exclusively restricted to tleestsr of the anticlines that overly the salt wall
accumulations, where salt is present at a shallow depéathethe surface. Most of the faults are
roughly paralel to the NE trending underlying salt stresturforming graben systems in the thin
supra-satlt strata. The Moab Fasitpart of this array of normal faults; however, it is ueign
the basin. It is a NE-dipping, isolated, large-scale fauichwbxtends NW of the Moab-Spanish
Valey salt wal, where salt is not close to the surface

Two mechanisms have been proposed to explain these suprulsaditriictures,
including both the graben systems and the Moab Faulnsy$l§ Regional extension (2) Salt
dissolution and collapse. The regional extension modelsclsatNNE-SSW directed extension
concentrated stress in the thin, weak strata overlyingsdlt walls which was oblique to the salt
accumulations, creating en-echelon faults (Ge et al., 1996, 1998, 2@68iatively,
Dissolution collapse of brittle supra-salt strata would predwarly vertical normal faults
paralel to the salt wall axes, dipping slightly towardsdéeter of the salt wall (Figure 2.8). The
collapse of faulted blocks would form a crestal graben inaheaall anticlines, with blocks
closer to the center of the salt wall sinking progressidgdeper (Gutierrez, 2004). Gutierrez also
claims that collapse of the anticlinal crests can berted by one main normal fault, creating
an asymmetric half graben and secondary rollover astidgfirthe hanging wall (Figure 2.8).
Proponents of the dissolution collapse theory argue thdhule are too steep to have
developed due to extension alone. In addition, thick caprock expasisesgeral salt valleys
indicate substantial dissolution of the underlying salti€@az, 2004). Dissolution may have

been accentuated by uplit of the Colorado Plateau, whichdwaye allowed for increased
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erosion and entrenchment of the drainage network (Doeling, 1&88yndwater circulation
would also have increased, initiating karsting of the uyiderl Paradox evaporites (Gutierrez,
2004). Opposing the dissolution and collapse theory, Ge, Jacksoviemaahehille (1996, 1998
buit scaled physical models that produced an inner cootmattzone with steep, convex-
upward reverse faults and buckle folds and an outer exteahsione of normal faulting on the
edge of a subsiding diapir (Figure 2.9). Because this geomatot gresent in the Paradox
Basin, they argue that the crestal faults could not fawned by dissolution collapse (Ge at al.,
1996; Ge and Jackson, 1998; Ge et al., 2008). However, Gutierrez (2004) cotiandbe
physical models did not accurately simulate dissolution Isectiie salt analogue was extracted

from the base as opposed to dissolution at the top. The timing afsaiprfaulting is not well
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constrained, however, dates presented in lterature inch&lé>aleogene, Neogene, and
Quaternary. Gutierrez claimed that faulting acrosPtiidox Basin occurred during the
Paleogene and Neogene with continued movement during uier@ary (Gutierrez, 2004)
while Ge et al. proposed earler movement during the Eoceh©locene with no Quaternary

deformation (Ge et al., 2008).
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Figure 2.9 Schematic cross sections created by scaled physical naddslt-withdrawal and
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2.3The Moab Fault

In addition to having a different relationship to the underlyiadj, the Moab fault is also
unique because it is much larger than the other faultke area. It consists of several segments
that trend NE beyond the end of the salt wall where hdbes into several splays that trend
east-west before bending paralel to the main fault &igud0).

The Moab Valey salt wall has a symmetric structure isr@pproximately 3 km wide and
over 2500m tall. It is welded on its SW side and the stratts dlanks are drape-folded due to
passive diapirism during downbuilding, with steeply upturnedakienTraill beds immediately
adjacent to the salt (sections &9 D Q¥ LKgure 2.11; Trudgill, 2011; Banbury, 2005). To
the north of the Moab Valley, the Moab Fault cuts throughsthipra-salt strata above the salt
wal, becoming the dominant surface structure and the ggowkthe salt at depth is
asymmetric (Sections £ D Q&Y )EQure 2.11; Trudgil, 2011). Based on well data, the salt
is present at shallow depths beneath the footwall, adjaxéim: fault, but is much deeper
beneath the hanging wall (sections (- D Q 31 )EQure 2.11). The crest of the Moab
Anticline, which lies in the hanging wall, is highly f@d and collapsed (Trudgill 2011). The
Moab Fault system is composed of two distinct sections: (1) Megméht (2) Blue Hils
Segment in additon to several splays, the most prominenthio vis the Emkay Segment
(Figure 2.10 and Figure 2.1Banbury, 2005). The main segments are hard-linked by the Mil
Canyon Linkage Zone (Figure 2.10). The Moab Segment andubeHis Segments both trend
NW-SE and dip towards the NE. Due to poor fault exposure along ubeHi#k Segment, this
study is focused on the Moab Segment and the Mil Canydwden Zone (Figure 2.)0

The Emkay Segment (Figure 2.12) is a splay on the sounthsetnend of the fault system

and is mostly buried, running along the SW margin of the Mepanish Valley. It juxtaposes
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Figure 2.11 Cross sections ilustrating the geometry ofibeb-Spanish Valley saft wall and
the Moab Fault and their changes along strike. The map show®pach map of the Parado
Formation with salt accumulations shown in turquoise ailtdr®lds in gray. (Taken from
Trudgill, 2011).
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Moenkopi and Chinle in the hanging wall against Honaker ifrahe footwall (Figure 2.12).
The throw maximum throw along this segment occurs abighern end (Banbury, 2005).
Most of the Moab Segment consists of one main fault pleeding NW-SE and
dipping to the NE (Figure 2.10; Figure 2.12). It intersects thkaly Segment at the northwest
end of the Moab-Spanish Valey, near the entrance toe8rblational Park (Figure 2.12). The
maximum throw occurs just NW of this location, juxtaposing Reensylvanian Honaker Trall

Formation in the footwall against the Jurassic SalthWWasmber of the Morrison Formation in

615000 620000 625000 630000

‘l Entrance o Arches
S National Park

4270000

Key

(] Quaternary B cutler B Wingate/Kayenta [l Morrison \_Minor Fault Fract
racture

. Paradox (caprock) - Moenkpoi . Navajo - Dakota & Mancos \y\M sabiFsiilE Szifnth

E] Honaker Trail - Chinle - San Rafael Group System

Figure 2.12 Simplified geologic map of the N end of the Moab-Sipafaley. The S end of
the Moab Fault system is shown in additon to smaller assdcfaults. (Modified from
Banbury, 2005).
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the hanging wall (Figure 2.12; Banbury, 2005). In the middle eof#ction, erosion has created
inverted topography where the resistant Salt Wash meailtbe Morrison Formation in the
hanging wall is downthrown against the shale-rich €u&lermation in the footwall (Olig et al.,
1996). The fault continues 19km NW of the Colorado River wher¢htbev decreases,
juxtaposing the upper Jurassic Brushy Basin member d&Adingson Formation in the footwall
against the upper Jurassic Cretaceous Cedar Mountain adadalFormations in the hanging
wall (Figure 2.13Banbury, 2005).

The Mil Canyon Linkage Zone consists of two segments C@yrthouse Rock Segment
and (2) Tusher Canyon Segment (Figure 2.13). Both of tleggeests trend E-W at their eastern

branch point and along strike, they curve towards the NW, begopairallel with the
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Figure 213 Simplified geologic map of the northern extent of the Moadm®et, the Mil
Canyon Linkage zone, and the Blue Hils Segment. The@4lhyon Linkage Zone consists ¢
two faults: the Courthouse Rock Fault and the Tusher dbaRwult. (Modified from Banbury,
2005).
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Moab and Blue Hils segments (Figure 2.13). The Mil Canymkage Zone offsets the Entrada
and Dewey Bridge Formations in the footwall against Mamrisnd Cedar Mountain Formations
in the hanging wall (Figure 2.13). Banbury (2005) suggestetdthiralnkage zone may lee
breached relay ramp between the Moab and Blue Hils segrasxk a transition zone between
the two different faulting styles. Banbury reasoned tlatBhe Hils Segment and Moab
Segments have similar strikes and were most likelyinitied faults in the area (Figure 2.10).
The E-W strike and curved geometry of the Mil Canyon lgekaZone faults suggest that they
may have formed as the Moab and Blue Hils Segments gmeards each other and their strain
at their tips began to interact. Banbury also suggestedthih geometry of the Courthouse Rock
and Tusher Canyon segments indicates that the origiokd in the area most likely trended E-
W and were forced to bend parallel to the Blue Hils and Moginesats as the main segments
propagated towards one another (Banbury, 2005). He cited the pre$@adeotips at the end of
the faut segments as evidence for this claim (Banb2@p5; Figure 2.13).

The Blue Hils Segment is more complex than the Moab &efgaind is comprised of
numerous splays, mostly in the footwall, that trend WNW-ESgure 2.10). It, extends 13km
NW from the end of the Mil Canyon Linkage Zone. The splagsparallel to Tenmile Graben
which lies to the NW (see Figure 2.1). The faults inBle Hils Segment juxtapose the same
formations as the Mil Canyon Linkage Zone (Figure 2.13).

Banbury (2005) examined the structure of the Navajo Formatiohthe gravity
variation, hanging wall and footwall cutoff elevations, argpldcement-length profiles along
the Moab-Spanish Valey saft wall and the whole MoabtFsgstem. Banbury claimed these
data indicate displacement along the fault may have b&waripy due to footwall uplft as

opposed to the typical hanging wall subsidence (Banbury, 2005). A tagjeNstkucture contour
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map shows little relief along the Blue Hils Segment a large topographic high along the
footwall of the Moab Segment (Figure 2.12). The displacemegtte profles compliment this,
showing limited variation along the Blue Hils Segmamd a much steeper gradient along the
Moab Segment (Figure 2.A% The hanging wall cutoff plot shows that the elevatiorthef
hanging wall remains constant along the entire Moab Bgstem while the elevation of the
footwall cutoff shows dramatic increase along its lengpecially along the Moab Segment
(Figure 2.18). The increase in the gravity gradient plot along theVi®agment corresponds to
the increase in displacement and indicates that dadtlasv the elevated uplited footlva
(Banbury, 2005) Figure 2.0).

Figure 2.15 shows two cross sections across the Moab Faelnsgstated by Banbury
(2005). Section A$ OLHV FORVH WR WKH PDJ[LPXP It8htwsRhg MbabW KH ORI
Anticline in the hanging wall, the uplift of the footwalhusing the strata to dip away from the
fault, and the salt upwelling under the uplifted footwallctda B-% OLHV IDUWKHU QRUW|
crosses the Blue Hils Segment. It shows the splayinipeofault, the absence of the Moab-
Spanish Valley salt wall, its location on the SW Iimb &f ourthouse Syncline, and the much
deeper depth of the salt beneath the faul.
2.3.1Timing

The timing of movement along the Moab Fault remains unesahe dates interpreted in
different studies throughout lterature are not consistemging from the Permian though
Quaternary. Early dates presented in lterature incladé movement during the Permian
thorough early Jurassic with reactivation during #ie-Cretaceous (Garden et al., 2001) and
movement beginning during the Triassic through early Sioragith reactivation during the mid-

Cretaceous through early-Tertiary (Foxford et al., 1998). Howéhwese studies do not provide
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clear evidence for these dates. Younger dates of fault reovemclude intiation during the
PaleocenetEocene and active movement during the PleistocéHelocene (Guerrero et al.,
2014) based on detailed analysis of fault segments withiicialrtirenches along the southern
portion of the Moab Fault System. Another study presented dfpeEssible movement
throughout the Cenozoic with the main fault movemeningluhe Neogene and Quaternary
(Gutierrez et al.,, 2004) based on analysis of structures obserile field. Additional evidence
for the age of faulting comes from K-Ardating of fineigesl ilite within the shale gouge in the
Morrison Formation. This was recorded along the Mil Canymikage Zone and provided an
age date during the Paleocene through Eocene (between 88Mad Trudgill, 2011 after
Pevear et al., 1997). Trudgill (2011) also interprets possible eg@aiivduring the Neogene.
Olig et al. (1996) interpreted fault movement during the PaleogedeNeogene, with the latest
movement during the late Neogene (7.5-1.2 Ma) using bedrock steept rates of 0.6-1.6ft per
1000 years to estimate the time for the footwall to erode backdariesnt position from the
main fault trace. Ge et al. (2008) interpreted fault moverder to regional extension during the
late Eocene through Oligocene based on scaled physical modeling
2.3.2Additional Studies

Many studies have been performed on the Moab Fault; howatmst all of them focus
on a specific aspect of the fault. Various studies provideledetdescriptions of the fault zone
structure including brecciation, cataclastics, faultggowand slip bands, and how these features
vary along strike (e.g. Foxford et al., 1998). Davatzes et al., 2005 ddsitbeeformation
bands and jointing in detail along the Mil Canyon Linkagen& Their study concluded that the
distribution of deformation bands and joints are controledhéysplay and relay geometries.

Deformation bands are located along the entire length datltie but are concentrated in
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contractional relays whie joints and sheared joints estiicted to extensional relays. This

indicates that their distribution is controlled by locaésdrvariations and mechanical interaction

between fault segments (Davatzes et al., 2005). Foxford (@086 describes the characteristics

and distribution of alteration along the Moab Fault Systewh as veining, calcite cementation,

and iron oxide reduction, along the fault. Garden et al. (2001pgppo® Q DQDO\VLV RI WKH |
ability to act as a seal or baffie to fluid (especially hydrocgriiow. The earthquake potential

of the fault system has also been investigated (Olg.,e1996).
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CHAPTER 3
METHODS

Detailed, high-resolution field mapping was completed tdl filie goals of this project.

$ GLILWDO GDWDEDVH RI SXEOLVKHG ®@DIVHYTHUILLDQ@ BREWEVL

was compiled inGlobal Mapperprior to field work to help with efficiency and to narrow down

specific areas that wil provide the most useful data.dvements collected in the field

included strike and dip of bedding surfaces, main fault ®sfaminor synthetic and antithetic

faults, and deformation bands. The trend and plunge of wedsex slickenlines were also

measured. Figure 3.1 shows examples of slickenlines and digorneands within various

formations across the study area. These data were abledte the help ofOLGODQG 9DOOH\(V

FieldMove Clino appa digital based mapping tool, which allowed for rapid data collectiach

SLICKENLINES

e

........

DEFORMATION BANDS

_— e

Figure 3.1 Examples of slickenlines and deformation bands fesious formations across the

study area.
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accurate geo-referencing in the field. The primary doclithe field work was to gain a detailed

understanding of how the structure changes in both tigniga wall and footwall along the

strike of the fault system. To achieve this, a focus wasedl on measuring bedding orientations
immediately adjacent to the main faults, along the elatingth of the main Moab Segment and

the well-exposed portions of the Mil Canyon Linkage Zone.

After data collection was complete, structural data were @anpito a digtal database
using Midland 9 D O O H\ with (pBb¥shed geologic maps, cross sections, digital elevation
PRGHOV '(0fV DQG IRUPDWLRQ WRS§FWDHWEHH R D8 WDKZ Q DR MD®RH
Program website and published by Massoth and Tripp (2011). Geotgiacts from published
maps were digitized and updated using aerial photos and somtapped in the fieldA
geologic map of the study area was finalizedAinGlSand stereonets were created to
characterize the structural changes in the hangal) and footwall along the length of the Moab
Fault system. Kinematic analyses wif e RPSOHWHG XVLQJ 5FaNMKBOGOPHQGLQJHU
stereonet application. The shortening and extension axeschffault/slickenline pair were
plotted on an equal area stereonet, based on the fault ckeshisie orientations (Figure 3.2).
The shortening (P-axis) and extension (T-axis) arewithin the movement plane, which is
defined by the slickenline and pole to the fault plane. Then®-T- axes are 9@om one
another, 4%from the pole to the fault, and the slip direction points tde/dne extensional axis.
In this study, the shear sense along the faults cantbenied by the age of the formations
presentn outcrop along the hanging wall and footwall. Across the studg, younger strata are
downthrown along the hanging wall against older stratherfootwall, indicating that all fault
movement is are normal. The P- and T- axes were then oeshtalustrating the direction of

bulk shortening/extension. These kinematic axes représemtrincipal axes of the incremental
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strain foreachfault segment (Marrett and Almendinger, 1990). This aisalygas completed
separately for the entire Moab Segment and for individ uaittatal zones along the Mil
Canyon Linkage Zone.

The detailed field data were integrated with avaial@igional data in order to gain a
better understanding of how the Moab Fault fits into th@mel structural architecture of the
Paradox Basin and to shed some light on the development fatitheystem through time.
Thirty-two 2D structural cross sections wefFdJHDWHG LQ OLGOD Q écrad®dteOH\ TV
study area (Figure 3.3). All of the 32 cross sections can beé fouAppendix A. The sections
were buitt to honor the field data and detaied geologic ctsntmapped within the study area.
Outside of the study area, published geologic contacts aweldir data were digtized and used
to develop regional surface geometries. Five published régooss sections (Paz and Trudgill,

2006), published contours of the Chinle and Cedar Mountain Forsdtidoeling, 200}, and

Shortening Axis
W

Pole to Fault
(o]

¥ o
Extension Axis S\:‘SO-OY-Shp

Slip Direction W

Fault Plane

Figure 3.2 Fault slip kinematics in equal-area, lower i stereonetThe shortening and
extension axes are marked by squares. These axes Emnaon plane with the slip directior
and the pole to the fault. Each of the kinematic axes #&5hangles with the slip direction an
the pole to the fault. The sense of slip is determined in the field by the agediments along
the hanging wall and footwall and the slip direction poiotsards the extension axis. (Marret
and Almendinger, 1990).
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available wells were also used to constrain the subsurdd the cross sections. Key wells within
the study area are labeled in Figure 3.4. The names ofwldisein addition to their Unique
'HOO ,GTV ODWLWXGH O adrke\dhoid Hh TabI® &1. HI® MvEID veman Q D
formation tops downloaded from the State of Utah Oil and Gagr&m website. Figure 3.5
shows the regional cross sections publshed by Paz andlT{@@§i6). Where it was possible,
missing well tops were correlataal Petrausing raster logs. One 2D seismic profie, located
north of the study area, was interpreted and used to undetsirgeometries of the formations
and salt structures in the subsurface (Figure 3.3 and 3.4)

Fault surfaces were created $5$1= *HR TV /H D 8drdriRg strikeRlip
measurements, detailed fault surface traces, and talds sreated inViovefor the 2D cross
sections. The cross sections created in this study wpted into 6 F K O X P E Retréland TV
used to create surfaces of key formations and fault polygidres surfaces were then re-imported
into OLGODQG 9D Qdocarflate d&afed fault analyses, including fault fothtaad
hanging wall cutoffs, throw profiles along each maint faeigment, and displacement-length

plots.
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Figure 3.3 Map showing the location of the field area andab®gc map (~15 x 15km)
created in this study, the locations of thirty-two 2D cssions constructed in this study, and
the area covered by the 3D surfaces (~23 x 20km) created feoomots sections. The locations
of the 104-B2 seismic line, and the 5 cross sections publish&dudgil, 2009 are also included.
A detailed map is shown in Figure 3.4, with key wells labeBwse wells are shown in Table

3.1.
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Table 3.1Wels shown in Figure 3.AVell name, Unique Well Id (UWI), Lattude, Longitude, and Operdlame are given (State of

Utah Oil and Gas Program; Massoth and Tripp, 2011).

Well # Well Name uwi Latitude Longitude Operator
1 Gold Bar Unit 2 4301930810 38°36'42.1581"N | 109°41'9.1478"W Davis Oil Company
2 Arches Federal 1 4301931018 38°37'36.2004"N | 109°38'57.7262"W | Samson Resources Co.
3 Cane Creek No 2 (Utah 2) 4301911482 38°37'40.0786"N | 109°39'7.7030"W Delhi Taylor Oil Co.
4 Utah No. 2 Core Utah No. 2 core 38°37'42.5933"N | 109°39'45.9106"W | Delhi-Taylor Oil Corp.
5 Utah 7 Potash Bxploration Well| 38°38'4.3021"N | 109°39'54.9373"W | Delhi-Taylor
6 Govt Utah 6 38°38'17.2321"N | 109°39'43.3800"W
7 Rath 1 4301911471 38°38'24.0408"N | 109°39'33.5174"W | Columbia Crude Corp
8 Skip Federal 1-7 4301930418 38°38'31.2020"N | 109°38'53.3434"W | Ari-Mex Oil & Exp Inc
9 Utah 6 Potash BExploration Well| 38°39'2.7149"N | 109°39'45.2487"W | Delhi-Taylor
10 Utah 3 Potash BExploration Well| 38°38'41.5924"N | 109°40'33.4191"W | Delhi-Taylor
11 Utah 5 Potash BExploration Well| 38°38'22.5904"N | 109°41'31.8424"W | Delhi-Taylor
12 Moab Federal 16-9 4301930910 38°38'17.4004"N | 109°42'39.1089"W | Chandler & Associates Inc.
13 Seven Mile St 1 4301911472 38°39'9.0723"N | 109°40'27.9074"W | Great Lakes Carbon Corp
14 Utah 9 Potash Bxploration Well| 38°39'12.7345"N | 109°40'27.5917"W | Delhi-Taylor
15 Utah 10 Potash BExploration Well| 38°39'38.4085"N | 109°41'29.2637"W | Delhi-Taylor
16 Utah 8 Potash BExploration Well| 38°40'15.0961"N | 109°39'59.9579"W | Delhi-Taylor
17 Corral Canyon #1 (State 1 4301930032 38°40'26.5972"N | 109°39'35.9081"W | Union Oil Co. of California
18 Utah 11 Potash Exploration Well| 38°39'43.3276"N | 109°42'47.1264"W | Texas Gulf Sulfur
19 Klondike Unit 2 4301930272 38°42'23.5745"N | 109°47'57.1280"W | Mountain Fuel Supply Co.
20 Salt Valey 1 4301931112 38°43'44.5343"N | 109°43'11.6263"W | Ladd Petroleum Corp.
21 State 1211 4301930455 38°44'22.2611"N | 109°41'17.3774"W | Tiger Oil CO
22 Leggett 1 4301911035 38°44'24.8134"N | 109°39'33.5299"W | Shell Oil Company
23 Cullen Govt 1 4301930122 38°44'12.7073"N | 109°38'14.4805"W | Ferguson & Bosworth
24 Salt Valey No. 1 Salt Valley No. 1 | 38°44'55.1711"N | 109°37'32.8690"W | San Jacinto Petroleum
25 King Oil Company 1 4301911567 38°45'59.3796"N | 109°37'33.6677"W | King Oil Co.
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Table 31 Continued.

Well # Well Name Uwi Latitude Longitude Operator
26 Balsey 4301905064 38°46'18.2075"N| 109°38'30.2436"W | Utah Southern Oil Co.
27 Salt Valey No. 2 Salt Valey No. 2 38°46'51.7054"N| 109°37'33.6582"W | San Jacinto Petroleum
28 King Well No. 1 4301911559 38°48'22.8174"N| 109°38'56.0703"W | Utah Southern Oil Co.
29 Potash Test Well 24 Potash Test Well 24 | 38°48'35.2766"N| 109°39'27.2210"W | U. S. Government
30 Devil's Garden USA 1 4301920146 38°49'56.5733"N| 109°37'22.0181"W | Union Qil Co. of California
31 State 1-P-2 4301930062 38°49'59.5560"N| 109°33'48.7079"W | Union Oil Co. of California
32 NE Satlt Valey 1 4301911566 38°50'23.5470"N| 109°40'45.6557"W | Pure QOil Co.
33 Western Allies No. 1 4301911558 38°50'21.3183"N| 109°43'53.8430"W | Western Allies
34 Gowvt Hall 1 4301910232 38°49'58.4140"N| 109°45'30.3054"W | Continental Oil Co.
35 McKinnon Govt 1 4301920038 38°48'17.4100"N| 109°48'48.4076"W | Texaco Inc.
36 Donohue 1 4301911500 38°48'3.8400"N | 109°50'11.2973"W | Equity Oil Company
37 Klondike Unit 3 4301930326 38°45'40.3250"N| 109°52'23.9794"W | Wexpro Company
38 Klondike Unit 1 4301930251 38°47'50.6606"N| 109°53'27.2191"W | Hiliard Oil & Gas Co.
39 Power Line 12-1 4301931502 38°49'25.5000"N| 109°53'25.1160"W | Samson Resources Co.
40 Strat St 1 4301910361 38°45'50.2030"N| 109°45'38.5470"W | Equity Oil Company
41 Federal DE-1 4301930647 38°47'23.7401"N| 109°57'20.1322"W | Cities Service Oil Co.
42 Mt Fuel Federal 221 4301930038 38°48'4.3565"N | 109°56'47.6588"W | Shell Oil Company
43 Tenmile Wash State 16-1 4301931576 38°48'24.2999"N| 109°56'24.5400"W | Fidelty E&P Company
44 Government 2318 4301931361 38°49'46.7760"N| 109°55'55.4880"W | Riata Energy Inc
45 Tenmie 1 4301931260 38°50'12.8041"N| 109°56'10.3201"W | Benson-Montin-Greer DRL
46 Federal 127U 4301930276 38°41'44.7376"N| 109°55'33.5049"W | Ladd Petroleum Corp.
47 Kane Springs Federal 10-1 4301931331 38°38'36.2565"N| 109°55'9.2669"W Wesco Operating Inc
48 McRae Federal 1 4301910715 38°38'20.0055"N| 109°55'41.2366"W | McRae Oil & Gas Co.
49 Kane Springs Federa6-1 4301931341 38°37'31.9079"N| 109°56'27.5280"W | Wesco Operating Inc
50 Federal 120 4301930043 38°37'7.7462"N | 109°57'5.8845"W Shell Oil Co.
51 Shenandoah Bowknot 1 4301930170 38°37'2.7567"N | 109°56'41.3533"W | Read and Stevens Inc.
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Table 31 Continued.

Well # Well Name Uwi Latitude Longitude Operator
52 Federal 121 4301930033 38°37'2.7288"N | 109°56'45.4474"W | Shell Oil Co.
53 Kane Springs Federal 28-1 4301931325 38°35'56.5011"N| 109°49'34.5753"W | Intrepid Oil & Gas LLC
54 Cane Creek Unit 22H 4301950020 38°35'57.2999"N| 109°49'12.0360"W | Wesco Operating Inc
55 Federal Bartlett Flat 107 4301930379 38°35'58.8436"N| 109°48'31.0382"W | Husky Oil Company
56 Big Flat Unit 5 4301911333 38°35'57.2993"N| 109°48'29.1207"W | Union Oil Co of California
57 Big Flat Unit 6 4301910154 38°35'57.2568"N| 109°48'24.9460"W | Calvert Western Ex Co.
58 Kane Spring Federal 27-1 4301931310 38°35'53.8081"N| 109°48'23.6881"W | Wesco Operating Inc
59 fggj_fp””gs Federal 25- 4301931334 | 38°35'28.2481"N| 109°48'23.4359'W | Wesco Operating Inc
60 Cane Creek Unit 26-2 4301931584 38°36'3.3480"N | 109°47'35.8080"W | Fidelty E&P Company
61 Cane Creek Unit 26-3 4301950019 38°36'3.3480"N | 109°47'35.3040"W | Wesco Operating Inc
62 Big Rock Fed 1 4301930050 38°36'21.3146"N| 109°47'4.7951"W General Crude Oil Co.
63 Gold Bar Unit 1 4301930795 38°35'44.7818"N| 109°44'3.8959"W Davis Oil Co.
64 Embar Big Six Oil Cos 1 4301911563 38°35'25.1576"N| 109°35'40.9922"W | Embar-Big-Six Oil Cos
65 Buckeye 2 4301930534 38°35'40.0031"N| 109°34'16.9134"W | Enterprise Products
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42



CHAPTER 4
FIELD RESULTS

4.10verview

Detailed field mapping was an essential first step inuatmfj the Moab Fault system.
This study focused on updating previously published maps, witliede geologic contacts and
adding crucial structural and kinematic data. The comprekemgologic maps show a small
subset of the structural data that were collected iridloe (Figure 4.1tFigure 4.6). These maps
were made using geologic contacts digitized in Move andadiliin the creation of 2D cross
sections and the 3D model.

The fault geometries, slickenline orientations, and sireicof the hanging wall change
significantly along the strike of the Moab Segment and ®dinyon Linkage Zone (Figure 4.1).
The hanging wall structure is characterized by a rolieveticline (Moab Anticline) along the
southern portion of the Moab Segment, which gradually diesodbhe NW along strike (Figure
4.1 +4.3). West of the anticline axial trace, v-shaped synclimegrasent in the hanging wall,
directly adjacent to the fault (Figure 4+4.3). North of the rollover anticline and approximately
halfiway along the length of the Moab Segment the faake® and abrupt jog to the west
(Figures 4.1 and 4.3). Another smaller fault-parallel synainpresent in the hanging wall
northwest of the fault kink (Figures 4.1 and 4.3). Continuing addrike, the hanging wial
changes to a fault-parallel, broad-scale monocline NW of CGaayon (Figure 4.1 and Figure
4.4). This monocline is present to the tip of the Moab Segnmehtalang the Mill Canyon
Linkage Zone (Figures 4.1 and 443.6).

The few structural measurements present on previouslyshmel maps reflect these
changes; however, the minor structural changes havbesot characterized in detail (Doeling

and Morgan, 2000; Doeling, 2001). In order to achieve this goal, datetioollen the field
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Figure 4.1 Geologic map of the study area showing the Moab SegmerMil Canyon Linkage
Zone of the Moab Fault System. Geologic Surfaces are thef tgwlogic formations and
correspond to those described in Figure 2.2. Detailed inset m&pgbaavn in Figure 4.2
Figure 4.6. A small representative sample of the structaeslsurements taken in the field is

displayed on the map.
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Figure 4.2 Detalled mag
of the southern-most
portion of the Moab
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hanging wall and Moab
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Figure 4.3 Detailed may
of the second and third
synclines along the
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northern extent of the
Moab Anticline. Also
note the sharp bend in i
strike of the fault. A
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sample of the structural
measurements taken in
the field is displayed on
the map. For location
and legend, sdeigure
4.1.
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Figure 4.4 Detailed map
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the field is displayed on
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Figure 4.5Detailed map of the eastern portion of the Mil Canyon Igek&one and the intersections of the Moab Segment and
Courthouse Rock Fault and the Tusher Canyon Fault. A semalksentative sample of the structural measurentakés in the field
is displayed on the map. For location and legend, see Figure 4.1
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Figure 4.6Detailed map of the western portion of the Mil Canyon Lgek&Zone. A small representative sample of the structura
measurements taken in the field is displayed on the maplodation and legend, see Figure 4.1.
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were concentrated in an area approximately 0.5-1 km wide, #iengntire length of the fault
system (approximately 30 km long). This area covers the zosieuofural deformation
produced by the influence of the Moab Fault System. Outsid@safegion, the bedding has a
fairly constant regional dip (Figure 4.1).
4.2 Fault geometries

The fault geometries mapped in the field are similarhase described by Banbury
(2005); however, additional structural data help charactengm in more detail. This study
focused on characterizing the geometries of the Moab Segmdnthe Mil Canyon Linkage
Zone of the Moab Fault System (Figure 4.1). The Mil Canyokage Zone consists of two
faults: (1) The Courthouse Rock Fault and (2) The Tuslewy@ Fault (Figure 4.1). The Moab
Segment of the Moab Fault System consists of one primalty sfarface, dipping an average of
50-55 to the NE at its southernmost exposure, near the enttandehes National Park (Figure
4.1). A number of minor synthetic and antithetic faults @esent in the hanging wall of the
Moab Fault Segment (Figure 4.1). In the field, these mindlis faoffset the Tidwell Member of
the Morrison Formation against the Moab Tongue member dritnada Formation (Figure 4.1
Figure 4.2; see Figure 2.2 for stratigraphy). Fault swsface buried and no slickenlines could be
measured in the field. However, the minor faults areacharized by wide zones of dense
deformation bands in the Moab Tongue, as shown in Figure 4.7locdt®n of this photo is
shown in Figure 4.8. Along the southern portion of the Moab Segrie Moab Tongue and
Salt Wash Formations are present at the surface hatiging wall and are heaviy jointed and
flled with deformation bands Figure 4.1 and 4.2). The footwa#lso heavily jointed, consisting

of cross-cutting conjugate joints within the Cutler Fdiona (Figure 4.9).
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The Moab Segment continues with a fairly linear avesigkee of approximately 320
(050 dip direction) for approximately 8 kiometers to the NW (Figuré).4The dip of the fault
varies from approximately 8@ 65 with an average dip of 88At this location the fault crosses
Highway191, making a sharp jog to the west (Figure 4.1-Figurge Un®rtunately, this section
of the fault is located along Sevenmile Canyon anddbwered by Quaternary sediments. The
fault continues NW of this location for approximately 7.5 kninveit similar average strike and

dip (320/60°) (Figure 4.).

Figure 4.7 Examples of minor faults in the hanging wall of the seithportion of the Moab
Segment, along the Moab Anticline. (a) and (b) Poorly exposttd faffsetting the Tidwell
member of the Morrison Formation against the Moab Tongue mewnflibe Entrada Formatior
Figure locations shown in Figure 4.8. (c) and (d) Close-up photdsfaination bands within
the Moab Tongue.
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Figure 4.8 Simplified map illustrating the faults comprisihg Moab Fault System: (1) Moak
Segment (2) Courthouse Rock Fault (3) Tusher Canyon Fauttatibns of photos shown in
Figure 4.7 tFigure 4.16 are marked by blue dots with arrows showing thengedirection.
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Figure 4.9Conjugate joint sets in the footwal, immediately adjaderthe main fault surface
(Cutler Formation). Viewing direction is towards £2nage location shown in Figure 4.8.

Approximately 1.5 km south of the tip of the Moab Segment, a lplgg f&ault intersects
the main fault at an angle of 63 degrees (Figure Fglire 4.5Figure 4.10). This is the
easternmost fault forming the Mil Canyon Linkage zon&rmred to in this text as the
Courthouse Rock Fault (Figure #Higure 4.8). It inttially has a strike of 22and dip of 70-7%
but then curves towards the east 23tke) for approximately 750m before bending towards
the NE (298 strike) on the west side of Mil Canyon (Figure 4.5). Unlke Moab Segment,
Courthouse Rock Fault does not consist of one main fault ptasecharacterized by a number

of connecting fault segments, breached relays, and minors gffure 4.11). The geometry and
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complexity of these splays is not reflected on publshed mdgesm&ps created in this study
more accurately reflect the complex faut geometrieyTdre also similar, but updated and
more detailed than those mapped by Davatzes, et al. (2005).

The Tusher Canyon Fault meets the Courthouse Rockdratlie west side of Mill
Canyon, where the Courthouse Rock Fault begins to curvedewa NW (Figure 4;Figure
4.5). At this intersection, the Tusher Canyon Fault csnsi§a wide zone of deformations bands
and numerous slip surfaces (Figure 4.5). This zone has dri8&V(84C) but bends rapidly
towards the west (Figure 4.5). The fault continues witlE-8M strike for 2 km before bending
gradually towards the NW (33)) similar to the Courthouse Rock Fault (Figure; &igure 4.6).
At this bend, there is a small outcrop that is mostly buseduaternary sediments and consists
almost entirely of a dense array of deformation bands inthethanging wal and footwall. The
average dip is Palong the length of the Tusher Canyon fault. The fappears to consist of
fewer fault segments and splays than the Courthouse Radk however, it is significantly less
well exposed (Figure 4.1). Much of the fault is buried by Qoatg sediments and

measurements could only be taken where the fault cropdoogt the edge of buttes formed

Figure 4.10 Intersection of the Moab Segment and Courthoosk FRwult of the Mill Canyon
Linkage Zone. Viewing direction is towards @80mage location is shown IRigure 4.8.
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Figure 411 Field photo ilustrating the complex fault geometries @ldve Courthouse Rock fault and its intersection wih Tissher
Canyon Fault. Photo viewing direction is towards 27fhage location is shown in Figure 4.8
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by resistant exposures of the Moab Tongue and Slickrock Fomsait the footwall and the
Cedar Mountain Formation in the hanging wal. Athough lsply faults are not mappable (as
they are along the Courthouse Rock Faul), the deformatme of the fault is more complex
than along the Moab Segment. The butte on the easterofsidsher Canyon provides an
excellent exposure of this complex fault zone (Figure )4.12
4.3 Footwall Structure

Across a large portion of the study area, the footwall dipiosily towards the west or
SW and away from the Moab Segment and Mil Canyon Linkagee Zuks (Figure 4.1). Dips
are mainly between 5 and L @®djacent to the Moab Segment, near the area of maximum throw,
the footwall dips are slightly steeper, (10°2% the SW, away from the fault (Figure AFlgure

4.2). Localy, along the northern portion of the Moab Segment antithCanyon Linkage

Figure 4.12 Complex fault zone on the east side of Tushero@aajpng the E-W striking
segment of the Tusher Canyon Fault. Viewing directiciovisrds 097. Image location is
shown in Figure 4.8.
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zone, the footwal dips slightly towards the NE, towards thie {&igure 4.1 Figure 4.3+Figure
4.6).

The most notable feature in the footwall is located albegntiddle of the Moab
Segment, between the lateral jog in the fault and tiheQ@nyon Linkage zone intersection, on
the north side of Corral Canyon (Figure 4.1). At this locatthe Triassic Chinle Formation
conformably overlies the Permian Cutler Formation wthile Triassic Moenkopi Formation is
missing due to non-deposttion (Figure 4.13 (a) and (b)). Below ttierhnle contact, the
Cutler has been heavily weathered and a mottled paleggmsent (Figure 4.13 (c)). This
missing section implies that there was a decrease omactation during late Cutler deposttion
through Moenkpoi deposition, most likely due to a relative palgio-breated by an elevated salt
height in the subsurface. This high was persistentadndation of non-deposition throughout
Moenkopi-time, alowing for the development of the paleosol inughger part of the Cutler
section. This geometry, in addition to other significaniefa@nd thickness variations within the
Honaker Trail, Cutler, Moenkpoi, and Chinle Formations, have bescribed by Trudgil, 2011
and Banbury, 2005. However this stratigraphic relationshipudatrto the development of the
2D sections and 3D model produced in this study. Trudgill addbthese thickness changes to
the evolution of the salt height and subsurface geontietopgh time (Trudgill, 2011). Thick
sections mark the location of a deposition center whie dhimissing sections record the rise of
the salt due to along-strike migration, away from theemsed differential pressure below the

deposition center.

4.4Hanging Wall Structure
The structure of the hanging wall is more complex thanfdotwall and the general

structure changes significantly along the strike efMoab Fault System. Along the southe
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Figure 413 (a) Overview of Chinle-Cutler contact. Viewing Directi towards 342. (b) View (
outcrop where Chinle conformably overlies Cutler. (c) Clysesf Cutler-Chile contact and
paleosol within the top of the Cutler Formation. (b) and (@rteby Bruce Trudgill. Viewing
direction is towards 0f8Image locations show in Figure 4.8.
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portion of the Moab Segment, the hanging wal forms a broad rollastgline, named the
Moab Anticline (Figure 4.1). In the northern portion of thadgtarea, north of Corral Canyon,
the hanging wall forms a monocline, dipping steeply away flerfault (towards the NE) and
gradually decreases to a regional dip within a few hundredrsnef the fault (Figure 4;Figure
4.4). This monocline continues to the end of the Moab segmenticargdthe Mil Canyon
Linkage Zone (Figure 4;Figure 4.4xFigure 4.6.
4.4.1Small-Scale Synclines

Adjacent to the southern half of the Moab Segment, south o&lGoanyon, a series of
narrow synclines are present with axial traces parali¢he strike of the fault (Figure 44
Figure 4.3). The southernmost syncline lies on the limb eoMbab Anticline and is about 2.2
km long and varies from 150-300 m wide (Figure; &g@ure 4.14). The syncline is an
asymmetric chevron fold, with steeper dips on the NE limte liffb dips, especialy the NE
limb, increase rapidly along strike from 15°28 its NW end of the syncline to 40°50
approximately 1.5 km to the SW (Figure 4.2). The fold is an asyiaiky doubly-plunging
syncline with each end of the fold plunging towards the offlee majority of the syncline
plunges to the SE while the southernmost 300m plunges tovimrd$W (Figure 4.2). The
steepest limb dips lie adjacent to the largest throw aladvibab Segment (Figure 4.2).

A second syncline lies 2.5km NW of the first southernmost lisgn¢Figure 4.1 Figure
4.3). It plunges to the SW and is only approximately 300 m in leagth150-200 m wide. It is
located a few hundred meters south of the kink in the Moabe®egind is at the northern edge
of the Moab Anticline (Figure 4.3). The limbs of this syncliaee at a shalow angle, betweeh 5
and 20. Beyond the fault kink, a third small symmetric synclingrissent in the hanging wall

that plunges towards the NW. It is approximately 150 m wide2ah&m long and has limbs
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Figure 4.14 Chevron fold in the hanging wall of the Moab Segif®at Wash Formation).
Viewing direction is towards 134 Image location shown in Figure 4.8.

dip between 10and 28 (Figure 4.1 Figure 4.3). East of these synclines, the bedding dips gently
towards the fault with a regional dip between®3Figure 4.3.
4.4 2Fault Tip Monocline

Northwest of Corral Canyon (Figure 4.1), the hanging waltsitons from the Moab
anticline and adjacent synclines to a monocline (Figure Fglire 4.3Figure 4.4). This
transition is fairly abrupt, occurring in less than &il@meter (Figure 4.1Figures 4.3-4.4).
Adjacent to the fault, the monocline dips steeply (48-8Way from the fault, towards the NE
(Figure 4.4). The dip of the beds gradually decreases awayttofault, reaching the shallow
regional dip within approximately 300 m of the faukt. This maneclparalels the strike of the
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Moab Segment (Figure 4.4) and similar monoclines are alsemralong the Mil Canyon
Linkage Zone, specifically adjacent to the western portiothefCourthouse Rock Fault and the
Tusher Canyon Fault (Figure 4Bgure 4.6 Figure 4.15). Some anomalously high dips are
present where formations dominated by shale lie directigcadj to the fault in the hanging

wal, with dips of up to 65-75Figure 4.16).

4.5Kinematic Analysis

The stereonets shown in (Figure 4.17) are P- and T- amabfsal the fault and
slickenline orientation data collected in the field. Thisthmd uses cumulative fault motions to
guantitatively characterize the strain pattern acrasgjian (Rowland and Duebendorfer, 1986).
The stereonets were created using the method describedristivind Almendinger (1990),
using the orientations of each fault/slickenline pair temi@ne the principle strain axes, or the
direction of bulk shortening and extension. The stereonets heen divided into structural
domains along the fault system to test for strain homageaad define areas where the strain
pattern is unique. Figure 4.17 (a) shows a map of data aolelcications along the Moab
Segment (black points) and Mil Canyon Linkage zone (colorexat)oiFigure 4.17 (b) and (c)
show all data collected along the Moab Segment and Mil @ahinkage Zone, respectively.
Figure 4.17 (d) through (i) show the Mil Canyon Linkage Zda& broken out into separate
domains.

Across the fault system, younger sediments in the mgngiall are downthrown against
older sediments in the footwall, indicating that all fautteasured in the field are normal. The
majority of the slickenline data across the Moab Fault 8yseveal dip-slip motion. Along the
Moab Segment, the bulk strain is oriented NE-SW with extensiainly towards the NW.

Although a few data points show oblique slip, the bulk extenaki (#1 on the stereonet) has a
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Figure 415Wellexposed outcrop along the Tusher Canyon Fault shawngteeply dipping Cedar Mountain Formation adjace
the fault and dips gradually decreasing towards the NEy/(frawan the fault). Note the relatively flat-lying Moab Tongaad Slick
Rock Formations in the footwall. Viewing direction is towards®32nage location shown in Figure 4.8.
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Figure 4.16 (a) Steeply dipping shale within the BrushyinBember. The shale is adjacent
a fault surface and lies beneath the Cedar Mountain Menfbg Detail view of shale smear
within the Brushy Basin Member. Viewing direction is tosga328. Image location showm i

Figure 4.8.
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Figure 4.17 Kinematic analysis of the Moab Segment and theClhyon Linkage Zone,
divided into structural domains. (a) A map of the study #uetrating data collection location
of fault and slickenline orientations; (b)-(i) P-T analyg@ejected on lower-hemisphere equa
angle stereonets, divided into data collected along the (b) Megibe®t; (c) Mil Canyon
Linkage Zone; (d) NE-SW striking Tusher Canyon Fault; (&Y Etriking Tusher Canyon Fau
() Courthouse Rock Fault; (g) Secondary faults along ®dnyon; (h) Linkage Zone where t
Tusher Canyon fault intersects with the Courthouse Recht; () Linkage zone where the
Courthouse Rock Fault intersects with the Moab SegmenteoBtds created using Rick

$ O O PH Q GRaQItKi# B §t&feonet application.
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plunge/trend of 08047 (Figure 4.17 (b)) The strain is oriented S{buk extension axis
plunge/trend = 1%3358’) along the Mill Canyon Linkage Zone and a significantdygér number
of slickenlines were measured with oblique slip than albegMoab Segment (Figure 4.17 (c)).
The spread in the data is also due to the variety of faeltaions along the splays and curved
faut segments.

By breaking the data in this zone into structural domaim$ comparing the slip direction
to the fault orientations, it is clear that the obliqup isl concentrated at fault intersections and
curved fault segments (Figure 4.17). Along the NW-SErmgrilsection of the Tusher Canyon
fault, the slip is mainly in the dip direction with someiqi# slip to the north. The bulk
extensional direction is to the NE f1084°), similar to the Moab Segment (Figure 4.17 (d)). The
E-W striking segment of the Tusher Canyon and Courthous& Ragts have bulk extension
axes towards the NNW (2/B42 and 06/349, respectively) with mainly dip-slip but also some
oblique slip. The Tusher Canyon Linkage Zone which stikEsSW has mainly NW-SE
directed slip (dip-slip) (Figure 4.17 (h)). The Courthouse Riokkde zone has the most oblique
slip of all of the structural domains, with an overalleesion axis towards the north (086C)
and the majority of the oblique slip towards the NW (Figure 4)L7

From this kinematic analysis, it is evident that thairstalong the Moab Segment is
homogeneous, as there is a unique pattern of shortening tandiaal axes. If the axes showed
a mult- modal distribution, it would be clear that multipleaist orientations were present during
the history of the fault movement (Marrett and Almen@ingl990). The strain along the Mill
Canyon Linkage Zone is weakly multi-modal, with the primatsain oriented N-S and some

strain oriented NWSE
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CHAPTER S
MODELING RESULTS

5.1Regional Cross Sections

A series of regional cross sections were constructeddier @ gain a better
understanding of the 3-dimensional structural archtecof the Moab Fault System and the
underlying salt wall geometry. To date, no study has focused finimgleand explaining the
structural changes observed at the surface and integprefiat these changes imply about the
subsurface and evolution of the fault system and sdegth. The series of 2D cross sections
and the 3D model constructed MfoveandPetrelserve as an initial 3D representation of the
subsurface structure along the Moab Fault system and prenftenced visualization of the
subsurface that has not previously been completed. Therditgion involved integration of all
avaiable surface and subsurface data. If seismic daddidional well data were available, they
would enhance the resolution of the model and improve dsracy; however, available well
data and published regional cross sections and structureursopirovided sufficient subsurface

control for this study.

5.1.1Surface and Subsurface Control

A total of thirty-two 2D cross sections were constructedhii study. Figure 5.1 shows a
3-dimensional view of several cross sections and howiltingtyate the structural changes along
the strike of the Moab Fault system. The locations of @lctinstructed sections in addition to
the seismic line (104-B2), five published cross sections, @il wsed to constrain the
subsurface are shown in Figure 3.3. The 2D cross sectiomscveated using detailed structural
measurements collected in the field and digitized geologitacts. These data were projected to
a digital elevation model (DEM) to provide 3D surface contrbe $ubsurface was constrained

primarily by formation tops in avaiable well logs and tiglouprojecting surface
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Figure 5.1 Three-dimensional view of Sections 2, 5, 8, and 12rghdhe structural change
along strike. The fault trace is at the surface (prejetd a DEM) and cross sections extend
above the surface. Note the transition in the hangingfeal a rollover anticline in Section -

to a monocline in Section 12. Also note the change in th@eainetry along strike.

71



dips into the subsurface. Published cross sections andistracintours of the top Chinle and
Cedar Mountain were also used (Doeling, 2000; Doeling, 2001). Regioniakes were
created inPetrelusing all available subsurface data. These surfaces then imported into
Moveand used whie constructing the 2D cross sections to belfirain regional geometries.
The base salt surface (Leadvile Formation) was usec iR2Ehcross sections and was not
edited. This surface is faulted; however, sufficient stfser control was not available to
incorporate this detail into the sections (Figure 5.1; Jgesind Case, 1962; Ross, 1998).

The 104-B2 seismic profle extends 2.5 seconds in the subsafatée located NW of
the Moab Fault System (Figure 3.3; Figure 5.2). The proftesses the southern extent of
Tenmile Graben and is located approximately 14.5 km NW of the shadty area. It trends
parallel to the NE-SW oriented 2D sections (Sections 1-16eFBLB). Several key surfaces
were interpreted on this seismic profie to help understhadstructural architecture and the
stratigraphic thickness changes at depth (Figure 5.2)sdibmic profile was tied to the Mt Fuel
Federal 1-21 well, which is located 0.5 km north of the profiethén2D cross sections
constructed in this study, the White Rim Sandstone wasidesad part of the Cutler Group;
therefore, the top White Rim in the seismic profile cqroesls to the top Cutler Formation in the
constructed 2D sections. The interpreted seismic profigtrates several important features that
were incorporated into the 2D sections: (1) a shallow asymonelt pilow (Paradox
Formation) is present, overlying basement faults. (2) stgmp-salt faults are present directly
above basement faulting (3) The salt pilow is welded oNEsside while the salt only thins
slightly on the SW side (4) several formations thickenif&@ntly into the adjacent minibasin,
most notably the Cutler Formation. (5) The supra-salt fanm&tthin onto the crest of the salt

pilow and (6) no significant thickness changes are seerss the supra-salt faults (Figure 5.2).
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Figure 5.2Seismic line (104B-82) located NW of the study area. Locati@hagn in Figure
3.3. Note the steep faults above the Paradox Salt and the thoinihg supra-salt strata onto
crest of the salt pilow and thickening into the adjacenibasins. The formations do not

change thickness significantly across the supra-aais.f

The five cross sections published by Trudgill (2011) do not ches§bab Fault System;
however, they show similar stratigraphic geometries teséimmic profle (Paz and Trudgill,
2006; Trudgill and Paz, 2009; Trudgill, 2011; Figure 3.3 and 3.5). They alsak pilow/high
that thins into the minibasin to the NW and is welded belmvdeepest portion of the minibasin.

The salt thins very slightly and gradually on the Stl¢ s3f the shallow pilow. The sections also
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show the supra-salt strata thinning onto the salt hightlackening into the minibasin to the
SW. These thickness changes are especially prominent @Gufter through Chinle Formations.
The cross sections published by Banbury (2005) show all of geeseetries in addition to no

significant thickness changes across the Moab Faunsy@anbury, 2005; Figure 2.15)

5.1.2Summary of Surface and Subsurface Geometries

The cross sections and 3D surfaces created in this gtodigle a new 3-dimensional
framework and visualization of how the structural aechire changes along the strike of the
Moab Fault System (Figure 5.1). Figure 5.3 throughFigure 5.7 ahmwnber of cross sections
llustrating these structural changes. The 2D secti@me wxtended beyond the field study area
to incorporate and honor as much regional data as possible (Bi@)reThe NE-SW sections
(Sections 1-16) are oriented perpendicular to the averadige efrthe Moab Fault System and
are the most useful for visualizing the subsurfacectsiel (Figure 3.3; Figure 5.1). The
locations of all 32 cross sections were chosen to interseetximum number of wells for
subsurface control. Four 3D surfaces were created frora tiiess sections: the top Kayenta,
Chinle, Honaker Trail, and Paradox Formations (Figure Fig8re 5.9). Formations above the
Kayenta were not modeled because they are eroded alongfieasignportion of the footwall.
The 3D surfaces extend beyond the field study, into the siniban the NE side of the Moab
Fault System (Figure 3.3; Figure 5.1).

Geometry of Salt

The 2D cross sections and 3D surfaces created in this stody a shallow salt pillow
(Paradox Formation) in the subsurface, similar to the geemdh the published sections and
104B-82 seismic line (Figure 5.Eigure 5.2 Figure 5.9). Away from the fault, the Paradox

Formation gradually thins towards the north and west i&igu8(d)). The salt is at a higher
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Figure 5.3Section 2, intersecting the southern portion of the Moab Ségmdime Moab Fault System, oriented NE-SW. The
location of the section is shown in Figure 3.3. The coloreotitla corresponds to the orientation of the section, showigure 3.3.
Wels in inset map are shown in Figure 3.4 and Table 3.1.s\WMeErsecting the cross section are show in red and thibse fhkm
are shown in orange. Cross-cutting 2D sections are shown thlerdgpttom, in the color coHVSRQGLQJ WR WKH VI
shown in Figure 3.3. Intersecting geologic horizons are showiably dots. Note the rollover anticline in the hanging wiaé,
footwall dipping away from the fault to the SW, formationgnimg onto the top of the salt pilow (Paradox Formation) and
thickening into the minibasin to the NE, and no thicknessgelsa within the supra-salt strata across the fault.veitioal
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Figure 5.4 Section 5, intersecting the middle of the Moab Ségnfidine Moab Fault System south
the fault kink, oriented NE-SW. The location of the sectoshown in Figure 3.3. The color of the
title corresponds to the orientation of the section, shoviigire 3.3. Wells in inset map are shown
Figure 3.4 and Table 3.1. Wells intersecting the cross secdoshaw in red and those within 1km
shown in orange. Cross-cutting 2D sections are shown #iengottom, in the color corresponding
WKH VHFWLRQTVY RULHQWDWLR Q JHKRRIRY LLEakRAdt]} BDblack dQts
Note the rollover anticline in the hanging wall, the fodktvelpping away from the fault to the SW,
formations thinning onto the top of the salt pilow (Paradox Bbom) and thickening into the
minibasin to the NE, and no thickness changes within upassalt strata across the fault. Also not
the height of the salt beneath the footwall and hangialy Whe legend is shown IRigure 5.3. No
vertical exaggeration.
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Figure 5.5 Section 8, intersecting the middle of the Moab Sggofdéhe Moab Fault System north
the fault kink, oriented NE-SW. The location of the sectioshown in Figure 3.3. The color of the
title corresponds to the orientation of the section, showkfigire 3.3. Wells in inset map are show
in Figure 3.4 and Table 3.1. Wels intersecting the cros®seate show in red, those within 1km i
shown in orange, and those further than 1km are shownck. b@ross-cutting 2D sections are shc
alongthH ERWWRP LQ WKH FRORU FRUUHVY¥KQGZQQUQW RJYKHH
Intersecting geologic horizons are shown by black dots. Notel#tealy flat hanging wal, the
footwall dipping away from the fault to the SW, formationgrtimg onto the top of the salt pilow
(Paradox Formation) and thickening into the minibasin td\theand no thickness changes within
supra-salt strata across the fault. Also note the heltite saft beneath the footwall and hanging

wal. The legend is shown in Figure 5.3. No vertical exadger.
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Figure 5.6 Section 14, intersecting the northern portion of the Moab &sigof the Moab Fault,
oriented NE-SW. The location of the section is shown inr&ig3. The color of the title corresponc
to the orientation of the section, shown in Figure 3.3. Welsset map are shown in Figure 3.4 an
Table 3.1. Wells intersecting the cross section are shogdjnthose within 1km are shown in orang
and those further than 1km are shown in black. Cross-c@iihgections are shown along the botto
LQ WKH FRORU FRUUHYVSR QB @hdwhiVirkRFigurk 13.3V Ihtér3&/dtifty Q§dlogR U L
horizons are shown by black dots. Note the hanging wal dippiray @m the fault towards the
minibasin to the NE and the monocline adjacent to the fallilo note the relatively fiat footwall,
formations thinning onto the top of the salt pilow (Paradoxtation) and thickening into the
minibasin to the NE, no thickness changes within the sagitestrata across the fault, and the deptt
the salt beneath the footwall and hanging wal. The degeshown inFigure 5.3. No vertical
exaggeration.
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Figure 5.7 Section 29, intersecting the Courthouse Rock andrT@simyon Faults in the Mil Canyc
Linkage Zone, oriented N-S. The location of the sectiomadsvs in Figure 3.3. The color of the tit
corresponds to the orientation of the section, shown ing=igus. Wels in inset map are shown in
Figure 3.4 and Table 3.1. Wels intersecting the cross secgoshaw in red, those within 1km are
shown in orange, and those further than 1km are shownck. b@ross-cutting 2D sections are shc
DORQJ WKH ERWWRP LQ WKH FRORUWBDRMLRHYV YRKRRZQQUQW
Intersecting geologic horizons are shown by black dots. Notwtiggng wall dipping away from tf
faults to the N, the footwall dipping slightly towards thdtfda the N, formations thinning onto the
top of the shallow salt pilow (Paradox Formation) and thickerrhg the minibasin to the N, and n
thickness changes within the supra-salt strata attedaults. Also note the depth of the salt bene
the footwall and hanging wall. The legend is shown inr€igu3. No vertical exaggeration.

80



Figure 5.8 Map view showing the contoured structure surfaces of th&aypenta, Chinle, Honaker Trail, and Paradox Formation:
These surfaces were createdPitrel using formation tops in wells and 2D cross sectionsviea¢ created ilMove
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Figure 5.9 Three-dimensional view of the four structundases created iPetret the Kayenta,
Chinle, Honaker Trai, and Paradox formations.

elevation and shalower depth in the southern-most sectapproximately 700 m beneath the
footwall and 1500 m beneath the hanging wall in Section 1 andy@€F5.1 Figure 5.3) and at
a lower elevation and greatest depth in the northern-naatibrss (approximately 1600 m
beneath the footwall and 1800 m beneath the hanging wallctioi®e 14-16 (Figure 5;Figure
5.6). The elevation of the top salt (Paradox Formation) igdtighpproximately 7km NW of the
southern end of the study area. At this location, the Utagl8which is intersected by Section
5, shows the top of the Paradox salt only 670 m below the hangihgfwa fault (Figure 5.4).
In all of the 2D sections, the salt thins to the NW bdnéag hanging wall into the adjacent
minibasin. Salt welds have been incorporated into the sedbeneath the deepest portion;

however, sufficient well data is not present to be confideat the salt is completely welded in
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all of the sections. The location of the welds is controligckthe gravity gradient and Paradox
Formation isopach maps publshed by Trudgill (2011) (Figure 2.7).

Stratigraphic Geometries

The surface geometries, well data, and published crossnseptiovide no evidence for
thickness changes in any of the supra-salt formati@nsssthe Moab Fault System. The
formations thin toward the fault in both the hanging vaaltl footwall in outcrop, published
sections, seismic, and wells. As described earlier, the Moefkopiation pinches out in the
footwall of the fault in Corral Canyon (Figures 4.3 and 4.4yr€igd.13). Along the southern
portion of the fault, where the Moab Anticline is preserthé hanging wall (Figure 4.1), the
Skip Federal 1-7, Utah 8, and Corral Canyon #1 wells (Figure Figre 5.4) show the Cuitler,
Moenkopi, and Chinle Formations thinning towards the Moab Fagin&# in the hanging wall
in Sections 2 and 5. Along the northern portion of the Moab Bgstem, no growth strata are
present in outcrop and the seismic profle suggests rigrsgpdnic thickness changes across the
fault system (Figure 5.2). This geometry, with stratanthg towards a normal fault is contrary
to the stratigraphic architecture observed in classic grdauits (Withjack et al., 2002; Figure
5.10). In extensional settings with deposition during fault em@nt, stratigraphic packages are
progressively rotated into a rollover anticline and thickematds the fault (Figure 5.10,
Withjack et al., 2002). Because no clear evidence for growttinfaus apparent in the avaiable
data, the 2D cross sections constructed in this study hosogeometry, with the supra-salt
strata maintaining constant thickness across the Moab $gitm. For example, Section 5
shows thin Chinle and Moenkopi in wells in the hangingl wadl in outcrop in the footwall

(Figure 5.4)
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Figure 5.10 Geometries of growth fault strata in both ibadit basement-involved rift basins
and along listric faults that propagated upward from a det@thiayer. Pre rift units are
stippled and synrift units are shaded gray. (a) Schematwings showing the evolution of a
rit system and the geometry of synrift units. Noteftimgwall uplit, progressive rotation of
synrift strata, and the units thickening towards the. fa(lk) Interpretation of a seismic line
showing an extensional fault-bend fold. The fault hastr@ | geometry and detaches within
Hangingwall strata dip towards the fault. (Modified after etk et al., 2002).

Along-Strike Structural Changes

In sections 1-3,the Moab Fault Segment detaches alorigBlsde of the salt pilow

and has a partially listric geometry at depth (Figure 518).f@otwall dips gently away from the
fault, towards the SW and the Cutler and Moenkopi, and Chinlendtions thicken slightly in
this direction as the salt thins beneath them (Figurg¢ BL3he hanging wal, the formations thin
towards the fault and thicken in the opposite direction, Imoniinibasin to the NE (Figure 5.2).
Adjacent to the fault, a rollover anticline (the Moab Ante)i is present in the hanging wall,
with the strata dipping slightly towards the fault (Faglb.3). This dip becomes significantly
steeper to the SE, reaching a 45-8 towards the fault at the entrance to Arches NatiBwaak

(Figure 4.1; Doeling et al., 2002; Trudgill, 2011
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The highest point of the salt pillow is present in Secipdiminishing in height in both
directions along strike, in Sections 4-7 (Figure; Figure 5.8). The Moab Fault Segment
penetrates the top of the salt pilow, offsetting the saiedkh the surface. The rollover anticline
(Moab Anticline) is stil present in these sectionshwitthe hanging wall strata (Figure 5.4).

In Sections 8 and 9, the hanging wall is almost flat-lying teedootwall stil dips gently
away from the fault (Figure 5.5). The fault geometryingles to the southern-most sections (1-
3), detaching along the NE side of the elevated salt (Figs®e These sections lie along the
transition in the hanging wall structure from a rollowatticline to a monocline dipping away
from the fault. In Sections 10-16, the salt is deeper bekatimotwall, which is mostly flat-
lying (Figure 5.6). The salt does not thin noticeably underfdbtwall, only thinning very
gradually to the NW. Along the northern portion of the Moalm$®eg (Sections 10-12) and the
Mil Canyon Linkage Zone (Sections 11-16), the monocline isgmedirectly adjacent to the
fault in the hanging wall. Further away from the fgulthe formations dip gradually to the NE,
into the Courthouse minibasin (Figure 5.6). The northern poofidhe Moab Segment and the
Courthouse Rock and Tusher Canyon Faults of the Mil Cabhytiage Zone are steeper and
more planar than the southern portion of the Moab SegmagurdF5.6 and 5.7). The northern
portion of the Moab Segment is an average of $stdeper whie the Courthouse Rock and
Tusher Canyon Faults are an average of 1%s@@per (Figure 5.6 and 5.7).

Sections 11-16 and 28-32 cross faults along the Mil Canydwdén Zone (Figure 3.3).
Along these faults, the salt is also deeper and haseliefsthan along the Moab Segment
(Figure 5.6 Figure 5.7). The N-S oriented cross sections (Sections 282} the best
orientation to show the structure across the E-W strikingions of the faults along the Miil

Canyon Linkage Zone. The footwall is almost flat-lying andamocline is present along the
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fault in the hanging wall (Figure 5.7). Beyond the fold, ltheging wal dips gently to the north
as the Cutler, Moenkopi, and Chinle formations thicken towtdnel€ourthouse Syncline and
above thinning salt. This is controlled by the Strat #1 SA&t (Section 29; Figure 5.7). The
faults are present at the change in slope in the top sithewhere it begins to dip to the north.
(Figure 5.7.

5.2Throw Analysis

The 3D Kayenta, Chinle, and Honaker Trail Formations wesd tes create footwall and
hanging wall cutoffs along the Moab Segment and Mil Carlyinokage Zone of the Moab Fault
System, representing the intersection of the footwall hanging wall layers with the fault
surfaces. These cutoffs were then used analyze the #iong the faults. The Kayenta and
Chinle footwall cutoffs have the best control along theéhson portion of the Moab Segment
due to excelent outcrop exposures, whie less control iemrés the cutoff elevations along
the Mil Canyon Linkage Zone. Hanging wall cutoffs of thenaker Trail are constrained by
wels and 2D cross sections.

The footwall and hanging wall cutofts and throw profiles evereated using the Fault
Analysis Module inMove Figure 5.11 and Figure 5.12 show individual fault segmentg dken
Moab Fault system projected onto a 2-dimensional plane, lookingrdevthe footwall. The
footwall and hanging wall cutofts are shown by solid and ddittesl, respectively. The color
represents the interpolated throw gradient, with warm ceslosving high throw values and cool
colors showing low throw values. The throw above and beloviK#yenta and Honaker Trail
cutoffs is not constrained and therefore not accuratgkesented in the plots, however, the
throw distributions ilustrate important trends regarding litteral changes in throw along strike

and vertical changes between the modeled formations.eFigdrl shows the Moab Segment
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Figure 511 Throw distribution along the Moab Segment of the Moab FaulteBy (a) Surface trace of modeled faults (b) 3D v
of modeled fault surfaces (c) Projected 2D view of the Mogm&et. Warm colors represent high throw values while thoaw
values are shown by cool colors. Kayenta (brown), Chinlepurand Honaker Trail (blue) footwall and hanging wall dsitafe
shown by sold and dashed lines, respectively. The branclflie surface connection with the Courthouse Rock fsaadttarked

by a thick dotted black line.
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Figure 512 Throw distribution along individual fault segments of theu@house Rock Fault and the Tusher Canyon Fault of the
Canyon Linkage Zone. (a) Surface trace of modeled faultS8O{jew of modeled fault surfaces (c) Projected 2D view ef th
Courthouse Rock and Tusher Canyon Faults. Warm colors nejphagie throw values whie low throw values are showrchyl
colors. Kayenta (brown), Chinle (Purple), and Honaker Traiejblootwal and hanging wall cutoffs are shown by sold arstheth
lines, respectively.
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while three main fault segments of the Courthouse Reck kh addition to the Tusher Canyon
Fault are shown in Figure 5.12.

The throw along the majority of the Moab Segment showsvaral eliptical geometry
with the maximum throw of 930 m occurring along the southieird of the fault, near the
southernmost fault-parallel syncline in the hanging Wadure 4.1; Figure 5.11). The throw
decreases relatively rapidly along strike to the NW, butlyodacreases slightly to almost 700 m
at the kink in the fault (Figure 5.11). The intersectiotwben the Moab Segment and the
Courthouse Rock Fault is shown by the branch line markedbytiiee dotted black line.
Northwest of this branch line, the throw decreases abrajutiyg the Moab Segment from over
400 m to less than 300m within 0.1 km along strike (Figure 5.11)\W\its km along strike,
the throw decreases to less than 200m (Figure).5.11

The maximum throw along the Mil Canyon Linkage Zoneo@ated where the faults
have a NE-SW oriented strike (Figure 5.12). The maximum tladong the Tusher Canyon and
Courthouse Rock Faults is just over 300 m and 250 m, respectivedythibw along the first
and second segments of the Courthouse Rock Fault, whicl BV, is the lowest with only
90-130 m of max throw (Figure 5.)12

Throw profies (Distance vs. Throw) were created for tr@aMSegment and Mil
Canyon Linkage Zone to provide information regarding fanktage and strain partitioning
along the fault system. Profles for the Kayenta, Chialed Honaker Trail are shown together in
Figure 5.13. These profiles are similar to the profie forNlawajo Formation presented by
Banbury, 2005. The maximum throw is approximately 930 m and is pr&@gproximately 4.8
km along the Moab Segment while the profle from Banbury shapproximately 900 m of

maximum throw (Banbury, 2005; Figure 2.14 B; Figure 5Fidure 5.13). The largest
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difference between the profiles presented in this studyttense from Banbury (2005) is the
amount of throw across the Mil Canyon Linkage Zone. Banistiyws approximately 150- 275
m of throw which is highest where the faults meetMuab Segment and throw gradually
decreasing to the NW (Banbury, 2005; Figure Bl4This study shows a maximum throw
along the center of the Tusher Canyon Fault with appateign 300 m of throw (Figure 5.12
Figure 5.13). An aggregate throw profie for the Chinle Ftiom is shown in Figure 5.14. The
overall profie is similar to the individual throw profleSwo throw maxima are present along
the Moab Segment and there is a dramatic decrease in Wheke the Moab Segment intersects
the Courthouse Rock Fault (Figure 5.14). The throw alondgvitheCanyon Linkage Zone is
much lower than the Moab Segment and the Courthouse Rockuginer Canyon Faults both

have their own unique throw maxima (Figure 5.14).

90



Figure 513 Throw profile of the Chinle (purple), Kayenta (brown), and Henalrail (blue) Formations across the Moab Segme
and Mil Canyon Linkage Zone (3 main fault segments ofGberthouse Rock Fault and the Tusher Canyon Faul). 10ialer
exaggeration

91



Figure 514 Aggregate throw profie of the Chinle Formation acroesMimab Segment and Mil Canyon Linkage Zone (3 main fi
segments of the Courthouse Rock Fault and the TusheoC&mault). 10X Vertical exaggeration.
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CHAPTER 6
DISCUSSION

6.1Kinematic Analysis

The kinematic analysis completed using fault and slickentiata colected within the
study area show two primary extension directions were greseoss the Moab Fault System
during deformation (Figure 4.17). Along, the Moab Segment, sgtenwas directed towards the
NE (Figure 4.17 b). Deformation along the Mil Canyon Linkagene was more complex, as
evident from the kinematic analysis in addition to the mdppelt geometries (Figure 4.5;
Figure 4.11; Figure 4.12; Figure 4.17). The primary extensiorttidinealong the Courthouse
Rock and Tusher Canyon Faults is towards the north, waibndary extension towards the NE
(Figure 4.17 e, f, g, d). The change from NE- to N-directed estensay be due to the structure
of the underlying salt (Figure 6.1). The E-W striking segmeftthe Mil Canyon Linkage Zone
lie along the change in slope of the top salt surfaceheatop of the salt increasingly dips to the
north (Figure 6.1).
6.2Collapse Synclines

The steep-v-shaped syncline adjacent to the maximum #imw the Moab Segment in
addttion to the smaller hanging wall synclines areasttimg structural features that provide
insight into the history of the fault system (Figure 4.@ufe 4.3; Figure 4.14). The v-shape and
extensive jointing along the synclines, especially ithigest, southernmost syncline, suggest
brittle deformation of the supra-salt formations (Figdr&é4). In addition, the folds are likely
related to fault movement and the proximity of the salt tcstice. Above the Pennsylvanian
Eagle Valley evaporite in Colorado (which is contemporanewitis the Paradox Formation)
similar strike-parallel, v-shaped synclines have beartegklto supra-salt collapse due to

dissolution and lateral movement of the underlying sabt{Sat al., 2002). In Sections 1, 2, and
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Figure 6.1 Structure of the top of the Paradox Formation N3 looking to the SE (top) ar
map-view (bottom). Note that the location of the faults spoeds to an increase in the slop

the top Paradox Formation, which locally dips to the north.

5, which cross the two southernmost synclines, the top ofatlal®x formation is only 60-700m
below the surface in the footwall and is at its highesint below the hanging wal (Figure 6.2
Figure 4.2; Figure 4.3; Figure 5.3; Figure 5.4). In sections tadhb, the top Paradox
Formation is 1000-1700 m below the footwall (Figures 5.6-5.7). The ptpxohthe folds to the
salt high and maximum throw along the Moab Segment d8ggegenetic relationship to both

faulting and the height of the salt (Figure 4.2; Figure 4.189.fdlds probably developed
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Figure 6.2Detailed map of the southern-most syncliines and thédosaof 2D cross sections
constructed in this study. The depth to the top of the Paradeathetme syncline (within eac!
cross section) is posted in the green boxes.
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due to evacuation of the salt, either through dissolutiolatemal migration, and subsequent
collapse into the void created by salt removal. In this,dagking must have occurred, at the
earliest, after depositon and lithification of the SaltsWanember of the Morrison Formation.
6.3Faut- SURSDJDWLRQ IROGV YV 3)DXOW GUDJ’
The rollover anticline and monoclines along the hangingy efahe Moab Fault system
are also important structures observed in the field (FSigdr@ £4.6; Figure 4.11; Figure 4.14;
Figure 4.15). In literature, three process have been preéstenexplain the development of
similar folds paralleling normal faults: (1) folding due te thfluence of an upward propagating
tip of a blind fault (referred to as a fault tip monocline) fag6.3a; Schische et al., 1995;
Sharp et al., 2000), (2) deformation due to lateral propagation df afabe interaction of
underlapping faults (Figure 6.3b; Chids, et al., 2016; ; Sharp, &040; Schiische et al., 1995)
IULFWLRQDO 3GUDJ" RU 3VPIhDroreagidg thraw \(fakitHdrelg orP@MaLR QV  Z
drag; Figure 6.3c; Ferril et al., 2012; Davis and Reynolds, 1984#ihugaterms have been used
to describe folds created through these mechanisms aduiter fault propagation monoclines
where the fold is convex in the direction of slip and bedswgydrom the fault have widely
EHHQ UHIHUUHG W Frightéy 634 Rdvi® Brid R&/kbids] “1984). Rollover anticlines
(concave in the direction of slip, with units dipping towattdts fault) formed by upward fault
SURSDJDWLRQ KDYH EHHQ U Hrigdre 6.4, ®awy BndDRéyddldd, Y1984V H GUDJ’
Withjack et al,, 2002). Hanging wall monoclines (units dipping afn@y the fault, convex in
WKH GLUHFWLRQ RI VOLS KDYHLPR QW RSHBR¥I®IYDHWWHR QHIR OGR/ DV
(Withjack et al.,, 2002),Q WKLV VWXG\ 3GUDJ” LV UHVHGYWE IBUFWLARAEL (
along a fault surface. The monoclines along the Moab SeganeniVill Canyon Linkage Zone

are most likely fautWw LS PRQRFOLQHYV ZKLFK DUH OCsbaiHéial,Q VFDOH V
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2000; Schlische, 1995). It is unlkely that the folds observedsnstiidy developed throlug
IDXOW 3G UDJ braad bizeW RIfW KHLRHWHUV ZL Gigure YA 16X UnHaddition,
the orientation of these folds (horizontal and parallel ¢ofdhlt strike) implies mainly dip-slip
movement along the fault (Davis and Reynolds, 1984).

The local dip of the footwall towards the Moab Segment (nortipartion), Courthouse

Rock, and Tusher Canyon Faults is most likely associatédtiét same process as the hanging

Figure 6.3 Processes illustrating the development of ndemiitiparallel monoclines. (a)
Vertical fault propagation (modified from Schiche et al., 1995).Léi¢ral fault propagation
(modified from Sharp et al,, 2000). (c) Frictional drag (modified ffearril et al., 2012).
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wall monocline (Figures 4.4:4.6 ). The localzed folds are probably the preserved footwall
portion of the fold that developed prior to the fault breachimghthrizon (Figure 6.3a and b).
These folds are commonly observed along normal faults assbewth a hanging wall fault-tip
monocline (Figure 6.3a and b; Schliche, 1995).
The localized dip increase in shale-dominated lthologiesctyi adjacent to the fault
surface (Figure 4.16 PD\ EH GXH WR IULFWLRQDO :@&UDIDX®PW 3V KD OH H/
the throw increased through time. Weak materials suchades typically deform by folding or
smearing along a fault surface during deformation (Desatet al. 2005; Foxford et al., 1998).
+RZHYHU WKH SURFHVV Rl IULFWGR KERtOre 3Geaur 8t alK POY2ZEHHQ T X|
Grasemann et al., 2005). Numerical studies have shown thatlebszale folding due to friction
is not a feasible explanation and the folding is likely @ueptvard propagation of a blind fault
through mechanically layered stratigraphy (Ferriblet2012; Grasemann et al., 2005). The

shale does not transfer strain and hinders upward propadatmgh the weak, incompetent

Figure 6.4Normal YV UH Y H UV H difi€s Urdnd ‘Davis @Rd Reynolds, 1984)
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layer. While the fault propagation is stopped or slowed, the shadrogressively folded with

increasing throw, as opposed to deformation due to friction (Fetrihl., 2012). There is not
sufficient evidence to conclude whether the steeply dippids within the Brushy Basin and
Cedar Mountain Formations are controlled by friction or aedefult propagation.

The rollover anticline along the southern portion of the V8agment also lkely formed
due to upward fault propagation (Figure 5.10). The scale dblthelack of growth, listric
geometry of the faut and detachment along the edge @isymmetric salt pilow are
characteristic of post-depositional fault propagation foldinggu(Ei 5.10; Withjack et al., 2002).
Addttionally, the increasing steepness of the rollover lematicowards the SE corresponds to an
increase in the elevation of the top Paradox salt, suggestat the fault detaches at an
increasingly shallow level as the salt pilow transitidosthe main Moab-Spanish Valey salt
wall and comes to the surface (Figure 5.8 d). The localized dige dbotwall away from the
rollover anticline is related to the dip over the salt pilpwor to collapse (Figures 5.3 and 5.4)
6.4 Stratigraphic Architecture

The thickness changes observed at the surface andsobtharface data reveal important
information about the evolution of the Moab Fault Systeohtha underlying salt system. The
stratigraphic geometries seen in the field and at depihlifished cross sections, seismic, and
the 2D cross sections constructed in this study provide eediat an asymmetric salt high, or
pilow, developed throughout the Permian, Triassic, and dar§ssic, extending NW of the
Moab Spanish Valey Salt wall. This structure is presewtll cross sections created in this
study, especially the southern sections (Figures5.3), in addition to the 3D surface showing
the top Paradox Formation structure (Figure 5.8). The asyimnstk pilow is much smaller,

with less relief than the large salt walls presembss the rest of the Permian Basin and is most
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likely an extension of the Moab-Spanish Valley salt vaalthe top of the salt wall plunges to the
NW. The supra-salt strata blanketed the structure, with titickness variations through the
middle Jurassic and Cretaceous (Dewey Bridge, Entrada,sbhgrriCedar Mountain, and Dakota
Formations; Figure 5.3Figure 5.7).

Significantly, the Permian and Triassic strata (Cutidoenkopi, and Chinle Formations)
thin towards the fault system in both the footwall andyihgnwall and thicken into the
minibasin to the NW and N in the hanging wall (Figures 5537). These formations also
thicken slightly in the footwall towards the SW (Figures %R7).These lateral changes are
crucial to understanding of the salt movement through, tiexealing changes in
accommodation, the location of the deposition center, and tmeetry of the underlying salt
(Trudgill, 2011). The pinch-out of the Moenkopi Formation in thetWall of the Moab Fault in
Corral Canyon indicates that salt was at the surfastrjctmmg deposition at this time (Figures
4.3 +4.4; Figure 4.13). Formation tops in wells show the Moenkopi trsckewards the NE and
SW, away from the Moab Fault (Figures 5:8.7). Additionally, wel data show the top of the
Paradox Formation is at its highest elevation adjacenetétlt (Figures 5.3-5.7). During the
deposition of the Moenkopi, the salt must have been presentheesurface, forming a minor
pilow northwest of the main Moab-Spanish Valey saltl,wiahiting sediment deposition in this
location as a topographic high. The paleosol present in the thp Giutler indicates that there
was a long period of non-deposition, most likely due to the presafina palediigh at this
location (Figure 4.13). This indicates accommodation wasegreatthe NE and SW sides of the
salt high. Deposition was focused in the minbasin betwleiSalt and Cache Valey salt wall
and the Moab Spanish Valey salt wall and the salt higist inave developed during this time.

Wells driled in the minibasins showing exceptional Moenkbipkness include (1) Equity Oil
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Company, Strat St 1: Moenkopi = 15521, driled to the north of Mill y6an2) LADD
Petroleum, Salt Valley 1: Moenkopi = 1714ft, driled NE of Mil @am near Highway 191 (3)
Tiger OIil Co., State 12-11: Moenkopi = 2550ft, driled NE of Mil Canyod aast of the Salt
Valey 1 wel. The cross sections created in this stusly edveal some thickness changes, and
therefore, continued salt movement, during the deposition &Wihgate and Navajo formations
(Figures 5.315.7).

It is also evident that the salt moved not only laterallyay from the center of deposition
in the Courthouse minibasin but also along the strikdveoMoab-Spanish Valey saft wal and
the shallow salt pilow. The pinch-out of the Moenkopi FormatiorCorral Canyon and the
facies and thickness changes along the Moab-Spanisdy \&llt wall described by Trudgill
(2010) and Banbury, (2005) indicate the center of deposition wdedoalng the Moab
Segment, north of the main salt wall during Honaker Taadl Cutler time. This deposition
center migrated to the south during Moenkopi time whie aplaifgh existed near Corral
Canyon. During deposition of the Chinle, the center of deposiias split to the north and
south; one deposition center was located near the ColoradoaRdlea second was located near
Corral Canyon, above the missing Moenkopi section.

The stratigraphic geometries observed in this study in thetlsurface and subsurface
provide evidence that the thickness changes within upeassalt formations are due to salt
movement and are unrelated to the development of the MoabSyatdm. If the Moab Fault
was syn-depositional, the growth packages would be expected itoilére ® a classic roller
fault. Roller faults are supra-salt normal faults witbharacteristic listric geometry and rollover
monocline or anticline in the hanging wall (Rowan et al., 18@fre 6.5). They detach along

the steep edge of an asymmetric salt accumulationr)ralled growth packages in the hanging
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Figure 6.5 Roller faults. (a) Comparison of fault familpresent above autochthonous saltt.

and (c) Examples of roller faults in seismic soling isk, ilustrating listric faut geometries,

rolover anticlines in the hanging wal, and growth strifiickening toward the fault. (c) show
n ideal example of faults detaching along asymmetric ralidrs. (Modified from Rowan et al.
1999).
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wall thicken towards the roller fault and increase inwith depth (Rowan et al., 1999; Figure
6.5). In this study, wells in the hanging wall and outcropagathe footwall indicate thinning,
not thickening, towards the Moab Fault Segment (Figure 5.3gFig4). Different growth
geometries would be expected along the northern portion of tfad Megment and the Mill
Canyon Linkage Zone. Where fault tip monoclines are pregeowth packages thin towards the
fault (Gawthorpe etal., 1997; Sharp et al., 2000; Figure 6.6). Howeveh-qaits or truncation
of units adjacent to the fault system were not observéiekifield within the formations along
the hanging wall monoclines. Throughout the study areaethnits maintain a constant
thickness across the Moab Fault System (Figures+5.3). These data indicate thickness
changes must pre-date faulting and were formed due to paléspmsm of the Paradox salt, as
differential sedimentation in the Courthouse minibagirced the salt into the growing Moab-

Spanish Valley salt wall and the small pilow extendingV Nf the main salt wall.

6.5Subsurface Structures

The along-strike transition from a rollover anticline tauaitf tip monocline in the
hanging wall is likely controlled by the shape of the fauid the shape, thickness, and depth of
the top Paradox Formation (and thinning of the salt). Literatodicates that rollover anticlines
form as a result of movement along faults with a lisggometry (Schlische, et al.,, 1995). Along
the southern portion of the Moab Segment, the rollover astidikely formed due to the listric
shape of the fault. This fault shape was also influermgthe salt. The satlt is close to the surface
in the area and has an asymmetric pilow shape, adidatachment surface along its steeper
NE side. In addition, the salt, which is ductile at depth, acwahated the deformation of the

hanging wal. Where the salt pilow is the highest ap@est, it appears that the thin
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Figure 6.6 Geometries of synrift strata. (a) Comparison rofftsgtrata associated with a
basement-involved rit fault and fault propagation folding. (Nietlifrom Withjack et al., 200z
(b) Truncation of synrift units and increasing dip rotateith increasing fault propagation.
(Taken from Sharp et al., 2000)
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sipra-salt strata sank into the thick salt (Figure 5.4). Akvegnorthern portion of the Moab
Segment and the Mil Canyon Linkage Zone, the fault hemre linear shape and steeper dip.
The deeper and lower relief salt in this area did notsatgetachment surface and did not
therefore preferentially allow for the formation of Istfaults. The faults are, however, located
above a slope change in the top salt surface, which rsirsé®th SW-NE and N-S cross
sections (Figure 5.6 and 5.7). The structure map of the Paradmation ilustrates this
relationship (Figure 5.8; Figure 6.1). The salt beneath thevdtios fairly flat-lying along the
northern portion of the Moab Fault System (Figure 5.8; Figulg. Beneath the hanging wal,
the salt dips to the north and NE, into the Courthouse i8&ynahd minibasin (Figure 5.8). This
slope change is an ideal nucleation point for the formatibthe faults. Supra-salt faults
preferentially overly structural heterogeneities sastbasement faults, saft walls, salt pilows,
etc. (Vendeville and Jackson; 1992; Ge et al,, 1998) Addtionally, ddesplution or lateral
salt migration, faults form above and paralel to underlysiadi walls, where the salt wall is
rising or colapsing (Tvedt et al., 2016).
6.6 Throw Profiles

The location of the maximum throw along the Moab Segment ikelst indicates the
location of the fault inttiation (Figure 5.11; Figures 5.43.14). The fault likely intiated where
the salt was closest to the surface and acted as a fimestedetachment. The fault would have
propagated along strike to the NW, becoming more linear anpestegh the increasing depth
of the salt. Additionally, the significant throw decreastha@ branch line indicates that the
majority of the displacement transferred to the Mill Canyinkage Zone. (Figures 5.11;5.13)

The second peak in the throw profile along the Moab Segmentindieate that the fault

originally consisted of two faults, both intiating at thenpaf maximum throw (Figures 5.138
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5.14). The second peak is located along the kink in the faulth whity be related to the
elevation of the salt in the subsurface. The fault képresents a potential breached relay ramp
between two faut segments, each initiating at the tvedkkg@ the throw profie. This second
throw peak is also at the maximum height of the salt pileich most likely acted as an
initiation point for the secondary faul.

The locations of the maximum throw along the Courthouse BRodKTusher Canyon
Faults suggests that they intiated along the NE-SHEopoof the faults (Figure 5.12Figure
5.13). Conversely, Banbury proposed that the faults most likitigted along the E-W portions
and bent parallel to the main Moab Segment as the fawsdteéd (Banbury, 2005).
6.7 Development of the Moab Fault System

The main goal of this study was to integrate detailechcairfiata with regional
subsurface data in order to gain a clearer understandirig efblution of the Moab Fault
System and the underlying salt. This study found no evid@mcstratigraphic growth due to
fault movement, suggesting that faulting post-dates deposifitine strata exposed in the field
(early Cretaceous Dakota Formation), ata minimum. Faultingftihe also post-dates the
development of the Moab-Spanish Valley salt wall and aliepdlow/high beneath the fault
system. The fault-tip monoclines also suggest post-depokifauata movement, as the
sediments overlying the fault were folded prior to the fautaching the surface. Additionally,
the v-shaped synclines indicate post-deposttional, brittle rdafiom, lkely after lithification of
the upper Jurassic Salt Wash member of the Morrison Honmgtt a minimum).
6.7.1Dissolution vs. Regional Extension

The mechanism controling the development of normal fadi®ss the Paradox Basin,

especialy the Moab Fault System has been debated througboature (Foxford et al., 1996;
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Olig et al., 1996; Garden et al., 2001; Trudgill, 2011, and others). A nuofitetudies agree that
the crestal graben systems overlying the large sak welieloped after the Tertiary uplit of the
Colorado Plateau, due to dissolution of underlying salt and ajranil collapse (Doeling;
2000; Gutierrez, 2004). However, within published literature, thesebdan less agreement
regarding the timing and development of the Moab Fault Byste

Some authors have proposed regional extension as theonitiatithe Moab Fault (Ge, et
al., 2008). However, the Moab Fault system is significantly reliiie rom the rift development
typical of regional extension. Rifts are characterizeda bpmplex array of large-scale faults and
graben systems, with interacting and linking normal datdipresenting a regional strain field
(Figure 6.7; McClay et al., 2002). In salt-influenced basiagional extension thins the supra-
salt overburden, creating arrays of faults forming gralaexshalf grabens (Figure 6.8; Jackson
and Vendeville, 1994). The extension also intiates salt #od reactive diapirism by altering
the differential load as the overburden is weakened, feabtand thinned. (Jackson and
Vendeville, 1994). Conversely, the Moab Fault System is cleawmct by one dominant fault
with localized antithetic and synthetic faults accommodastrain along the hanging wall. The
lack of a large-scale graben system in the area surnguride Moab Fault system (see Figure
1.2) indicates that the controling mechanism was likelyregibnal extension. Additionally,
some proponents of the extensional model claim that extemsigst have been NNE-SSW,
oblique to the salt walls and the overall strike of the Moaltt Bystem, in order to create an en-
echelon array of faults (Ge et al, 1996, 1998, 2008). However, the kinetadididn this study
that slip along the Moab Fault System was mostly inditeetion of fault dip, to the NE (Figure
4.17 b). Oblque extension towards the NNE-SSW does not agreg¢hevittverall NE-SW

dominated strain and dip-slip that the collected slickentiaéa suggest. Itis possible that
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localized extension may have helped intiate jointing, ghaater circulation, and salt
dissolution (Gutierrez, 2004); however; there is littledence that supports regional extension
and the primary control for the development of the Moab Faslke8.

It is therefore much more likely that salt movement roded the development of the
Moab Fault System, than regional extension. Structurdlstatigraphic relationships indicate a

genetic relationship between the hanging wall structime fault geometry, and the salt structure.

Figure 6.7 (a) Orthogonal and (b) Oblique rift development diealldy scaled sandbox
models. (Modified after McClay et al., 2002).
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Figure 6.8 Fault development and diapirism in salt-influenbasins. (a) Map view of the
northern Red Sea where regional extension has producee alaigen system of faults (blact
lines) and salt walls (black polygons). (b) and (c) experirhemtadels showing faulting and
diapirism during thin- and thick-skinned extension, respégtv@odified from Jackson and

Vendeville, 1994).
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The v-shaped synclines and rollover anticline strucéirengly suggest collapse into the
underlying salt. Additionally, the throw profies indicate tfaiiting initiated along the Moab
Segment near the highest point of the salt. The flaaly Igrew by vertical propagation up from
the salt detachment and laterally along strike to the. Nkdhg the northern portion of the Moab
Fault System, the hanging wall fault tip monoclines ssiggeeformation due to fault propagation
upwards, likely from the top Paradox salt surface, intiatatmng the increase in slope of the top
salt surface. The deformation of the hanging wall altwegnbrthern portion of the fault system
was lkely accommodated by removal of the underlying salt.r&abval may have occurred
through dissolution, lateral migration in the subsutfacea combination of the two. The likely
direction of salt migration is along the strike of thé& aacumulation, towards the Moab-Spanish
Valey saft wall. Migration to the NE, N, or SE would havesib@revented by the significant
overburden of the Courthouse minibasin and the flat-lying falbtstrata. Salt migration is
triggered by differential loading due to some change in teelying stress, either due to
deposition or removal of overburden. The uplift of the Colorado diaitethe main event that
would have affected the differential loading of the sa&.erosion removed the depostionally
thin strata above the Moab-Spanish Valey salt wallotlissn was intiated, lowering the
differential pressure over the salt wal. The underlyialj would have moved towards the
central part of the Moab-Spanish Valley salt wall wharessure is lowest (and the overburden is
thinnest), away from the thicker overburden (higher preysurrounding the salt wall. As salt
evacuated from beneath the overburden, the brittle st vaave accommodated strain
through faulting, initiating the Moab Fault System along dhginal thickest and highest

elevation of the salt.

110



6.7.2Timing

The timing of the development of the Moab Fault Systembbas inconsistent in
literature, with dates varying from the Permian throughat€nary (Figure 6.9). Older dates
include fault movement during the Permiatearly Jurassic with reactivation during the late
Cretaceous (Garden et al.,, 2001) or Triassidurassic with reactivation during the mid-
Cretaceous through early-Tertiary (Foxford et al., 1998). Youages presented in lterature
include deformation during the Paleocer&ocene (60-43 Ma) and reactivation during the
Neogene (Trudgill, 2011 after Pevear et al., 1997), Paleog®heogene, with the last
movement during the late Neogene (7.5-1.2 Ma; Olig et al., 1996), &adeligocene (Ge et
al., 2008), inttiation during the Paleocerg=ocene and active movement during the Pleistocene
tHolocene (Guerrero et al,, 2014), and possible movement throutii® @enozoic with the
main fault movement during the Neogene and Quaternaue(dz et al., 2004). The studies
that cite older ages do not provide clear evidence for thdes, aehile the younger dates were
determined from bedrock scarp-retreat rates, dating offeeed ilite within shale gauge
along the Mil Canyon Linkage zone, and detailed analysiauttf segments within artificial
trenches along the southern portion of the Moab Fault System

This study has determined that, at a minimum, faulting nhasy lipost-dates the early
Cretaceous strata exposed in the field (Dakota Formatiory.ako likely that faulting is related
to dissolution and collapse of the Moab Spanish Valey sdlt Salt dissolution and collapse
across the Paradox Basin must have been accentuatetljnifizted, by the uplift of the
Colorado Plateau. Before uplit, which intiated during tite Miocene (5-10 Ma), the salt was
covered by approximately 3 km (9000ft) of sediment (Rasmussen, 2009).dliphred for

increased erosion, entrenchment of the drainage networknaedsed groundwater circulation
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(Doeling, 1983; Gutierrez, 2004). As the overlying sediments vesmeved, joints and fractures
likely allowed groundwater to reach the top of the salt vaald begin dissolution. With
continued dissolution, salt along the shallow salt pilowabety migrate towards the main salt
wall and the Moab Fault System may only then havatadi to accommodate brittle

deformation of the overburden and collapse into the evacusdiitg Faulting may have also

Figure 6.9 Timing of movement along the Moab Fault System peesdy various authors.
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been enhanced as fractures and joints along the fatdnsyallowed groundwater to reach the
deeper salt along the salt pilow. Addiionally, the v-shapedlises in the hanging wall of the
Moab Segment were most likely influenced by enhanced ssdilldisn along drainage systems.
The southernmost syncline is located along a major deaisaghe base of the plateau to the SW
while the two northern synclines are located along Seker@anyon (Figures 4.%4.3.

Although the uplift of the Colorado Plateau likely initiatedlt movement and faulting,
deformation must have occurred at a sufficient depth to dtiovihe development of
deformation bands, which are extensive along the entigthleof the Moab Fault System.
Deformation bands form in front of vertical and latergiisopagating faults (Fossen et al., 2007;
Figure 6.10a). They accommodate localized strain in porous rocks and sedienethtare mm to
cm wide zones of increased cohesion and decreased perme@alias et al., 2015). There are
many types of deformation bands that can occur in varietiiegs, involving a range of
micromechanisms of deformation including the rearrangeroégtains (granular flow),
cataclasis (grain fracturing and grinding, phyllosilicateearing, and chemical pressure solution
(Ballas et al., 2015; Fossen et al., 2007). The type and degree afatefor is related to a
variety of factors including grain size, shape, and sorfimyosity, mineralogy, lithification,
burial depth, tectonic regime, and association with faul{Bgllas et al., 2015). The deformation
bands present along the Moab Fault system are dominandglassic, formed through
mechanical grain fracturing that occurs at depths of 1.5-2.@kilas et al, 2015). The amount
of cataclasis can vary and increase with deformatiom fmicrobreccia, protocataclasis,
cataclasis, and ultracataclasis. Deformation bands sarbelclassified based on their
permeabllity (which decreases with increasing catatlass pure shear and shear-enhanced

compaction bands, single cataclastic bands, band clustersd digpels, and
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Figure 6.10 (a) Schematic ilustrating the relationshipvéet deformation bands and
GHYHORSLQJ IDXOWYV '"HIRUPDWLR Q EKHDEV RR DPIDLXQO
from Fossen, et al., 2007). (b) Deformation band classificationd lmaspermeabilibby (taken
from Ballas et al., 2015).
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fault core (Figure 6.10 b). Single cataclastic bands, banérslusind slipped bands are present
within both the hanging wall and footwall of the Moab F&ystem and are abundant in most of
the exposed formations across the area of this studythgitexception of shale-dominated
lothologies (Davatez, 2005). Figure 6.11 shows examples of common deforipands present
along the Moab Fault system compared to field examples frolasBatl al. (2015).

This study therefore concludes that faulting must hatiatéd, and been active during
the late Neogene, at a maximum of 10 Ma, between the beginnitite @olorado Plateau uplift
and complete exhumation (Figure 6.9). This date is in agnate with dates presented by
Guierrez et al. (2004) and Guerrero et al. (2014). It also agvitedhe latest movement dates
proposed by Olig et al. (1996) and Trudgill etal. (2011) but configtis fault movement dates
presented by Peavear et al. (1997) based on K-Ar dating of &hade tke Mil Canyon Linkage
Zone. However, the dated gouge was only sampled along one pafrtles fault and muttiple,
consistent dates have not been obtained in any other stédidgionally, the development of
the shale may not reflect the age of faulting acdyrateis possible that gouge development was
related to earlier deformation or unrelated to fault moveniéutther studies should be

undertaken to date fault gouge at additional locations alonyldlad Fault system.

6.8 Implications for petroleum exploration

Hydrocarbon accumulations related to structural traps dedtrdly fault systems have
been of particular interest to the petroleum industry, andiging the sealing potential of the
fault is a continuing challenge. Characterizing trapping gé@s in the deformed zone is also
difficult due to the complexity and resolution limits of sais data. Fault systems influenced by
salt movement are of particular interest, as some of tjestapetroleum-rich basins are

characterized by extensive salt diapirism and suprdesgting, including the Gulf of Mexico
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and offshore Angola, and Brazi. This study provides addtionaiviealge of the structural
complexities present at a sub-seismic scale along supratdasystems, which is a key
potential analogue for faulting in these important petroldaasins.

Along the Moab Fault Segment, the hanging wall structin@nges from a rollover

anticline to a fault tip monocline over a distance of appragiyalOkm, which is easiy

Figure 6.11 Field examples of deformation bands (a) Examples Bedas et al., 2015, base
on the classification shown in Figure 6.10. Color photodadken in the field while black and
white photos are SEM photomicrographs. (b) Examples frorMd®ah Tongue member of the
Entrada Formation, along the Moab Fault System.
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resolvable on seismic. However, the v-shaped synclinesh vetne only 1.5-2 km in length, and
the fault tip monoclines along the hanging wall are paigntat a sub-seismic scale. It is likely
that these structures would affect the potential gealipabiity of a hanging wall petroleum
accumulation. In particular, the steepest v-shaped gnalvhich lies along the limb of the
rollover anticline, may compromise the viability of a 3-veatyictural trap. The syncline is also
associated with extensive jointing and additional faultisgoenmodating the localized strain,
which could allow for migration through the structuredpt Additionally, the antithetic and
synthetic faults present along the crest of the rolleveticline also have the potential to act as

conduits for hydrocarbon migration.
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CHAPTER 7
CONCLUSIONS

7.1 Summary

Through integration of detailed field mapping and existingp nsection, and well data,
this study resulted in an enhanced understanding of tledogeent history of the Moab Fault
System and Moab Spanish Valey salt wall. The following syeare achieved through
completion of this study:

1. Improved detail in the geologic maps along the Moab SegmehiM#éinCanyon
Linkage Zone of the Moab Fault System. These maps shovicsigtly more
structural data than published maps and the hanging tnaltuse has been
characterized in more detail than previous studies.

2. Kinematic analysis of slickenline and fault orientatidata along the Moab Fault
System, providing an understanding of the strain during deforma

3. Integration of the structural and stratigraphic relatigms at the surface with
subsurface data.

4. Digtized field and map data that are essential to 2D and @&z Ilmg.

5. 2D and 3D modeling of the Moab Fault System and the terminatidhe underlying
Moab-Spanish Valey salt wall. This supported previously shéxd claims which
did not have substantial evidence. The modeling resultsrealsaled new
information about the evolution of the fault and underlygaf system, outlined
below.

6. An assessment of the potential influence of the dethiedjing wall structure on trap

geometries produced adjacent to sealing faults in petrostems.
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This study helped answer questions regarding the histaye d?aradox Basin that were

previously in debate:

1.

No evidence for deposttion during fault movement is present) dlw Moab Fault
System.

The Moab Fault System was influenced by the geometry omé@erlying low-relief
pilow of salt. This salt pilow is the NW extension of t®ab-Spanish Valey salt
wall, as the top of the salt wall increasingly plunges td\ikie.

The rollover anticline along the southern portion of the iBagment is a fault-
propagation fold, associated with a listric fault that detacat shallow levels on top
of and along the NE edge of the Moab-Spanish Valey sdit wa

The monoclines present along the northern portion of the Begiment and the Mil
Canyon Linkage Zone formed due to upward propagation of a blind sfiem.

The small, v-shaped synclines in the hanging wall athegsouthern portion of the
Moab Segment indicate brittle deformation and possible collapsehe underlying
Paradox Formation. They also suggest deformation post-dategtideparsd
lithification of the early Cretaceous Salt Wash memiifethe Morrison Formation (at
a minimum).

The lack of growth strata, the brittle deformation of theging wall, and the fault
propagation folds along the hanging wall indicate thatali ystem post-dates the
development of the Moab-Spanish Valey salt wall and the dieposf early
Cretaceous sediments (at a mnimum). Fauling was lkékted after the

beginning of the Colorado Plateau uplift, during the late Nao@®0 t5Ma).
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7. Cataclastic deformation bands along the entire fautesysdicate that fault
movement must have occurred prior to complete uplift and exiaumeat a
minimum burial depth of 1.5:2.5 km.

8. Regional extension was not likely the mechanism comgpliault initiation. Fauling
most likely intiated to accommodate brittle collapse of tgras-salt strata during
evacuation of the underlying salt, due to either dissolutiolatenal migration.
Regional extension is associated with distributed steaimirig an array of large-
scale normal faults (graben system), which are not preséime area surrounding the
Moab Fault. The isolation of the Moab Fault indicates morelizeci strain than
expected during regional extension.

9. The intiation of the Moab Fault System may have beenaltiee dissolution of the
thin overburden above the Moab Spanish Valey salt aft@timn of the uplift of the
Colorado Plateau. Erosion and collapse of the thin supratisdit above the salt wall
decreased the differential pressure on the underlying PaFanimation salt,
initiating lateral salt migration from beneath thekbr overburden (higher
differential pressure) towards the main salt body (lowderdiftial pressure).
Faulting intiated to accommodate brittle deformation of #weging wall as the
underlying salt subsided.

10.Two strain orientations controlled the development of thie §ygtem: extension
towards the NW and towards the N\W-directed extension controled the
deformation along the Moab Segment whie extension dlagviil Canyon
Linkage zone was primarily towards the N. This change easelated to the

increasing dip of the top salt surface to the north.
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11.The initiation of the Moab Fault segment occurred aloeghihest point of the
underlying Paradox Formation. The fault propagated upwards araljatto the NW
and SE.

12.The fault segments along the Mil Canyon Linkage zaeelecated along an abrupt

slope change of top of the underlying salt pilow.

13.The Courthouse Rock and Tusher Canyon faults along theClsilyon Linkage Zone

were initiated along their NE-striking segments.
7.2 Future Work

If seismic or additonal well data become available alongvtbab Fault System, the 2D
cross sections and 3D model created in this study could be idpane more confidence could
be gained that the geometries accurately refiect thsudace structure. The confidence in the
footwal and hanging wall cutoff elevation would also be impdov&his would allow additional
surfaces to be modeled helping constrain the throw distrisutadong each fault segment
through time. The smaller-scale faults along the hagngiall should also be incorporated into
this model. This would improve the 3-dimensional understanadif the fault accommodation
zone and further the knowledge of petroleum trap potential.

Additional dating of fault gouge should be performed to improvecdinéidence of the
age of fauting. An extensive study should be undertaken toofgpresentative samples along
the entire length of the Moab Fault system. Confidencdeofiming of fault movement may also
be increased through an analysis of deformation bands dloeofsailt system. Examination of
deformation bands in thin section or through scanning refechicroscopy wil help determine
the amount of cataclasis and any presence of pressuiersolhich are related to burial depth

and wil help constrain the timing of faulting.
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APPENDIX A

Figure A.1 Map showing the location of the field area aadgttplogic map (~15 x 15km) created in this study, the locatbns
thirty-two 2D cross sections constructed in this study, laadatea covered by the 3D surfaces (~23 x 20km) created feoonass
sections The locations of the 104-B2 seismic line, and the 5 crosemegiublshed in Trudgill, 2009 are also includéddetailed

map is shown in Figure A.2, with key wells labeldthese wells are shown in Table 3D cross sections are shown in Figures A.3-

A.34.
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Figure A.2 Detaled map showing the location of the fieldaamd geologic maps created in this study, the locationsrtpdtito 2D
cross sections constructed in this study, and the aree BBesurfaces were created from the cross secfldnas locations of the 104-
B2 seismic line, and the 5 cross sections published in Tyudgi09 are also includedKey wells are labeledThese wells are shown
in Table 3.1.
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Figure A.3 Section 1, intersecting the southern portion of tbab\begment of the Moab Fault System, orientedS\WEThe

location of the section is shown in Figures A.1 and Al color of the title corresponds to the orientation of #mtios, shown in
Figures A.1 and A.2Nels in inset map are shown in Figure A.2 and Table Wdls intersecting the cross section are show in red
and those within 1km are shown in oran@goss-cutting 2D sections are shown along the bottom, inabe corresponding to the
sectoQfV RULHQWDWLRQ VKRZQ LQ )LRAUHRQV , MW V K R.ENQ\&EciH tBd@diRGRAN K

129



130



Figure A.4 Section .For legend and a description of annotations, see Figure A.3
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Figure A.5 Section .3-or legend and a description of annotations, see Figure A.3
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Figure A.6 Section .4~or legend and a description of annotations, see Figure A.3
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Figure A.7 Section .3-or legend and a description of annotations, see Figure A.3
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Figure A.8 Section .@-or legend and a description of annotations, see Figure A.3
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Figure A.9 Section .#or legend and a description of annotations, see Figure A.3
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Figure A.10 Section.&or legend and a description of annotations, see Figure A.3
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Figure A.11 Section.%or legend and a description of annotations, see Figure A.3
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Figure A.12 Section 1@or legend and a description of annotations, see Figure A.3
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Figure A.13 Section 1For legend and a description of annotations, see Figure A.3
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Figure A.14 Section 1For legend and a description of annotations, see Figure A.3
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Figure A.15 Section 1%or legend and a description of annotations, see Figure A.3
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Figure A.16 Section 14or legend and a description of annotations, see Figure A.3
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Figure A.17 Section 1%or legend and a description of annotations, see Figure A.3
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Figure A.18 Section 1&or legend and a description of annotations, see Figure A.3
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Figure A.19 Section 1For legend and a description of annotations, see Figure A.3
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Figure A.20 Section 1&or legend and a description of annotations, see Figure A.3
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Figure A.21 Section 1%or legend and a description of annotations, see Figure A.3
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Figure A.22 Section 2For legend and a description of annotations, see Figure A.3
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Figure A.23 Section 2For legend and a description of annotations, see Figure A.3
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Figure A.24 Section 2For legend and a description of annotations, see Figure A.3
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Figure A.25 Section 2For legend and a description of annotations, see Figure A.3
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Figure A.26 Section 24or legend and a description of annotations, see Figure A.3
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Figure A.27 Section 2%or legend and a description of annotations, see Figure A.3
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Figure A.28 Section 2&-or legend and a description of annotations, see Figure A.3
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Figure A.29 Section 2For legend and a description of annotations, see Figure A.3

156



Figure A.30 Section 2&or legend and a description of annotations, see Figure A.3
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Figure A.31 Section 2%or legend and a description of annotations, see Figure A.3
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Figure A.32 Section 3@or legend and a description of annotations, see Figure A.3
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Figure A.33 Section 3For legend and a description of annotations, see Figure A.3
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Figure A.34 Sectior32. For legend and a description of annotations, see Figure A.3
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