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ABSTRACT
The Eagle Basin of central Colorado is a Pennsylvanian- to Permian-aged evaporite flexural
basin formed in the foreland of adjacent Ancestral Rocky Mountain uplifts. Previous tectonic
studies in this region focused on Laramide shortening and later deformational events, potentially
overlooking a long period of Paleozoic to Mesozoic salt tectonics that significantly affected the
pre-Laramide deformational template. Evidence for a pre-Laramide phase of salt tectonics
includes halokinetic growth strata and vastly varying thicknesses of Pennsylvanian to Triassic
aged units including the Eagle Valley/Gothic, Maroon, and State Bridge Formations, suggesting
development of large, salt-floored minibasins, bounded by a polygonal system of salt
walls. Structural and stratigraphic data collected in the Hardscrabble, Wolcott, and Bellyache
minibasins through field mapping, stratigraphic logging and sampling are integrated into a series
of new maps, stratigraphic correlations, structural cross sections, and sequential restorations.
Newly identified hook halokinetic sequences have been identified along the flanks of the
aforementioned minibasins, where Eagle Valley Formation strata are occasionally sub-vertical to
overturned in close proximity to salt walls (within 200 m). These beds are truncated by more
gently dipping strata of the Maroon Formation, which flatten up section and away from the salt
walls. Additionally, dramatic thickness changes in the Maroon (100 m scale) and younger State
Bridge Formations (1,000 m scale) are present across the Eagle Basin, indicating that the
minibasins vary in age, constraining the timing and spatial distribution of salt evacuation and
diapirism. These new interpretations highlight halokinetic deformation localized along the flanks
of the minibasins, adjacent to salt walls that developed prior to regional shortening across the
basin. Subsequent basement involved shortening during the Laramide orogeny was locally

strongly influenced by the pre-existing salt walls and minibasins.



TABLE OF CONTENTS

AB ST R A C T ..ttt et e e e e e e e e et oo oo bbbttt ettt ettt e e e e e e e e e e e e e e e e e e e aabrrrrr e 11
LIST OF FIGURES ... ..ottt e e e e e e e e e e e e e e e s s e bbbttt bttt et ettt e e e e e e eeaaeeeeeaaaaasnanannns Vi
LIST OF TABLES ...t bbb et e e e et et e e e e e e e e e e e e e e e e e e sannnns XVi
ACKNOWLEDGMENTS ...ttt ettt ettt e e e e e e e e e e e e e e e e e e e e bbbt bbb ne e e e e e eees XVii
CHAPTER ONE: INTRODUCTION .....cciiiiiitiiiii ittt e e e e e e e e e e e e e s e s s s s asssesbbneeaeeeeees 1
1.1  Project Background and Research ObJectiVES ............coovvviiviiiiiiiiiii e 1
1.2 SaAlt TECIONICS OVEIVIEW ...uvviiiiiiiee e e e ee ettt s e e e e e e e e e e e e e e e e ee e e e e e e e e eeaeaees 4
CHAPTER TWO: GEOLOGIC SETTING AND PREVIOUS RESEARCH .......ccccoovviiiiieiiinne, 20
2.1  Central Colorado TeCtONIC HISTOIY ........couiiiiiiiiiiiiiiiiee e 20
2.2  Eagle Basin Stratigraphy.............eooiiiiiiece e 36
CHAPTER THREE: METHODOLOGY ..ottt eeee e e e e e e e e e e e e e s s s s s s s s sssisssssesssseeeeeees 43
L FHEId WOTK .. ettt e e e e e e e e e e e e e e e aas 43
3.2 Cross Sections and RESIOrAtIONS .........euiiiiiiiiiieieeiei e 43
CHAPTER FOUR: STRATIGRAPHY ..ottt e e e e e e e e 51
4.1 Stratigraphic Descriptions and COlUMN ...........ooooiiiiiiiiiii e 51
CHAPTER FIVE: STRUCTURE .....ciiiii ettt et a e e e e e e e e e e e e s e 70
5.1 REGIONAI SITUCTUIE ... e e e e 70
5.2 Hardscrabble Mountain Minibasin ... 76
5.3 WOICOtt MINIDASIN ... e e e e e 90
CHAPTER 6: RESTORATIONS ....ooiiiiiiiiiieee ettt e e e e e e e e e e e e e e e e e e e e s e e e nnnnnnnes 99
6.1 HardsCrabble ..........cooo oo 99
6.2 LAY 0] o' ] i TP 107
CHAPTER SEVEN: DISCUSSION ...ttt ettt e e e e e e e e e e e s s s asssssasssaseeeeeeeeeeaaaaaaeeaeas 120
7.1 Overall Evolution of the Northern Eagle Basin............cccoovviiiiiiiiiiiiiiecccceeee, 120
7.2 Basinwide IMPlICALIONS........cccciiiiiiiiiiiiie e 123
7.3 Impact on Laramide ShOrtening...........oeeeiiiiiiiii i 125
7.4 Comparison to the ParadoX BaSin...........oooviiiiiiiiiiiiiiiiiiiiieeeeeeee e 128

v



CHAPTER EIGHT: CONCLUSIONS AND FUTURE WORK ..., 130

8.1 CONCIUSIONS ...cciiiiiiiiiee ettt et e e e e e e e e e e e e e e e e s e e et bbb aeeeeeeeees 130

8.2 Recommendations for FULUre WOrK..........oooooooiiiiiiiiiie e 131
e o N [ PP 133
AP P E N D X A e e e a i aaan 138
AP PEND X B oottt e e e e 149
N e = 1 T G P 157
F N N | 1 G 15 P 160
N o N | T G 161



Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 1.5.

Figure 1.6.

LIST OF FIGURES

Location map of the study area within Colorado, USA. Red box outlines the
Main area Of feld WOIK. .........uuieiiee e 3

Schematic cartoon of a megaflap. A megaflap is a sedimentary unit of older
strata draped along the flank of a diapir with steep or even overturned dips,
with multiple-kilometer wide fold widths (definition from Rowan et al.,
120 1 ) P PPEPURPRPUPRPR 5

Restoration of the passive diapirism and minibasin development in the
Paradox Basin, Colorado. Salt is in black, post-salt sedimentary units are in
red through blue above it, and pre-salt sediments are in brick red below
(Rowan €t al., 2016). ....ccoeiiiiiiiiiiei ettt e e e e e e e e 5

Diagram of hook and wedge halokinetic sequences. Hooks form within 50-
200 meters of the salt-sediment interface when diapir rise rate is greater than
the sediment accumulation rate. Wedges form within 300-1000 meters of the
salt-sediment interface when sediment accumulation rate is greater than the
diapir rise rate (Giles and Rowan, 2012). ...........uuuuiiiiiiiiieeeeeeeeeeeeee e 6

Diagram of tabular and tapered composite halokinetic sequences. Tabular-
CHS have only a narrow zone of thinning strata towards the diapir, subparallel
base and top, and axial traces parallel to the margin of the diapir. Tapered-
CHS have a wide zone of thinning strata towards the diapir, a convergent base
and top, and axial traces climbing away from the margin of the diapir (Giles
anNd ROWAN, 2012). ..ot e e e e e e e e e e — i aaaaas 7

IRFDWLRQV RI YDULRXV FRQWUDFWLRQDO GHIRUPDW|
Islands (Canada, salt age, Ordovician); 2, Franklins (Canada, Cambrian); 3,
Appalachians (U.S.A., Silurian); 4, Wyoming (U.S.A., Upper Jurassic); 5,
Guatemala (Middle Jurassic or Cretaceous?); 6, Cuba (Middle Jurassic); 7,
Santiago (Peru, Permian); 8, Neuquen (Argentina, Jurassic-Cretaceous); 9,
Rif-Tellian (Algeria, Morocco, and Tunisia, Triassic); 10, Betics (Spain,
Triassic); 11, Iberics (Spain, Triassic); 12, Pyrénées (France and Spain,
Triassic); 13, southern Alps, Jura (France, Triassic); 14, Carpathians
(Romania, lower Miocene); 15, Apennines (Italy, Triassic); 16, Messinian
(eastern Mediterranean, upper Miocene; 17, Mediterranean Ridge (eastern
Mediterranean, upper Miocene); 18, Zagros (Iran, Infracambrian); 19, Tadjiks
(C.E.l., Jurassic); 20, Salt Range (Pakistan, Infracambrian); 21, Sierra Madre
Oriental (Mexico, Jurassic); 22, Verkhoyansks (C.E.I., Cretaceous). (B) Stars
(+), shortening related to gravity gliding at the toe of massively prograding
systems: 23, Mississippi Fan; 24, Perdido (Gulf of Mexico, Middle Jurassic);
25, Campos, Santos (Brazil, Lower Cretaceous); 26, West Africa (Angola,
Gabon, Lower Cretaceous); 27, Nile delta, (Mediterranean, upper Miocene).
(C) Black squares (+), intracratonic inverted basins: 28, Atlas (Algeria,

Vi



Figure 1.7.

Figure 1.8.

Figure 1.9.

Figure 1.10.

Figure 1.11.

Figure 1.12.

Figure 1.13.

Morocco, Tunisia, Triassic); 29, Triassic basin (Algeria, Triassic); 30,

Aquitaine Basin (France, Triassic); 31, Southern North Sea (Permian); 32,
Amadeus (Australia, Precambrian); 33, central Iran (Eod@heR FHQH
(Modified from Letouzey et al., 1995 and Morley et al., 2011). ........cceevrvvvvirrrrnnnnns 9

Cross-sections of an isolated diapir during different phases of shortening. A)
at the lowest strain rate, the diapir begins to get squeezed and stress is
accommodated through the development of an arched roof. B) as shortening
progresses, the diapir is squeezed to form a vertical secondary weld and
extruded salt at the surface has formed an overturned flap. C) at the highest
strain rate, the vertical secondary weld is offset by a shortcut thrust. It may
also be reactivated as a thrust weld (Duffy et al., 2018)..........ccccevvvrrrrriviiiccieeennn. 10

Interactions between minibasins during and after shortening in the Precaspian
Basin. A) Map view of orientation of minibasins before and after shortening.
They may translate in any direction and/or collide, forming secondary welds.
B) Cross section of minibasins and overlying sediments before, during, and
after shortening. Salt walls may be squeezed to form vertical secondary welds
where minibasins collide, and minibasins may rotate. In the final stage of
shortening, vertical secondary welds may be reactivated as thrust faults.
(DUTY €1 @l., 2007 it e et e e e e e e e e e e e e e e e e eaanrranaaaa 12

Minibasins and salt diapirs modeled by silicone-polymer ridges. A) Map view
of minibasins after formation, and B) minibasins and salt after shortening.
This model shows how salt will accommodate shortening by being squeezed
and forming thin diapirs or vertical secondary welds, while the minibasins
more or less retain their shape and size. (Rowan and Vendeville, 2006). ............ 13

Map in the Eastern Cordillera of Colombia showing the location of cross
sectionB% Y )LJIJXUH LOQWHUVHFWLQJ WKH LQYHUWHZ(
reconstructed salt structures (Parravano et al., 2015). ..........cccooviviiiiiiiiiiiie e, 15

Crosssection®®Y NLQHPDWLF UHVWRUDWLRQ RI WKH *XDV
diapirism, inversion, secondary welding, and triangle zone development. MT
= Mirador Thrust, SF = Servita Fault, VT = Villavicencio Thrust. (Parravano
BL AL, 2005). 1ottt ettt e e e e e e aaaaaaaas 16

Diagrammatic representation of the formation of a Q-tip structure. During
shortening, a formerly continuous salt wall will form vertical secondary welds
at the locations of maximum strain and the salt will either extrude to the
VXUIDFH RU ODW-AMLBOODWRWIRH ®RFDWLRQV RI OHDV
Al., 2008). it ————raaaaaaaaaaaaaaaaaaaaaaaa 17

37KH JHRPHWU\ RI EUHDNRXW DW WKH WRH RI D VDOV
roof is thick and strong enough to pin the toe of the sheet. If so, (a) basins

subsiding into the rear (mostly off section) expel underlying salt, which

inflates the toe of the sheet. This steepens the frontal escarpment, causing

\i



Figure 2.1

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.

Figure 2.8.

slope failure of its upper part. Salt breaks through the thinned roof near the
crest of the escarpment. Roof strata at the escarpment below the breakout are
inverted to form an overturned flap. If, however, the roof is not strong enough
to contain the sheet, then (b) the roof and salt sheet advance together as a
thrust. If the leading edge of this thrust is sufficiently eroded, salt breaks out
near the base of the escarpment,and opeR-HG DGYDQFH FDQ EHJLQ’
o Lo I F=Tod Yo T2 010 1 ) S 17

Ancestral Rocky Mountain uplifts (brown) and basins (blue) (Modified from

Blakey 2009). Of particular interest to this study: EB = Eagle Basin, PaB =

Paradox Basin, UnU = Uncompahgre Uplift, CCT = Central Colorado Trough,

SwuU = Sawatch Uplit, FRU = Front Range Uplift. Dashed lines indicate

location of the Transcontinental Arch. Red line indicates location of Figure

2.3 CIOSS SECHION. .eeiiiittiiiie e ettt e e e e e e ettt s e e e e e e e e e e e e e eeee et et b e s eeeaeeeaaeeeeeesnnnnes 21

Map showing the Paradox and Eagle basins with associated Ancestral Rocky
Mountain Uplifts, depositional limits of evaporite facies, and orientation of
salt walls in the ParadoX Basin. ........cccoooeieeiiiiiiiiieir e 22

Simplified cross section through the Paradox and Eagle basins in the Triassic
with associated uplifts. Light purple = evaporite, light blue = carbonates, red =
mudstone and sandstone redbeds, orange = sandstone and conglomerates,
yellow = eolian sandstone, brown = basement (Blakey 2009). ...........cccceeviiinnne 23

Interpreted Champlin #1 Black well in Eagle, CO showing the evaporite
cycles in the northern part of the Eagle Basin (Halite beds numbered from
youngest (1) to oldest (13). Location shown on Figure 2.2 .........cccccoeeeeeeevviveennnnn, 24

The evaporite deposition cycle showing the facies changes and salinity
changes with sea level rise and fall through transgressions and regressions.
Hite and BUCKNET (1981). ...coiiiiiiiiiiiiiiiii ettt 25

Paleogeographic map of the SW US from the Desmoinesian period. Note the
two evaporite basins forming contemporaneously on either side of the
Uncompahgre uplift, and the Ancestral Front Range uplift bounding the
northeastern extent of the Eagle Basin (Modified from Blakey, 2009). ................ 27

Map of the Eagle Basin with pertinent structural features called out including
uplifts, minibasins, faults, historic wells and research areas. Red =
Pennsylvanina-Early Permian aged, orange = Permian aged, yellow = Triassic
age, grey = present day uplifts, purple = ancestral uplifts.. ..........cccccceeeiiiiiennnnnenn. 29

Map from the Paleogene showing the location of the Eagle Basin within the
Cordillera and the direction of Laramide shortening in the area (double-
headed arrow). CoMB = Colorado Mineral Belt. Blue line is the location of
Figure 2.9. Modified from Yonkee and Welil, 2015. .......ccccceeeiiiieiiiiiiiieeiiinn 30

viii



Figure 2.9.

Figure 2.10.

Figure 2.11.

Figure 2.12.

Figure 2.13.

Figure 3.1.

Figure 3.2.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Cross section from the Piceance Basin to the Denver Basin along I-70
showing the present-day deformed section and the restored section. ~50 miles
of Laramide shortening were accommodated between the White River Uplift
and the Front Range Uplift. Location on Figure 2.8. (Granath et al., 2018). ........ 32

Location map across the Eagle Basin showing the locations of the Carbondale
and Eagle collapse centers (Scott et al., 2002). Red box indicates study area....... 35

Stratigraphic chart showing the prominent and mappable units within the
Eagle Basin. Compiled using the Colorado Stratigraphy Chart, data from the
author and Pearigen (2019) and USGS MapPS. ....ccevvvrrriiiiiiiieeeeeeeeeeeeeerieniinnnn e 37

Schematic regional cross section from the Uncompahgre uplift to the Front
Range uplift from West to East. Note dramatic thickness variations the Eagle
Valley Evaporite and overlying formations. Modified from De Voto et al.,

Map modified from Pearigen (2019) showing State Bridge Formation
thicknesses and the names of salt walls referenced in this thesis. Note the
strong thickness variation of the State Bridge Formation across the basin,
particularly between the Eagle River and Gypsum Creek salt walls, and south
of the Gypsum Creek salt Wall. ... 42

Map of the Eagle Basin with pertinent structural features called out including
uplifts, minibasins, faults, historic wells and research areas. Red =
Pennsylvanina-Early Permian aged, orange = Permian aged, yellow = Triassic
age, grey = present day uplifts, purple = ancestral uplifts. Modified from
Pearigen et al., (2019). ....uuuuiiiiii i ———————————————————— 44

Examples of restoration steps: A) from 1 to 2 shows fault restoration,
decompaction, and isostatic adjustment, B) from 1 to 2 shows unfolding,
decompaction, and salt geometry adjusStment. ............cccociiiiiiiiiiiiiii e 50

Stratigraphic column with contemporaneous, correlatable units across the
EAQIE BASIN. ...ttt e e e e e aeeas 52

Brecciated gypsum towers within the Eagle Valley Evaporite. Photograph
taken on the south side of Hardscrabble Mountain. Towers are 10-15 meters
162 LSRR 53

Two views of the contorted and brecciated gypsum towers in the Eagle Valley
Evaporite at Hardscrabble Mountain. .............cccoooeiiiiiiiic e 53

Left: Contorted bedding within shales of the Eagle Valley Formation at
Hardscrabble mountain. Right: Centimeter-scale crossbeds and climbing
ripples in the Eagle Valley FOrmation. ... 55



Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

Left: Overturned beds within the Eagle Valley Formation at Dry Gulch on the
south side of Hardscrabble Mountain on the west side of Dry Gulch. These are
within 100 meters of the contact with the diapir. Right: diapir-derived detritus
found in beds within 50 meters of the salt-sediment interface, commonly
overturned to very steeply diPPiNg. ... 55

Fluid escape (teepee) structure within the Maroon Formation at Hardscrabble
Mountain. Planar laminations are also seen here. Taken along path of
Measured Section #1 around 295 meters (AppendiX B). ........cccocciiiiiiiiiiiiiiinneenn. 57

Example of the pale colored limestone beds present in the Maroon Formation
at Hardscrabble Mountain. Taken along path of Measured Section #1 around
20 meters (APPENAIX B)...uuuuieiiiiiii e 58

Gradational contact between the Maroon Formation and the Schoolhouse
Tongue of the Weber Sandstone. Taken at Red Canyon. .........cccccevveeeeeeeieeeeeeennnn, 59

Thin section of the Weber Sandstone at Red Canyon (location in Appendix
A). Cross polarized light. This rock is poorly sorted with subangular grains.
Classified as a subarkose SandStONe. ...........uuvviiiiiiiiiiiie e 60

Lower to upper fine sands in the Lower State Bridge Formation have unusual
weathering patterns and varying color from tan to red to white. Taken at
Hardscrabble Mountain. ... 61

Burrowing within the State Bridge Formation. Burrows are filled with finer-
grained orange silt. Taken along path of Measured Section #2 (Appendix C)......62

2.5x magnification, cross-polarized image of the South Canyon Creek
Member. Shown here is a dissolution pore lined with secondary calcite and
guartz. Classified as a hematite sulfur dolomitic limestone. ............ccccccevvvviennnnns 63

The conglomerate between the Upper State Bridge and Chinle Formations,
referred to here as the Toner Creek/Gartra (left). The contact between the
Upper State Bridge and the conglomerate is sharp as indicated by the foot
(right). Taken east Of Sylvan LaKe. ... 64

Toner Creek/Garta conglomerate at Red Canyon. Clasts include basement
clasts, reworked sedimentary clasts from the State Bridge, and other lithics.
Slight planar bedding is observed aslwel.............ccccooviiiiiiiii e 65

Reworked clast of the State Bridge formation within the Toner Creek/Gartra
conglomerate in the Wolcott Minibasin at Red Canyon. ............cccooeevvviiviieeeeeennnnn. 66

Contact between the Chinle and Entrada Formations. The Chinle here
typically forms low-angle slopes and the Entrada is a strong red to yellow



cliff-former. Taken E of Sylvan Lake in the Hardscrabble minibasin. Scale

based off outcrop closest to the Camera. ..........ooooiviiiiiiiiiiii s 68
Figure 5.1. Geologic map of the eastern Eagle Basin. ........ccccoovviiieeiiiiiiiceceieiseee e 71
Figure 5.2. Geologic map showing the locations of the two regional cross sections............... 73

Figure53. $ WR $7 IURP *\S +LOO WR :ROFRWW &2 UHJLRQDO FL
Cambrian basement, Pb-Cs: pre-salt Cambrian-Mississippian sediments, Pee:
Pennsylvanian Eagle Valley Evaporite, Pe: Pennsylvanian Eagle Valley
Formation, PPm: Pennsylvanian-Permian Maroon Formation, Pw: Permian
Weber Sandstone, TrPsl: Permo-Triassic Lower State Bridge Formation,

TrPss: Permo-Triassic Sloane Peak Member of the State Bridge Formation,

TrPsu: Permo-Triassic Upper State Bridge Formation, TrC: Triassic Chinle
Formation, Jme: Jurassic Morrison and Entrada Formations, Th: Tertiary

DASAIL FIOWS. ... a e e e 74

Figure 5.4. % WR %Y DQG & WR &Y UHJLRQDO FURVYV VHFWLRQ IUF

north of the town of Eagle, CO. pCq: pre-Cambrian basement, Pb-Cs: pre-salt
Cambrian-Mississippian sediments, Pee: Pennsylvanian Eagle Valley
Evaporite, Pe: Pennsylvanian Eagle Valley Formation, PPm: Pennsylvanian-
Permian Maroon Formation, Pw: Permian Weber Sandstone, TrPsl: Permo-
Triassic Lower State Bridge Formation, TrPss: Permo-Triassic Sloane Peak
Member of the State Bridge Formation, TrPsu: Permo-Triassic Upper State
Bridge Formation, TrC: Triassic Chinle Formation, Jme: Jurassic Morrison

and Entrada FOrMAatiONS. ........ooviiiiiiiiiiiiiiee e e e et e e e e e e e e e e e e e eeeeeennnnn s 75
Figure 5.5. Geologic map noting the locations of cross sections across Hardscrabble

Mountain including the Brush Creek seismic profile. .............ooooiiiiiiiiiiiiiiiiee. 77
Figure 5.6. Geologic map showing the location of Measured Section #1 (Appendix) and

dip variance at Hardscrabble Mountain. For location see Figure 5.5. ................... 78
Figure 5.7. Geologic map near Dry Gulch on the south side of Hardscrabble Mountain.

Note highly variable dips in the callout box and along the Eagle Valley and

Maroon contact. For location see Figure 5.5. .........oovvviiiiiiiiie e, 79
Figure 5.8. Seismic profile along Brush Creek (location on Figure 5.5) from Scott, et al.

(1999 ettt t e e e e e e e e e e e e e e e e e e e aanrrrreanes 80

Figure5.11. &URVV VHFWLRQ ' WR 'Tf IURP WKH VRXWK VLGH WR W
Mountain, slightly west of Figure 5.10, showing the salt wall expands in width
atthe surface to the west, dipping further into the subsurface. This also shows
thickness variation in the Eagle Valley Formation along the strike of
Hardscrabble Mountain. (for location see Figure 5.5). .......ueviiiiiiiiiiiiiii, 83

Xi



Figure 5.12.

Figure 5.13.

Figure 5.14.

Figure 5.15.

Figure 5.16.

Figure 5.17.

Figure 5.18.

Figure 5.19.

Figure 5.20.

Figure 6.1.

Halokinetic fold along the Gypsum Creek Salt Wall. This view shows a wide
angle up view the mountain, showing the dip change to quite gentle dips in the
State Bridge formation. Located on Figure 5.7 by the black box east of Dry
T o] o 1S 87

Halokinetic fold along the Gypsum Creek Salt Wall.. This view shows more
detail of the overturning within the Eagle Valley Formation against the salt
wall and the scale of this halokinetic fold. Additionally, the Maroon beds
show a ~105 degree truncation surface against the Eagle Valley Formation.
This angular relationship defines this as a hook halokinetic sequence. Located
on Figure 5.7 by the black box east of Dry GuUICh. ............ouvuiiiiiiiiiiiieiiiis 88

lllustration of Figure 5.12 showing the bedding attitudes within the State
Bridge, Maroon, and Eagle Valley Formations. Note the angular unconformity
between the Maroon and the Eagle Valley Formation within 50 meters of the
Salt-SedimeNnt INTEITACE. .......coiiiieeeeieeer e e e e e e e e e e e e e eeeeeannnnes 89

Geologic map in the Wolcott area at the location of Restorati@n BR2- ) R U
[0CatioN SEE FIQUIE 5.5, ... 91

&URVV VHFWLRQ 5 WR 5 { DFURVV WKH 8WH &UHHN 6
colliding minibasins to the east. Note beds in the Maroon in contact with

steeply overturned beds in the Eagle Valley Formation as a halokinetic

angular unconformity. Also note that the Eagle Valley strata are right way up

<1 km away from the contact. For location see Figure 5.5. ............ceeeeeiiiiiiiiiinnnns 92

&URVYV VHFWLRQ ( WR (T TIURP WKH HYDSRULWH FHQW
Ridge. Note conformable contacts between formations and gentle, consistent
decrease in dip from SW to NE. For location see Figure 5.5. ..........cccccovvviiiiinnnen. 93

Caprock and occasional bedded gypsum north of Gypsum, Colorado. This is
characteristic of the Eagle Valley Evaporite across Gypsum to Wolcott. ............. 94

The Sloane Peak Member of the State Bridge Formation at Red Canyon
showing small centimeter-scale ripple laminations. .............ccccccvviiiiiiiiiiiiiieeeeen. 96

Photograph taken on the south side of I-70 looking north about 1 km east of
the contact between the Maroon and Eagle Valley Formations. The Eagle
Valley Formation here is in the hanging wall of the aforementioned fault
(e [E {3 701 K ) PO PP PPPPPPPTPPPPPP 98

Present day geologic configuration of the Hardscrabble Mountain minibasin,
Gypsum Creek salt wall and Eagle River salt wall, based on field mapping,
published geological maps and constrained at depth by the Brush Creek
seismic profile (see Figures 5.8 and 5.9). .....cccoeeiiiiiiiiiiiiiiiee e 100

Xii



Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Figure 6.9.

Figure 6.10.

Figure 6.11.

Figure 6.12.

Figure 6.13.

~300 Ma, the end of Eagle Valley time showing further minibasin
development during the late Pennsylvanian/early Permian. Drape folding and
development of halokinetic sequences occur in the Eagle Valley Formation at
the crest of the diapir.........oooo e 104

~285 Ma, restoration step 3 at the end of Maroon time in the Permian showing
the continuation of minibasin development.. ... 105

~240 Ma, restoration step 4 at the end of State Bridge time in the Triassic
showing a depocenter shift to the north during the TriassicC. ..........cceevvvvvviiinnnnnn. 105

~165 Ma, restoration step 5 at the end of Entrada time in the Jurassic showing
the structural configuration at the end of the Triassic salt tectonics. The small
fault underneath Hardscrabble Mountain (Figure 6.1) would form next and
then finally, the large listric fault on the edge of the minibasin would form as
salt dissolves in the late Cenozoic (Figure 6.1). ......ccceeeeeeiiiiiiiiieiicieee e 106

Present day structural configuration of the Ute Creek Syncline and adjacent
geometries. Note overturned Eagle Valley Formation directly adjacent to right
way up Maroon Formation in the center of the cross section. Note that these
beds in the Eagle Valley become right way up about a kilometer from this
(o70] 3] r= L1 FR PSPPI 108

~305 Ma, step 1 of the Wolcott restoration. A small diapir has formed with the
Eagle Valley Formation sitting in two small minibasins around it. Strata
gently drape onto the diapir at this stage. ............ooovviiiiiiiiiiie e, 112

~300 Ma, step 2 of the Wolcott restoration. The diapir has developed into a
salt tongue, causing the strata within the western minibasin to overturn. ........... 113

~290 Ma, step 3 of the Wolcott restoration. The salt tongue would be welded
at this stage, salt diapirism would be shut off, and the overturned beds in the
Eagle Valley Formation would remain overturned as the Maroon Formation is
thinly and continuously deposited OVer it. ...........cccooiiiiiiiiiiiiiicicc e, 114

~240 Ma, step 4 of the Wolcott restoration. The State Bridge Formation is
deposited thinly and continuously. The diapir starts shrinking, with potential
salt flow out of the plane of the cross section. ..............oouviiiiiiiiieieeees 115

~130 Ma, step 5 of the Wolcott restoration. The Cretaceous Dakota Group
was then deposited continuously and the diapir continues to shrink, nearing a
[T T 4 F= T VYAV = [ SRR 116

Step 6 of the Wolcott restoration. The Benton Shale and Niobrara (not shown
here) would have been deposited. In the Late Cretaceous to Paleogene, the
Laramide Orogeny shortened much of Colorado. A backthrust took advantage
of the nearly welded salt and detached along the edge of the salt. This rotated

Xiii



Figure 6.14.

Figure 6.15.

Figure 7.1.

Figure 7.2.

Figure 7.3.

Figure 7.4.

Figure 7.5.

Figure 7.6.

FigureA.1.

Figure B.1.

and translated the exisiting minibasins and folded the strata above them. Final
geometry is seen in Figure 6.7. Note: salt could be locally thickening into the
COre OF thiS TOI. ..eeeeiiiiiiiiii e 117

The Sweetwater Anticline north of Gypsum, CO. This is a field analog for the
Laramide-aged Ute Creek Syncline in Wolcott, CO. Located on Figure 6.15....118

Location of the Sweetwater Anticline relative to field area in Colorado (top)
and relative to minibasins, salt, and the ancestral and Laramide uplift
(0] 1] 10 ) TR SSP 119

Map displaying important structural features during the time of Eagle Valley
Evaporite deposition: Ancestral Rocky Mountain uplifts, depositional extent
of exporite facies in grey, salt walls in blue (Pearigen et al., 2019). ................... 120

Map displaying pertinent structural features in the Eagle Basin and the age
relationships between minibasins. Red = Penn-Permian age, Orange =
Permian age, Yellow = Triassic age, bright blue = salt. Modified from
Pearigen et al. (2019). ....uuuiuiiiiiii e 123

Conceptual illustration of progradation style in the Eagle Basin through 1)
Eagle Valley time, 2) Maroon time, 3) State Bridge time. Progradation occurs
from both ancestral uplifts and youngs to the center of the basin. ..................... 124

From youngest profile to oldest profile, the progradational style in the Paradox
Basin from the Uncompahgre uplift (right) to the basin center and distal edge
of the basin (left). Progradation in the Paradox Basin is strongly SW oriented
away from the Uncompahgre uplift, in contrast with the Eagle Basin.
Modified from Kluth and Duchene (2009). ..........oovviiiiiiiiiiieee e 125

Restored section from the Pyrenees showing a similar asymmetric weld to the
Wolcott section, with two colliding minibasins. (Saura et al., 2015). ................. 126

Interactions between minibasins during and after shortening in the Precaspian
Basin. A) Map view of orientation of minibasins before and after shortening.
They may translate in any direction and/or collide, forming secondary welds.
B) Cross section of minibasins and overlying sediments before, during, and
after shortening. Salt walls may be squeezed to form vertical secondary welds
where minibasins collide, and minibasins may rotate. In the final stage of
shortening, vertical secondary welds may be reactivated as thrust faults.
(DUFFY €L @l., 2007). it e e aaan 127

Map showing locations of the following thin sections. ..............ccccceeiiiiiiiieeeene. 138

Measured section #1 on the south side of Hardscrabble Mountain located on
Figure 5.6, in the Maroon FOrmMatioN. .........cccoueeeeiiiiiieeeeiiiiicsees e e e e e e e e e e eeeeeeaeens 149

Xiv



Figure C.1.

Figure E.1

Figure E.2.

Figure E.3.

Figure E.4.

Figure E.5.

Figure E.6.

Figure E.7.

Figure E.8.

Figure E.9.

Figure E.10.

Measured section #2 along Bellyache Ridge in the Bellyache Minibasin (see
Figure 5.1 for general location), from the Weber Sandstone through the Chinle
0] 0= 11 0] o PP PPPPP PP PR 157

$$3*V IDLU XVH SROLF\ LQGLFDWLQJ DQ DXWKRU PD)\
publication without formal PermiSSIONS.............uuuviiiiiiiii e 162

6(*fV IDLU XVH SROLF\ LQGLFDWLQJ DQ DXWKRU PD\
publication with no formal PermiSSIONS...........ccoviiiiiiiiiiccer e, 163

*639V IDLU XVH SROLF\ LQGLFDWLQJ DXWHKRUV PD\ XV
without formal PErmMISSION. .........covviiiiiiii e e e e eeeaanens 164

*6/V IDLU XVH SROLF\ LQGLFDWLQJ DXWKRUV PD\ XV
without formal PErmMISSION. ..........ooviiiiiiiice e, 164

Permission to use figures from Duffy, 2017 in the Journal of Structural

Permission to use figures from Yonkee and Weil, 2015 in the Earth-Science
REVIBWS. ...ttt ettt e e e e e e e e e e e e e e e e e e aaa e 167

Permission to use figures from Rowan and Vendeville, 2006 in Marine and

Petroleum GEOIOQY. ....uuuuiiie e a e e e 168
Permission to use figures from Saura, 2015 in Tectonophysics (AGU

(U o] [To7= 11 T0] o ) RSP PPPPUPRPRRR 169
Permission to use figures from RMAG. .......cccociiiiiiiiiiiiiieeeeeeee e 169

XV



Table 2.1.

Table 3.1.
Table D.1.

Table E.1.

LIST OF TABLES

Table illustrating the principal rock units of the Eagle Basin, their ages,

maximum thicknesses, and relationships to adjacent stratigraphy ........................ 38
Decompaction parameters for the restoration algorithm. ................ccceieennn. 49
Supplemental file names and descriptions in thisS thesiS.............viiiiiiiiiieeneene. 160
Figure numbers and desription of copyright permissions. ..........ccccceeevieeeeeeeeneenee. 161

XVi



ACKNOWLEDGMENTS

First, | would like to thank my advisor, Dr. Bruce Trudgill. For providing me the chance
to go to graduate school and to teach (and learn) alongside you for all of my four semesters here,
for spending many days in the field with me and scaling icy slopes on Hardscrabble Mountain,
for pushing me to think harder, write better, and become the best researcher | have yet been, and
doing it all with the most encouraging and positive attitude. | would also like to thank my
committee members: Dr. Mary Carr for helping me refresh my petrography skills and helping me
navigate graduate school, and Dr. Thomas Hearon for getting me to think outside of the box and
always being a friendly (virtual) face at EOG last summer.

| would like to acknowledge the geologists who came before me and made this project
possible. Ogden Tweto, Dave Lidke, John Hubert, Bruce Bryant, Val Freeman, and Christopher
Schenk provided great background work and set the stage for my mapping and interpretations. |
give a special thanks to Wes Pearigen, whose thesis initiated our research into salt tectonics in
the Eagle Basin, and for assisting me in the field and always fielding my many questions.

To my Mines professors, friends, and students, you all made this so worth it. | learned
more than | knew | could, made amazing memories in Moab and in California with AAPG, and
had the joy of teaching 80 students and seeing them develop as field geologists and as people.
Special thank you to my friends who were my field assistants: Cahill Kelleghan, Ryan Rogers,
Rebekah Parks, Amanda Rossi, and Haley Thorson (who is going to unravel the mysteries of the
western Eagle Basin). | would also like to acknowledge my geology friends and professors from
undergrad at Miami of Ohio, who are now far and wide but hold a dear place in my memories

and made me love geology.

Xvii



, ZRXOGQTMTW KDYH JRWWitheuOM fidrkily dohd, fribridls FR my parents,
Bob and Carole, thank you for taking me to natural wonders all over the world as a child and
fostering my scientific curiosity. To Cassidy, thank you for being my best friend and always
being my cheerleader, and to Andrew, thank you for encouraging my nerdiness. To Gage, thank
you for the endless support and encouragement, and listening to me talk about rocks almost
every day. To my dear friends all over the country, thank you for the love. It was felt always,

especially during my late nights up writing and during the long field days.

XVili



CHAPTER ONE INTRODUCTION

1.1 Project Background and Research Objectives

The Eagle Basin of Central Colorado (Figure 1.1) is a Pennsylvanian to Permian aged
evaporite basin that formed in the foreland of Ancestral Rocky Mountain uplifts. Earlier tectonic
studies in this region focused on Laramide and later deformation events, potentially overlooking
a long period of Paleozoic to Mesozoic salt tectonics that significantly affected the Pre-Laramide
deformational template.

Interest in the Eagle Basin was first recognized in the realm of mineral exploration (gypsum
DQG KDOLWH SUHGRPLQDQWO\ DQG IRU LWVY DEXQGDQW RX
through geologic mapping dating back to Hayden in 1874. The area was first fully documented
WKURXJK 2JGHQ 7 ghnapRifgvant the CeBidvillel1Q50K quadrangle map (Tweto
etal,1978) $GGLWLRQDOO\ 7ZHWRTV SDSHU SURMtYyGHG D IRX
and present-day structure of the Eagle BaBiR O OR U\ V S D S HdeptDstudw KH ILU V)
of the Eagle Valley Evaporite. Continuing through the 80s and 90s, work by De Voto et al.

'RGJH DQG %DUWOHVRQ oD Q&EEaFEK/HIYNEYapurkad V L V

and other relevant formations, provided a more comprehensive geological framework for the
region. The specific structural history of the evaporites was further developed by the work of
Scott et al. (1999) and Lidke et al. (20@@cusing on late Cenozoic salt tectonics and collapse.
This topic is particularly interesting because the Vail to Glenwood Springs corridor has recently
seen a lot of development, and present day collapse of evaporite bodies could cause significant
impacts to man-made structures and future building developments.

Hinted at, but never fully developed, was the idea that evaporite movement also occurred

I[URP WKH 3HQQV\OYDQLD Qlawwirakk ¥KOMA7 Baé&r BleaD\yhypothéser thig,
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but without the framework of modern salt tectonic thinki@d- G Qifite/fuliier detail. This
hypothesis was revisited by Pearigen in 2019 in the Aspen area and continues with this study,
documenting evidence across the Eagle Basin for pre-Laramide salt tectonics praviding
significant structural control on the present day structural template of the basin.

Building upon recent work in the Eagle Basin, two contrasting salt-withdrawal minibasins
are mapped and findings are integrated with previous Eagle Basin work. The main objective of
this thesis project is to provide further evidence for pre-Laramide salt tectonics in the Eagle
Basin. Salt structures and their associated minibasin sedimentary architecture and structure were
documented across two locations in the Eagle Basin of Central Colorado (Figure 1.1). Structural
and stratigraphic data collected by field mapping and stratigraphic loggmgtegrated into a
series of updated maps, cross sections, and structural restorations, to distinguish Pennsylvanian
to Triassc-aged salt structures from later Laramide structures and determine the effect that this

pre-orogenic salt system had on the later Laramide deformation across central Colorado.
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1.2 Salt Tectonics Overview

Salt tectonics has been documented all over the world and across many different
structural settings. Salt can be interpreted as a viscous fluid over geologic time, as opposed to
other lithologies which act as a brittle counterpart (Vendeville and Jackson, 1992). Over time,
salt structures commonly grow through a process called diapirism. Passive diapirism is the
continuous growth of a diapir lsediment aggradation around the diapir (Vendeville and
Jackson, 1992). However, salt can also grow in the absence of sedimentation if the salt is
affected by shortening (Rowan et al., 2003). The process of passive diapirism only ceases when:
(i) sedimentation out paces salt movemanllie autochthonous salt feeder is cut off (wdjd
or (iii) shortening ceases (Rowan et al., 2003). This process causes the formation of minibasin

and salt wall geometries, observed throughout the world and in the Eagle Basin.

1.2.a Minibasins and Salt Wall Geometry

Minibasins are synkinematic basins formed by subsidence into relatively thick
autochthonous or allochthonous salt (Hudec et al., 2009; Hudec and Jackson, 2006). Typically,
one, or far less commonly both, sides of a diapir may have older, steeply dipping stratal panels
that are draped along the flank of the diapir or welds with multiple-kilometer wide fold widths,
referred to as megaflaps (Figure 1.2, Giles and Rowan, Riil#an et al., 206 Megaflaps
represent the thin roofs of early salt structures and develop as the minibasin subsides into the salt
or during contraction (Rowan et al., 2016). Examples of minibasins have been documented in
salt systems all over the world, and of particular interest are those in the Paradox Basin in Utah
and Colorado. The growth and development of minibasins and megaflaps associated with the
Gypsum Valley salt waih the Paradox Basin is shown in Figure 1.3.
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1 km

Figure 1.2. Schematic cartoon of a megaflap. A megaflap is a sedimentary unit of older strata
draped along the flank of a diapir with steep or even overturned dips, with multiple-kilometer
wide fold widths (Modified from Rowan et al., 2016

SW

Top Paradox
(intra Pennsylvanian)

e

Mid Cutler {intra Permian) Base-Entrada (intra-Jurrasic) unconformity

Figure 1.3. Restoration of the passive diapirism and minibasin development in the Paradox
Basin, Colorado. Salt is in black, post-salt sedimentary units are in red through blue above it, and
pre-salt sediments are in brick red below (Rowan et al., 2016).
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As a result of this passive diapirism, the strata in close proximity to the diapirs in these
minibasins are often drape folded to very steep to overturned dips, thinned, and contain lateral
facies changes along the edges of the passive diapirs (Giles and Lawton, 2002). This local
halokinetic folding is due to the drape of sediments over a rising diapir, which are folded to steep
to overturned dips in the process of diapir rise (Rowan et al., 2020). These distinct units are
called halokinetic sequences (Figure 1.4) and are the growth strata influenced by salt movement,
bounded at the top and base by angular unconformities (Giles and Lawton, 2002). Variations in
these sequences are caused by the diapir rise rate vs. the sediment accumulation rate, resulting in
the hook and wedge halokinetic sequences shown in Figure 1.4 (Giles and Rowan, 2012
Towards the later stages of diapir evolution, these units often stack into composite halokinetic

sequences: tabular and tapered (Figure 1.5) (Giles and Rowan, 2012).

Hook

Diapir

50-200m 300-1000m

Figure 1.4. Diagram of hook and wedge halokinetic sequences. Hooks form within 50-200
meters of the salt-sediment interface when diapir rise rate is greater than the sediment
accumulation rate. Wedges form within 300-1000 meters of the salt-sediment interface when
sediment accumulation rate is greater than the diapir rise rate (Giles and Rowan, 2012).
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Tapered-CHS

diapir

I———_
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Figure 1.5. Diagram of tabular and tapered composite halokinetic sequences. Tabular- CHS have
only a narrow zone of thinning strata towards the diapir, subparallel base and top, and axial
traces parallel to the margin of the diapir. Tapered-CHS have a wide zone of thinning strata
towards the diapir, a convergent base and top, and axial traces climbing away from the margin of
the diapir (Giles and Rowan, 2012).

1.2.b Sedimentological Variation Adjacent to Diapiric Salt
Through field observations, small-scale variation in formations is noted near salt diapirs

in addition to the broader-scale structural features discussed above (Rowan et al., 2020).

Brecciated textures in fine-grained rock close to diapirs, extending 1 km laterally and above
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them, are well-documented in salt influenced settings (Rowan et al., 2020). Beneath salt sheets in
the Sivas Basin, boudinaged sandstone and gypsum have been identified, as well as gouge and
breccias (Rowan et al., 2020). These documented breccias may contain diapir or roof material

clasts (Rowan et al., 2020).

1.2.c Contractional Salt Wall Systems and Influence of Salt in Basement-Involved Shortening

The Eagle Basin is interpreted to be comprised of a series of minibasins and salt walls.
Since the deposition of the evaporite and minibasin infill, Laramide-aged shortening has
significantly impacted the structural template of central Colorado. In this section, the concepts
behind salt wall systems that have undergone shortening will be reviewed, and examples from
previous research in which salt played a role in later contractional deformation.

Salt often acts as a detachment in fold-and-thrust belts (Figure 1.6) and can exert a
powerful influence on structural style, whether shortening is driven by convergent-margin plate
tectonics or gravitational failure of passive margins (Rowan and Vendeville, 2006). Specifically,
in minibasin and salt wall systems, passive salt diapirs may be rejuvenated by later shortening
events (Dooley et al., 2009). Since the diapirs and salt walls are weak compared to the
surrounding rock, they are preferentially squeezed and localize incipient thrusting and shortening
(Rowan and Vendeville, 2006; Callot et al., 2007). Some features associated with this include
arched roofs, extruded salt, overturned megaflaps, vertical secondary welds, and additional
thrusts (Figure 1.7 from Duffy et al., 2018).

Compared to fold and thrust belts that are not salt-influenced, salt-influenced fold and
thrust settings contain the following characteristicK i 3IROG D[HV DUH 8®XHK VKRUW
than those seen for example in the Canadian Rockies and the Appala¢Hi@oskMm), a large
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number of salt extrusions are present, marking the locations of the pre-existing diapirs, and the
diapirs are connected to one another by the network of fold and thrusts, resulting in local

deviations in the trends of these structures in the fold-andthwy EHOW” ™ 'XII\ HW DO

® A Thin - skinned deformation

A B Gravity induced compression

m C Inverted basin

[ 1] Megasuture

Figure 1.6. Locations of various contractional deformation styles in the wdlBarry Islands
(Canada, salt age, Ordovician); 2, Franklins (Canada, Cambrian); 3, Appalachians (U.S.A.,
Silurian); 4, Wyoming (U.S.A., Upper Jurassic); 5, Guatemala (Middle Jurassic or Cretaceous?);
6, Cuba (Middle Jurassic); 7, Santiago (Peru, Permian); 8, Neuquen (Argentina, Jurassic-
Cretaceous); 9, Rif-Tellian (Algeria, Morocco, and Tunisia, Triassic); 10, Betics (Spain,
Triassic); 11, Iberics (Spain, Triassic); 12, Pyrénées (France and Spain, Triassic); 13, southern
Alps, Jura (France, Triassic); 14, Carpathians (Romania, lower Miocene); 15, Apennines (lItaly,
Triassic); 16, Messinian (eastern Mediterranean, upper Miocene; 17, Mediterranean Ridge
(eastern Mediterranean, upper Miocene); 18, Zagros (Iran, Infracambrian); 19, Tadjiks (C.E.I.,
Jurassic); 20, Salt Range (Pakistan, Infracambrian); 21, Sierra Madre Oriental (Mexico,
Jurassic); 22, Verkhoyansks (C.E.I., Cretaceous). (B) Stars (+), shortening related to gravity
gliding at the toe of massively prograding systems: 23, Mississippi Fan; 24, Perdido (Gulf of
Mexico, Middle Jurassic); 25, Campos, Santos (Brazil, Lower Cretaceous); 26, West Africa
(Angola, Gabon, Lower Cretaceous); 27, Nile delta, (Mediterranean, upper Miocene). (C) Black
squares (-), intracratonic inverted basins: 28, Atlas (Algeria, Morocco, Tunisia, Triassic); 29,
Triassic basin (Algeria, Triassic); 30, Aquitaine Basin (France, Triassic); 31, Southern North Sea
(Permian); 32, Amadeus (Australia, Precambrian); 33, central Iran (Eocene-Midcene).

(Modified from Letouzey et al., 1995 and Morley et al., 2011).
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Figure 1.7. Cross-sections of an isolated diapir during different phases of shortening. A) at the
lowest strain rate, the diapir begins to get squeezed and stress is accommodated through the
development of an arched roof. B) as shortening progresses, the diapir is squeezed to form a
vertical secondary weld and extruded salt at the surface has formed an overturned flap. C) at the
highest strain rate, the vertical secondary weld is offset by a shortcut thrust. It may also be
reactivated as a thrust weld (Duffy et al., 2018).
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Many studies exist documenting the influence of shortening on minibasin and salt wall
systems. In the Northern Calcareous Alps of Austria, the Permo-Triassic Haselgebirge-
Reichenhall evaporites are a basal detachment for the thrust system (Granado et al., 2019). The
minibasins here formed by passive diapirism and downslope translation with depocenter shifts
and megaflaps, bounded by salt walls (Granado et al., 2019). When they were shortened, the
structures detached from the basement, salt walls were squeezed to vertical welds, and some
minibasins underwent horizontal rotation (Granado et al., 2019).

Studies in the Precaspian basin show evidence of the lateral mobility of minibasins
during shortening. Conclusively, minibasins are most mobile where they are isolated and
surrounded by salt, they can thus be translated large distances over a low-relief base of salt
(Duffy et al., 2017). This process leads to tightly-packed minibasins with vertical welds, where
minibasins were not only translated during shortening but also collided with one another and
rotated about horizontal and vertical axes (Figure 1.8). Similar interactions between shortened
minibasins are also shown in Figure 1.9 (Rowan and Vendeville, 2006).

In the Sivas Basin in Turkey, detailed field studies have identified orogenic effects on
pre-existing salt structuse(i) substantial tilting of the minibasins during thrust emergence, (ii)
welds developed obliquely and at right angles to the shortening directionijaegt{usion of
allochthonous evaporite onto the surface due to squeezing of salt structures were all identified
(Kergeravat et al., 2017). Additionally, during the shortening controlled stage of the Sivas Basin,
the minibasin shapes evolved from subcircular to elongated, linear minibasins (Kergeravat et al.,

2017).
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Figure 1.8. Interactions between minibasins during and after shortening in the Precaspian Basin.
A) Map view of orientation of minibasins before and after shortening. They may translate in any
direction and/or collide, forming secondary welds. B) Cross section of minibasins and overlying
sediments before, during, and after shortening. Salt walls may be squeezed to form vertical
secondary welds where minibasins collide, and minibasins may rotate. In the final stage of
shortening, vertical secondary welds may be reactivated as thrust faults. (Duffy et al., 2017).
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shallowest

deepest
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(b): deepest

Figure 1.9. Minibasins and salt diapirs modeled by silicone-polymer ridges. A) Map view of
minibasins after formation, and B) minibasins and salt after shortening. This model shows how
salt will accommodate shortening by being squeezed and forming thin diapirs or vertical
secondary welds, while the minibasins more or less retain their shape and size. (Rowan and
Vendeville, 2006).

In Haute Provence in the French Alps, similar structures have also been identified. Salt
extrusion due to shortening is deduced from the presence of overturned megaflaps, which while
not internally deformed, show pinch-outs, thinning, and unconformities (Graham et al., 2019).
Where these overturned megaflaps have been identified and salt has been welded out or eroded
away, that surface is postulated to have been a decollement during the shortening episode
(Graham et al., 2019).

The Eastern Cordillera in Colombia has also been affected by salt tectonics and

subsequent shortening. Evidence for pre-Andean salt tectonics has been found as variably

13



striking and moderately to steeply dipping strata have been identified, in response to both
regional tectonism and diapirism (Parravano et al., 2015). Salt tectonics had not previously been
reported here, but limb overturning and doubly verging folds associated with salt-related
detachment folding were recorded by Teixell et al., in 2015, with a preceding phase of
Cretaceous diapirism (Parravano et al., 2015). Regional anticlines have been hypothesized to
originate as salt walls, which were compressed during the oroDanpng the main phase of the
Andean orogeny, previous extensional faults were reactivated as thrust faults and the Paleozoic
basement was uplifted (Parravano et al., 2015). The diapirs were squeezed and the Servita fault
was inverted (Figures 1.11 and 1.12, Parravano et al., 2015). During the late Oligocene to early
Miocene, with the squeezed diapir forming a vertical secondary weld, it could no longer
accommodate additional shortening, so the weld was reactivated in the basement-involved
shortening as the present Mirador thrust and a series of small imbricates in the inverted flank of

the former diapir (Parravano et al., 2015).
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During shortening, stress will be differentially distributed across the salt wall and
minibasin system as salt walls are mechanically anisotropic, with long zones of weak salt
bounded at the ends by strong surrounding minibasin sediments (Rowan and Vendeville, 2006).
Strain gradients may develop in which shortening is most intense at the center of the wall,
decreasing toward the ends (Rowan and Vendeville,; 200y et al., 2018). After shortening,
previously continuous salt walls may be expressed as vertical welds with only small diapirs left
on the ends, dependent on principal stress and salt structure orientations (Figure 1.12, Rowan and

Vendeville, 2008

Sirain gradient

Vol |}

£ AL
] &
g Q-lips

O

Figure 1.12. Diagrammatic representation of the formation of a Q-tip structure. During

shortening, a formerly continuous salt wall will form vertical secondary welds at the locations of
PD[LPXP VWUDLQ DQG WKH VDOW ZLOO HLWKHUNHBW U DGWH WKRH
locations of least strain (Rowan and Vendeville, 2006).
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1.2.d Salt Sheet Evolution

Potentially observed in the Eagle Basin, salt sheet evolution is another important concept.
6DOW VKHHWY DUH VXEKRUL]JRQWDO 3VKHHWOLNH ERGLHV HP
DXWRFKWKRQRXV VRXUFH OD\HU"  BcG méRrbe¢ drirdidghthioreis D VL Q J(
salt wall or the autochthonous salt layer (Jackson and Talbot, 1991, Hudec and Jackson, 2006).
These sheets may advance by extrusion, open-toed advance, thrust advance, and salt wing
intrusion (Figure 1.13, Hudec and Jackson, 2006). These geometries may lead to beds within the
drape folded strata, becoming vertical to overturned as the salt sheet moves horizontally over the
strata.

Pre-Laramide salt structure evolution may have been influenced by tectonic shortening
and alsadepositional controls including sediment routing patterns and aggradation rates.
Allochthonous salt emplacement in the form of mobile salt sheets and tongues may also be
driven by shortening, or in the case in the Eagle Basin, most likely an increased sedimentary load

in the basin foredeep leading to lateral salt extrusion.
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(a) Sheet pinned
Stage 1 - pinning

Salt sheet pinned by
“\_\/\lhuck roof above toe

Stage 2 - inflation and slumping

—i Slump scarp

__—Roof buiging over
" incipient breakout near
escarpment crest

Stage 3 - breakout
Salt expulsion

feeds breakout Roof extended by fadure of escarpment

slope and traction from underlying salt

- -Open toe - -
5 _Overturned flap

(b) Thrust advance

Stage 1 - thrust advance
e ——— Thin roof does
{ = not pin salt sheat

Stage 2 - continued advance and erosion

Advancing roof eroded
[——— at escarpment

L‘_ﬂ Incipéent breakout near
| _escarpment base

Stage 3 - breakout

Sediment loading
expels salt and feeds
breakout

Roof extended by failure of
escarpment and traction
from underlying salt

__ = Open toe-»

-
)LJI X UH The gedmetry of breakout at the toe of a salt sheet depends on whether the roof is
thick and strong enough to pin the toe of the sheet. If so, (a) basins subsiding into the rear

(mostly off section) expel underlying salt, which inflates the toe of the sheet. This steepens the
frontal escarpment, causing slope failure of its upper part. Salt breaks through the thinned roof
near the crest of the escarpment. Roof strata at the escarpment below the breakout are inverted to
form an overturned flap. If, however, the roof is not strong enough to contain the sheet, then (b)
the roof and salt sheet advance together as a thrust. If the leading edge of this thrust is

sufficiently eroded, salt breaks out near the base of the escarpment, and open-toed advance can
EHJLQ" +XGHF DQG -DFNVRQ
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CHAPTER TWO: GEOLOGIC SETTING AND PREVIOUS RESEARCH

2.1 Central Colorado Tectonic History

SULRU WR 3HDU L Jte8sTWork, the @erpdylvanian Ancestral Rocky
Mountain Orogeny (Figure 2.1), Late Cretaceous to Eocene Laramide Orogeny, late Cenozoic
extension (Tweto 1975, 1977), and late Cenozoic uplift, were believed to be the dominant
tectonic events controlling the complex structure and stratigraphy of the Eagle Basin (Scott et al.,
2002). However, it has now been demonstrated that between the Ancestral Rocky Mountain and
Laramide orogenies, a significant period of salt tectonics deformed the landscape, coeval and
similar to the w#-documented phase of salt tectonics in the Paradox Basin, Utah (Pearigen,
2019). This section outlines the prior research in the region and summarizes the relevant

stratigraphy.

2.1.a Ancestral Rocky Mountains and Evaporite Deposition

In the Late Mississippian to Early Pennsylvanian, central Colorado underwent significant
tectonic shortening, uplift and erosion (Blakey, 200% resultant Ancestral Rocky Mountain
uplifts are hypothesized to have been the result of the Gondwanan-Laurussian collision, wrench
faulting and generation of pull-apart basins in the Southwest, and shallow Cordilleran subduction
from the southwest (Blakey, 2009). This collision may have formed theSEvending
Ancestral Front Range (Figure 2.2) and Uncompahgre uplifts (Figure 2.1) along lines of
inherited structural weakness from Precambrian rocks (Schenk, 1992). Two main fracture
systems, Precambrian in age, exert a strong control on younger tectonic features in central
Colorado: a northeast trend along the Homestake shear zone and a north-northwest trend (Tweto,
1977). Additionally, between the Uncompaghre and Ancestral Front Range uplifts, an ancestral
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Sawatch uplift (Figure 2.1) may have developed (Schenk, 1992), although its existence at this

timeis less certain.

Figure 2.1 Ancestral Rocky Mountain uplifts (brown) and basins (blue) (Modified from Blakey
2009). Of particular interest to this study: EB = Eagle Basin, PaB = Paradox Basin, UnU =
Uncompahgre Uplift, CCT = Central Colorado Trough, SwU = Sawatch Uplit, FRU £ Fron
Range Uplift. Dashed lines indicate location of the Transcontinental Arch. Red line indicates
location of Figure 2.3 cross section.
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Figure 2.2. Map showing the Paradox and Eagle basins with associated Ancestral Rocky Mountain Uplifts, depositional limits of
evaporite facies, and orientation of salt walls in the Paradox Basin.
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From Atokan-Desomoinesian time, the Eagle Valley Evaporite and associated clastic
sediments were deposited in the flexural trough between the Uncompahgre and Ancestral Front
Range uplifts (Figure 2.3). The evaporite was deposited in at least thirteen major transgressive-
regressive sedimentary cycles (Figure 2.4 and Figure 2.5), associated with sea-level changes as
the Gondwanan ice sheets were accumulating and ablating during the Pennsylvanian (Schenk,
1992). On the SW side of the Uncompahgre uplift, a similar process was occurring in the

Paradox Basin (Figures 2.1, 2.2, 2.3).

SW NE
Gypsum, CO

South  Monument Durango, CO
Defiance Valley

Defiance Uplift Paradox Uncompahgre Eagle Basin Front Range
Basin Uplift Uplift

Figure 2.3. Simplified cross section through the Paradox and Eagle basins in the Triassic with
associated uplifts. Light purple = evaporite, light blue = carbonates, red = mudstone and
sandstone redbeds, orange = sandstone and conglomerates, yellow = eolian sandstone, brown =
basement (Blakey, 2009).
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Figure 2.4. Interpreted Champlin #1 Black well in Eagle, CO showing the evaporite cycles in the
northern part of the Eagle Basin (Halite beds numbered from youngest (1) to oldest (13).
Location shown on Figure 2.2. Redrawn from old well logs.
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Figure 2.5. The evaporite deposition cycle showing the facies changes and salinity changes with
sea level rise and fall through transgressions and regressions. Hite and Buckner (1981).

The Paradox Basin developed along the southwest flank of the Uncompahgre uplift during
the middle Pennsylvanian-Permian time (Figure 2.2) (Barbeau, 2003). It is interpreted as an
intracontinental, immobile flexural foreland basin that formed in response to the thrust-bounded
Uncompahgre uplift (Barbeau, 2003). The uplift and associated crustal loading provided 2-5 km
of accommodation in the proximal basin foredeep, but only 10% of that in the most distal
portions of the basin where an uplift-parallel forebulge barrier rose ~200 km southwest of the
Uncompahgre (Barbeau, 2003). This basin style interpretation is supported by the facies
architecture, subsidence history, bounded structural setting, and orientation parallel to the
shortening direction of the ARM uplifts (Barbeau, 2003).

The Eagle Basin may be similar to the Paradox Basin, with a basement uplift to the NE

(Ancestral Front Range) in the northern part of the basin and to the SW (Uncompahgre) in the
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southern part, providing structural barriers and promoting deposition of evaporite and carbonate
facies. Evaporite and clastic cycles characterize the evaporite-bearing intervals in both basins
and the evaporite deposition initiated during the Pennsylvanian in both. Their orientations are
markedly similar as well, with salt walls and minibasins striking parallel to the Uncompahgre
and Front Range highlands (Figure 2.1 and 2.2).

During and soon after deposition of the evaporite, salt-related deformation began
occurring when thick, dense, coarse clastic deposits from the Ancestral Uncompaghre and Front
Range were differentially loaded onto the evaporite bodies (Scott et al., 2002). Evidence of early
salt-influenced deformation consists of locally overthickened strata and thinner deposits near or
over top of thickened evaporite bodies (Tweto, 1977; Scott et al., 2002).

ODOORU\ GRFXPHQWHG 3VDOW VXEEDMg®QV ~ EXW WH I
GHSRVLWLRQDO WURXJK 7KLV LGHD ZDV UHYLVHG WR EH LQV
EDVLQV HDFK KDYLQJ VHUYHG DV D FHQWHU IRU KDOLWH DFF
and Bartleson, 1986). However, these ideas suggested that the basins were there prior to
deposition, whereas we propose these minibasins formed during and as a result of salt
movement. Tweto (1977) was the first to suggest that deformation of evaporites in the Eagle
basin may have played a significant role in the early redistribution of evaporites, and may have
resulted in differential thicknesses of Permian and Triassic sediments.

Progressing through the Pennsylvanian-Permian time, there was an increase in
siliciclastic sedimentation, decrease in thickness of basinal deposits, decrease in salt production
and evaporite movement, and increase in redbed deposition and associated eolian sands (Blakey,
2009). During the Missourian and Virgilian time, braided stream and eolian sand deposits

(Maroon and Weber Formations) covered the Eagle Basin (Blakey, 2009).
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Figure 2.6. Paleogeographic map of the SW US from the Desmoinesian period. Note the two
evaporite basins forming contemporaneously on either side of the Uncompahgre uplift, and the
Ancestral Front Range uplift bounding the northeastern extent of the Eagle Basin (Modified from
Blakey, 2009).
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2.1.b Pennsylvanian to Triassic-aged Salt Tectonics

Previous work by Pearigen (2019) in the Eagle Basin focused on the Aspen region, in the
south-central part of the Eagle Basin. The primary conclusions include that the Eagle Basin
formed as a flexural foreland basin associated with the Ancestral Rocky Mountain uplifts and
cyclic flooding and evaporation during the Atokan-Desmoinesian time led to deposition of the
Eagle Valley Evaporite consisting of halite, carbonates, and clastics (Figure 2.6; Pearigen, 2019).
With subsequent deposition of the overlying clastics from the Pennsylvanian through the
Triassic, a polygonal network of salt walls and minibasins grew. The configuration of these
structures was controlled partially by the existing network of basement-involved fault structures
and Precambrian features (Pearigen, 2019). Thickness variations in the Minturn-Maroon, State
Bridge, and Chinle represemtomplex progradational style of minibasin downbuilding.

Evidence for halokinesis includes angular unconformities and high-angle truncation surfaces
adjacent to paleo-salt walls and near vertical dipping strata. Additionally, norntaldiaaul

interpreted as potential growth faults detached on salt rollers and thrust faults are interpreted as
thrust welds, both reactivated during the Laramide Orogeny as discussed in Chapter 2 Figure 1.8
(Pearigen, 2019).

The initial trigger for halokinesis is unknown but could be due to Ancestral Rocky
Mountain shortening or differential thermal and loading subsidence of basement blocks, resulting
in gravitational sliding of the Eagle Valley Evaporite toward the Sawatch Uplift (Pearigen,

2019). Another probable cause of halokinesis is differential loading of the overlying clastics onto
the salt (Pearigen et al., 2019). As the Maroon, State Bridge, and Chinle formations prograded
into the basin, the differential loading patterns may have triggered diapir growth. Restored salt

structures in the Eagle Basin show a series of 15-20 km long, 3.5 km high, 2 km wide, linear salt
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walls and minibasins trending subparallel to the Ancestral Uncompahgre Uplift, similar to the

coeval Paradox Basin (Trudgill, 2011; Pearigen 2019).

Figure 2.7. Map of the Eagle Basin with pertinent structural features called out including uplifts,
minibasins, faults, historic wells and research areas. Red = Pennsylvanina-Early Permian aged,
orange = Permian aged, yellow = Triassic age, grey = present day uplifts, purple = ancestral
uplifts.
2.1.c Laramide Tectonics

The Laramide Orogeny began in west-central Colorado with the uplift of the Sawatch
Range, followed by the Gore and Front Ranges (Figure 2.7) at the location of the ancestral Front
Range uplift towards the end of the Cretaceous (Tweto, 1977). The last of the Laramide uplifts in
central Colorado were the White River uplift and Grand Hogback (Figure 1.1) in the late Eocene

(Tweto, 1977). In and around the Eagle Basin, Laramide structurestoemayes the southwest

ard strike along a northwest-southeast trend (Figure 2.8). The crustal shortening of the Laramide
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orogeny is expressed often as large, asymmetric anticlines of Precambrian basement bounded by
thrust faults or steep monoclines, paired with deep foreland basins (Hamilton, 1988). Many of

the main range-bounding Laramide faults in central Colorado are rejuvenated Precambrian faults
(Tweto, 1975). Towards the Colorado Plateau, Laramide features are more commonly expressed

as monoclines as shortening was less intense (Hamilton, 1988, Yonkee and Weil, 2015

Canada

agle Basin

Figure 2.8. Map from the Paleogene showing the location of the Eagle Basin within the
Cordillera and the direction of Laramide shortening in the area (double-headed arrow). CoMB =
Colorado Mineral Belt. Blue line is the location of Figure R1@dified from Yonkee and Well,

2015.
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The apparent western margin of Eagle Valley Evaporite in central Colorado trough
roughly conforms to the Laramide Grand Hogback monocline, suggesting an important evaporite
structural influence on the Laramide formation of that monocline (Scott et al., 2002).

Additionally, Permian folds were recognized by Freeman (1971) as the sites of
subsequent Laramide deformation, specifically at Woody Creek and Gypsum Creek, which were
sites of Laramide deformation and now contain gypsum layers in their cores (Schenk, 1992).

The Grand Hogback itself is far more complex than other structures found along the
/IDUDPLGH PDUJLQV RI XSOLIWV IDUWKHU ZHVW LQeaKH &ROR|
margin of the Uncompaghre uplift ~90 kilometers southwest of the White River uplift where no
HYDSRULWH GHSRVLWYV H[LVW" 6FRWW HW DO

Along a transect along the I-70 freeway through central Colorado, Granath et al., (2018)
interpreted basement-involved Laramide thrust structures in a restored cross section (Figure 2.9).
The restoration shows that the Eagle Basin and surrounding areas in central Colorado were
deformed by thrusts that ramp from a mid-crustal detachment, through the basement into
sedimentary section detachments (Granath et al., 2018). The displacement was mostly
accommodated by the Williams Range-Elkhorn and Grand Hogback thrust systems (Granath et
al., 2018). This style of deformation is interpreted as creating many fault-bend fold geometries in
the Eagle Basin and surrounding area, including stacked triangle zones with internal backthrusts
(Figure 2.9, Granath et al., 2018). From this restoration it is concluded that ~80 kilometers (50
miles) of shortening were accommodated between the Grand Hogback and the Front Range

(Granath et al., 2018).
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Figure 2.9. Cross section from the Piceance Basin to the Denver Basin along I-70 showing the present-day dé¢ifonnaed see
restored section. ~50 miles of Laramide shortening were accommodated between the White River Uplift and the Front Range Uplift.
Location on Figure 2.8. (Granath et al., 2D18
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At the margins of the Eagle Basin close to local uplifts, Laramide shortening is interpreted
to have caused secondary welding of salt walls, folding and faulting of roof strata, variation in
deformation styles and amounts along strike of the salt walls, and uplift and rotation of pre-

existing minibasins (Pearigen, 2019).

2.1.d Cenozoic Rifting, Volcanism, and Uplift

Three phases of volcanism and intrusive igneous activity occurred in the Eagle Basin
during the Laramide, the Oligocene, and during the Miocene. Of particular interest to the salt
evolution story is the Miocene volcanism, which was primarily basaltic extrusives and rhyolitic
intrusives (Tweto, 1977). This datum is used to estimate uplift and the amount of evaporite that
has dissolved at collapse centers across the basin (Scott et al., 2002).

In conjunction with the significant dissolution of salt in the Cenozoic, this period was
dominated by other erosional processes as well. In late Oligocene to Miocene time, the Rio
Grande rift was active through the Eagle Basin causing a brief period of extension along the
Laramide orogenic belt (Steven, 2002, Chapin and Cather, 1994). While the Rio Grande Rift is
expressed as a continuous graben up to Leadville, the extensional faulting occurs far north into
the Eagle Basin (Tweto, 1977).

Rifting continued in the late Tertiary accompanied by uplift (Tweto, 1977). As drainage
patterns were modified through the ongoing extension, removal of Miocene sediments promoted
further uplift, movingLQWR WKH 3FDQ\RQ F\FOH RA JdltaRiY/daRiQ goiigW HY HQ
back to the Miocene topographic lows show nearly 1,500 meters of uplift (Scott, 1998). The
Mosquito Range, Tenmile Range, and Gore Range were reactivated during this time period and

further uplifted (Tweto, 1977).
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2.1.e Cenozoic Salt Tectonics

After the Laramide orogeny, a period of dissolution driven salt tectonics in the late
Cenozoic developed along with the uplift of the Colorado Plateau. This regional uplift triggered
unroofing, dissolution, and remobilization of evaporites. The character of the structural bench
south of the White River uplift is influenced by ttiéferential removal of evaporites along the
margin of the uplift by flow, dissolution, and diapirism (Scott et al., 2002). Furthermore, the
absence of evaporite at expected stratigraphic intervals where Belden and Eagle Valley
formations are exposed is interpreted as evidence for dissolution near the surface (Scott et al.,
2002).

Two major Cenozoic collapse centers have been identified at Carbondale and Eagle
(Figure 2.10). Between 25 to 10 mya, basaltic lava flows covered the area between Grand Mesa
and the Gore Range, and incision of rivers into these flows is thought to be the trigger for
evaporite movement in the late Cenozoic (Scott et al., 2002). The differential loading of these
rivers on the evaporite promoted remobilization and lateral flow towards river valleys, followed

by subsequent dissolution, similar to that seen in the Paradox Basin (Scott et al., 2002).
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Figure 2.10. Location map across the Eagle Basin showing the locations of the Carbondale and
Eagle collapse centers (Scott et al., 2002).
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2.2 Eagle Basin Stratigraphy (Figure 2.11 and Table 2.1)

Prior to the Pennsylvanian, the sedimentological history contains many unconformities
associated with regional epeirogenic events (Tweto, 1977). The Sawatch Quartzite, Peerless
Formation, Manitou Dolomite, and Parting Formation comprise about 200-300 meters of section
and are all unconformity-bound units representing uplift and erosion from the Cambrian through
the Devonian (Bryant and Freeman, 1977, Tweto, 1977). In the Mississippian, an unconformity
at the base of the Leadville Limestone, indésaiplift potentially near the site of the Gore Range
(Tweto, 1977). At the base of the Pennsylvanian is a major unconformity (Figure 2.11), which is
regularly represented by a karstified erosional surface on Leadville Limestone through Manitou
Dolomite (Tweto, 1977). The early Pennsylvanian Molas Formation is irregularly deposited
across this discontinuous karstified surface, even filling caves and channels in the underlying
carbonates (Tweto, 1977). The Molas also contains clasts of Precambrian basement, pointing to
the nearby Uncompahgre and Front Range uplifts (Tweto, 1977).

During the early Pennsylvanian, the initial downwarping of the Eagle Basin, is
documented by the deposition of 300 meters of carbonaceous shale, limestone, sparse evaporites,
and dolomite of the Belden Formation (Bryant and Freeman, 1977). During the middle
Pennsylvanian the evaporite production ramped up. The Eagle Valley Evaporite (Figure 2.11) is
comprised of mudstone, siltstone, sandstone, gypsum, halite, and limestone deposited in the
Eagle Basin during Atokan-Desmoinesian time (Schenk, 1992). Contemporaneous with the
evaporite, along the northeast and southwest margins of the basin, the Minturn, Gothic, and
Eagle Valley formations accumulated thick sequences of a mix of clastics and carbonates

(Schenk, 1992).
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Figure 2.11. Stratigraphic chart showing the prominent and mappable units within the Eagle
Basin.
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Table 2.1. Table illustrating the principal rock units of the Eagle Basin, their ages, maximum

thicknesses, and relationships to adjacent stratigraphy.

Age

Formation or

Maximum Thickness

Maximum Thickness

Details

Unit (ft) (m)
Paleocene and Latg Intrusive rocks variable variable Many bodies from Aspen northeastward; ages mainly 55-7
Cretaceous P\ SRVVLEOH XVH DV D 3SDOHRIO
Late Cretaceous Pierre Shale 5,300 1,615.44 Upper part missing; eroded by unconformities or faults
Late Cretaceous Mesaverde 6,100 1,859.28 Thins southward by intertonguing with Mancos Shale
Group
Late Cretaceous Niobrara Fm. 600 182.88 Thins westward and becomes tongue in lower Mancos Shd
Late and Early Benton Shale 400 121.92 Frontier SS and Mowry Sh. Equivalents at top; passes
Cretaceous westward into lower Mancos Sh.
Late and Early Mancos Shale 6,000 1,828.8 Thickens southward; includes lower Pierre, Niobrara, Bent
Cretaceous Frontier, and Mowry equivalents
Early Cretaceous Dakota 250 76.2 Thins eastward
Sandstone
Early Cretaceous Burro Canyon 225 68.58 Only present in Aspen-Basalt area
Fm.
Late Jurassic Morrison Fm. 500 152.4 Thins at Gore fault and eastward where it overlaps
Precambrian rocks
Middle Jurassic Curtis Fm. <100 <30.48 Mainly in CO. River area near McCoy; overstepped eastwg
by Morrison
Middle Jurassic Entrada 100 30.48 Truncated beneath Morrison near Gore fault and west of
Sandstone Aspen
Early Jurassic and | Glen canyon 75 22.86 Equivalent to Navajo Sandstone; southern limit is near Ne
Late Triassic Sandstone Castle
Late Triassic Chinle Fm. 1,200 365.76 Thicknesses <150 m in most areas but 365 m in Hardscral
Mountain area; truncated beneath Entrada or Morrison in E
Mountains and Gore Range
Early Triassic and | State Bridge Fm. | 5,000 1,524 Thickness <200 m in most areas but 1,525 m in Hardscrah
Permian mountain area; equivalent to Moenkopi-Park City;
depositional edge near Gore fault; truncated beneath Chin
Entrada in southern Grand Hogback and Elk Mountains
Permian and Weber Sandstong 100 30.48 From northern Grand Hogback, thins to east and south by
Pennsylvanian facies change into Maroon Fm. And also by truncation
beneath State Bridge
Permian and Maroon 15,000 4,572 Thins eastward and northward from Aspen area to
Pennsylvanian Formation depositional margin along Gore Range and east of
Breckenridge; lower part intertongues with Eagle Valley
Evaporite
Pennsylvanian Eagle Valley Variable Variable Basinal evaporitic and color-transitional facies; intertongue
Evaporite or Fm. with Maroon, gothic, and Belden Fms.; uppermost dasti
units likely transitional facies into Minturn fm.
Pennsylvanian Minturn Fm. And | 6,600 2,011.68 Coarse clastic facies that grades into and intertongues (?)
Gothic Fm. Eagle Valley Evaporite; eastern depositional margin near
Gore fault and Breckenridge
Pennsylvanian Belden Fm. 900 274.32 Thins eastward to depositional margin west of Gore fault
Pennsylvanian Molas 75 22.86 Discontinuous along pre-Belden unconformity
Early Mississippian| Leadville 275 83.82 Truncated beneath belden near Gore Range and at Treas
Limestone Mountain
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The cycles within the Eagle Valley Evaporite (Figure 2.4 and 2.5) include basal black
shale and siltstone intervals, limestones, laminated anhydrite, and thick sequences of halite and
interbedded anhydrite (De Voto et al., 1986). Eustatic sea-level changes are thought to be the
cause of these cycles, with carbonates deposited in shallow-water marine areas and evaporites
from salinity and density-stratified brines below wave base in the Eagle Basin (De Voto et al.,
1986; Houck, 1997). Sea level changes were associated with Gondwanan glaciation and ablation
primarily in the Southern hemisphere (Blakey, 2009). This cyclicity is similar to patterns
observed in the Paradox Formation evaporites and clastic deposits in the Paradox Basin
(Trudgill, 2011).

The Minturn, Eagle Valley, and Gothic Formations (Figure 2.11) consist of interbedded,
gray-green, basin-margin siliciclastics, interfingering with the evaporite in places (De Voto et al.,
1986). Approaching the locations of the ancestral Rocky Mountain uplifts, these facies become
coarser-grained and more fluvial dominated (De Voto et al., 1986). Onlap relationships and
angular unconformities within the Pennsylvanian strata are common adjacent to the basin-edge
bounding faults and especially towards the flanks of salt structures (De Voto et al., 1986).

Through the Desmoinesian these strata change to the red arkosic sandstone,
conglomerate, and siltstone of the fluvial Maroon Formation (Figure 2.11) (De Voto et al.,
1986). The deposition of these strata was strongly influenced by the Uncompahgre and Front
Range uplifts (Bryant and Freeman, 1977; Tweto, 1977; Bryant, 1979). Maroon strata in the
Eagle Basin display abrupt thickness variations (Figure 2.12), either adjacent to uplifted fault
blocks or probably more commonly, around salt structures (De Voto et al., 1986; Johnson et al.,
1987; Freeman and Bryant, 1997). The Late Pennsylvanian-Early Permian white to pale red,

eolian Weber Sandstone was deposited in the northwestern part of the Eagle Basin (De Voto et
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al., 1986). In the Eagle Basin the Weber has a gradational vertical and lateral contact with the

Maroon Formation (De Voto et al., 1986).
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Figure 2.12. Schematic regional cross section from the Uncompahgre uplift to the Front Range
uplift from West to East. Note dramatic thickness variations the Eagle Valley Evaporite and
overlying formations. Modified from De Voto et al., 1986.

A second unconformity exists in the Late Permian where the lower State Bridge

Formation (Figure 2.11) overlies the Maroon Formation. The State Bridge was depoaited in
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marginal marine environment, where sediments were deposited in bodies of standing water that
periodically evaporated (Freeman, 1971). In addition to the Lower and Upper divisions, the
State Bridge consists of: basal Fryingpan Sandstone member, the South Canyon Creek member,
Sloane Peak member, and the Toner Creek member. State Bridge strata overlap steeply dipping
Maroon and Minturn strata in the northeast Eagle basin, adjacent to the ancestral Front Range
uplift (De Voto et al., 1986). The State Bridge exhibits dramatic thickness variations, it is

typically less than 200 m thick, but ~1,525 m thick at Hardscrabble Mountain (Table 1, Figure
2.13, Tweto, 1977; Freeman and Bryant, 1977).

Unconformably overlying the State Bridge Formation is the conglomeratic Garta Member
of the Chinle Formation (Figure 2.11), which also displays thickness changes like the Maroon
and State Bridge formations (Freeman and Bryant, 1997). Following the close of the Triassic, the
region became drier and the Entrada Sandstone was deposited in an eolian environment in the

Eagle Basin (Freeman and Bryant, 1977).
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thickness variation of the State Bridge Formation across the basin, particularly between the Eagle River and Gypsum Creek salt walls
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CHAPTER THREE: METHODOLOGY

3.1 Field Work

Field work was undertakan the Hardscrabble, Wolcott, and Bellyache minibasins (Figure
3.1) during the Fall of 2019 and the Fall of 2020 over a total of about three weeks. Structural and
stratigraphic data were collected including bedding attitudes, observations of overturning,
folding and deformation, and any other important structural observations. These data were
collected using th&ieldmove Clino iPhone apgnd supplemented by previously published
USGS and CGS maps, data collected by Pearigen and Trudgill prior to 2020, and other
previously published research by Hubert (1)9&4d Lidke et al. (2005). Two measured sections
ZHUH FRQVWUXFWHG XVLQJ Fieldmdvel Qint(Bppdné&REZHY CYWDII DQG
Outcrop photographs were taken using an iPhone. Additionally, hand samples were collected and
20 of those were made into thin sections cut to the standard size and the standard polish
(Appendix A). These intend to serve as a suite of samples showing the wide array of
sedimentological variation in the basin and as a library of reference for future detailed work.

Data were compiled usinglobalMapper 20.1, Move 2019, Microsoft ExaeldAdobe

lllustrator and Adobe Photoshop

3.2 Cross Sections and Restorations

Two regional and four shorter cross sections were constructedGisibglMapperand
Move The Leadville 250K map and the Eagle, Wolcott, and Gypsum 24K quad maps were
digitized and reinterpreted in alignment with field data collected by the author and previous

researchers. Elevation data were gathered from a combination of the USGS Lidar Point Cloud
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Figure 3.1. Map of the Eagle Basin with pertinent structural features called out including uplifts, minibasins, faults, historic wells and
research areas. Red = Pennsylaaiftarly Permian aged, orange = Permian aged, yellow = Triassic age, grey = present day uplifts,
purple = ancestral uplifts.
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Central-Western CO 2016 dataset and the USGS National DEM and converted into elevation
profiles for the cross sections. Structural measurements (previously published and my own) were
projected onto the elevation models and projected onto the cross sections where perpendicular.
Cross sections were selected 1) perpendicular to strike and dip measurements and 2) in areas that
were visited in the field by the author, where salt-related deformation was observed.

In a similar fashion to Pearigen (2019), workflows frblavetutorials were used in
addition to guidance on restoration of salt-influenced structural systems from Rowan (1993),

Rowan and Ratliff (2012), and Rowan et al. (2004 and 2016).

3.2.a Unfaulting

The first step in the restoration process was unfaulting (Figure 3.2a) of significant faults
in each cross section. TB® MoveOn-Fault module inMovewas used for this. This module
can be used to create forward models, guide seismic and structural interpretation, test and modify
fault geometries, and create balanced interpretations (Petroleum Experts, 2019).

There are seven methods available: simple shear, fault parallel flow, fault bend fold, fault
propagation, tri-shear, detachment fold, and elliptical fault flow (Petroleum Experts, 2019).
Although simple shear is most applicable to extensional tectonic regimes, fault parallel flow was
used any normal faults in the sections. Because these formed through salt collapse rather than
extension, fault parallel flow with an element of angular shear complementary to the fault dip
angle was used to restore the beds. The fault parallel flow algorithm is based on the continuing
work of Vaughn eal. (1997, based on particulate laminar flow over a fault ramp (Petroleum
Experts, 2019). The fault plane is divided into dip domains, where changes in dip are marked by

dip bisectors and then flow lines are constructed by connecting points on bisectors which are
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equidistant from the fault plane (Petroleum Experts, 2019). Points in hanging wall translate along

the flow lines by a distance defined by the author (Petroleum Experts, 2019).

3.2.b Unfolding

Unfolding (Figure 3.2b) was performedMoveusing the 2D unfolding module. The tool
allows for geologic horizons to be restored to a target or regional datum, using a simple shear
flexural slip or line length unfolding algorithm (Petroleum Experts, 2019). Both simple shear and
flexural slip were used in this process based on the structure that was being unfolded.

The flexural slip unfolding algorithm works by rotating the limbs of a fold to an assumed
regional or datum (Petroleum Experts, 2019). Layer parallel shear is applied to the rotated fold to
remove the components of flexural slip (Petroleum Experts, 2019). It allows unfolding to occur
and retains the line length of the template horizon in the direction of unfolding, retains the
orthogonal bed thickness between the template and other passive objects, and retains the area of
the fold in the model (Petroleum Experts, 2019)..

The simple shear unfolding algorithm makes the assumptions that if line length is not
preserved neither is the area, line length in the unfolding direction varies between the deformed
and undeformed states, and the surface area of the beds varies between the deformed and
undeformed states (Petroleum Experts, 2019).

The unfolding mechanism was used at various steps in the restoration process. It was
used for two primary purposes

1) unfolding a significant fold in the Wolcott section

2) flattening beds periodically to correct for minor errors in the restoration process
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3.2.c Salt Geometry Restoration

Due to the complex nature of salt, none of the modul&owe 2019vere directly used
for restoring geometries of the salt bodies in this study. All restorations were worked in a two-
dimensional section, and that is a great caveat to the nature of salt which can and will flow in
three directions through time. This area has also been affected by collapse and dissolution, which
affects the area of salt through each stage of the study (Rowan and Ratliff, 2012). Additionally,
minibasins may rotate in any direction and translate through time as affected by either shortening
or salt movement. All of these conditions make restoration in a salt-influenced environment an
uncertain process. The restorations therefore are used primarily to illustrate the potential
structural history of the Eagle Basin and provide an interpretation constrained by present day
geometries and knowledge of how salt systems form and evolve through time.

To provide some constraints on restoring the salt, guidance from Rowan and Ratliff,
(2012), Hearon, (2013), and Pearigen, (2019) was taken. In restorations influenced by Laramide
shortening, the amount of shortening in the post-salt section was used to estimate the diapir
width prior to shortening. While a diapir can accommodate shortening in a variety of ways, this
method provides an estimate.

In restoring potential salt collapse and dissolution, volumetric analysis from collapse
centers analyzed by Lidke et al. (2002), were used to constrain the potential magnitude of
collapse. The minimum throw on a fault, dip of the fault, and volumetric estimates were used to

add salt back into a section where it may have been removed by dissolution.
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3.2.d Decompaction

Decompaction (Figure 3.2) of underlying strata were performed using the 2D
Decompaction Tool.0 R Y H ft¥m@akition workflow allows the effects of rock volume change
due to porosity loss associated with increased burial depth to be modeled. The equations and data
of Sclater and Christy (1980) assume that porosity decreases with increasing burial depth and
increases with decreasing burial depth (Petroleum Experts, 2019).

In each step, the salt and horizons below were used classified as the base, the layers to be
removed were the uppermost beds, and everything else was an active intermediate object. Using
the formula below and variables based on formation surface porosity and depth coefficien
(Table 3.}.

f=fo (e%)
Where:
f = the present-day porosity at depth
fo = the porosity at the surface
¢ = the porosity-depth coefficient (kin

y = depth (m)
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Table 3.1. Decompaction parameters for the restoration algorithm.

Formation Lithology POEES'[?G(:I{O) Deptil ((ljicl);:flf;lcient
Shale 0.63 0.51
Sandstone 0.49 0.27
Sandstone 0.49 0.27
Shaly Sandstone 0.56 0.39
Shaly Sandstone 0.56 0.39
Sandstone 0.49 0.27
TrPsl: Lower State Bridge Fm | Shaly Sandstone 0.56 0.39
PPm: Minturn-Maroon Fm Sandstone 0.49 0.27
Shale 0.63 0.51
Salt
Limestone 0.41 0.40

Included in the 2Decompaction tool imnisostatic adjustment. Response to loading and
unloading is important because it affects the restored shapes of horizons and faults. Airy Isostacy
assumes that a brittle crust is supported and allowed to move on a flui(Pagreteum Experts,

2019) The crust is assumed to be of finite strength and cannot support its own weight, so when
overburden is added to the section the responses to both compact or decompact and isostatically
readjust(Petroleum Experts, 2019 he readjustment comprises just a vertical movement of the

surface relevant to a basement referdRegroleum Experts, 2019Jhe key point is that the
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compensation is local and there is no lateral effect of loading and unld&aitngleum Experts,
2019) Airy isostasy is also recommended during salt restoration due to the bulk vertical shift
based on the isostatic response expected outside of the areavudsiétly (Petroleum Experts,

2019)

3.2.e Quality checking

After every phase of unfaulting, unfolding, salt geometry construction, and
decompaction, adjustments were made. Due to the nature of restoring an interpretation, horizons
were periodically smoothed and adjusted before the next step. Additionally, artificial
deformation in the form of restoration artifacts occur during decompaction above and below salt
structures, so those had to be removed and corrected for before moving on to the next restoration

step.

3000.0

1000.0

0.0

=2000.0

Figure 3.2. Examples of restoration steps: A) from 1 to 2 shows fault restoration, decompaction,
ard isostatic adjustment, B) from 1 to 2 shows unfolding, decompaction, and salt geometry
adjustment.
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CHAPTER FOURSTRATIGRAPHY
4.1 Stratigraphic Descriptions and Column
4.1.a Eagle Valley Evaporite

The oldest unit observed in the two field areas of this study is the Eagle Valley Evaporite
(Figure 4.1). The Eagle Valley Evaporite is a Late Atokan to Demoinesian deposit in the Eagle
Basin (Mallory, 1971). In the subsurface, based on logging within the Champlin Black #1 well
(Figure 2.4), 13 evaporite intervals are composed of massively-bedded gypsum, shaly anhydrite,
and halite (Mallory, 1971). In contrast, at the surface, the evaporite consists of massive white to
gray gypsum in the form of caprock with thin beds of calcareous sand and siltstones, and
occasional shales (Mallory, 1971). Much like the Paradox Formation, the lithologic variation in
the Eagle Valley Evaporite can be explained by cyclicity, attributed to eustatic sea level changes
over the time of evaporite deposition (Schenk, 1992). The cycles within the Eagle Valley
Evaporite include basal black shale and siltstone intervals, limestones, laminated anhydrite, and
thick sequences of halite and interbedded anhydrite, reflecting flooding v. evaporation cycles (De
Voto et al., 1986).

The Eagle Valley Evaporite varies greatly in thickness across the basin due to (i) initial
accommodation controls from flexural subsidence associated with the neighboring ancestral
Rocky Mountain highlands, (ii) due to salt tectonics and movement post-deposition, and (iii)
dissolution at the present-day land surface. The evaporite interval is up to 2,500 meters thick at
its thickest across the basin, but averages between 1,000-2,000 meters. Towers of brecciated
gypsum caprock are present at the surface in the Eagle Basin, composed of poorly cemented
clasts of the Eagle Valley Evaporite (Figure 4.2 and 4.3). Mostly yellow in color, the clasts range
from gypsum to sandstone to weathered limestones. They reach up to 10-15 meters tall in places.
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Figure 4.1. Stratigraphic column with contemporaneous, correlatable units across the Eagle
Basin.
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Figure 4.2. Brecciated gypsum towers within the Eagle Valley Evaporite. Photograph taken on
the south side of Hardscrabble Mountain. Towers are 10-15 meters tall.

Figure 4.3. Two views of the contorted and brecciated gypsum towers in the Eagle Valley
Evaporite at Hardscrabble Mountain.
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4.1.b Eagle Valley Formation

Contemporaneous with the Gothic and Minturn Formations (Figure 4.1), the Eagle Valley
Formation consists of basin-margin grey to green to red shales, sparse limestones, sandstones,
gypsum, and light purple to gray siltstone. (De Voto et al., 1986). Approaching the frontal fault
zones of the Ancestral Rocky Mountain uplifts, facies become coarser-grained and more fluvial
dominated (De Voto et al., 198@ his formation is observed at all field locations in the basin
and is the first clastic formation overlying and occasionally interfingering with the Eagle Valley
Evaporte.

The Eagle Valley Formation is generally around 100 meters thick at outcrop, thickening
to an estimated 1,000 meters within certain minibasins. Common sedimentary features include
contorted bedding, planar and wavy laminations, and centimeter-scale cross bedding and
climbing ripples (Figure 4.4).

At the margins of certain minibasins (e.g. Hardscrabble South), the Eagle Valley
Formation is occasionally vertical to overturned in close proximity to the salt walls, forming
interpreted hook halokinetic sequences (Figure 4.5). The beds are locally fractured and
weathered within the drape folds along the edge of the diapir. Additionally, there are locally
brecciated, conglomeratic beds adjacent to the diapir in the overturned limbs of the halokinetic
drape folds. These brecciated beds (shown in Figure 4.5) contain diapir-derived detritus of
gypsum, sandstone, and limestone. This is common during formation of halokinetic folds, as roof

sequences are folded and material is shed off the top of the diapir (Rowan et al., 2020).
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Figure 4.4. Left: Contorted bedding within shales of the Eagle Valley Formation at Hardscrabble
mountain. Right: Centimeter-scale crossbeds and climbing ripples in the Eagle Valley

Formation.

el | Wi

Figure 4.5. Left: Overturned beds within the Eagle Valley Formation at Dry Gulch on the south
side of Hardscrabble Mountain on the west side of Dry Gulch. These are within 100 meters of
the contact with the diapir. Right: diapir-derived detritus found in beds within 50 meters of the
salt-sediment interface, commonly overturned to very steeply dipping.
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4.1.c Maroon Formation

The Minturn/Eagle Valley/Gothic and Maroon are generally distinguished by the
presence of Jacques Mountain Limestone lying between the two formations (Schenk, 1992).
However, this key bed is not present across much of the basin. Instead, the key distinction used
in this study is a general color change (Schenk, 1992), and as determined in the field, significant
angular unconformities. The Maroon overlies the Minturn/Eagle Valley/Gothic Formations
(Figure 4.} and is a sequence of red to purple micaceous siltstones, while the former are
distinctly grey to red to green. The age of this contact may be variable across minibasins due to
the nature of salt movement and minibasin formation and timing of filling.

The Maroon Formation is late Pennsylvanian to early Permian in age (Johnson et al.,
1987) and ranges in thickness, from just 100 meters to up to 4,500 meters in the Aspen region
(Tweto, 1997, Freeman and Bryant, 1978, Johnson et al., 1987). The Maroon consists of
dominantly continental arkosic clastic shales, siltstones, and occasional conglomerates
(Bartleson et al., 1968). It consists of red medium to coarse sandstones (redbeds), siltstones, and
~10 cm thick pale limestone beds (Figure 4.7) and was deposited in non-marine, deltaic, tidal
flat, and evaporite pan environments (Bartleson et al.,1968).

The Maroon Formation is commonly thickly (1 meter scale) bedded with cross-bedding,
upward-fining cycles, parallel and wavy laminations, clay drapes and rip-up clasts, dessication
cracks, fluid escape structures (Figure 4.6) and disc structures. Across the Wolcott and
Hardscrabble minibasins in the Eagle Basin, the Maroon is generally the most prominent cliff-
former. It is thin (50-500 meters) in the Hardscrabble and Wolcott minibasins compared to other

locations in the basin.
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The Maroon is generally the thickest unit in the Aspen Region, cropping out distinctly
along the valley walls and mountain tops for 1000s of meters. Additionally, it is generally the
megaflap former in the Aspen Region minibasins (Pearigen, 2019), and while sometimes dipping
at up to 50 degrees, it is generally not interpreted to be part of the diapir adjacent halokinetic
sequences in the areas of research for this thesis. That is not to say it was not deposited during
the formation of minibasins, but it was not as heavily halokinetically deformed and often lies

unconformably on the steeply inclined to overturned halokinetic hooks and wedges.

Figure 4.6. Fluid escape (teepee) structure within the Maroon Formation at Hardscrabble
Mountain. Planar laminations are also seen here. Taken along path of Measured Section #1
around 295 meters (Appendix B).

57



Figure 4.7. Example of the pale colored limestone beds present in the Maroon Formation at
Hardscrabble Mountain. Taken along path of Measured Section #1 around 20 meters (Appendix
B).
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4.1.d Weber Sandstone

The Schoolhouse Tongue of the Weber sandstone (Figyrs $resent in the Wolcott
minibasin, but not in the Hardscrabble minibasin, and is generally correlated with the Sandstone
of the Fryingpan River in the Aspen Region. The Schoolhouse Tongue ranges from 0 to 70
meters thick and consists of a fine-grained light tan to buff colored, cliff forming eolian
sandstone (Figure 4.8, and Johnson, 1987). The Fryingpan sandstone is of similar appearance
and also an interpreted eolian origin tus restricted to the Ruedi Reservoir area (Johnson,

1987).The Weber is poorly sorted, with angular grains and commonly coarse sand (Figure 4.9).

Figure 4.8. Gradational contact between the Maroon Formation and the Schoolhouse Tongue of
the Weber Sandstone. Taken at Red Canyon.
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Figure 4.9. Thin section of the Weber Sandstone at Red Canyon (location in Appendix A). Cross
polarized light. This rock is poorly sorted with subangular grains. Classified as a subarkose
sandstone.

4.1.e State Bridge Formation

The State Bridge Formation is comprisedgkequence of Triassic redbeds
unconformably overlying the Maroon Formation (Figure 4.1), with distinct members of the lower
State Bridge siltstone, the South Canyon Creek Member, the Sloane Peak Member, the Upper
State Bridge Member and the conglomeratic Toner Creek Member locally developed at the top
of the section (Freeman, 1971).

The thickness of the State Bridge Formation ranges from <200 meters in most areas to a
total of ~1,600 meters at Hardscrabble Mountain (Tweto, 1977). The thickest part of the State

Bridge, the lower State Bridge siltstone member, is reddish brown silts and fine sands, medium-
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grained sandstones, claystones, and coarse sandstones (Figure 4.10, Freeman, 1971). The State
Bridge has thin to thick bedding, prominent cross bedding, burrowing (Figure 4.11), and distinct

parallel ripple marks (Freeman, 1971).

Figure 4.10. Lower to upper fine sands in the Lower State Bridge Formation have unusual
weathering patterns and varying color from tan to red to white. Taken at Hardscrabble Mountain.
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Figure 4.11. Burrowing within the State Bridge Formation. Burrows are filled with finer-grained
orange silt. Taken along path of Measured Section #2 (Appendix C).

4.1.f South Canyon Creek member

The South Canyon Creek Membgg distinctive, but discontinuous limestone and
dolostone within the lower part of the State Bridge Formation. In the research areas of this thesis,
it is present in the Eagle/Red Canyon and Wolcott region but not in the Hardscrabble region.
This member is 0.5 to 5 meters thick consisting of dolomite, limestone, fine siltstone, rich in
sulfur and iron. It has irregular, vuggy porosity with secondary recrystallization of calcite and

quartz lining the pores (Figure 4.12).
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Figure 4.12. 2.5x magnification, cross-polarized image of the South Canyon Creek Member.
Shown here is a dissolution pore lined with secondary calcite and quartz. Classified as a hematite
sulfur dolomitic limestone.

4.1.g Sloane Peak member

The Sloane Peak Member is in the Upper member of the State Bridge Formation. It is a
very fine-grained sandstone, which is very well sorted with distinct cross bedding (Freeman,
1971). It is hypothesized to be deposited in either an offshore bar environment or an eolian
setting (Freeman, 1971). The Slo&ek member is laterally continuous across the Eagle Basin
and often forms cliffs or caps ridges (Freeman, 1971; Pearigen). 2083ypically less than 3-
10 meters thick, but up to 75 meters in the Aspen region, and consists of fine-grained red to

orange sandstones.
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4.1.h Toner Creek Member

The Toner Creek Member of the State Bridge is a coarse conglomerate that tops the State
Bridge Formation. These sediments are thought to reflect a revived uplift of the Uncompahgre
highlands (Freeman, 1971). The unit contains poorly sorted sandstones, pebbles up to 6 inches in
diameter, reworked clasts of the State Bridge Formation and silty claystones (Figures 4.13, 4.14,
and 4.15). Cross bedding, scour fills, and graded bedding are present (Freeman, 1971). The
contact between the State Bridge and the overlying Chinle Formation is unconformable, with the
overlying coarse, conglomeratic sandstone of the Gartra unit of the lower Chinle present across
much of the Eagle Basin (Dubiel, 1991). Where only one conglomerate (either Toner Creek or
Gartra) is found in a section it can be difficult to conclusively determine which of the two

members is present due to their similarity.

Figure 4.13. The conglomerate between the Upper State Bridge and Chinle Formations, referred
to here as the Toner Creek/Gartra (left). The contact between the Upper State Bridge and the
conglomerate is sharp as indicated by the foot (right). Taken east of Sylvan Lake.
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Figure 4.14. Toner Creek/Garta conglomerate at Red Canyon. Clasts include basement clasts,
reworked sedimentary clasts from the State Bridge, and other lithics. Slight planar bedding is
observed as well.
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Figure 4.15. Reworked clast of the State Bridge formation within the Toner Creek/Gartra
conglomerate in the Wolcott Minibasin at Red Canyon.
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4.1.i Chinle Formation
Unconformably overlying the State Bridge is the Chinle Formation (FigureThd).
unconformity below the basal Gartra Member represents renewed uplift of the Uncompahgre
highlands in the middle Triassic (Tweto, 1977). The Permo-Triassic Chinle redbed sequence
continues with distinctive features that include very thin bedding, red and purple mottle siltstones
with occasional grey quartzose sands, and classically weathers to gentle slopes (Freeman, 1971).
Commonly overlying the Gartra is the mottled member of the Chinle, but that was not
observed in the field (Dubiel, 1991). The rest of the Chinle is generally comprised of red
siltstones with an occasional upper carbonate unit (Dubiel, 1991). The Chinle Formation ranges

from <150 meters in most places to ~365 meters at Hardscrabble Mountain (Tweto, 1977).

4.1.j Entrada/Morrison

Unconformably overlying the Chinle is the Jurassic Entrada Formation (Figure 4.1),
which commonly crops out as tan to red to buff colored cliffs (Figure 4.16). Across the Eagle
Basin it is often mapped with the Curtis and the Morrison Formations, comprising about 200
meters total of section across the basin (Tweto, 19Hé) contact between the Entrada and the
Morrison Formations is of interest to this study, as the conformable contact is interpreted as
being an approximately regionally flat surface, postdating the interpreted phase of salt tectonics,
but predating the Laramide Orogeny, thus providing a regional paleo-horizontal during

restorations (see Chapter 6).

67



Figure 4.16. Contact between the Chinle and Entrada Formations. The Chinle here typically
forms low-angle slopes and the Entrada is a strong red to yellow cliff-former. Taken E of Sylvan
Lake in the Hardscrabble minibasin. Scale based off outcrop closest to the camera.
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4.1.k Dakota Group and Colorado Group

The Cretaceous Dakota Group (Figure) slobserved on the North End of Hardscrabble
Mountain, with a maximum thickness in the basin of around 75 meters (Tweto, 1977). The
Colorado Group, including Benton Shale and the Niobrara Formation is also present at the very
northern edge of Hardscrabble Mountain and along the northern edge of the study area overlying

the Wolcott minibasin sequence.
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CHAPTER FIVE: STRUCTURE

5.1 Regional Structure
5.1.a Regional Map

This regional map of the eastern Eagle Basin (Figure 5.1) was constructed by the author
using USGS Quad Map (Eagle and Wolcott quads)GNH HW D®&yp§im quad, the
Leadville 1:250,000 map, Hubert (1954), the work of Pearigen (2019), and new field data
collected during the course of this thesis. The general location of the northern portion of this map
is shown in Figure 1.1. This study focuses on the Hardscrabble and Wolcott minibasins where
sections were measured and structural data was collected.

From the south to the north, the map covers: the Snowmass minibasin (Pearigen, 2019)
which is directly west of the Sawatch uplift, the Sawatch uplift, the Woody Creek minibasin and
associated Woody Creek salt wall (Pearigen, 2019), Red Table Mountain minibasin, the Basalt
Mountain fault zone, the Ruedi salt diapir (Pearigen, 2019), Gypsum Creek salt wall, the
Hardscrabble minibasin, the Eagle River salt wall, and the Bellyache, Red Canyon, Wolcott
minibasins. These important locations are called out on the map along with geologic contacts and
outcrops from pre-Cambrian basement through Tertiary intrusives and extrusives (Quaternary
units were excluded), structural data such as strikes and dips, folds, agdriaibasins, salt
walls, towns for location reference, the Brush Creek seismic profile, and key wells in the study.

Figure 5.2 overlays the two regional cross section lines on the geologic map.
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Figure 5.1. Geologic map of the eastern Eagle Basin.
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5.1.b Regional Cross Sections

&URVYV VHFWE§e 33)WRs 8dm Gyp Hill to the Wolcott minibasin (Figure
5.1 and 5.2). The geometries at Gyp Hill are taken from Pearigen (2019). Moving across
primarily Maroon Formation aged Red Table Mountain minibasin, the cross section encounters
the Gypsum Creek salt wall and Hardscrabble minibasin (Figure 5.3) close to the Brush Creek
seismic profile (see Figure 5.8). To the north is the Bellyache minibasin, first described by
Hubert (1954), characterized by two normal faults juxtaposing Cretaceous strata against the
Maroon Formation and salt (Figure 5.3). There is a greater volume of salt in the Eagle area to the
west (Figure 5.1) and it is presumed to be close to the surface here. Further north, regional
sectionA-$f FURVVHVY WKH HDVWHUQ H[WHQVLRQ RI WKH (DJOH 51
the east through Red Canyon) and finally transects the Wolcott minibasin in what is interpreted
as an along strike orientation.

CrosssectiovV % WR %Y DQG & MHHhow&He striciukelheross the center of the
Eagle Basin running from south to north. The basement dips to the north and is deepest in the
northern part of the Eagle Basin. The Woody Creek salt wall (Pearigen, 2019) bounds the
southern edge of the cross sectior¥8§nd moving north the Red Table Mountain minibasin is
at a high structural level primarily of Eagle Valley and Maroon Formation age. The Red Table
Mtn #1 (Figure 5.2) well encountered basement at a high structural level beneath the Belden
Formation and Lower Paleozoic sequence. Freeman (1972) and Tweto (1977) note that there is
an absence of evaporites beneath Red Table Mountain, indicating the evaporites have been
SVTXHH]JHG ™ LQWR D QxbssIn@theQGymun\Zte kG aliQudIMnto the Hardscrabble
minibasin, a dramatic overthickening of the State Bridge Formation is apparent. Hardscrabble

Mountain is bounded on the north by a large listric normal fault detaching on the edge of the
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Eagle River salt wall. North of this fault, abundant salt exists at the surface with small

depocenters of Eagle Valley Formation present sporadically across this area.

Figure 5.2. Geologic map showing the locations of the two regional cross sections.
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$ WR $9 IURP *\S +LOO WR :ROFRW-GamBranbasdrhdd Qb @ sFseRsitCariia¥ LR Q S &

YLIXUH

Mississippian sediments, Pee: Pennsylvanian Eagle Valley Evaporite, Pe: Pennsylvanian Eagle Valley Formation, PPm:
Pennsylvanian-Permian Maroon Formation, Pw: Permian Weber Sandstone, TrPsl: Permo-Triassic Lower State Bridge Formation,
TrPss: Permo-Triassic Sloane Peak Member of the State Bridge Formation, TrPsu: Permo-Triassic Upper State Bridge Formation,

TrC: Triassic Chinle Formation, Jme: Jurassic Morrison and Entrada Formations, Th: Tertiary basalt flows.
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Figure 54.% WR %Y DQG & WR &1 UHIJLRQDO FURVYV \Yorhernh offh@ tdwhRFEAYE BO: BBRIYe& UHHN V
Cambrian basement, Pb-Cs: pre-salt Cambrian-Mississippian sediments, Pee: Pennsylvanian Eagle Valley Evaporite, Pe:
Pennsylvanian Eagle Valley Formation, PPm: Pennsylvanian-Permian Maroon Formation, Pw: Permian Weber Sandstone, TrPsl:
Permo-Triassic Lower State Bridge Formation, TrPss: Permo-Triassic Sloane Peak Member of the State Bridge Formation, TrPsu:
Permo-Triassic Upper State Bridge Formation, TrC: Triassic Chinle Formation, Jme: Jurassic Morrison and Entrada Formations.
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5.2 Hardscrabble Mountain Minibasin

Hardscrabble Mountain is a key study area in the Eagle Basin because of the excellent
exposures of steeply dipping to overturned Eagle Valley Formation, adjacent to the Gypsum
Creek Salt Wall and below an unconformity at the base of the Maroon Formation. Additionally,
the Brush Creek seismic profile (see location on Figure 5.5) constrains the salt wall and
minibasin geometry at depth. Maps (Figures 5.6 and 5.7) show key study areas at Hardscrabble
Mountain, locating the line of section for Measured Section #1 (Appendix B) through the
Maroon Formation, and showing the structural geometries associated with a halokinetic hook
along Dry Gulch, respectively. The Hardscrabble Mountain minibasin is interpreted to have
developed and been actively subsiding from the Pennsylvanian through Triassic, one of the
longest lived minibasins in the greater Eagle Basin that may have a thin layer of salt still beneath
it. The minibasin has an NW-SE elongate orientation, bordered on the north and south
respectively by the Eagle River Salt Wall and the Gypsum Creek Salt Wall (see Figure 5.4,
Figure 5.8, and Figure 5.9).

Across Hardscrabble Mountain, formations from the Eagle Valley Evaporite through the
Colorado Group including the Benton Shale crop out at the very north end of the mountain.
Running along the north end of Hardscrabble is a near ~20 kilometer long, down to the south
listric normal fault, interpreted as detaching along the flank of the Eagle River Salt Wall (Figure
5.10 and 5.11). A small basement thrust fault is visible on the seismic profile (Figure 5.8 and 5.9)
and interpreted in cross sections Figure 5.10 and 5.11. On the south side of the mountain,
halokinetic drape folding is observed in the Eagle Valley Formation adjacent to the Gypsum

Creek salt wall.
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Figure 5.5. Geologic map noting the locations of cross sections across Hardscrabble Mountain
including the Brush Creek seismic profile.
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5.2.a Geologic Maps

Figure 5.6. Geologic map showing the location of Measured Section #1 (Appendix) and dip
variance at Hardscrabble Mountain. For location see Figure 5.5.
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Figure 5.7. Geologic map near Dry Gulch on the south side of Hardscrabble Mountain. Note
highly variable dips in the callout box and along the Eagle Valley and Maroon contact. For
location see Figure 5.5.
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5.2.b Cross Sections

Figure 5.8. Seismic profile along Brush Creek (location on Figure 5.5) from Scott, et al. (1999).
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Figure 5.9. Interpreted seismic profile running from north to south along the east side of Hardscrabble Mountain. This is reinterpreted
from Pearigen (2019) with additional field data, originally published in Scott, et al (1999). pCq: Basement, Pb-Cs: pre-salt Cambrian-
Mississippian sediments, Pee: Pennsylvanian Eagle Valley Evaporite, Pe: Pennsylvanian Eagle Valley Formation, PPm:
Pennsylvanian-Permian Maroon Formation, TrPsl: Permo-Triassic Lower State Bridge Formation, TrC: Triassic Chinle Formation
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Figure 5.10.L&URVYV VHFWLRQ 5 WR 5 § IURP WKH VRXWK VLGH hio Edyld, &0 Ffar D&EA@H ORXQV
see Figure 5)5 Showing the Gypsum Creek Salt Wall, Hardscrabble Minibasin, and listric normal fault detaching on the Eagle River
Salt Wall.
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Figure 5.11.& URVV VHFWLRQ ' WR 'Y IURP WKH V Rcxahble Mau@dih, dlightiWwest oQFRgurgVakloy LGH R1 +D
showing the salt wall expands in width at the surface to the west, dipping further into the subsurface. This also shows thickness
variation in the Eagle Valley Formation along the strike of Hardscrabble Mountain. (for location see Figure 5.5
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5.2.c Stratigraphic and Thickness Variations

The Gypsum Creek Salt Wall runs along the South side of Hardscrabble Mountain,
trending in a southwest-northeast orientation (Figure 5.1). The Eagle Valley Evaporite here
consists of caprock, bedded gypsum, brecciated gypsum towers (Figures 4.2 and 4.3) and sparse
interbedded limestones and shales.

The main body of the Eagle Valley Formation at Hardscrabble Mountain crops out
consistently along the south edge of the mountain following the strike of the Gypsum Creek salt
wall. Within 100-200 meters of the salt wall, beds within the Eagle Valley Formation are
overturned to steeply dipping (Figure 5.7). Some of these beds have brecciated bases and clasts
of gypsum are present (see Chapter 4). Moving away from the salt wall, the typical facies of the
Eagle Valley are present including fine- grained green to red to grey shales, sparse limestones,
and the occasional coarse sands. Sedimentary structures include centimeter-scale planar and
cross laminations, ripple marks, gypsum clasts, and pockmarked surfaces (see Chapter 4). With
surface dips of 60-90 degrees, almost a kilometer total stratigraphic thickness of Eagle Valley
Formation crops out at the surface. Through cross section interpretations (Figures 5.10 and 5.11),
the Eagle Valley Formation is hypothesized to thicken to nearly 1,500 kilometers in the
subsurface of the minibasin.

Immediately overlying the Eagle Valley and in close proximity to the salt wall, there is a
local ~90 degree angular unconformity at the base of the Maroon Formation (Figures 5.12 and
5.13 This unconformity is very localized and the surface becomes conformable within 100s of
meters. The main body of the Maroon Formation consists of purple to light red sand and
siltstones with sparse light green limestones (see Chapter 4 and Appendix B). Stratigraphic

features here include ripples, mud rip up clasts, teepee structures, and wavey and planar
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laminations (see Appendix B). The Schoolhouse Tongue of the Weber Sandstone and the
Sandstone of the Fryingpan River are not present at Hardscrabble Mountain, indicating that the
eolian environment either did not extend to the very center of the basin during the Permian, or
there was some slight topographic high at the time with potential sediment bypass of the basin.
The Maroon Formation is remarkably thin at Hardscrabble Mountain, exhibiting a stratigraphic
WKLFNQHVYV RI DERXW PHWHUYVY DW PRVW DQG WKLFNHQLQ
in the minibasin (Figures 5.9-5)11

Moving up into the State Bridge Formation, it is very homogenous at Hardscrabble
Mountain. The main body of the formation is comprised >1,200 meters of the typical red, fine
sandstones and siltstones of the Lower State Bridge Member. The Sloane Peak Member crops
out along the prominent summit ridge at Hardscrabble Mountain. The State Bridge at
Hardscrabble Mountain is the thickest occurrence of the formation in the entire Eagle Basin,
encompassing ~1,575 meters of section (Tweto, 1977). The coarse conglomeratic Toner Creek
Member/Garta Member of the Chinle was not mapped at Hardscrabble Mountain, but is
potentially present on the north facing dip slope. The Chinle is also overthickened at
Hardscrabble Mountain based on map relationships and the Brush Creek seismic profile (Figure

5.9).

5.2.d Folding and faulting descriptions

Halokinetic drape folding is consistently observed in the Eagle Valley Formation along
the edge of the Gypsum Creek Salt Wall (Figure 5.12, 5.13, and 5.14). Beds are locally
overturned to vertical (dips vary within 65 degrees upright to ~64 degrees overturned) and the

drape folds occasionally consist of brecciated beds. This folding is confined to the Eagle Valley
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Formation and is truncated by a ~90-105 degregelar unconformity below the Maroon
Formation. According to Giles and Rowan (2012) this would be defined as a hook halokinetic
sequence. The Maroon typically dips at 20-40 degrees to the north on the southern flank of
Hardscrabble (Figure 5.6 and 5.7). Continuing upsection from this unconformity, the beds further
flatten out into the State Bridge Formation where dips range from 10 to 35 degrees. The State
Bridge comprises the majority of the minibasin and is an order of magnitude thicker at
Hardscrabble Mountain than at most other locations in the Eagle Basin. In the Maroon to State
Bridge Formation sections, these more gentle dips are characteristic of strata outcropping
towards the center of the minibasin away from a salt wall. At some point in time, hook
halokinetic sequences may have existed in these formations near the salt wall, but were removed
by erosion.

A large listric normal fault dipping to the south is interpreted at the nogiafd
Hardscrabble Mountain based on map and cross section relationships (Figure 5.5, 5.10, and
5.11), and outcrops of the Dakota Group riddled with deformation bands, sitting in the
immediate hanging wall of the fault (Figure 5.10). The hanging wall of the fault contains
stratigraphy up to the Benton Shale of the Colorado Group, as opposed to the footwall of the
fault which is in the Eagle Valley Evaporite. This fault has ~1,825 meters of throw at its

maximum and is ~20 kilometers long.
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Figure 5.12. Halokinetic fold along the Gypsum Creek Salt Wall. This view shows a wide angle up view the mountain, showing the
dip change to quite gentle dips in the State Bridge formation. Located on Figure 5.7 by the black box east of Dry Gulch.
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Figure 5.13. Halokinetic fold along the Gypsum Creek Salt Wall.. This view shows more detail of the overturning within the Eagle
Valley Formation against the salt wall and the scale of this halokinetic fold. Additionally, the Maroon beds show a ~105 degree
truncation surface against the Eagle Valley Formation. This angular relationship defines this as a hook halokinetic segietmce. Loc

on Figure 5.7 by the black box east of Dry Gulch.
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Figure 5.14. lllustration of Figure 5.12 showing the bedding attitudes within the State Bridge, Maroon, and Eagle Valley Formations.
Note the angular unconformity between the Maroon and the Eagle Valley Formation within 50 meters of the salt-sediment interface.
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5.3 Wolcott Minibasin

The Wolcott minibasin provides an opportunity to study one of the only clearly shortened
salt wall structures in the nortimecentral Eagle Basin. Halokinetic folding and welding is
present in the Eagle Valley Formation and Evaporite, while younger units from the Maroon
through the Niobrara are folded in the Laraméded Ute Creek Syncline (Figure 5.15). In the
Eagle Valley Formation, dips of up to 30 degrees overturned lie directly adjacent to dips in the
overlying Maroon Formation of 60 degrees not overturned (Figure 5.15). Furthermore, those
overturned dips become right way up just 100s of meters to the east of the Maroon-Eagle Valley
Formation contact (Figure 5.15his is interpreted to represent two minibasins/depocenters that
collided and were rotated during the formation of the Ute Creek Syncline during the Laramide
Orogeny.

Deformation of this magnitude is very localized, however. Moving away from the
aforementioned Laramide fold, dips rapidly become more gentle and conformable (Figures 5.14
and 5.15). In the rest of the Wolcott area, fairly steep dips (>60 degrees) in the Eagle Valley and

Maroon exist, but decrease to lower dips upsection (Figure.5.17
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5.3.a Geologic Maps

Figure 5.15. Geologic map in the Wolcott area at the location of Restoratidn R2er
location see Figure 5.5.
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5.3.b Cross Sections

JLIXUH &URVYV VHFWLRQ 5 VBRichneindhe Wwesity tvw sotididyv H & UH H
minibasins to the east. Note beds in the Maroon in contact with steeply overturned beds in the

Eagle Valley Formation as a halokinetic angular unconformity. Also note that the Eagle Valley

strata are right way up <1 km away from the contact. For location see Figure 5.5.
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Figure 5.17.& URVV VHFWLRQ ( WR (f IURP WKH HYDSRULWH FHQWH
Note conformable contacts between formations and gentle, consistent decrease in dip from SW
to NE. For location see Figure 5.5.
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5.3.c Stratigraphic and Thickness Variations
In the Eagle to Wolcott area, the Eagle Valley Evaporite is often exposed at the surface

composed of gypsum caprock and bedded gypsum (Figurge 5.18

Figure 5.18. Caprock and occasional bedded gypsum north of Gypsum, Colorado. This is
characteristic of the Eagle Valley Evaporite across Gypsum to Wolcott.

The main body of the Eagle Valley Formation is comprised of the usual fine green to

grey shales, siltstones, and tan sand facies. Dips in the Eagle Valley Formation in the Eagle to
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Wolcott area are extremely variable, from just 20 degrees to 30 degrees overturned (Figure 5.15
Surface exposures are abundant, and the formation reaches a thickness of >1,000 meters in the
subsurface (Figure 5.17

The main body of the Maroon Formation in the Eagle to Wolcott area is light red to
maroon sand and siltstones with planer and wavey laminations. The Maroon is thin in the Eagle
area, at 100-500 meters thick in the subsurface. Dips in the Maroon are variable from 20-60
degrees. The Schoolhouse Tongue of the Weber Sandstone sits at the top of the Maroon
Formation here, unlike at Hardscrabble Mountain. The Weber Sandstone here consists of fine to
coarse sands, with graded laminae (upward coarsesmaigs very poorly sorted (see Figure 4.9
and section 4.1.d). The cycles of coarse and fine laminae in the Weber indicate that the sediment
source was close by to supply the coarse, angular grains, with potential local reworking of the
sediments.

The State Bridge Formation here consists of orange to red fine sandstones with
occasional cross bedding, wavy laminations, and lies in the normal thickness range, around 100-
150 meters where observed (Figures 5.15 and 5.16). The South Canyon Creek Member and
Sloane Peak Member of the State Bridge Formation are present in this area as well, generally
around 1-5 meters thick. Dips here range from 10 to 60 degrees (Figuréhg. liter attributed
to Laramide-aged folding. The Sloane Peak at Red Canyon (general location on Figure 5.1)

consists of lower to upper fine sand grains, and clear cross bedding (Figgre 5.19
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Figure 5.19. The Sloane Peak Member of the State Bridge Formation at Red Canyon showing
small centimeter-scale ripple laminations.

The Gartra Member of the Chinle Formation is present at the Eagle to Wolcott area (see
Chapter 4 Figure 4.15) and is only a few meters thick. The Jurassic Entrada and Morrison
Formations, Cretaecous Dakota Group, Benton Shale, Niobrara, and Pierre shales are present in

in the Wolcott minibasin as well, however only the first was mapped and observed by the author.
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5.3.d Folding and faulting descriptions

While evaporite collapse is prevalent across the area (Lidke et al., 2002) and is
hypothesized to the be driving force for the large listric normal fault along the north edge of the
Hardscrabble minibasin, the salient structural features in the Eagle to Wolcott area lie in the
Pennsylvanian-aged minibasin scale drape folding and Laramide-aged folding. Shown on cross
section R25 fFigure 5.16) is the Ute Creek Syncline, mapped at the surface through the
Maroon to Niobrara Formations. In the Eagle Valley Formation, dips of up to 30 degrees
overturned lie directly adjacent to dips in the overlying Maroon Formation of 60 degrees not
overturned (Figure 5.15). Furthermore, those overturned dips become right way up just 100s of
meters to the east of the Maroon-Eagle Valley Formation contact (Figure 5.15 and Figure 5.20
The structure is mapped and restored as a Laramide-aged fold, which reaeatbadteckld (see
restoration in Chapter 6)

Beds in the Eagle Valley are very strongly overturned, and remain so when the Ute Creek
Syncline is restored. Drag features and shear deformation at the angular unconformity between
the Maroon and Eagle Valley Formations are not observed, indicating this overturning is not in
part due to the formation of the Laramide fold. This points to an earlier phase of deformation,
which, pre-Laramide, is likely to be salt influenced. This folding is locally interpreted as the

result of salt extrusion at the surface, locally overturning the beds in the Eagle Valley.
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Figure 5.20. Photograph taken on the south side of I-70 looking north about 1 km east of the contact between the Maroon and Eagle
Valley Formations. The Eagle Valley Formation here is in the hanging wall of the aforementioned fault (Figure 5.16
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CHAPTER 6: RESTORATIONS

6.1 Hardscrabble
6.1.a Present Day Structural Configuration

The present day structural configuration of Hardscrabble Mountain is shown in Figure
6.1 (see also section 5.2). It sits south of Gypsum, Colorado between the Gypsum Creek and
Eagle River salt walls. The south side is badioly the Gypsum Creek salt wall and the north
side is bounddby a large, listric normal fault detaching along the edge of the Eagle River salt
wall (Figure 6.1). Cross sections were constructed from field mapping data and constrained at
depth by a seismic profile along Brush Creek running strike perpendicular to the mountain
(Figure 51). Restorations were performed moving back through time from the present day (see
Chapter 3 for methodology), but are shown in Figures 6.2 to 6.6 moving forward through time.
The restoration starts at the initial deposition of the Eagle Valley Evamsioigs the filling of
the Hardscrabble minibasin and Gypsum Creek and Eagle River salt walls, and lastly shows the

Laramide shortening and Cenozoic salt collapse features.

99



Figure 6.1. Present day geologic configuration of the Hardscrabble Mountain minibasin, Gypsum Creek salt wall and Eagle River salt
wall, based on field mapping, published geological maps and constrained at depth by the Brush Creek seismic profile (see Figures 5.8
and 5.9.
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6.1.b Salt Deposition

The Eagle Valley Evaporite was dejped in a shallow, saline trough between the
Uncompahgre and Front Range uplifts. As the Eagle Valley-Minturn-Gothic clastics began
prograding into the basin. Differential loading initiated salt diapirism and minibasin formation

(Figure 6.2).

6.1.c Mid/Late Pennsylvanian Minibasin Development

Salt tectonics continued through Eagle Valley deposition (Figure 6.3), with strong
thickness variability across the north and south flanks of the Gypsum Creek salt wall. Salt was
likely close to the surface, with very steep to overturned dips developed in the Eagle Valley
Formation, resulting in drape folding and development of halokinetic sequences on the north side

of the salt wall.

6.1.d Permian Minibasin Development

Through deposition of the Maroon clastics, the Hardscrabble minibasin was still subsiding
(Figure 6.4). The contact between the Eagle Valley Formation and the Maroon Formation on the
north side of the Gypsum Creek salt wall is a halokinetic unconformity, with up to a 105 degree
angular difference shown in section 3-2gher sedimentation rates during the deposition of the
Maroon Formation led to a thicker roof over the Gypsum Creek diapir, limiting rotation and

drape folding, in contrast with the previous step in the Eagle Valley.
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6.1.e Triassic Minibasin Development

Most of the minibasin subsidence took place during lower State Bridge time (Figure 6.5).
A deep minibasin sits between the two salt walls and likely formed due to differential loading
during the Triassic. Triassic rivers transported sediments across the Eagle Basin, and these were
deposited in the Hardscrabble minibasin as salt withdrew into the growing passive diapirs.
Sediment pathways were likely influenced by ancient structures and the already developed

spatial orientation of the minibasins developed during Maroon and Eagle Valley time.

6.1.f End of Salt Diapirism
The eolian Entrada Sandstone (Figure 6.6), formed in an eolian environment, shows
relatively little thickness and facies variation across the Eagle Basin and is interpreted as having
been deposited in a regionally flat setting. At this point in time, minibasin formation and salt
diapirism wouldSUHVXPDEO\ KDYH EHHQ uVKXW RIIf DQG GHSRVLWL
Morrison and Dakota was isopachous across the basin and close to sea level. At this pre-

Laramide stage, the basement was sitting at ~4,500 meters below sea level.

6.1.g Laramide Uplift

The small basement-involved thrust structure beneath Hardscrabble may have formed
during the Laramide. The salt could have absorbed much of the deformation above this fault,
explaining the present day geometry. The present day section (Figure 6.1) shows no significant
shortening aside from the small basement thrust structure underneath Hardscrabble Mountain
minibasin. During the Laramide Orogeny and subsequent epiorogenic uplift of the Colorado

Plateau (80-5 Ma approximately), the basement in the region was elevated to ~0 meters.
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6.1.h Post-Laramide Salt Dissolution

Sometime after the Laramide Orogeny and most eruption of Miocene to Eocene volanics,
significant salt dissolution occurred to form the normal fault on the north side of Hardscrabble
(Figure 6.1). This was in part due to a period of Rio Grande Rift related extension extending
north into Colorado and regional Cenozoic uplift (Lidke et al., 2002). An estimated ~1,825 meter
tall wedge of salt dissolved from underneath the north end of the Hardscrabble minibasin,
causing a listric fault to propagate down the edge of the Eagle River Salt Wall. This step was
restored using a fault parallel flow method of fault restoration with 15 degrees of angular shear
and 1,825 meters of throw. The salt likely flowed laterally out of the line of section to the surface

and then was removed by dissolution.
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Figure 6.2. ~ 305 Ma, the middle of Eagle Valley Formation time showing potential beginning of the initiation of the Eagle Basin
Pennsylvanian salt tectonics phase

Figure 6.3. ~300 Ma, the end of Eagle Valley time showing further minibasin development during the late Pennsgtiyanian/
Permian. Drape folding and development of halokinetic sequences occur in the Eagle Valley Formation at the crest of the diapi
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Figure 6.4. ~285 Ma, restoration step 3 at the end of Maroon time in the Permian showing the continuation of minibasin development.

Figure 6.5. ~240 Ma, restoration step 4 at the end of State Bridge time in the Triassic showing a depocenter shift to the north during
the Triassic.
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Figure 6.6. ~165 Ma, restoration step 5 at the end of Entrada time in the Jurassic showing the structural configuration at the end of the
Triassic salt tectonics. The small fault underneath Hardscrabble Mountain (Figure 6.1) would form next and then finally, the large
listric fault on the edge of the minibasin would form as salt dissolves in the late Cenozoic (Figure 6.1).
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6.2 Wolcott
6.2.a Present Day Structural Configuration

The present day structural configuration of a portion of the Wolcott minibasin is shown in
Figure 6.7 (see also section 5.2). This cross section sits just north of I-70 shown in Figure 5.15.
This section was constructed using field data collected by the author and the Wolcott USGS
Quad map. Shown on cross section B2y ) L J X UsHhe Ute Creek Syncline and adjacent
area to the east. In the Eagle Valley Formation, dips of up to 30 degrees overturned lie directly
adjacent to dips in the overlying Maroon Formation of 60 degrees not overturned (Figure 5.15).
Furthermore, those overturned dips become right way up just 100s of meters to the east of the
Maroon-Eagle Valley Formation contact (Figure 5.T%his is interpreted to represent two
minibasins/depocenters that collided and were rotated during the formation of the Ute Creek
Syncline during the Laramide Orogeny. Restorations were performed moving back through time
from the present day (see Chapter 3 for methodology), but are shown in Figures 6.8 to 6.13
moving forward through time. The restoration begins with the Eagle Valley Formation aged
minibasins and halokinetic deformation, the deposition of Permian through Cretaceou
sediments, and lastly shows Laramide shortening in the form of a reactivated weld and

associated fault propagation fold.
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Figure 6.7. Present day structural configuration of the Ute Creek Syncline and adjacent
geometries. Note overturned Eagle Valley Formation directly adjacent to right way up Maroon
Formation in the center of the cross section. Note that these beds in the Eagle Valley become
right way up about a kilometer from this contact.
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6.2.b Salt Deposition

The Eagle Valley Evaporite was depesiin a shallow, saline trough between the
Uncompahgre and Front Range uplifts. As the Eagle Valley-Minturn-Gothic clastics prograded
into the basin, primarily in this location from the adjacent Front Range uplift to the east,
differential loading initiated asymmetric salt diapirism and minibasin formation (Figure 6.8).

Two minibasins have formed on either side of the growing salt diapir at this stage.

6.2.c Eagle Valley Formation Minibasins and Salt Tongue Movement

At this time, salt was probably very close to the surface and a thin roof sequence existed.
Beds within the western minibasin are steeply dipping to overturned at this phase, indicating the
salt was either flaring or a lateral salt tongue extruded to the west. This would locally overturn
the beds below the salt tongue as shown at this stage (Figure 6.9). The minibasins on the East is

relatively unchanged at this point in time.

6.2.d Permian Deposition

During the Permian, the lack of thick Maroon sediments suggests salt tectonics was
completely shut off in this part of the basin. During deposition of the Eagle Valley Evaporite,
this area was in close proximity to the Ancestral Front Range uplift. This location would have
caused more clastics to have been deposited in the salt section than in the center of the basin.
This would slow salt flow in the area, coupled with a rapid decrease in loading as the Ancestral
Rocky Mountain uplifts ceased, passive diapirism and salt wall growth would have stopped in
the northern part of the Eagle Basin. A thin section of <200 meters of Maroon Formation was

deposited at this time probably associated with regional flexural basin subsidence. Over time, the
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Eagle Valley aged diapir slowly shrinks in area as salt is evacuated elsewhere, potentially out of
the plane of the cross section as there is abundant evaporite at the surface in this area of the basin

(Figure 6.10).

6.2.e Triassic Deposition and Salt Evacuation

The State Bridge through Chinle Formations were deposited as thin, continuous
sequences over this area of the basin as the process of flexural basin subsidence slowed during
this time (Figure 6.11). Salt is slowly evacuating out of the diapir at this stage, potentially

moving laterally out of the plane of the cross section.

6.2.f Jurassic- Cretaceous Deposition and Salt Evacuation

The Entrada through Niobrara were deposited continuously across the northern edge of
the Eagle Basin during this time. Prior to the Laramide orogeny, the shape of the Pennsylvanian-
Permian salt diapir is interpreted to have been significantly modified at this stage by salt

evacuation to the surface or in the plane of the cross section (Figure 6.12).

6.2.g Laramide Salt Weld Reactivation

During the Laramide orogeny, a thrust fault is interpreted to have formed along the small
amount of salt left, forming a weld which provided a plane of weakness for the shortening to take
advantage of. This process (Figure 6.13) would have carried and rotated the minibasin in the
hanging wall, and further rotated the minibasin in the footwall, while salt may have flowed out of
the plane under the fault. The fault would not have broken out through the Eagle Valley
Formation, but the shortening would have propagated up through the overlying formations to

form the fault propagation fold (Ute Creek Syncline) seen at the surface today. As the fold was
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forming, space in the center of the fold may have been generated and salt might thicken into that
space, as shown by the thicker salt in the core of the structure in Figure 6.13.

This fault and fault propagation fold are interpreted as a Laramide backthrust as seen at
the Sweetwater anticline. Regional studies from Yonkee and Weil (2015) and Granath et al.
(2018) show backthrusting to the west is common in this section of the Laramide Orogenic Belt.
The Sweetwater Anticline (Figure 6.14) is northwest of the study area (Figure 6.15) and shows
the same surface geometry (overturned limb to a more gently dipping limb) and verges to the
northwest as does the restored Ute Creek Syncline. The Sweetwater Anticline includes strata
from the Mississippian limestones, to the Belden Formation, up through the Minturn Formation,
and dies out in the evaporite facies, as shown on the USGS Dotsero Quad map. Across the basin,
the basement was uplifted about ~2,500 meters during the Laramide and later uplift of the
Colorado Plateau. During the uplift, the top half of the Ute Creek Synchsenaded to the

present day geometry, while most of the Sweetwater Anticline has been preserved.
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Figure 6.8. ~305 Ma, step 1 of the Wolcott restoration. A small diapir has formed with the Eagle Valley Formation sitting in two small
minibasins around it. Strata gently drape onto the diapir at this stage.
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Figure 6.9. ~300 Ma, step 2 of the Wolcott restoration. The diapir has developed into a salt tongue, causing the strata within the
western minibasin to overturn.
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Figure 6.10. ~290 Ma, step 3 of the Wolcott restoration. The salt tongue would be welded at this stage, salt diapirism would be shut
off, and the overturned beds in the Eagle Valley Formation would remain overturned as the Maroon Formation is thinly and
continuously deposited over it.
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Figure 6.11. ~240 Ma, step 4 of the Wolcott restoration. The State Bridge Formation is deposited thinly and continuously. The diapir
starts shrinking, with potential salt flow out of the plane of the cross section.
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Figure 6.12. ~130 Ma, step 5 of the Wolcott restoration. The Cretaceous Dakota Group was then deposited continuously and the diapir
continues to shrink, nearing a primary weld.
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Figure 6.13. Step 6 of the Wolcott restoration. The Benton Shale and Niobrara (not shown here)
would have been deposited. In the Late Cretaceous to Paleogene, the Laramide Orogeny
shortened much of Colorado. A backthrust took advantage of the nearly welded salt and detached
along the edge of the salt. This rotated and translated the exisiting minibasins and folded the
strata above them. Final geometry is seen in Figure 6.7. Note: salt could be locally thickening

into the core of this fold.
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Figure 6.14. The Sweetwater Anticline north of Gypsum, CO. This is a field analog for the Laramide-aged Ute Creekisyncli
Wolcott, CO. Located on Figure 6.15.
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Figure 6.15. Location of the Sweetwater Anticline relative to field area in Colorado (top) and
relative to minibasins, salt, and the ancestral and Laramide uplift (Jottom

119



CHAPTER SEVEN: DISCUSSION

Figure 7.1. Map displaying important structural features during the time of Eagle Valley
Evaporite deposition: Ancestral Rocky Mountain uplifts, depositional extent of exporite facies in
grey, salt walls in blue.

7.1 Overall Evolution of the Northern Eagle Basin

As the Uncompahgre and Ancestral Rocky Mountain uplifts grew during the
Pennsylvanian, the Eagle Basin formed contemporaneously with the Paradox Basin to the
southwest (Figure 7.1). The Eagle Valley Evaporite was deposited in a shallow, subaerial

environment, with an estimated 2,500 meters of initial depositional thickness in the deepest part
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of the basin (see section 6.1). The halite sequences were deposited inl& ¢yakes of 13

halite intervals (Champlin Black #1 well), with clastics and carbonates interfingering with the

salt sequence (Schenk, 1992). The clastics of the Eagle Valley, Minturn, and Gothic Formations
were shed off of the Front Range and Uncompahgre uplifts. Differential loading of these
sediments is thought to be the initial trigger for salt withdrawal and minibasin development in

the Eagle Basin. Salt began moving as a result of differential loading of these clastics, analogous
to the interpretation for minibasin evolution in the Paradox Basin (Kluth and Duchene, 2009;
Trudgill 2011), whose differential orientations were likely affected by paleotopography and the
locations and orientations of the Ancestral Rocky Mountain uplifts (Figure 7.1).

The Pennsylvanian-Permian Eagle Valley Formation aged minibasins (Figure 7.2) sit in
the northeast and southwest regions of the Eagle Basin, closest to the ancestral uplifts. The
northeast portion of the Eagle Basin primarily experienced an Eagle Valley-aged phase of salt
tectonics, with halokinetic deformation only observed in that formation. Diapirism is presumed
to have shut off by the end of the Eagle Valley Formation deposition, as the Maroon and later
formations are deposited thinly and continuously across the area (see section 6.2). This could be
the explained by two hypotheses: G XH WR LWVY FORVH SUR[LPLW\ WR WKH
uplift, the Eagle Valley Evaporite section may be more halite-poor and clastic-rich than the
center basin evaporites, therefore less mobile and/or 2) the depocenters shifted away from the
area and sediment deposition bypassed this region, significantly decreasing the load on the salt.
In areas of the northern Eagle Basin, only small depocenters of Eagle Valley Formation are
observed sitting in salt. These interpreted as representing the basal sequences of deeply eroded

minibasins.
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The southern portion of the basin has Eagle Valley through Maroon and locally State
Bridge aged minibasins. During Triassic State Bridge and Chinle deposition, minibasin
development shifted towards the center of the basin, with the youngest, Hardscrabble minibasin,
containing vastly overthickened sections of State Bridge and Chinle Formation. The concept of
3ILO O D Quuutvadd Dudhene, 2009) could have applied here and Hardscrabble minibasin
would be the last minibasin to evacuate and fill. However, as Hardscrabble contains hook
halokinetic sequences composed of diapir-derived detritus in the Eagle Valley Formation, it is
not only the youngest but probably the longest-lived minibasin in the Eagle Basin. These hook
halokinetic sequences would have formed when the Eagle Valley Formation comprised a thin
roof over the diapir and the diapir was close to the surface. At the field scale, no composite
halokinetic sequences were seen. However, based on map patterns across the basin, the angular
unconformities observed, and the notion that some minibasins have been deeply eroded, a pattern
of tabular halokinetic sequences is certainly possible.

The Laramide Orogeny uplifted the Sawatch, Front Range, and the White River uplifts,
(Figure 7.2), with strong thickening of the crust sensu Granath et al. (2018) (see Figuke 2.8
the sites of the uplifts, the Paleozoic and Mesozoic formations are shortened and commonly
eroded. By contrast, the minibasins themselves often show little evidence of Laramide
shortening, despite being uplifted by several kilometers, the existing salt in the basin probably
accommodated some shortening and provalediffer to shortening in the minibasins (see

Figures 1.8 and 1.9).
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Figure 7.2. Map displaying pertinent structural features in the Eagle Basin and the age
relationships between minibasins. Red = Penn-Permian age, Orange = Permian age, Yellow =
Triassic age, bright blue = salt.

Moving into the later Cenozoic, uplift continued post-Laramide. The Rio Grande rift
extended north and caused extension and exhumation resulting in salt dissolution and collapse

(Lidke et al., 2002).

7.2Basinwide Implications

The Hardscrabble minibasin is not necessarily the youngest, but certainly appears to be the
longest-lived minibasin, with a significant overthickening of the Triassic State Bridge and Chinle
but also, clear halokinetic deformation in the Eagle Valley clastics (see section 5.2). The
minibasins to the north, like Wolcott are older and relatively fairly short lived. Autochthonous
salt is prevalent in the area and small Eagle Valley depocenters represent deeply eroded

minibasins rather than deep, welded minibasins present in the south around Aspen (Pearigen,
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2019). This leads to a better understanding of the progression of sedimentation across the Eagle
Basin through time, indicating a potentially complex 4D evolution of minibasins across the basin
(Figure 7.3) rather than progradation in one direction as interpreted for the Paradox Basin
(Figure 7.4, Kluth and Duchene, 2009).

Thrust structures across the basin could be salt cored, or reactivated welds. Secondary salt
welds are seen both in this study at Wolcott and by Pearigen (2019) at Woody Creek. With a
growing body of evidence for reactivated salt welds in the basin, other shortened structures like
the Grand Hogback may be investigated with the idea that salt may have also played a role in

these basin margin structures.

Figure 7.3. Conceptual illustration of progradation style in the Eagle Basin through 1) Eagle
Valley time, 2) Maroon time, 3) State Bridge time. Progradation occurs from both ancestral
uplifts and youngs to the center of the basin.
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Figure 7.4. From youngest profile to oldest profile, the progradational style in the Paradox Basin
from the Uncompahgre uplift (right) to the basin center and distal edge of the basin (left).
Progradation in the Paradox Basin is strongly SW oriented away from the Uncompahgre uplift,
in contrast with the Eagle Basin. Modified from Kluth and Duchene (2009).

7.3 Impact on Laramide Shortening

Referring to the Wolcott restoration, many Laramide-aged folds likely took advantage of
welded salt structures, as they provide a plane of weakness for faults to slip on. Referring to
GranathHW D O fcvoss section along the 1-70 transect, there is significant shortening and
deformation at the location of the Grand Hogback, and to the east along the Gore Range. There is
subtle shortening within the Eagle Basin, even though the decollement level is interpreted to be
relatively consistent through the area. This relative lack of clear Laramide age shortening within
the northern Eagle Basin could be related to the presence of thick salt here. The salt may have
accommodated some of this shortening in the form of squeezed diapirs, colliding minibasins

(Figure 7.6 and 7.4), and evaporite flowage and dissolution at the surface. The first two are
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Secondary
weld

Figure 7.5. Restored section from the Pyrenees showing a similar asymmetric weld to the
Wolcott section, with two colliding minibasins. (Modified from Saura et al., 2015).

observed across the Eagle Basin; e.g. in Wolcott where the squeezed diapir could have been the
reactivation point for a Laramide fold. Colliding minibasins are also obsengedj@ng the

Wolcott restoration, as they were translated and tilted in at least two dimensions, and in the

'RRG\ &UHHN PLQLEDVLQ ZKLFK LV Vwrigmaah@Re&tiBeW, DWHG IURF
2019). This is observed in many other basins (Figure 7.6) and most often associated with

shortening of preexisting salt structures and minibasins. Hardscrabble minibasin exhibits less
evidence of Laramide shortening and is still badioly two large salt walls. The collision point

with the Bellyache Minibasin (Figure 7.2) looks to be related to extension and collapse in the

area as mapped by Hubert (1954) and shown in regional sectibf{#ee section 5.1).
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Figure 7.6. Interactions between minibasins during and after shortening in the Precaspian Basin.
A) Map view of orientation of minibasins before and after shortening. They may translate in any
direction and/or collide, forming secondary welds. B) Cross section of minibasins and overlying
sediments before, during, and after shortening. Salt walls may be squeezed to form vertical
secondary welds where minibasins collide, and minibasins may rotate. In the final stage of
shortening, vertical secondary welds may be reactivated as thrust faults. (Modified from Duffy et
al., 2017).

127



7.4 Comparison to the Paradox Basin

The evaporite intervals of the Eagle Basin and the Paradox Basin were deposited in the
Atokan-Desmoinesian (Schenk, 1992; Barbeau, P@@& about the same areal extent and
similar cycles of halite and clastics (see Figure 7.1 and Champlin Black #1 Well, Schenk, 1992;
Barbeau, 2003). Today, both basins are defined by a series of salt walls and mirib#sens
Paradox Basin, the salt walls are strongly oriented NW-SE (Figure 7.1), while in the Eagle Basin
the salt walls run both NW-SE and occasionally N-S (Figurge Tt minibasins are oblong to
circular in map view between salt walls, and exhibit the same level of variability. In bothtcases
is hypothesized that complex differential loading of sediments into the Eagle Basin from two
adjacent Ancestral Rocky Mountain uplifts led to a more complicated evolution of salt walls and
minibasins in the Eagle Basin compared to the Paradox Basin.

In detail, the two basins have differences which are likely related to the ancestral Rocky
Mountain structure and evolution. The Paradox Basin formed as a flexural foreland basin
southwest of the Uncompahgre uplift and is unbound on the other flank (Figure 7.1), while the
Eagle Basin is bound by both the Uncompahgre and Ancestral Front Range uplifts. This
structural configuration caused minibasins in the Paradox Basin to form progressively from the
NE to SW (Kluth and Duchene, 2009; Trudgill, 2011). Minibasins young successively to the SW
in the direction of progradation off of the Uncompahgre uplift, so correlation between minibasins
may not be accurate and formations filling them may not be age-correlative (Kluth and Duchene,
2009).

In the Eagle Basin, the minibasin age progradation is more complex and less well
understood. Being bound by two uplifts instead of one, the basin received sediment from both

highlands (Figure 7.1), h progradation and sediment loading from both the SW and the NE
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(Figure 7.3). This is observed in the field as minibasins generally younging towards the center of
the basin (Figure 7.2). Hardscrabble minibasin contains vastly overthickened sequences of lower
State Bridge Formation, whilst still having halokinetic folding in the Eagle Valley Formation
sediments adjacent to the Gypsum Creek salt wall. This suggests that minibasins began forming
all across the basin in the Pennsylvanian to Permian, but were generally filled and/or welded
much more quickly closer to the sediment source at the uplifts. These older, welded nsnibasin
were then generally bypassed, as younger Triassic age sediments were ponded in the basin center
where thick salt evacuated to produce overthickened younger sequences.

Diapirism was short-lived in the northeast area of the Eagle Basin. Potentially H¥ ¥
close proximity to the ancestral Front Range uplift, the Eagle Valley Evaporite section may be
more halite-poor and clastic-rich than the basin center evaporites and therefore less mobile. This
is seen in the Paradox Basin close to the Uncompahgre uplift on the northeastern flank of the Salt
Valley salt structure (Trudgill, 2011). Halite content decreases dramatically on the northeastern
flank of the Salt Valley salt structure, which is three times wider than the other salt structures in
the basin (Trudgill, 2011). The low percentage of halite in the Paradox Formation at the location
of the Salt Valley salt wall caused the interval to be less mobile and develop in a wider, pillow-
shaped structure, similar to the Eagle River salt wall seen in regional cross se&ifn A-LIJ X UH
5.3) (Trudgill, 2011). In the Eagle-Wolcott area, large, wide volumes of salt are still present and
Eagle Valley Formation aged minibasins are smaller and shallower than the minibasins in the

center of the basin.
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CHAPTER EIGHT: CONCLUSIONS AND FUTURE WORK

8.1Conclusions

Salt walls and associated minibasins are present across the northern Eagle Basin. Salt walls
are generally oriented either ENE to WSW or NNE to SSW, with oblate minibasins sitting
between them. Drape folding and halokinetic sequences, localized overturning, strike variation
along salt walls, brecciated debris adjacent to salt bodies, and angular unconformities all indicate
a phase, or multiple phases, of salt tectonics extending from late Pennsylvanian (~305 Ma)
through the Triassic (225 Ma).

Around Eagle, CO, there is a massive body of salt at the surface with only occasional, small
Pennsylvanian depocenters sitting within it. These are interpreted as the deeply eroded remnants
of former minibasins. Salt walls are up to 2,500 meters tall, close to depositional thickness of the
HYDSRULWH LQWHUYDO $GGLWLRQDOO\ VDOW KDV EHHQ GL\
displayed by asymmetric salt walls, primary and secondary welds, dissolution at the surface, and
formation of minibasins indicating flowage of evaporites over time.

Thickness and facies variations in the overlying Pennsylvanian-Triassic units are
documented, and occasionally vary significantly from the research in the central Eagle Basin
(Pearigen, 2019). The Maroon Formation is remarkably thin (<500 m) across much of the
northern Eagle Basin, while it is an order of magnitude thicker in the south (up to 4,500 m;
Pearigen, 2019). In contrast, overthickening of Triassic sequences is present in the central area of
the Eagle Basin and particularly at Hardscrabble Mountain and Woody Creek where thickness of
the State Bridge Formation reach >1,500 m; 10x the thickness recorded elsewhere. Salt-related
halokinetic deformation is present within the Pennsylvanian Eagle Valley Formation across the

entire basin, suggesting salt tectonics initiated as or right after the salt was deposited. In the
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northern Eagle Basin, the Eagle Valley Formation is the only formation that shows evidence of
localized halokinetic drape folding. The hypothesized minibasin progradation relationship is
towards the center of the basin driven by sediment loading sourced from both the Uncompahgre
and Front Range uplifts.

Earlier sites of salt deformation were later reactivated as Laramide thrusts and present
unusual map and cross section geometries. In the Wolcott and Woody Creek minibasins this is
most apparent, as they sit closer to the Gore Range and Sawatch uplifts involved in the Laramide
shortening. Some areas of the basin i.e. Hardscrabble Mountain, seem to be minimally affected
by shortening. Across the basin, it is hypothesized that the salt walls provided a buffer for

shortening and absorbed much of the later deformation across the basin.

8.2 Recommendations for Future Work

1. Continuation of structural and stratigraphic mapping across the greater Eagle Basin,
specifically to the far west edge of the basin along the flank of the Grand Hogback, and
GLUHFWO\ WR WKH QRUWKZHVW RI thekvolulotwikhe UTV VWXG\
minibasins and salt structures along the flank of the White River Uplift.

2. Provenance studies of the Gartra and Toner Creek conglomerates to determine
relationships and compare/contrast. This will allow for future mapping work to be more
focussed and accurate in determining the extent and origin of the mid-Triassic
unconformity.

3. A provenance study of the Schoolhouse Tongue of the Weber Sandstone and Sandstone
of the Fryingpan River to determine depositional environments and potentially correlate

the two systems. This will allow for future mapping work to be more accurate in relating
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these two units and determining the timing of minibasin development above and below

these sequences.
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APPENDIX A

Appendix.A. Map showing locations of the following thin sections.
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Sample ID: RC-1
Location: 39.70475196, -106.7374666
Formation: Schoolhouse Tongue of the Weber Sandstone
2.5x mag, PL 2.5x mag, XPL

Notes: Mineralogy is comprised of quartz, microcline, biotite, illite, and occasional calcite. This
sample is poorly sorted with sub-angular to sub-rounded grains. Grains are 1 mm in size to less
than a micron. In hand sample, clear upward-coarsening laminae are seen. Classified as a poorly
sorted subarkose sandstone.

Sample ID: RC-2

Location:39.70475196, -106.7374666

Formation: Schoolhouse Tongue of the Weber Sandstone
10x mag, XPL

Notes: Mineralogy is comprised of quartz, microcline, and biotite and muscovite. This sample is
moderately sorted and consists of sub-angular to sub-rounded grains. Classified as a moderately
sorted subarkose sandstone.
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Sample ID: RC-3
Location: 39.70610698, -106.7395423
Formation: South Canyon Creek Member
10x mag, PL 10x mag, XPL

Notes: Carbonate and sulfur-rich mud with dissolution pores. Calcite and quartz occasionally fill
the pores. Iron-rich muds are also present and nodules of iron. Classified as a hematite sulfur
carbonate mudstone.

Sample ID: RC-4

Location: 39.70648765, -106.7400911

Formation: Sloane Peak Member of the State Bridge Formation
10x mag, XPL

Notes: Mineralogy consists of quartaud, feldspar, and muscovite. Some zircon can be seen as
well Grains are sub-rounded, moderately to well-sorted, and 0.5 to 1 micron in size. Potentially a
few upward-fining cycles. Classified as a subarkose sandstone.
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Sample ID: RC-5

Location: 39.70653524, -106.739997

Formation: Garta Member/Toner Creek Member
4x mag, XPL

Notes: Mineralogy is primarily quartz and lithics. Clast-supported conglomerate with occasional
silt to clay, iron-rich matrix and pores. Grains are moderately sorted, angular, and range from
0.75 mm to 1.5 mm in size. Classified as a litharenite conglomerate.

Sample ID: HS-1
Location: 39.55110368, -106.9378005
Formation: Maroon Formation

10x mag, PPL

Notes: This sample is comprised of very fine-grained mud and carbonate i.e. calcite. Millimeter-
scale fractures are present and seem to be lined with some mud. Very small pores exist as well as
nodules of opaque€lassified as a mudstone.
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Sample ID: HS-4
Location: -106.736461, 39.48150372
Formation:Lower State Bridge Formation
10x mag, PL 10x mag, XPL

Notes: Mineralogy is comprised of quartz, microcline, lithics, and biotite and muscovite. This
sample is moderately sorted and consists of sub-angular to sub-rounded grains. Classified as a
moderately sorted subarkose sandstone.

Sample ID: HS-11
Location: 39.5155387, -106.8940277
Formation: Eagle Valley Formation
4x mag, PL 4x mag, XPL

Notes: Mineralogy is comprised of illite and iron-rich silts, quartz, gypsum calcite, microcline,

and muscovite. This sample is very poorly sorted and grains are subangular, with diffuse grain
boundaries in the gypsum. The cement looks to be hematite. Classified as a poorly sorted quartz
gypsiferous siltstone.
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Sample ID: HS-14
Location: -106.8905417, 39.51221441
Formation: Eagle Valley Formation
10x mag, PL 10x mag, XPL

Notes: Mineralogy consists of quartz, feldspar, biotite, and occasional calcite. Poorly sorted and
sub-angular grains. Grains are <0.5mm in size. Iron-bearing muds occasionally cement this
sample. Calcite litharenite sandstone.

Sample ID: HS-15
Location: -106.8940277, 39.5155387
Formation: Eagle Valley Formation
4x mag, PL 4x mag, XPL

Notes: Mineralogy consists of iron-rich muds, quartz, muscovite and biotite, calcite, and
microcline. This sample is moderately sorted with rounded to subangular grains. Grains are
oriented roughly from the right to the left diagonally. Classified as a mica, calcite, subarkose
sandstone.
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Sample ID: HS-16
Location: -106.8900368, 39.51263283
Formation: Eagle Valley Formation
10x mag, PL 10x mag, XPL

Notes: Mineralogy consists of quartz, iron-rich muds, calcite cement, and some microcline.
Bedding is graded with 0.5 mm grains to the bottom of the section and <0.1 mm grains to the
top. Classified as a calcite litharenite sandstone.

Sample ID: HS-17
Location: -106.6385943, 39.65425313

Formation: Lower State Bridge Formation
4x magPL 10x mag, XPL

Notes: Mineralogy consists of quartz, iron-rich mud, biotite and muscovite, and feldspar. Grains
are sub-rounded to sub-angular, moderately sorted, and have 2 cm wide cross beds with
intermittent mud layering. Coarse, mica-rich beds of 2 microns in thickness are interbedded with
finer grained, muddier beds of similar thickness. At the centimeter scale, well-defined cross
bedding is visible. Classified as a hematite litharenite sandstone.
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Sample ID: HSW
Location: 39.55732553, -106.9353139
Formation: Lower State Bridge Formation
10x mag, XPL 10x mag, XPL

Notes: Quartz, calcite cement, and muscovite. Grains are ~0.2 mm in size and subrounded. This
sample is fairly well sorted and cement-supported. Classified as a calcite quartz arenite.

Sample ID: SCC
Location: 39.67099335, -106.6425263
Formation: South Canyon Creek Member of the State Bridge Formation
2.5x mag, PL 2.5x mag, XPL

Notes: Carbonate and sulfur-rich mud. Calcite and quartz are present as well as iron-rich muds
and nodules of iron. Classified as a hematite sulfur limestone.
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Sample ID: SCC-2

Location: 39.67099335, -106.6425263

Formation: South Canyon Creek Member of the State Bridge Formation
2.5x mag, PL 2.5x mag, XPL

Notes: Carbonate and sulfur-rich silts with dissolution pores. Dolomite, calcite, and quartz are
abundant, and reach 1 mm in size lining dissolution pores. Some of the calcite looks to be
overgrowth. Classified as a hematite sulfur dolomitic limestone.

Sample ID: GT
Location: Wolcott Minibasin39.67655097, -106.6420573
Formation: Garta Member/Toner Creek Member
10x mag, PL 2.5x mag, XPL

Notes: Clasts of redbeds from 1 mm to 5 mm in size containing lithics: quartz, feldspar, hematite
cement, and some calcite. Occasional clasts of limestone/calcite overgrowths as well. In outcrop,
clasts are up to cobble size. Classified as a calcite litharenite conglomerate.
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Sample ID: G
Location: Hardscrabble Mountai89.49819988, -106.838369
Formation: Eagle Valley Formation
2.5x mag, PL 2.5x mag, XPL

Notes: Heavily brecciated sample. Iron-stained carbonate blocks compose some of the clasts
with a quartz, mud, and calcite matrix. Dissolution-derived pores are lined with coarser (3
micron roughly) calcite grains. Classified as calcite quartz conglomerate.

Sample ID: SP
Location: Wolcott Minibasin, 39.67478186, -106.6446102
Formation: Sloane Peak Member of the State Bridge Formation
10x mag, PL 10x mag, XPL

Notes: Mineralogy consists of quartz, muscovite, opaques, and iron-rich mud cements. Grains
are <10 microns in size and well sorted. Most grains are sub-roundeddogsidr- Classified
as a hematite quartz arenite.
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Sample ID: DT
Location: Dotsero Minibasin
Formation: Eagle Valley Formation
4x mag, PL 4x mag, XPL

Notes: Mineralogy consists of quartz, mica, microcline, calcite cement, and opaques. This
sample is very poorly sorted with grains from 0.1 mm to >1 mm in size, and are mostly quite
angular. Classified as a calcite subarkose conglomerate.
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APPENDIX B

Figure B.1. Measured section #1 on the south side of Hardscrabble Mountain located on Figure
5.6, in the Maroon Formation.
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Figure B.1. continued.
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Figure B.1. continued.
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Figure B.1. continued.
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Figure B.1. continued.
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Figure B.1. continued.
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Figure B.1. continued.
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Figure B.1. continued.
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APPENDIX C

Figure C.1. Measured section #2 along Bellyache Ridge in the Bellyache Minibasin (see Figure
5.1 for general location), from the Weber Sandstone through the Chinle Formation.
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Figure C.1. continued.
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Figure C.1. continued.
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APPENDIX D
SUPPLEMENTAL FILES
The supplemental files of this thesis include high-resolution figures that are too large to
be included in the text of the thesis. The table below shows the file names and descriptions of the
files. Files are located on the Mines serveY ACERSEGE\Common\Courses\BH203\Savannah

Eagle Basin Data.

Table D.1. Supplemental file names and descriptions in this thesis.

File Name File Description

2021 Eagle Basin_Map.pdf Geologic map of the study area

Restoration_1.pdf Restoration R15 { &n@ continuous
document for reference

Restoration_2.pdf RestorationR25 1 LQ RQH FRQW
document for reference

MS_1.pdf Measured section #1 in a continuous
document

MS_2.pdf Measured section #2 in a continuous
document

Thin_Section_Locations.pdf Locations of thin section samples

Folder: Thin_Section_Photos Folder containing high-resolution images of

thin sections
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APPENDIX E

COPYRIGHT PERMISSIONS

This Appendix provides copyright and fair use permissions for figures used in this thesis

that are published elsewhere and not created by the author.

Table E.1. Figure numbers and description of copyright permissions.

Figure Number and Reference

Copyright Permissions

Figures 1.3. Rowan et al., 2016

AAPG Bulletin Fair Use (Figure E.1)

Figures 1.4 + 1.5. Giles and Rowan, 2012

Geological Society of London (Figure E.4

Figure 1.7. Duffy et al., 2018

Elsevier agreement (Figure E.6)

Figure 1.8 + 7.6. Duffy et al., 2017

Creative Commons License (Figure E.5)

Figure 1.9 + 1.12. Rowan and Vendeville, 20(

Elsevier agreement (Figure E.8)

Figure 1.10 + 1.11. Parravano et al., 2015

SEG Fair Use (Figure E.2)

Figure 1.13. Hudec and Jackson, 2006

GSA Fair Use (Figure E.3)

Figures 2.1, 2.3, + 2.6. Blakey, 2009

Permission from RMAG (Figure E.10)

Figure 2.5. Hite and Buckner, 1981

Permission from RMAG (Figure E.10)

Figure 2.8. Yonkee and Weil, 2015

Elsevier agreement (Figure E.7)

Figure 2.9. Granath et al., 2018

AAPG Bulletin Fair Use (Figure E.1)

Figure 2.10. Scott et al., 2002

GSA Fair Use (Figure E.3)

Figure 2.12. De Voto et al., 1986

Permission from RMAG (Figure E.10)

Figure 5.8. Scott et al., 1999

GSA Fair Use (Figure E.3)

Figure 7.5. Saura et al., 2015

AGU Fair Use (Figure E.9)
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Figure E.1.$$3*TV IDLU XVH SROLF\ L@Gé Eipwd f@dh dh@APXWKRU PD
publication without formal permissions.
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FigureE2.6 (*fV IDLU XVH SROLF\ LQGLFDWLQJ DQ DXWKRU PD\ XV
with no formal permissions.
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Figure E3.*63$qMV IDLU XVH SROLF\ LQsé Ll figdréd/ftof & puXivatoR wittiolr D\ X
formal permission.

FigureE4.*6/fV IDLU XVH SROLF\ LQGLFDWLQJ DXWKRUV PD\ XVH
without formal permission.
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Figure E.5. Permission to use figures from Duffy, 2017 in the Journal of Structural Geology.
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Figure E.6. Permission to use figures from Duffy, 2018 in the Journal of Structural Geology.
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Figure E.7. Permission to use figures from Yonkee and Weil, 2015 in the Earth-Science
Reviews.
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Figure E.8. Permission to use figures from Rowan and Vendeville, 2006 in Marine and
Petroleum Geology.
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Figure E.9. Permission to use figures from Saura, 2015 in Tectonophysics (AGU Publication).

Figure E.10. Permission to use figures from RMAG.
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