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ABSTRACT

The Wattenberg Field temperature anomaly solidified the field as the largest hydrocarbon producer in
the Denver Basin and has spurred industry interest in using the field for geothermal energy and CCUS.
While the presence and impact of the hot subsuréanpdrature anomaly is known, the cause of the
anomaly is not. This study proposes that heat from northe@sddsrado Mineral Belt intrusionsas
conducted to reservoir rocks in the Greater Wattenberg Area via the subsurface circulation and migration
of hydrothermal fluids along fielavide fault zones. Using core description, XRF, thin section
microscopy, and FESEM analysis, pervasive hydrothermalfagh interaction was observed in the
Permian Lyons Formation. The Lyons Formation is the host of vasi@usinerals that are found to have
been emplaced and nucleateesim t u : 1) low fLémperaubfedésd2pyrite,
sphalerite and gal ena; 2)25 nt esrunhefdairasthieAsiBdeensp eorfa ttuhre
system, including gersdorffie , ni ckel i ne, and clinosafflorite; an
sulfide chalcopyrite. Ore mineral emplacement is accompanied by various intermediate temperature
(>15D00 ) gangue mineral alteration ndggeaon®fuch as
Fe-Mg-metalrich clays.

Spatial relationships between ore minerals of differing temperature regimes indicate that at least three
episods of hydrothermal mineralizatiasccurred. By comparing the timing of northeastern CMB
intrusions withthe timing of dissolutiofreprecipitation events in the Lyons, hydrothermal interaction is
interpreted to have occurred in Wattenberg Field from the late Paleocene to late Miocereriindamegat
conduction between hydrothermal fluids and the Greater Wadtg Area sedimentary succession was
facilitated by the high thermal conductivity of the Lyons Formatiobg8/m*K1) and maintained by
the thick, insulating Mesozoic sedimentary successigitimately causing the Wattenberg Field
temperature anomaly.

Hydrothermal fluidrock alteration begets critical implications for CCUS and geothermal activity in
Wattenberg Field. Operators should investigate potentially detrimental chemical reactions that could
occur between sequestered gases, sulfides, and solthes. Geothermal system designs should account
for potential dissolution and remobilization of cementing metals that could alter reservoir characteristics
and release metals to the groundwater supply. Overall, understanding the distribution and impact of

hydrothermal alteration will improve energy exploration strategies in the Greater Wattenberg Area.



TABLE OF CONTENTS

3 I\ PP Lii
LIST OF FIGURES. ... et e et eme e e e e e e e e e e s e e ea s emmmrea e ea e en s en s en e en e ensen s emmrenns Vi
LIST OF TABLES . ...ttt ettt et e e e mme e e e e et et e e et e e e s emmme e e e eeaeneennenaeneensammnennns Xi
ACKNOWLED GMEN T S .. ettt eem e e et e e e e e e emm e e e e e e e e e e e e e e e e ammmn s e een e e s e aenennnenns xii
[0 I (@ N [ ] PR Xiii
CHAPTER 1  INTRODUCGCTION ...ttt mir e e a e s nr s s s st s e st s a s amne e a e a s e ees 1
1.1 ODJECHVES @NU PUIMDOSE. .. .uuuieiiiiiiei s i ettt ettt ettt et ee e aeees e s s s s e e e e s e eeaaaeaaaeeeeemeereresenennne 2
1.2 SHUAY ATC@.. ittt ettt e oo rmme e e e e ettt e e e e e e e ammn e e et e e e e e nnes 3
1.3 Dataset & MENOUS ........uuiiiiiiiiiiiiee et e e e e e e e et eenasbb e e e e eeeeas 3
IO Tt R O o 1 {3 B 1= ox 1 o 1 0] o PP PPPPPPPPR 3
1.3.2 SUDSUITACE MAPPING .. . eettiieieiiiiiiitttireerie ettt e e e e e e s s eeenr e e e e e e e e e s nnnbbb e e e e eeersreeeeeeeens 6
1.3.3 X-RAY FIUOIESCEINCE......ceiiiiiiiiiiiiit ettt eeenb e e e e e e e e st eeeersreeeaeeeeas 7
1.3.4 Thin Section Petrography.......ccccooiiiiii e mrne e e e e e e e e e e e e e e e e e e e e e e s aeenaaans 7
1.3.5 StatistiCal ANAIYSIS.......ccooiiii i e e e e e e e e e e e e e e e e e e e e e e e aeana 8
1.3.6 Field Emission Scanning Electron MiCrOSCORY............covviiiiiiiieemiiiiciiieceeeee e eee e e 9
CHAPTER 2 GEOLOGIC OVERVIEW.. ... et eme et e e meme e e e e e e n e n e amenees 10
2.1  Greater Wattenberg Area Stratigraphy..........ooovvviiiiiiiice e 10
2.2 Greater Wattenberg Area Tectonic HisStary............cooeei i e reee e 13
2.3 Colorado MINEral BelL.............c.uviiiiiiiiiieeee e eeei e smme e 15
2.4 LYONS FOIMIBLIONL.....uiiiiiiieeeii ittt eeei ettt e e e e e e e eens e e e et e e e e e e e et b s emensbbe e e e e e e e e e e eanas 18
2.4.1 Depositional ENVIFONMENTS .......coiiiiiiiiiiiii et eemr e e e e 19
P Y=o 1 4 T=T o1 (o] (o0 |V PP UPPPP R PPPP 21
P B O =1 131 o r= L[] RO PP PPPPPSPPPP 21
CHAPTER 3 SUBSURFACE TEMPERATURE MAPPING......ccuiiiiiiiiieei et ete e e e e s vmne e e 28
3.1 Bottomhole Temperature COMMECHONS. ........cuuiiieiiiiiiieerriiire e e e e e reerree e e e e 28



3.2  Lyons Formation Geothermal Gradi@nt..............ccuviiiiieeeiiiieee e 30

3.3 Lyons FOrmation TEMPEIAIUIE. ..........ouuiiiieieeeceeeeee e e e e e e e emmr e e e e e e e e e e e e 30
CHAPTER 4 CORE STUDY AND GEOCHEMISTRY.....iuiiiiiiiiiiieereeme e e e e e e e meme e enees 34
4.1 Facies and FacieS ASSOCIALIONS...........uuuiriiiieeiiaee e e e e e e e s rmmme e e e e e e e e e e anee 34
4.2 California Oil 1 UPRRFERCH..........uuiiiiiiiiiime e 39
4.3  Hershey Oil Corp B2 MORENG.......coccoiiiiiiiiii it 50
4.4  California Oil 1 BROWNELL........cooiiiiii e e eeeeeeeeeenees 55
CHAPTER 5 STATISTICAL ANALY SIS ..eiiittiiiitiieeatie e et eeameateeeatteeessteeeassesemmnsseeesnbeeeanseesaaneeesans 62
5.1 Pearson Correlation COEICIENL..........iiiiiiiiiiiiiree e e 62
5.2  Principal Component ANAIYSIS.........oiiiuiiiiiiiiiieeeie e erer e e e 63
5.2.1 INSIde CMB TIeNG.... ..ot rmmee e e e e e e mnee s 65
5.2.2 OUtSIAE CMB TIrENA.....ciiiiiiiiiiiiiiiii et e s e e e e e e e 67
CHAPTER 6 SCANNING ELECTRON MICROSCOPY....cuiiiiiiiiiiiie et n e e 70
6.1 Sulfides, Sulfarsenides, and SUITALES..........ooiiviiiii e 70
B.1.1 SUIIAES. ...ceeiiiiiiie ettt ettt e e s et e e e e e 70
6.1.2 SUIFArSEIAES. ...ttt ettt e e eer e e e e 81
B.1.3 SUIFALES ....eee ittt ettt e et e e enr e e e 84

6.2  Hydrothermal AREIAtION...........uuuuiiiiiiiiiiiiiee e eeee b mnne e e e e 87
6.2.1 AIDITIZATION ...t e e e e e e e d 87
6.2.2 DedOIOMITIZALION.......uuiiiiiiieeeeiiitree et e e e e eea b e e e e e e e e s s e s anensssnereeeaeeeas 87
CHAPTER 7 DISCUSSION. .....utiieiiietattieesiteieamessteaeasteeeaseeeaassesammessseeaasseeeanseeeassessannnsseessnseeesnsenns 95
CHAPTER 8  CONCLUSIONS......utitiiitiieeitieeatieeeeesteeeasteeeaasteaessteaemeasseaeanseeeaasseeaassesemnnsseeeanneens 100
CHAPTER 9 RECOMMENDATIONS.. ... et eeme e e e e e e e e mmme e s e e e n s e aeen e en s en e eamenens 102
L o o N[ P 103
APPENDIX A SCANNING ELECTRON MICROSCOPY EDS REPORT.......cciiiiiiieieeeeee e 108



LIST OF FIGURES

Figure 1.1 Location map of structural features discussed in this study. Inner boundaries of the
Colorado Mineral Belt are outlined in blue and outer boundariesusireasl in orange.
General Greater Wattenberg Area extents are outlined by the grayéhéxé é ¢ é . 2

Figure 1.2 Geographidocation of all cores used in this research study. Cores within the GWA are
denoted by red stars, cores outside the CMB trend are denoted by yellow stars, and the

,,,,,,,,,,,,,,,,

Figure 2.1 Denver Basin stratigraphic column. The Lyons Formation is shown with the age
equivaknt eolian Cedar Hills Formatiénée ¢ ¢ ¢ é ¢ é 6 é e ééééééeée. . . 11
Figure 2.2 Laramide paleotectonic map of the western United States depicting the CMB segment

boundary in relation to the gap in the Laramide volcanic arc, subsidence anomaly of
theWyoming province, and inferred boundaries of the Farallon flat slab. Modified

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.3 Colorado Mineral Belt extents with inner boundary outlined in blue and outer
boundaryoutlined in orange. Mining districts defined by abundant Leadville
Limestonereplacement deposits are denoted by blue polygons. Modified from

,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.4 Paleogeographic reconstructionLgfons Formatiordepositional environmeatin the
Denver Basin duringhe Permian Period Mo di fi ed from Lee and Bet

Figure 2.5 Thin section images of cementing material in red and gray Lyons Formation samples.
A: Iron oxide cement as grain coatingsreofill, and microfracture fill. Thin section is
from the 232 MORENG core. B: Secondary quartz forming overgrowths on detrital
guartz grains. Thin section is from the 1 URRBRCH core. C: Discontinuous lenses
of calcitecement. Thin section is from32 MORENG core. D: Organic matter
cementas grain coats, pore fill, and microfracture fill. Thin section is from the
1UPRRFERCH coreééeéécééeécééeéécééecéeééecéecée?1
Figure 2.6 Thin section and baegcattered electron images of cementing material in the Lyons
Formation. A: Reflected light image of chalcopyrite emplaced in anhydrite cement. B:
Back-scattered electron image of a magnesite cement mass. C: Reflected light image

,,,,,,,,,,,,,,,,

Figure 3.1 Geottermal gradient map of the Lyons Formation across the Denver Basin. Individual
gradients for 181 wells were calculated using the Kehle BHT corrggtigme et al,
1970)and Corrigan geothermal gradient correc{iGorrigan and Bergman, 1996)
The CMBtrend is outlined in orange dashes and Wattenberg Field is outlined in

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

bl ackééééeééeééeécéeécéeceecéeéeececeeceeeéeeeeeée. . . é31

Figure 3.2 Reservoir temperature map of the Lyons Formation across the GWA and greater
DenverBasin area. Individual formation temperatunee calculated for a dataset
of 181 wells that reached a total depth in reservoir intervals deeper than the Lyons
Formation.Basement faults are denoted by the red lines and Wattenberg faults are
denotedbypurpld as hes ééééééééééeéééééeéeéeéeéeeéeeéeée. . . 33
Figure 4.1 Block diagram representation of fistder bounding surfaces and dune migration
surfaces in reference their relationshipsvith adjacent facies. Modified from Gross,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

vi



Figure 4.2 Facies key showing polygon colors with corresponding facies name. Key is consistent

,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 43 Facies distribution across the Lyons Formation interval of the 1 UFERCH core
Core photos courtesyf t he U. S. Geol ogi cal Suédeyééééeé

Figure 44 Composite log display for the California Oil 1 UPFERCH core. All
chemostratigraphic logs are in parts per million (ppm). Horizontal red lines denote
1s-order bounding surfaces, black lines denote dune migration surfaces, and

,,,,,,

Figure 45 Pyrite mineralization habits in the 1 UPFHERCH coreAll images are taken under
reflected light.Py = pyrite; Cpy = chalcopyrite; Qtz = quartz; Anh = anhydrite; OM =
organic matter. A: Pyrite aggregates replacing anhydrite cement and overprinting
guartz grains. Chalcopyrite has replaced pyrite in some areas. B: Euhedral to
subhedral grite emplaced in anhydrite cement and overprinting quartz grains. C:
Anhedral pyrite aggregates filling pore space and replacing organic matter cement.
D: Chalcopyrite and anhedral pyrite emplaced in anhydrite and overprinting quartz
grang é eéécéecécéécéeééecéécéecéeéeéecée. b4

Figure 46 Thin section micrographs of chalcopyrite mineralization within the 1 UFRRCH
core. Cpy = chalcopyrite; Py = pyrite; Qtz = quartz; Anh = anhydrite; OM = organic
matter. All images are taken under reflected lightAAhedral chalcopyrite
aggregates emplaced in anhydrite cement and underlain by pyrite. B: Anhedral to
subhedral chalcopyrite mass emplaced in anhydrite cement. Chalcopyrite
impregnates detrital grain boundaries and overprints quartz. C: Anhedral to
stbhedral chalcopyrite aggregates emplaced in anhydrite cement and overlain by
pyrite mass. Chalcopyrite impregnates detrital grain boundaries and overprints
quartz. D: Anhedral to subhedral chalcopyrite and pyrite aggregates impregnating

,,,,,,,

Figure 47 Thin section micrographs of marcasite mineralization within the 1 UPRRCH
core. Marc = marcasite; Anh = anhydrite. All images are taken under reflected light.
A: Marcasite emplaceds anhedral to subhedral uaktinguishing lenses of cement
fill. Marcasite occurs alongside anhydrite cement and tarnish via oxidation is visible.
B: Marcasite emplaced as subhedral-emiinguishing lenses of cement fill alongside
anhydrite. Emplaageent is mostly constrained by adjacent detrital grain boundaries.
C: Extensively tarnished marcasite occurs as anhedralextimiguishing lenses of
cement fill alongside anhydrite. Small subhedral chalcopyrite inclusions are observed

,,,,,,,,,,,,,,,,,,,,,

withinmarcasite e ment ééééééééééééécéééeéeééédseé

Figure 48 Thin section micrographs of sphalerite mineralization within the 1 UPRRCH
core. All images are taken under reflected light. Cpy = chalcopyrite; Sph = sphalerite;
Anh = anhydrite; Qtz = quartz. A: Anhedisihalerite aggregates being replaced by
chalcopyrite and exhibiting chalcopyrite disease. Sphalerite impregnates pore space
and grain boundaries. B: Anhedral sphalerite aggregates being replaced by
chalcopyrite and emplaced between detrital grain boiexla®: Anhedral sphalerite

,,,,,,,,,,,,,,,,,,

Figure 49 Facies distribution across the first half of thB2LMORENG core, depths@BO0 fti
8,122 ft Core photos courtesy of the U.S. GeologRalr vey é éééééééeké. . 5

Figure 410 Facies distribution across the second half of 32 MORENG core, depths®®2 ft
i 8,169 ft Core photos courtesy of the U.S. Geologalr vey é é€ éé é. 25

Vii



Figure 411

Figure 4.2

Figure 4.8

Figure 4.4

Figure 4.5

Figure 5.1

Figure 5.2

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Thin section photomicrographs of cementation types within 882 MIORENG core

in thin section. All images taken under both reflected and -qolssized light.

Anh = anhydrite; HM = heavy minerals; Calc = calcite; Hem = hematite. A: Anhydrite
nodule. B: Anhydrite nodule with abundant detrital heavy mineral grainsalCit&

cement between quartz grains and detrital heavy minerals. D: Hematite as grain coats,

,,,,,,,,,,,,,,,,,,,,

Core description, gamma ray, facies, and chemostratigraphic logs foBgheate.
All chemostratigraphic logs represent element concentrations in parts per,raitiibn

,,,,,,

,,,,,,,,,,,,,,,,

Core description, gamma ray, facies, and chemostratigraphic logs for the California
Oil 1 BROWNELL core. Firsbrder bounding surfaces are represented by horizontal
red lines, dune migration gaces are represented by horizontal black liagd,

,,,,,,,,

Thin section photomicrographs of opaque sulfide mineralization in the California Oil 1
BROWNELL core. Left images are taken under plaotarized light and images on

the right are taken under reflected light. Opq = opaque mineral; Anh = anhydrite;

Qtz = quartz; Dol = dolomite. 1: Pofiling or cementreplacing sulfide aggregate
emplaced between quartz grains; 1a: Same sulfides under reflected light. 2:
Porefilling or cementreplacing sulfide aggregates emplaced between quartz grains.
Dashed redines show grain boundaries between sulfides and adjacent grains;

2a: Same sulfides under reflected light. 3: Euhedral sulfide within dolomite matrix;

,,,,,,,,,,,

PCA matrix representing elemental concentrations in the Lyons Formation and
equivalent formations outside the CMRmnd. Elements are manually divided into six

,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,

BSE images of sphalerite emplacements in thin section. Sph = sphalerite; Cpy =
chalcopyrite; Qtz = quartz; Anh = anhydrite; OM = organic matter. A: Chalcopyrite
emplaced on and replacing sphalerite. C:flch sphalerite emplaced in Rdg-rich

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

BSE image of disseminated galena within an organic rrigtest stylolite. Sph =
sphalerite; Cpy = chalcopyrite; Qtz = quartz; Anh = ahtig; OM = organic mattér. ¥

BSE inages of galena emplacements in thin section. Ga = galengpWRites Qtz =
guartz. A Impure, mixeeelement galena aggregates on and in pyrite emplaced in Fe,
Pb, Ni, and Sich clays. Galena containgriable volumes of Ni and As..Balena
aggregags emplaced in Fe, Ni, aneri8h clays adjacent to pyrite masées é ¢ ¢ . 57

BSE images of chalcopyrite emplacement in thin section 9171. Cpy = chalcopyrite;
Qtz = quartz; Anh = anhydrite. Area#2, chalcopyrite mass emplaced in anhydrite

viii



Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

cemant and overprinting quartz. Cobalickel sulfarsenides are emplaced on
chalcopyrite borders. B: Location #3, chalcopyrite aggregate emplaced in anhydrite
cement and bordered by cobaitkel sulfarsenide minerals and grovithr o nt s &6é é .

BSEimage of Area #4 in thin section 9171. Cpy = chalcopyrite; Anh = anhydrite.
Chalcopyrite aggregate emplaced in anhydrite cement and bordered bynorkwd|t

,,,,,,,,,,,,,,,,,,

BSE images of chalcopyrite emplacement in thin sections 9188 and 9205. Cpy =

chalcopyrite; Py = pyrite; Qtz = quartz; Anh = anhydrite; OM = organic matter. A:

Section 9188 location #2. Chalcopyrite aggregate emplaced in magnesite cement and

bordeed by cobatnickel sulfarsenides filling open space in the aggregate. B: Section

9205, location #1. Chalcopyrite mass emplaced in anhydrite cement and bordered by

P, Ferich clays. C: Section 9205, location #2. Chalcopyrite aggregates emplaced in
organicmatter cement with an internal pyrite inclusion and nickel sulfarsenides

emplaced on chalcopyrite borders. D: Section 9205, location #2, view at higher

magnification. Nickel sulfarsenidesemplacedh c hal copyri t eéé/f@éeéeéééé

BSE images fochalcopyrite emplacements in thin section 9212. Cpy = chalcopyrite;
Py = pyrite; Qtz = quartz; Plg = plagioclase feldspaSar = potassium feldspar;

Anh = anhydrite. A:Area #1 Chalcopyrite aggregate emplaced in anhydrite cement
between quartzral feldspars. B: Area #Zhalcopyrite aggregate overprinting quartz
grains adjacent to altered feldspars and anhydeiteeat. C: Area3. Chalcopyrite
aggregate emplaced between quartz and bordered by titanium oxidesniehlt
sulfarsenides, potassiui@dspar and clays of variablemposition. D: Are&3 at

high magnification. Ordered mineralization assemblage of sulfarsepi@gsclase

,,,,,,,,,,,,,,,

BSE images of cobattickel sulfarsaide emplacement in thin section 9171. Cpy =
chalcopyrite; Qtz = quartz; Anh = anhydrite. A: Section 9171, location #1. High
magnification image of euhedral sulfarsenide emplacement patterns and alteration
front. B: Section 9171, location #1. Highagnification image of euhedral sulfarsenide
emplacements bordering chalcopyrite. C: Section 9171, location #3. Subhedral
sulfarsenides emplaced on and within chalcopyrite. D: Section 9171, location #3.
Euhedral hexagonal sulfarsenide emplacegancspace within quartz. E: Section

9171, location #4. Cobattickel sulfarsenides emplaced in anhydrite and nucleating

on chalcopyrite. Alteration fronts and euhednatleation in quartzare b s er v 82 é é .

BSE images of cobatiickel sulfasenide emplacement in thin section 9197. Py =
pyrite; Plag = plagioclase feldspar;¥par = potassium feldspar. A: Cobaitkel
sulfarsenides emplaced in a hydrothermaltgred feldspar fracture zone. B: Cobalt
nickel sulfarsenides emplaced betweeritpygrains and impregnating internal pyrite
fractureg e é 6 ééééeéeééeéeceéeéecéeecéeéeée. . eéebs
BSE images of barite emplacements within analyzed thin sections. Ba = barite;
K-Spar = potassium feldspar; Qtz = quartz; OM = organic matter; Plg oplasg
feldspar. A: Barite mass emplaced in organic matter cement between potassium
feldspar and quartz grains. B: Barite aggregates emplaced in organic matter cement
between feldspars of variable composition and quartz. C: Barite aggregates emplaced
in organic matter and along the grain boundary between potassium feldspar and
guartz. D: Barite aggregates emplaced in organic matter cement, overprinting quartz

////////////////////////////////

BSE images of albitization occurring alygside sulfide and sulfarsenide emplacement.



Figure 6.13

Figure 6.14

Figure 6.15

Figure 7.1

Figure 7.2

K-Spar = potassium feldspar. A: Potassium feldspar partially altered to albite. Albite

Aibl ebsdo can be seen inside of potassium

potassium feldspar grain hosting cobdttkelsulfarsenide deposits. Potassium

feldspar has been almost entirely consumed by albite. C: Albitization occurring over a
large area, evidenced by the internagp@aralbite zonation in feldspar grains. D:
Albitization occurring in an area with chalcopyrite emplacement. Potassium feldspars
have been almost entirely consumed by albite. E: Albitization occurring near
chalcopyrite emplacement, evidenced by internapiralbite zonation in feldspar

,,,,,

BSE image magnesite replacing dolomite, forming a euhedral zonation pattern. EDS
scan locations are identified by scan numbers with corresponding atomic percent data

,,,,,,,,,,,,,,,,,,,,,,,

BSE image of zonation patterns forming during magnesite emplacement. EDS scan
locations are identified by scan numbers with corresponding atomic percent data

,,,,,,,,,,,,,,,,,,,,,,,

BSE images of magnesite after dolomite. A: Magnesite as a cement material between
detrital quartz grains. B: Magnesite as a cement material between quartz and feldspar
grains. C: Chalcopyritsulfarsenide aggregagenplaced in magnesite cement. D:
Magnesite cement patrtially replacing dolomite. troagnesium oxides have formed

,,,,,,,,,,,,,,,,

as small, localizedcememat er i al éééééééééeééeéeééénxeéce.

Paragenetic sequence foenozoichydrothermal fluidrock interation in the Lyons
Formation. Width of polygon corresponds to mineral abundance, and length of

rr s 17

polygon corresponds to mineralizatiore mper at ur eé é é é é €& & d& é .

Location of the 1 UPRIFERCH cord denoted by the black staand 1

BROWNELL caei denoted by the red stain comparison to GWA fault zones and
Lyons Formation temperatur€ontour colors represent the distribution of Lyons
Formation reservoir temperatures asrthe GWA and Denver
Basinééééecée&&&céeééeecéécéeééeeéeeceée. 79

f

el



Table 1.1

Table 4.1
Table 4.2
Table 4.3
Table 44

Table 5.1

LIST OF TABLES

List of all cores described for this study. Information includes well name, operator,
core provider, USGS library number (if applicable), formation name armd cor

,,,,,,,,,,,,,,,,,,,,,,,,,,,

thicknesséééeééeceééeeéeééecéecéeééecéeceébeééce.
Descriptions foffacies #1 and #2, consistent across allégoe é e é ¢ € éé. 5. 3
Descriptions for facies #3 and #4, consistent across alle@es é ¢ é ¢ ¢ é é. 6. 3

Descriptions for facies #5 and #6, consistent across alle@es é ¢ é ¢ ¢ éé . 7. 3

Xi



ACKNOWLEDGMENTS

I would like to thank my advisor, Dr. Stephen Sonnenberg, for takinghidngce on a young, wet
behindthe-earsstudent from a small school in North Carolina. Being a student at Mines has changed my
life, providing me the opportunity to become the geoladpiat | am today. Thank you for always
believing in me and my research.

I would also like to thank my committee members Dr. Mary Carr and Dr. Al Lacazette for looking at
core with me, allowing me to incessantly ask questions, and always being a sdumoelefige and
support. Big thank you to Chris Matson, Patrick Sullivan, Eric Stautberg, and all of my other fellow
MUDTOC members for the endless support, wisdom, and laughs that have shaped my research and kept
me sane.

Special thanks to Dr. Thomas Make, Filip Kasprowicz, Dr. Simon Kocher, and all of the students
and faculty in the Mineral Exploration department who have asis&std guided me as though | ware
economic geology student myself. Their knowledge has been truly critical to ensurscigtitéic
validity of my research. Words cannot express how grateful | am for the interdisciplinary assistance and
encouragement.

Above all, my biggest thank you and most eternal gratitude goes to my famidyn, Dad, Cade,

Milo, and Nacho. No matter hofar away | am, you make sure that | feel your unending love, support,
and warmth as though you were right here with me. | would not be the person | am today, nor could any

of my accomplishments been possible without my family. Thank you.

Xii



iYosu ep into the road, and if you donét keep your
o f f - Bilba Baggins

Xiii



CHAPTER 1 INTRODUCTION

Wattenberg Field has experienced decades of energy success related to oil and gas exploration and
development. However, operators are how looking to Wattenberg Field for carbon céipaatéon and
sequestration (CCUS) and geothermal energy resourgeatdd in the western Denver Basin, the Greater
Wattenberg Area (GWA) covers approximately 2,600and has produced a cumulative 1,060 million
barrels of oil (MMBO) and 9.4 trillion cubic feet of gas (TCFG) from more than 40,000 wells
(Sonnenberg, 2021Hydrocarbon production began with Amoco Production Company in 1970 with the
di scovery of oil from the Lower Cretaceous Muddy
additional producing formations have been discovered (Dakota Group, Codell Sandgtbrera
Formation, and the Terry and Hygiene Members of the Pierre Shale), which have solidified Wattenberg
Field as the foremost hydrocarbon producer in the Denver Basin. Such immense production is largely
because of the presence of a distinct temperanomaly. Anomalously high subsurface temperatures
constrain hydrocarbon production to specific areas throughout the Denver Basin (Meyer and McGee,
1985). All highvolume producing fields (Wattenberg Field, Peoria Field, Redtail Field, etc.) are
associted with hot subsurface temperature anomalies.

As oil and gas production in Wattenberg Field leans closer to reaching its estimated ultimate recovery
(EUR), operators are investigating the GWA reservoirs for their renewable energy potential. The Permian
Lyons Formation has become the rising star for both carbon capture and sequestration (CCS) and
geothermal exploration in the Denver Basin because of its high porosity and permeability, mature grain
composition, and thick overlying Lykins Formation which ecbpfove to be a strong top seal. Utilization
of reservoirs for geothermal and CCS requires a precise understanding of the distribution of the GWA
temperature anomaly and its effect on reservoir geochemistry. Consequently, the renewable energy
renaissanceniWattenberg Field spurs the need for closure on adtanyding enigma: what is the cause
of the GWA temperature anomaly?

A potential link between the GWA temperature anomaly and Colorado Mineral Belt (CMB) has been
suggested by multiple researchers (@, 2017, Meyer and McGee, 1985, Sonnenberg, 20&1LThul,

2013. Colorado Mineral Belt mining districts are associated with hot subsurface temperature anomalies
and distinct negative gravity anomabeattributes also observed in the GWA (Reiter etl&l75).

Wattenberg Fielédind Redtail Field, twproductive hydrocarbon fields in the Denver Basin, are

positioned directly along the NEW CMB trend that crossuts the southern part of the Rocky Mountains
(Figure 11). While the possible correlation beterethe CMB and GWA temperature anomalies is
apparent, there have been no detailed studies undertaken to understand their connection. This study

hypothesizes that heat fronMB intrusions has been transferredreservoir rockshrough convectiom



Wattenkerg Field via the subsurface circulation of hydrothermal fluids, causing the GWA temperature
anomalies. Temperature, geochemical, fluid analysis and drill core data are united in this research project

to close the information gap between the CMB and GWi#ssface temperate anomalies.

DENVER
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Figure 11: Location map of structural features discussed in this study. Inner boundaries of the Colorado
Mineral Belt are outlined in blue and outer boundaries are outlined in o@ageral Greater Wattenberg
Area extats are outlined by the gray bd¥ap elementafterWilson and Sims, 2003.

1.1 Objectives and Purpose

The purpose of this study was to determine if GWA temperature anomalies are caused by the
migration of CMBinfluenced hydrothermal fluids vertically afaterally through thermalbgonductive
reservoir intervals. This was achieveddstailed geochemical characterization of the Lyons Formation in
conjunction with formatiorspecific temperature mapping. Andiepth discussion of datasets and

research methadused in this study are presented in Chapter 1.3.



The specific objectives of the study were to:

1. Characterize the reservoir temperature and geothermal gradient of the Lyons Formation across the
GWA using well log data ansubsurface temperature mappingdxhon correedbottom hole
temperature (BHT) measurements.

2. Identify mineralization and geochemical signatures associated with CMB hydrothermal
emplacement by conduong xray fluorescence (XRF), field emission scanning electron
microscopy (FESEM), anithin section analysis on Lyon®fmnation cores

3. Describe the chemical and mechanical paragenetic sequence of the Lyons Formation to identify
when and how hydrothermal alteration may have occurred. Thin section descriptieE Sl
analysis were used forighobjective.

4. Determine the temperature migratingfluids at the time of chemical diagenetic alteratign
characterizing emplacement temperatures of ore metal mineralization and hydrothermal alteration

types identified in the Lyons Formation.

1.2 StudyArea

This study was primarily conducted in the Greater Wattenberg Area, geographical extents shown in
Figure 11. The Greater Wattenberg Area is locatatirely in the Colorado portioof the Denver Basin,
spanning southern Weld Co., eastern Boulder Brogmfield Co., and northern Adams and Jefferson
Co. As stated earlier in this chapter, the GWA covers approximately 2,600tmextents defined by the
edge of the subsurface temperature anomaly.

Cores outside the GWA were taken from Albany Co., Wyoraimdj northern Larimer Co., Colorado
to be used as geochemical control outside of the CMB trend. One core from Redtail Field was included in
the study as geochemical control outside of the GWAwithin the CMB trend. Figure 1.displays the

location of all cores used in this study.
1.3 Dataset & Methods

1.3.1 Core Description

Core description was undertaken to describe lithologic facies, map facies distribution, identify areas of
visible diagenetic fluid alteration, and understdrabenesis of theyons Formation lsanges across the
field area. Nine cores were described for this study; seeenthe Lyons Formatioand twofrom the

Tensleep Formation (aybns Formation equivaleim Wyoming).
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Figurel.2: Geographidocation of all cores used in this research study. Cores within the GWA are
denoted by red stars, cores outside the CMB trend are denoted by yellow stars, and the core from Redtail
Field is denoted by a blue star.

As stated in Chapter 1.1, the cores weresen fronboth inside andutside of the CMB trend to
illuminate any lithologic angeochemical differences based on geographic locdliescriptions are
provided for five Lyons Formation cores located inside the GWA and CMB trend, one Lyons Formation
core from Redtail Field inside of the CMB trend, one Lyons Formation core outside of the GWA and
CMB trend, and two Tensleep Formation cores outside of the GWA and CMB trend. A map of the
geographic location of latores is provided in Figure2. Cores use in this study were provided by the
United States Geological Survey (USGS), Whiting Oil & Gas Corporation, aledado School of

Mines. Table 11 provides an overview of the core dataset used.



Table 11: List of all cores described for this study. Infation includes well name, operator, core
provider, USGS library number (if applicable), formation name and core thickness.

Well Name Operator Provider USGS | Formation | Thickness | # of Thin
Library Sections
Number Used in
Study
1 CLARA A | Amoco USGS B571 Lyons 40 ft 4
BACON Production
1-30 Hamilton USGS D337 Lyons 17 ft 3
CARROLL | Bros Oil Co.
1 California Oil | USGS B355 Lyons 130 ft 4
BROWNELL
1 UPRR California Qil | USGS E053 Lyons 711t 13 (Mines
FERCH Thin
Section
Laboratory)
15 (USGS)
1-32 Hershey Oil | USGS C910 Lyons 93 ft 5 (Mines
MORENG Corp. Thin
Section
Laboratory)
3 (USGS)
410 Amoco Colorado | N/A Lyons 43 ft N/A
CHAMPLIN | Production School of
Mines
RAZOR 263 | Whiting Oil & | Whiting N/A Lyons 108 ft N/A
2633L Gas Corp. Oil & Gas
Corp.
1LAZY W Amoco USGS B114 Tensleep | 55 ft N/A
CROSS Production
RANCH
8 WILSON California Qil | USGS E987 Tensleep | 293 ft N/A

Descriptions were made using a core description sheet provided by the Colorado School of Mines
MUDTOC consortium. Lithologic and diageneteatures were described in detail to establish-based
facies. Special consideration was taken to describe the distribution of eolian bounding surfaces across
each core and the lithologic and/or diagenetic features associated with them. In thisoséudy, ¢

description provided context for the results of ebased geochemicahalyses



1.3.2 Subsurface Mapping

One objective of this study was to develop a reservoir temperature map and geothermal gradient map
specific to the Lyons Formation. Theseaps were created usitigS Markit© well log datain IHS
Petr&® software. Hydrocarbon production from the Lyons Formation began in 1953 and was most active
in the 1960086s ( Ner i ng-dayflel@s@hat)specifitallydargetthiggone f ew pr ese
Fomation. Consequently, much of the available well log dataset is illegible, unavailablesaptio
include temperature data. Quality control of well log data began with a 4,570 well dataset of all Denver
Basin wells that penetrate the Lyons Formation.tNiis dataset was filtered down to 982 wells that
have available well logs. Lastly, the 982 well dataset was manually dissected to select all wells that
penetrate the Lyons Formation and have legible well logs that contain bottom hole temperature (BHT)
data. The final well log dataset used femperature mapping contaib®1total wells with fourthat have
cement bond logs.

The B1well BHT dataset was adjusted using five established BHT correuiédmods Forster
(MerriamandFaorster 1995), SMUGeothermal Laboratory Forster (Crowell et al., 2012), Denver Basin
Adjusted Forster (Crowell et al., 2012), Harrison Correction (Haresah, 1983) and Kehle Correction
(Kehle et al., 1970). To determine the most accurate correction scheme, outguatarep from each
correction were compared to the available cement bond log dataset. The Kehle Correction, originally
created for a widespread AAPG dataset, was found to align most closely with cement bond log
temperatures. Further discussion as to wig/dbrrection method was chosen is discussed in Chapter 3.1.

Corrected bottomhole temperatures were then used to develop individual geothermal gradients for
each well. Since subsurface temperatures fluctuate quickly and drastically across the GWApame uni
geothermal gradient will not suffice for accurate temperature mapping. The Corrigan (Corrigan and
Bergman, 1996) geothermal gradient correction mettaxliused. This correction methisddiscussed
further in Chapter 3.1. Lastly, the generated geothbgnadients were used to calculdie temperature
at the top of the Lyons FormatioDeptts of Lyons Formation tops were divided by 100 then multiplied
by the geothermal gradient, resulting in an estimated Lyons Formation temperature for each well in the
dataset. Corrected bottomhole temperatures, geothermal gradients, and Lyons Formation temperatures
were manually input into Petfar mapping Two final maps Lyons geothermal gradient and Lyons
Formation temperatuiiewere generated and contoured inrReBubsurface temperature maps were
integrated with previously generated GWA structure maps to identify correlations between regional

structures and hot subsurface temperature anomalies.



1.3.3 X-Ray Fluorescence

Elemental concentrations of each core were daltbasing a handheld ThermoScientific Niton XL3t
GOLDD+ ED-XRF analyzer following the procedure established by Nakamura (2015). This procedure
collects elemental concentrations in parts per million (ppm) by using the Test All Geo spectral
deconvolution mod on the XRF device. The Test All Geo mode is a three minute analysis that measures
both major and trace elements. Concentrations for 43 elein&ggsAl, As, Au, Ba, Bi, Ca, Cd, Cl, Co,

Cr, Cs, Cu, Fe, Hf, Hg, K, Mg, Mn, Mo, Nb, Ni, P, Pb, Pd, Rb, R§iSSc, Se, Si, Sn, Sr, Ta, Te, Th,

Ti, U, V, W, Zn, Zri are collected using the Test All Geo mode. Data was collectetbat thtervals on

each core. If present, special consideration placed on data collection at areas of preferential fluid flow

bomdi ng surfaces, diagenetic fluid Ableachingd zon

X-ray fluorescence data is a crucial component of the geochemical analyses undertaken for this study.
Therefore, it is necessary to recognize limitations of the XRF device and thecganiucallected data.
Nakamura (2015) studied validity trends of the major and minor element data collected by the handheld
Niton. He finds that all major and minor elements (Al, Si, S, K, Ca, Ti, Mn, and Fe) except for Mg and P
show very good correlationith corresponding ICP and LECO measurements. The trace elements Rb, Sr,
Zr, and Nb have very good correlations. Magnesium lies at the limit of detection for Niton; however, Mg
concentrations higher than 1% appear to be more reliable. The transition\é&@al€u, Zn, and Mo
show very good correlation at relatively low concentrations and are less reliable at high concentrations.
Copper and Zn are commonly expressed as hydrothersralyaced sulfide minerals throughout the
CMB, and thus Niton data collex] for these elements are of increased importance in this study.

Measured Cu and Zn concentrations are relatively low across most cores analyzed, so concentrations of
these elements are considered valid sgumintitative measurements for this study. Eleime

concentrations of Cs, Bi, Sh, Sc, Sn, Ag, W, Co, Hg, and Ta are found to be the least reliable of all
measured elements. Nakamura (2015) found that the overarching trend across Niton measurements is that
most elements are ovareasured at higher concettons and are more accurate at lower concentrations.

This study is primarily concerned with metallic elements associated with hydralhaimeralization

(Cu, Zn, Pb, etc.), which occur at relatively low concentrations; therefore, XRF measurementstede tr

as semiqualitative in this study.

1.3.4 Thin Section Petrography

The petrographic dataset for this study includes eight previously prepared petrographic thin sections
from one inch core plugs and seventeen thin sections prepared by the CSM Thin SaxfromL
sampled core billets. Four thin sections were available from the 1 CLARA A BACON core, four from the
1 BROWNELL core, four from the-32 MORENG core, and thirteen from the 1 URRERCH core.



Previously prepared thin sections from the USGS appédse prepared to standard thin section
specifications. Thin sections cut by the CSM Thin Section Lab were prepared to standards necessary to
conduct fluid inclusion analysisstandard slide size, &@icron thickness, 0.2Bicron polish, and blue

epoxy impegnation. The core billets used to prepare these samples were manually cut at the location of
XRF data collection.

A Leica petrographic microscope was used to describe sedimentary structures, textures, detrital
composition, cements, diagenetic features, sulfide mineral emplacements. Thin section scale
observations were logged into an Excel datasheet to compile and compare descriptions. Understanding the
emplacement mechanisms of sulfide minerals is a critical research goal in this study. Thereifted, det
descriptions were made of sulfide types and relationships to adjacent cements and detrital grains. These
observations will be provided in Chapter 5. Petrographic observations were integrated with core
descriptions, XRF datasheets, and fluid inclusinalysis data.

It is important to recognize the research limitations encountered when gathetinig geztion
dataset. All previously prepared thin sections acquired for this study are decades old and are of
diminished quality. Most are unpolished, pggaut, and have cover slips that hinder reflected light
analysis. While it is possible to identify the presence of opaque sulfides in these sections, the quality is
too poor to differentiate specific sulfide minerals. Time constraints on this studgltavied for CSM
laboratory preparation of sections from two Lyons Formation cores; one inside the CMB trend and one
outside the CMB trend. Therefore, identification of specific sulfide mineralization is relegated to Chapters
5.2 and 5.6. Thin section degxtions in Chapters 5.3 and 5.4 solely establish the presence of sulfide
minerals. Further discussion of future research recommendations regarding thin section datasets is

presented in Chapter 8.

1.3.5 Statistical Analysis

The Pearson Correlation CoefficientQ@) and Principal Component Analysis (PCA) statistical
methods were applied to XRF datasheets using the XLSTAT plugin for Microsoft Excel. After XRF
measurements were taken for each core, the data was uploaded and converted to spreadsheet format using
theThermoScientific Niton software. Two additional spreadsheets were created to separate XRF data
from all cores within the CMB trend from all cores outside of the CMB trend. These two spreadsheets
serve as input data for both PCC and PCA analysis. The shestdor XRF data within the CMB trend
includes 261 data points for all elements analyzed in the Test All Geo mode. The outside CMB trend
spreadsheet is composed of 212 data points for all elements analyzed in the Test All Geo mode.

Pearson Correlationdg@fficient matrices were generated using XRF spreadsheets from each core

analyzed and the two compiled XRF spreadsheets. These matrices were used to establish initial elemental



correlations on a core and regional scale. Principal Component Analysis mvagieegenerated for the

two compiled XRF spreadsheets; elements were then manually placed into groups based on their locations
within the matrix axes. Qualitative interpretation was applied to each element group to better understand
why certain element&late to each other. Interpretations of the two regisoale datasets were

integrated with thin section and core analysis to discern potential geochemical differences between the
Lyons Formation inside and outside the CMB trend.

1.3.6 Field Emission Scanning Eectron Microscopy

Field emission scanning electron microscopy (FESEM) analysis was conducted on six thin sections
from the 1 UPRRFERCH coreSelectedhin section$ at depths 471 ft, 9188 ft, 9197 ft, 9205 ft,
9,212 ft, and @30 fti were carbon@ated to prepare for analysis using equipment provided by the
Mineral and Materials Characterization (MMC) facility at Colorado School of Mines. Analysis types
included Back Scattered Electron (BSE) imaging and ErPigpersive XRay Spectroscopy (EDS) to
elementally map the BSE imag@&sack scattered electron imaging was undertaken to discern and
characterize spatial relationships between detrital grains, cements, and diagenetic features that are too
small to be seen via classic thin section petrographgrgydispersive xray spectroscopy mapping was
applied to the BSE images to characterize subtle chemical changes that occur in diagenetic features,
identify any inclusions in detrital and metallic minerals, and to gain a better chemostratigraphic
undersanding of the Lyons Formation.



CHAPTER 2 GEOLOGIC OVERVIEW

To identify potential hydrothermal fluitbck interactions in the Lyons Formation of the Greater
Wattenberg Area, it is imperative to have an understanding of regional stratigraphy, regional tectonic
histoty, the Colorado Mineral Belt, and the Lyons Formation itself. This chapter unites concepts from
sedimentary geology and economic geology to provide a foundation for the discussion of skdgtezht

hydrothermal deposition.

2.1 Greater Wattenberg Area Stratigraphy

Stratigraphy of the Greater Wattenberg Area (GWA) was described using core dessapti
published literature. This study focuses on subsurface fluid migration from the deep basin to the Lyons
Formation; therefore, a review of the full stgaaphic columris outside the scope of this study.
Lithologic descriptions in this chapter will encompass all deposits from Precambrian basement to Permian
sedimentsA stratigraphic column of all describedenvals is provided in Figure 2.1

Precambian metasedimentary rockempose the crystalline basement that underlies sedimentary
deposits of the Greater Wattenberg Ar8pecific rock types include biotite gneiss and migmatite
(Chapin, 2012). Basement rock petrology differs immediaiatgide theGWA extents ands bound by
Paleoproterozoic granitic rocks to the northwest and south. These basement rocks are characterized as
granodiorites and associated intermediate rocks of the 1.7 Ga age group, and are gray, equigranular to
porphyritic, and foliatd to massive (Chapin, 2012).

Earlyto middle CambriafPerioddeposits were restricted to the Cordilleran basin and are notably
absent because of erosion and periods of nondeposition (McCoy, 1953). Durate Barhbrian to
Lower Ordovician, sediments ¢he Denver Basin were deposited in a shallow marine environment and
consisedof sands, calcareous deposits, aakbohites Devonian deposits are notably absent throughout
most of the Denver Basin, likely a result of erosion (Sonnenberg, 1981). Thereoisk record of the
CambrianDevonian in the GWA. While there is no Mississippian rock record in the GWA, deposits of
this time are present in southern areas of the Denver Basin (Sonnenberg, 1981). Mississippian deposits
primarily consist of limestonesd shales deposited &#nallow marine seas that floodid bainduring
the late Paleozoic (Sonnenberg, 1981).

The Paleozoic rock record in the GWA begins with the Pennsigravorrow SeriesRocks of the
Morrow Series were the first deposits of thentigressing Pennsylvanian sea, composed of interbedded
calcareous sandstones and variegated shales with occasional limestone laminae (Taylor, 1958). Morrowan
rocks are about 40 ft thick in the G\Wakd are overlain by the Atoka Serid¢oka Series deposit®rm a

200foot-thick alternating series gharineargillaceous limestoneandcalcareous shale$dylor, 1958).
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Figure 2.1: Denver Basin stratigraphic column. The Lyons Formation is shown with tbguagalent
eolian Cedar Hills Formation.
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The220foot-thick Des Moines Series conformably overlies the Atoka Ségidsscribed as an
interval ofinterbedded fossiliferous and oolitic limestones, chalcedonic cherts, shales, and siltstones
(Taylor, 1958). The Missourian Seriealso termed the Fouasih Formation is the most persistent basin
wide Pennsylvanian deposit, and conformably overlies the Des Moines Series in the GVIBOTda-
thick fluvial Fountain Formation is described as a conglomeratic arkose sandstone interbedded with
calcareousrad sandy mudstones and some sacidl limestones (Sonnenberg, 198 &nnsylvaian
deposition in the GWA ersdwith theVirgil Series. Virgil Seriesdeposits are described as an interbedded
series of silty shales, limy shales, sandy limestones and siksfbagor, 1958). Rocks of the Virgil
Series conformably overlie Missourian deposits and are about 200 ft thick in the GWA.

Permian Period deposition in the GWA begins with the Admire Grole Admire Group is the first
Wolfcampian deposit, unconformalyerlying rocks of the Pennsylvanian Virgil SeriesisTinterval is
characterized as a 30ot-thick interbedded series of anhydrite and red shale (Taylor, 1958). The
Wolfcampian Council Grove Group conformably overlies Admire Group ranksis charactezed by
various lithologie§ massive anhydrite, dolomite, limestone, sandstone, and red shale (Taylor, 1958).
These rocks are about 180 ft thick in the GWA. The Wolfcampian Chase Dolomite conformably overlies
the Council Grove Grouand isdescribedas a basal sandy dolomite overlain by massive anhydrite
(Taylor, 1958). This unit is about 30 ft thick in the GWA and is the last interval in the Wolfcamp Series.

The Leonardian Ingleside Formation conformably overlies the Wolfcamp %edds descrilagtasa
red to orange, fine to mediugrained feldspathic sandstone deposited in a fluvial environment
(Sonnenberg, 1981n Figure 2.1, the Ingleside Formation is grouped with the Satanka Formation. The
Ingleside Brmation is about 80 ft thick in the GWakd is overlain by theeonardianSatanka
Formation. The shallow marine Satarif@mation is composed of red quartzitic sandstone, sandy shale,
and gray to red dolomitic limestoma@d is about 85 ft thick in the GW&ondran et al., 1940). The
eolianLyonsFormation coformably overlies the Satankormation in the GWAndis describeds a
red to gray, very fine to mediwgrained arkose sandstofidnickness of the Lyons Formation in the
GWA reaches a maximum of about 120 féeirther description of the lops Sandstone is provideder
in this chapter. Deposits of tlhgkins Formation conformably overltee Lyons Sandstonand marks
the end oPermian deposiin in the GWA. The basal deposit of the Lykins Formation is termed the
Blaine Anhydrite. The Bime Anhydrite is pervasive in the northern Denver Basin and the GWA, but is
notably absent in the south. Lykins Formati@posits overlying the Blaine Anhydrite consisvery
fine-grained sandstone, red siltstone, and red mudstone with thin carbdeatalsnat the base of the
formation (Sonnenberg, 1981). The Lykins Formation was deposited in a tidal flat and restricted marine
setting, and ranges frof’50-200 feet thick in the GWA
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2.2 Greater Wattenberg Area Tectonic History

The Denver Basin was formearbugh multiple orogenic and epeirogenic tectonic events (McCoy,
1953). Most of the major fault systems and shear zones in the Denver Basin formed during Precambrian
tectonism and were reactivated during the Phanerozoic (Sonnenberg, 1981). The Larageidelmgan
about 67.5 Ma and ended about 50 Ma (Higley and Cox, 2007). This tectonic event folded originally flat
lying rocks, formed the current structure of the basin, and uplifted the Rocky Mountains to the west. Most
of the rocks and sediments currgrgkposed across the surface of the basiCar®zoidn age,
representing redistribution of sediments eroded from the Rocky Mountains (Higley and Cox, 2007).
While the structural evolution of the Greater Wattenberg Area does not deviate from the tegtonat
history of the Denver Basin, structural intricacies of the GWA are discussed in depth alongside regional
tectonics in the following sections.

Most major fault systems and shear zones in the Denver Basin originated during Precambrian tectonic
adjustments (Sonnenberg, 198The GWA is bisected by various faults dPeecambrian northeast
trending shear zorgystem (Sonnenberg, 1981). Regionalgse shear zones form part of the Colorado
Lineament, an extensive Precambrian wrench fault systesndirg from Arizona to Minnesota. The
northern limit of the Colorado Lineament is marked by the Mullen Csedh Fork shear zone and the
southern limit is marked by the Ralston Crég&ho Springs shear zone. The Colorado Lineament
intersects the GWA anid expressed by a series of northeeestding, rightlateral wrench fault zones
thatcrosscutthe field. The largest faults in the GWA include the Greeley Horst, Berthoud Fault, and
Longmont Fault; all three faults are northetashding and lie generglparallel to each other. These
wrench fault zones experienced recurrent movement at least through the Cretaceous.

Three major northeastending shear zones have been identified in the eastern Front Range portion of
the Colorado Lineament: the Ralstore€kldaho Springs shear zone, Moose Mountain shear zone, and
the Skin Gulch shear zone. Recurrent movement on these shear zones may have influenced younger
tectonic events. The Colorado Mineral Belt coincides with portions of the Colorado Lineamentallowi
for mineralization to occur during and after Laramide orogenic movements along Precambrian shear
zones. While all discussed fault systems have been identified near the Front Range, faults like these likely
exist in much of the Denver Basin (Sonnenb&af1).

All pre-Pennsylvanian deposits in the Denver Basin were controlled by two epeirogenic structural
bodiesd the Transcontinental Arch and the Sierra Grande uplift (McCoy lll, 1953). The
Transcontinental Arch is an uplifted, nortbrtheast trendingrea stretching from Arizona to Minnesota
(Sonnenberg, 1981). This structure was positive throughout much of the early Paleozoic, resulting in
extensive erosion that removed most Camrrdovician strata. The Sierra&rde is an uplifted area in

northeastar New Mexicoand southeastern Coloraffewing, 2019). Tiese epeirogenic bodieere
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resistant to downward crustal warpirand received little to no early Paleozoic sedimentdfibecCoy I,
1953). Together, the Transcontinental Arch and Sierra GrandeagMérely restricted sedimentary
deposition, contributing to the sparseness of Paleozoic sediments in thNEBMEAy lI, 1953).

The northern Denver Basin experienced substantial@aktvician uplift (Martin, 1965). This uplift
occurred along the axaf the Transcontinental Arch, tilting the southern part of the basin to the
southeast. Silurian and Devonian sediments are not well preserved in most of the Denver Basin, likely
resulting from extensive erosion of uplifted areas. Tectonic movement wigetglguiet throughout
much of the Mississippian. Vertical uplift along northetashding shear zones bounding the
Transcontinental Arch occurred in the Late Mississippian, leading to an extended period of erosion
(Martin, 1965). Some Mississippian rock® preserved in a structural low termed the Morgan County
low (Sonnenberg, 1981). The Morgan County low was formed by fault movement along the
Transcontinental Arch, creating a graben.

Until the Pennsylvanian, the area within the confines of the presentural Denver Basin were part
of a large epeirogenic element (McCoy lll, 1953). Pennsylvanian sedimentary deposits were the first
remaining on it in Paleozoic time. Major tectonic events during the Pennsylvanian began to separate the
modern Denver Bas from adjacent geologic bodies. The Transcontinental Arch and Sierra Nevada uplift
were at base level, permitting Pennsylvanian seas to encroach on the basin to the east. The Uncompahgre
and North Park regions in Colorado were tectonic positives, rdferras the Ancestral Rocky
Mountains. The North Park positive was either a more resistant element on the southwest end of the
Transcontinental Arch, or a local chain of mountains uplifted in the Early Pennsylvanian (McCoy lll,
1953). The Uncompahgre pasgé in southwestern Colorado consisted of several mountain ranges
uplifted one afteanotherThese tectonic adjustments likely occurred along Precambrian fault zones.
Through the Late Pennsylvanian, continental sedimentation prevailed near the tediiviespohile
marine sedimentation ensued in the basin to the east (Sonnenberg, 1981).

Permian sedimentation occurred during a period of almost continuoosititapin the Denver Basin
(McCoy lll, 1953). Shallow oscillating seas advanced into and rettéadm landocked basins and salt
flats. Two major sulbasins formed during the Permian; the northwestern Nebeasitarn Wyoming
Alliance Basin and the eastern Colorado Sterling Basin (Sonnenberg, 1981). Restricted marine conditions
allowed for evapote deposition in both basins. The Alliance and Sterling basins are separated by a
northeassouthwest trending thin extending from the Front Range to northern Nebraska. This area of
thinning contains the Wattenberg high (Sonnenberg, 1981). Permian stnantaugated with variable
thicknesses within the basins and along structural highs.

Deposition trends remained relativelgnstant through the Triassic, with eolian deposition prevailing

throughout the Middle to Late Triassic (Sonnenberg, 1981). &lomectonic activity occurreduring

14



the Triassic and &ly Jurassi seas left no record in the Denver Basinlian deposition was widespread
througloutthe Early Jurassic. Late Jurassic seas encroached from the west, covering and reworking
Triassic and LoweJurassic sedimenkgefore withdrawing. Thesseas left freshwater lakes, swamps, and
channels however, noajor tectonic activity occurreduring the Jurassic (McCoy Ill, 1953).

Expanding Early Cretaceous seas entered the Denver Basin from the noffthavest 1965). Early
Creaceous strata generally recor@epattern of transgression interrupted by periods of major
regressions. The last major regression before the Late Cretaceous occurred toward the middle Cretaceous,
depositing t henekMard] 3065 Seas eSceoactes tipon the Denver Basin again in the
Late Cretaceous before the onset of the Laramide Orogeny (Martin, 1965). The Late Cretaceous saw the
start of the Laramide Orogeny, the tectonic event that developed the modern $tDertvex Basin. The
area west of the basin experienced substantial uplift in response to subduction of the Farallon plate under
the North American plate.

The Laramideorogeny closed the Western Interior Seaaagt formed the mountain ranges of
northern N& Mexico, central Colorado, and southeastern Wyoming (McCoy lll, 1953). The uplifted
mountain ranges bounded isolated inland lakes that had formed during the Late Cretaceous taad persis
throughthe Cenozoic. Much of the Cenoz@enver Basin sediment wohe was deposited in and around
these inland lakes as their shorelines oscillated. Tectonic adjustments of the Laramide orogeny occurred
in pulses through the earGenozoiowith the peak of the orogeny occurring in the Eocene. The peak of
the Laramide orgeny brought the Rocky Mountains and associated mountain ranges to their final
elevation and solidified the current structure of the Denver Basin. As the mountains were uplifted, the
entire Denver Basin was tilted east (Martin, 1965). With this tiltindever Basin assumed the

structural attitude and configuration that is seen today (McCoy lll, 1953).

2.3 Colorado Mineral Belt

The Colorado Mineral Belt (CMB) is a northeastnding, 500 km long and 25 to 50 km wide belt of
plutons and mining districts thektends from the Four Corners area on the Colorado Plateau to Boulder,
Colorado (Chapin, 2012). The CMB cuts indiscriminately across the geologic grain of Colorado with an
orientation seemingly independent of teetbnic elements that it cresats The ®le unifying structural
feature of the CMB is a system of overlapping Precambrian shear zones (Chapin, 2012). The lack of
continuity between structural features of the belt and the Colorado geology it intercepts has influenced
decades of research concemthe origin and evolution of the CMB.

Basement block uplifts and arches of Laramide (7548aMa) agecomprise the Colorado Mineral
Belt (Chapin, 2012). Orientation of CMB features during the Laramiggcontrolled by the Cordilleran

plate tectonics. ThEastern bulge of the Cordillera and its component uplifts and basins fill2@@&Kimn
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wide magmatic gap between the northern and southern portions of a Laramide volcanic arc. CMB features

lie within the magma gap, which is underlain by the subhorizgrgatbhducted Farallon flat slab.

Laramide pal eotectonic geometry suggests that the
in the underlying Farallon flat slab (Chapin, 2012). The geographic extents of the CMB as defined today

are synonymous witthe extents of the segment boundary. Precambrian shear zones intersecting the

il eakydo segment boundary are hypot hes.iFigue?2t o have
depicts the location of the CMB segment boundary in conjunction to adjacenieéZandstructural

elements.

Intrusion of Laramide plutons into the CMB area began about 75 Ma, coeval with tectonic partitioning
of the flatslab area into subsequent baserveméd uplifts and basins (Chapin, 2012). These events
coincided with the sharpcrease in FaralleNorth American plate convergence. Lararmadgee CMB
structures include alkaline intrusives, lavas, breccia pipes, and diatremes emplaced along the eastern front
range of the Rocky Mountains. The alkaline composition of the structuiieatsthe presence of a
thicker, cooler underlying lithosphere (Chapin, 2012). Mineral deposits attributed to the Laramide period
of CMB activity contain gold tellurides, native gold, uranium, tungsten, and other rare elements.

Middle Cenozoic magmatism wauperimposed on the central CMB that formed during Laramide
age. Magmatic activity attributed to this time period began about 43 Ma and culminated between 37 Ma
and 18 Ma (Chapin, 2012). This magmatism was generated by two coeval events: 1) theaotlback
sinking of the portion of the Farallon flat slab that extended from the southern boundary of the CMB to
southern New Mexico, and 2) extension of the Rio Grande Rift through the CMB. The Farallon flat slab
broke beneath what was later termed the Riomm@eaRift and rolled back to the southwest. Correlation of
pulses of ignimbrite volcanism from the CMB to Mexican border records the episodic rollback of the
Farallon flat slab. As the asthenosphere encroached between the sinking flat slab and overlying
lithosphere, a surge of fluids and melts came in contact with the lithosphere and began magma generation
(Chapin, 2012). Middle Cenozoic evolution of the CMB generated a series of calderas, ignimbrites,
stocks, dikes, and sills that formed a tectonomagmaéigpoint of the central Laramieige CMB.

Collectively, the genesis and evolution of the CMB was caused by Cordilleran tectonic adjustments
beginning in the Late Cretaceous and culminating in the middle Cenozoic.

The chemical composition of CMB intrusivedies varies depending on age and location along the
belt (Chapin, 2012). They are divided into three rock suites: 1) Séitaated, higlalkali monzonite
suite, 2) Silicaoversaturated, granodioritpiartz monzonite suite, and 3) Highly evolved alkaltispar
granite suiteThe monzonite suite dominates the northeast portion of the CMB and includes alkali to

mafic monzonites and quartz syenites (Chapin, 2012).
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Figure 2.2: Laramide paleotectonic map of the western United States depicting the CMBtsegm
boundary in relation to the gap in the Laramide volcanic arc, subsidence anomaly of the Wyoming
province, and inferred boundaries of the Farallon flat slab. Modified from Chapin, 2012.
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These rocks are characterized as having a stroiuntontent geater than ;000 ppm, are the most
variable in composition, and were emplaced during Laramide compression. The granqdantizesuite
dominates the central CMB and is composed of Laramide and middle Cenozoic rocks. This suite is the
most abundant withithe CMB and includes granodiorite and quartz monzonites. These rocks have a
general composition of >63% silica, contain at least 20% quartz, and have an alkali content of 7%
(Chapin, 2012). Batholiths of the granodiofifeartz suite coincide with areaEnegative gravity
anomaly in belt. Rocks of the alkali feldspar granite suite are the least abundant in the CMB. This suite is
characterized by high silica composition that show significant lithophile element enrichment (Chapin,
2012).

Ore deposits associated wéhrly tomiddle Cenozoic magmatism are of special interest to this study,
as these deposits are commonly expressed as replacement bodies in sedimentary rocks. Magmatic activity
included the intrusion of stocks, dikes, and katgrextensive sills in the LeadvilBreckenridge area
(Chapin, 2012). Dominant ore deposits in these areas include tabular zinc, lead, silver, and gold sulfide
replacement bodies in dolostones, mainly in the Mississippian Leadville Limestone. Siderjieaand
barium are found in karst zones on the Leadville Limestone. Similar ores were found at Gilman, about 32
km north of Leadville (Chapin, 2012). The ores in the Leadtteckenridge and Gilman locations are
similar; both are mainly tabular sidé replacement ores emplaced in dolostones of the Leadville
Limestone.

Hot minerdizing fluids originating from early to iddle Cenozoic stocks migrated upwards and
laterally through the Leadville Limestone. Mineralizing rdltkd interactions concentredl in the
Leadville Limestone due to the presence of overlying lateeatlgnsive, porphyritic sills that act as seals
to hydrothermal fluids. Boundaries of the CMB and locations of the Lea@rdlekenridge and Gilman
districts are shown in Figure 2. Bmplacement mechanismsthe sedimetary Leadville Limestone

serveas an analog foore mineralization in the dolomignd anhydriteenriched Lyons Formation.

2.4 Lyons Formation

The Permian Lyons Formation is an eolian feldspathic arenite to quartzaredieosa comprising
the Colorado interval of a large Pennsylvanian erg system that spanned the western margin of Pangea
(Lawton et al., 2015). Historically, the Lyons Formation has served as a hydrocarbon resource, type area
for largescale crosdedded edhn systems, and an important source of building stone (Kendigelen et al,
2023). Despite the mulindustry interest in the Lyons Formation, the paragenetic sequence forming the
deposit seen today has been chronically misunderstood. The Lyons Formatieemasormally
divided into two units: the Ared Lyonso and fAgray

composition of the two units is attributed to hydrocarbon migration
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Figure 2.3: Colorado Mineral Belt extents with inner boundary outlindxdiie and outer boundary
outlined in orange. Mining districts defined by abundant Leadville Limestone replacement deposits are
denoted by blue polygons. Modified from Wilson and Sims, 2003.

Hydrocarbons reduced originalironx i d e ¢ e me nt theformatidh grayelyondirdedvals
not affected by hydrocarbon migration have retaithedoriginal light pink to red coloration. While this
event in the paragenetic sequence is certainly important, it is only one of many diagenetic events vastly
alteringthe chemistry of the Lyons Formation with consequent regional implications. This study looks at
the Lyons Formation through a new lens; as a hydrothdhadiconduit involved in the genesis of the

Wattenberg Field temperature anomaly.

2.4.1 Depositional Environments

Various interpretations offshore bar, fluvial, beach, and eolianf depositional environment have
been made for the Lyons Formation (Adams and Patton, 1979). The Lyons Formation is unique to other
terrestrial eolian deposits of the time, withegsamples often containing sedimentary structures typically

attributed to fluvial and sabkha settings. These variant interpretations are not necessarily incorrect; it is
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probable that the eolian formation was deposited in or near several closely retateitoct
environments.

Reconstruction of the Lyons Formation depositional setting within the @a8\completed using
severncores anabservations spanning the southernmost Wattenberg FieldltaiR&eld in the
northeast;dcations of each core wepeeviously provided in Figure 1.page 4Cores 1 CLARA A
BACON and 130 CARROLL were taken from southwestern and saetfiral Wattenberg Field.
Sedimentary structures described in the 1 CLARA A BACON core are dominantly high aaddtav
wind-ripple laminations and higlangle gainflow laminations, structureharacteristic of eolian dune
deposits. Pervasive dune structures and distinct lack of convolute lamthase coremdicate that the
Lyons Formation in southernmost Wattenberg Field vegeosied in a dry eolian erg environment
(Kocurek and Havholm, 1993)

The 30 CARROLL core was taken about 12 miles north of the 1 CLARA A BACON location.
Sedimentary structures described in this core are dominantigig¥e windripple laminations and high
angle grainflow laminations with thin intervals of convolute laminae. Thin and discontinuous convolute
laminations in an eolian setting are characteristic of a damp interdune. Introduction of convolute
lamination suggests that the Lyons Formation transitfioom a solely dry eolian to damp eoklian
influenced deposit at the30 CARROLL location.

Cores 1 BROWNELL, 1 UPRIRERCH and Champlin 410 were taken from locations in northern
Wattenberg Field. Sedimentary structures described in each core includaglewvindripple
laminations, higkangle grainflow laminations, and horizontal planar laminations frequently interbedded
with up to 2 ft thick intervals of convolute laminations. The higher frequency and thickness of convolute
lamination suggesthat the lyons Formation in northern Wattenberg Field was depbgita damp
eolian environment that underwent frequent water table fluctuations.

Outside of the GWA, the-32 MORENG core was taken in the northern Denver Basin near the
ColoradeWyoming border. Thigore differs significantly from the other described Lyons cores. Grain
size is very finggrained to silt, and thick intervals of convolute laminations dominate. Some intervals of
low-angle windripple and highangle grainflow laminations interrupt the cohwve laminae, but these
intervals are thin and discontinuous. Evaporite hodules are noted at three separate depths across the core.
The prevalent convolute laminae and presence of evaporite nodules suggest that the Lyons Formation was
deposited in a sabklrenvironment near the Coloratdyoming border.

The Razor 262633L core was taken from Redtail Field, located northeast of Wattenberg Field.
Thickness of the Lyons Formation in this core is nearly double of that from Wattenberg Field cores and is
composeaf three distinct intervals. Lovangle windripple and highangle grainflow laminations are the

only structures present in the basal interval, indicating dry eolian deposition. The middle interval is
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dominated by convolute laminae with some thin intereélsw-angle windripple laminations,

indicating sabkha deposition interrupted by thgnation of smaldunes. The upper interval contains

nearly equal thicknesses of eolian dune and convolute laminae, suggesting deposition in a damp eolian or
eoliansatkha transitional setting. Frequent cyatisanges in facies association suggest that the Lyons
Formation was deposited in an environment that fluctuated between dry eolian and sabkha east of
Wattenberg Field. A composite map of Lyons Formation depaaitemvironments is provided in Figure

2.4, page 22

2.4.2 Sedimentology

Detrital sedimentology of the Lyons Formatiorthis studyis analogous to other Permiage eolian
formations. Gain composition includes quartz, plagioclase feldspar, potassium feldsgrdy Jittic
fragments, and minor amounts of heavy minerals (titanium oxide, zircon, tourmaline, sphene, apatite, and
rutile). Subrounded to wetbunded quartz grains compo88% 91% of bulk detrital volume measured
from core samples. Potassium feldspat plagioclase feldspar compose much of the remaining bulk
volume. Weight percent of potassium feldspar ranges froil3% and weight percent of plagioclase
feldspar ranges from 1046%. Chert, lithic fragments and minor heavy minerals compose up to 1% of
bulk volume.Core sampleare subangular to welibunded, moderately to wedbrtedand aerage grain
size is lower fine to upper fin€ompositegrain size spans a range of silt to lower medium Saudsilt

sized grains are only found in thin intervalssefect cores.

2.4.3 Cementation

Understanding cementation type and timing is a critical component of reservoir characterization.
Cementation modifies porosity and permeability, migration pathways, resource accumaladionore.
This study describesementatia types in the Lyons Formation to understand the type of fluid migrating
through the reservoir and tfaid-rock interactions that result in multiple typesdidgenetic
cementation.

Iron oxide cemenfFigure 2.5, Image Apage 23is present in red Lyorisormationsamples as grain
coating, pore linings and stylolite fill, anfbrms up to 10% of rock sampl@sevandowski et al, 1973).
Under reflected light, iron oxide cement is light to dark orange, formssctayl particles, and consists of
a mixture ofhydrated iron oxides. Hematite is the dominant iron oxide within the ferruginous mixture.
Goethite is present as both part of the iron oxide cement and as discontinuous single grains. There is no
ferruginous cement observed in gray Lyons sampias.oxide cement as grain coats, pore linings, and

microfracture fill are shown in Figure 2.5, Imagepage 24
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Figure 2.4: Paleogeographic reconstiutf Lyons Formatiordepositional environmenis the Denver
Basinduring the Permian PerioModified fromLee and Bethke, 1994

Secondary quartz is one of the most pervasive cement types within Lyons samples, forming up to 28%
of the rock. This cement g occursas secondary enlargement of detrital grains with crystal faces
directed into adjacent pore spa¢eevandowski et al., 1973). Quartz overgrowths are observed in most
Lyons samples but higr volumes are found in the grayons. In gray Lyons samples, overgrowths are
thick and pervasive enough to mar original grain textures. Interlocked and sutiredage common and
contain an appreciable amount of recrystallized quartz (Levandowski et al., 1973). These recrystallized
guartz overgrowths are precipitated, indicating silica solution interactions agssndontacts.

Secondary quartz as overgrowtre shown in Figure 2.5, Image [gage 24
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Type and volume of quartz cementation is integral to characterizing the diagenetic fluids that migrated
through the Lyons FormatioSecondary quartdisplays a strong correlation with temperature in
sedimentary basins; quartz cementation increases with increasing temperature. High temperature is one of
the primary controls inducing dissolution and recrystallization of unstable silica. In laboratory
experiments, the solubility of macroquartz grains controls the content of dissolved siliatens at
temper at ur e @oldstbimandRogsi832002). Core sample studies show that secondary quartz
precipitation in arenitic sandstones occur at varisdigperatiresr an gi n g flr6® Goldsieid
and Rossi, 2002). Much of the observed temperature variability depends on the chemical composition of
diagenetic fluids. Increases in salinity and the presence of organic compounds are evidenced to accelerate
guartz recrystallization (Goldstein and Rossi, 2012).

Calcite cement is observed only in red Lyons samples and is thus interpreted to be one of the earliest
cementing materialin the Lyons Formation (Levandowski et al, 19%8hen present, calcite cemasat
well crystallized in closely to widely spacgatiscontinuoupatches and lenses that forrgraundmass for
surrounding detrital grains. In gray Lyons samples, original calcite cement is interpreted to have been
almost completely replaced by dolomitedaanhydrite. An example of discontinuous calcite lenses is
shown in Figure 2.5, Image C.

Solid aganic matter is onlpresent in gray Lyons samples and comprises up to 25% of rock volume
(Levandowski et al, 1973). This cement type is present as browlaisk solid hydrocarbon that forms
continuous grain coatings, pore linings and fill, discontinuous fragments, and stylolite fill. In some
samples, solid hydrocarbon is often encased in anhydrite crystals indicating that organic matter
cementation precededlaydrite emplacement. Solid hydrocarbon is also present within quartz grains,
likely as remnants of an early organic phase followed by secondary quartz overgrowth. Atihim sec
image displayingrganic matter as cement and microfuae fill is shown inFigure 2.5, Image D

Anhydrite is one of the most common cementing materials in the Lyons Formation, comprising up to
25% of sample volum@&his cement type is observed in most Lyons samples, but is much more pervasive
throughout the gray Lyon&nhydritecement in red Lyons Formation sections is mostly restricted to
evaporiterich lenses and nodules. Comparatively, anhydrite is observed as a cement material in all facies
of the gray LyonsAnhydrite cement is coarse crystalline goaikilotopic, filling intergrarular pores and
commonly replacingiliciclastic grains. Dissolution and subsequent anhydritic replacement is associated
with feldspars and quartz grains. Feldspars are often completely replaced wareagrain
replacement mainlgccurs on graiedgesFigure 2.6, Image Apage 2%xemplifies anhydrite cement
under reflected light.

Dolomite and magnesite as cementing materials are pervasive in gray Lyons samples and restricted to

evaporiterich lenses and nodules in the red Lyons.
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Figure 2.5Thin section images of cementing material in red and gray Lyons Formation samples. A: Iron
oxide cement as grain coatings, pore fill, and microfracture fill. Thin section is frorRARMDORENG

core. B: Secondary quartz forming overgrowths on detritattgigrains. Thin section is from the 1
UPRRFERCH core. C: Discontinuous lenses of calcite cement. Thin section isfB@nMIDRENG

core. D: Organic matter cement as grain coats, pore fill, and microfracture fill. Thin section is from the 1
UPRRFERCH coe.

Dolomite is less abundant than anhydrite, and ajt®urs in conjunction with anhydrite. When
present, dolomite is wetlrystallized and coarse crystalline. Magnesite cement is present as an alteration
product of dolomite, often partially to fully rigzing original dolomite. The precipitation mechanism of
magnesite after dolomite will be discussed further in Chapter 6. Dolomite and magnesite occur as
discontinuous, uniéxtinguishing lenses and masses. Figure 2.6, Image B provides an example of
magnege after dolomite as a cement material.

Iron sulfide (Fe9 cement is observed in gray Lyons samples as discontinuousxtinguishing
aggregates, lenses, and disseminated m&3skisle cementatioin pyrite, marcasite occurs as cement
replacementpore fill, and microfracture filllron sulfide cemenis mainlyalong laminae and zones of

fluid bleaching A thin section image depicting pyrite as cement and grain replacement is shown in Figure
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2.6, Image CPrevious studief_evandowski et al., 1973uggest that iron sulfideementation in the
Lyons Formation is the result of iron oxideduction via interactions with reduced hydrocarbearing
fluids. Analysis of new data allows this study to present an alteemptanation of sulfide cementatiom i

the Lyons Formation.

e —
Anhydrite Magnesite

SEM HV: 15.0 kV WD: 9.89 mm MIRA3 TESCAN

SEM MAG: 266 x Det: BSE 200 pm
View field: 1.04 mm | Date(m/dly): 02/27/24 Performance in nanospace

Pyrite
aggregate

Figure 2.6: Thin section and bas&attered electron images of cementing material in the Lyons
Formation. A: Reflected light image of chalcopyrite emplaced in anhydrite cement. Bs&sttdred

electron image of a magnesite cetn@iass. C: Reflected light image of a pyrite aggregate as a cementing
material.

Describing cement types is the first step in understanding the diagenetic evolution of the Lyons
Formation; elucidating the timing of cementation is another critical pEasets of early to middistage
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paragenesis of the Lyons Formation have beendueelimented by previous researchers (Levandowski et
al., 1973, Lee and Bethke, 1994), thus, a general overview is provided in the following paragraphs.

Lyons Formation sedimentvere depositeith the Permian Periogls mature sands with some day
andiron oxide matrix During thePermian the Denver Basinontairedtwo majorevaporite basins: the
Alliance Basinto the north and the SterlingaBin to the south (Lee and Bethke94) Lyons Formation
sands were deposited between the emergent ancestral Rocky Mountains to the west and the evaporite
basins to the east. Basinward, Lyons sands interfingered with the evaporite gepugitag calcium
rich quartzgrains to the Lyonkormation (Levandowski et al1973).

The impermeable Blaine Anhydrite was deposited on top of the Lyons Forpmateiding an
impermeable top seal preventifhgid flow upwards Deposition of a thick sedimentary succession
coninued throughout the Mesozxgpiresulting in significant sediment overburden causixymulsion of
connate formation water enriched in?C@.evandowski et al., 19737t the same time, fluids from the
underlying deep basin migrated vertically into the Lyons Formation. Further ventgraition was
inhibited by the anhydrite cap causing fluids to move laterally throughyiiesL Thedeep basin fluids
mixed with the expulsed €arich formation waters, forming a pervasive calcite cement within the Lyons
Formation. Meanwhile, yons sand experienced compaction via the sediment overburden, forming early
mechanical strain features.

Continued sediment degition resulted in a steady increas®vyerburderpressure that caus&if*-
rich pressure solution form inthe Lyons Formation. Alkalinity of the pressure solution at prevailing
temperatures and pressures caused dissolution of silica at grain contacts and repreipifziopores
and void spacehts silica formed as quartz overgrowths, the second cegmmnin the paragenetic
sequence. Oil generation and accumulation began in the Late Cretaceous before the final stages of
compaction. Hydrocarbons migrated laterally through the Lyons Formation, releasingd-gom the
previously iron oxidegichsandsRe ducti on of iron oxides caused the
Lyons. Cementation of insoluble organic mattée third cementation event in the paragenetic sequence
T occurred during the Later€@aceous through Early Cenozoic

Laramide tectnic ewents in the Early Cenozoicduced the final stage of compaction. Late stage
mechanical diagenetic features such as suturing, triple junctions, microfractures masthesics formed
throughout Lyon Formatiosands. Athe same timeg second phase of didstion and reprecipitationfo
guartz overgrowths occurred. Isotopically heavy £€iéh), deep basin waters continued vertical
migration into and laterally through the LyoRsrmation in the Early Cenozoic; thesat alkaline brine
dissolved calcite ceméeandreprecipitated damite and anhydriteThe interaction between deep basin
brines and diagenetically altered Lyons sediments caused a second phase of bleaching. In core, this phase

in the paragenetic sequencegrawabybesi dennibofvi adphyVe
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Dissolution of calcite and reprecipitation of dolomite and anhydrite has been widely accepted as the
final stage in the Lyons Formation paragenetic sequence. Thismtyulyses that the Early Cenozoic
dissolution/reprecipitatin event isiot the final diagenetic eventstead, this event marked the beginning

of an extended phase of chemical diagenesis induced bgthgdmnal fluidrock interactions witim the
Lyons Formation.
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CHAPTER 3 SUBSURFACE TEMPERATBE MAPPING

Temperature dattoma ct i vely producing formations in the G
Formation, Codell Member, etc.), is plentiful, wdbcumented, and wetlonstrained. In contrast, there
exists a stark scarcity of Lyons Formation temperature data in the G\Wduddng Lyams Formation
fields are mainhoutside of the GWAand most active production from the reservoir ceagtdthe
di scovery of oil s h o wand Niabrara Foenmatidiiherdfgre, ipdated Sandst one
geothermal gradient and formation temgiare maps were created for this stufigmperature maps were
used to identify spatialspgotrge, athenGMB ett wered, | arc
that intersect the GWA.

3.1 Bottom-hole Temperature Corrections

Bottomhole temperature (BHTheasurements frowil and gas wells constitute a lardpeit low-
accuracy, set dfubsurfacéemperature readings used in a variety of reservoir characterization
calculationsBottom-hole temperaturmeasurements are recordadhe borehole ahetotal depthof the
logging runat the time it is measure@onsequently, BHT measuremeractuallyrepresents the
temperature of the drillinghudin a boreholet the time of measurementhich is generally cooler than
the true undisirbed formation temperatu(®eming, 1989). Drillingncludes a variety of muds,
chemicals, and othedditives usetubricate and cool the drill bit and pipe, remove cuttings from the
wellbore, and to prevent any formation fluids (oil, gas, and watam) éntering the wellbore during the
drilling processWhile these fluids are effective at maintaining the integrity of the borehole, they cool the
temperatures of adjacent formations being drilled through.

A variety of BHT correction equations have beleweloped for sedimentary basins worldwidéhe
universal effort to obtain the maatcurate downhole temperaturewever, while BHT correction
equations provide better formation temperature estimates than raw BHT measurements, they are still
notorioudy inaccuraté even when corrections are basjecific. It becomes necessary to test multiple
correction methods to determine which method will result in the most accurate temperatures for the
specific basin or field being worked in.

This study takes m BHT measurements from the GWA and corrects them using the Harrison
Correction(Harrison et al 1983) Kehle CorrectiorfKehle, Schoeppel, and Deford, 1978hd three
variations of the Forster Correcti@derriam and Forster, 1995, Crowell, Oschner, &Godnold, 2012)
Corrected BHT data was then compatetiperature measurements from the &vailablecement bond
logs (CBL) measured in the Lyons Formation. Cement bond log runs are conducted after the well is

initially drilled and casedwhen formatiortemperature is close to equilibrium. Thenef, temperatures
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from CBLsare generally recognized as the most accurate measure of true formation temperature
(Sonnenberg 2023, personal communication)

Temperatures adjusted using the Kehle Correction weralftmbe most consistent with the CBL
BHT dataset. The Kehle Correction was created for the AAPG dataset to optimally adjust BHT data from
across North America (Kehle et,al970). The Kehle equation is given belfiquation 1.1)

YY @pwpm 4 c®TopPpM G T&XULUPTM G p8Ip Y (1.1)
Where,
zZ =depthinm
T = correction coefficient in
The output of this equation is a correction coef

to original BHT gives the corrected formatitamperature. For wells that reach total depth in the Lyons
Formation, the corrected BHT is left unaltered and assigned to the well. For wells that reach total depth in
a formation deeper than the Lyons Formation, additional corrections are needed ta obtaétted
geothermal gradient artdlenbackcalculatethe Lyons Formation temperature usibgththe temperature
gradient and corrected BHT.

Geothermal gradients across the GWA change rapidly across very short distances; one gradient cannot
be applied niformly across the field. This variance illuminates the need for Lyons Forrrsigemific
geothermal gradients calculated for each well. The Corrigan Correction (Corrigan and Bergman, 1996)
was used to generate geothermal gradients tailored to GWA varieime Corrigan Correction equation
is shown belowEquation 2.1)

% YY T — (2.1)
Where,
Tgrad= temperature gradient for corrected BHT
Tavg= average annual ground surface temperature in Weld County
Teq= Kehlecorrected BHT
TD = total depth

The output of this equatias the temperature increase in Celgyes 100 nfor each well. Lyons
Formation temperatures for all wells with a total depth deeper than the Lyons Formation can now be
calculated using theorrected geothermal gradients. The equation for this calculation is given below
(Equation 2.2)
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Ny 2.2)
Where,

T. = Lyons Formation temperature

D. = Lyons Formation top depth

Newly calculated formation temperatures @iren assigned to their respective wells. The final
subsurfacéemperature dataset includes 1lls with corrected Lyons Formation temperatures and their
associated calculated geothermal gradients. This dataset is used to generate the subsurfaoestemperat
mays shown throughout this chapter.

3.2 Lyons Formation Geothermal Gradient

Previous tempetare studiesHligley et al, 2003 Sherwood et al 2013 Sonnenberg, 20)®f the
Greater Wattenberg Area show significant variation in geothermal tempegeddients across the field.
Temperature gradients have been mapp€E€aelacross the
Niobrara, and Sussegrimations. This study presents a geothermal gradient map tailored to the Lyons
Formation, a formation which has peeviously published geothermal gradient or formation temperature
maps. The methodology for gathering geothermal gradients for wells across the GWA is discussed in the
previous subsection. Petra software was used to create the Lyons Formation geothédierdlrgap,
which is shown in Figur8.l

The average temperature gradient in the GW&\ is 8100 m with highest gradients calculated at
4 . 7 | 1Watenlmag Field sees anincrease of-.9 1 / InQy@othenmal gradient from the outer
edges of the éld to the center of the field. Gradisiin the GWA ardnigher than much of the Denver
Basin. Temperature gradients acrossthe DeBwers i n gener ally range from 3 [/
(Belitz and Bredehoeft, 1 ar@8vher thdthdrmalgfadiantise t her mal
>4 . 5 |/ T @ar@located in and around ttiend of the CMB The intersection between areas of
elevated geothermal gradient and the ger@ké trendindicates that condue® heat flow from CMB

intrusionsmay be influencing th&WA gradient anomalies.

3.3 Lyons Formation Temperature

To understand the cause of the Wattenberg Field temperature anomaly, the distribution and extents of
the anomaly must first be established. Reservoir characteristics of the Lyons Formation have been under

published despite the burgeoning industry interest in its geothermal energy potential.
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Figure3.1: Geothermal gradient map of the Lyons Formation across the Denver Basin. Individual
gradients for 181 wells were calculated using the Kehle BHT corrgé&iie et al, 1970and Corrigan
geothermal gradient correctig@orrigan and Bergman, 1996jhe CMB trend is outlined in orange
dashes and Wattenberg Field is outlined in black.

Formationtemperature is no excepticasvery little to no Lyons Formatiotemperture data was
found throughout thiterature reviewfor this project Most wells in the GWA do not specifically target
the Lyons Formation, resulting in a lack of format&pecific BHT data. This study combines available
BHT data from deep wellsnd calculated geothermal gradients to present a comprehensive reservoir

temperature map of the Lyons Formation in the GWA (Figu2epage 3R
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Before temperature trends are discussed further, it is important to note that this map is likely an
underestimation of true formation temperature. Drill stem tests (DST) penetrating shallower formations
such as the Niobmdastaome ds Mauw dty e dnd abovesita theseistervals, 1 16
which are commonly 305 mshallower than the LyonsoFmation in Wattenberg Field. While the Kehle
BHT correction method was found to be the best correction method for this dataset, future studies would
benefit from a new BHT correction method specific to deep formations in the Denver Basin.

Local variationsof formation temperature in the above figure are comparable with trends shown in the
geothermal gradient map (Figusel). The average Lyons Formation temperatwithin the GWA is
about ,Wthme&imumformt i on t emper at u.lLywss FamatarcirhtherlGWA 12 4. 5
shows a distincttempeat ur e i ncr e-8 2 dronvtlie owteb edges of tdfield to the center of
the field. Al most al | ifaeasmlzeteyoosriormationEmperaturelis e fAhot s
> 1 1 5 reside within or direcyl adjacent to the CMB trend.

The Lyons Formation temperature map shown in Fi§Wdluminates an interesting correlation
bet ween | ocalized fihotspotsod and maj orslid ault zone
adjacent to or along Precambrisimear zones that experienced reactivation and subsequent movement
during the Laramide orogeny (Sonnenberg, 1981). This period of fault reactivation happened coevally
with the intrusion of late Mesozoic to early Cenozoic CMB magmatic bodies (Wallace, 1988).

Reactivated fault zones served as conduithdbrdeep basinal brines interawi with CMB magmatism

to flow upwards tacooler,shallower, porous reservoir rocks. Agyiously discussed in Chapterd2

evidence for the Laramigage interaction betwednydrothermal, deep basinal brines with Lyons

Formation connate waters réted in diagenesis of cements and mineralizatiometallic sulfides. Deep
basin brines migrated into and laterally through the Lyons Formation, constrained by the thick overlying
Blaine Anhydrite top seal. Fluid mixing caused dissolution of calcite cement and pervasive replacement
by dolomite and anhydrite, the sixth event of the Lyons Formation paragenetic sequence.

The Lyons Formation is one of the mdkeermally conductive resewirs in the Denver Basin with a
measured thermal conductivity of 3.56 /04 Wm'K* (thermd conductivity courtesy othe U.S.

Geological SurveyHigh thermal conductivity is attributed to the quaith, arenitic lithology of the
Lyons FormationProlonged lateral migration of deep basinal brines through the Lyons Formation
facilitated thermal conduction from the brines to the surrounding mature sands. Elevated thermal
conductivity likely ensured that heat from the brines remained ibytbes Formabn after upward flow
ceased, generating the faatintrolled hotspots shown in FiguBe& The correlation between Lyons
Formation temperature hotspots and Wattenberg Field fault zones suggests that significant heat

conduction occurred between migratiregeg basinal brines and the thermally conductive Lyons
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Formation. Evidence dhermal conductiobetween CMB intrusions and deep basinal brines will be

discussed in later chapters.

°C
124.5°C
-

L 54°C

NEBRASKA

COLORADO

Figure3.2: Reservoir temperature map of the Lyons Formation acrosswhe @d greater Denver Basin
area. Individual formation temperatures were calculated for a dataset of 181 wells that reached a total
depth in reservoir intervals deeper than the Lyons Forma@msement faults are denoted by the red lines
and Wattenberg tdts are denoted by purple dashes.
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CHAPTER 4 CORE STUDY AND GEOCHEMISTRY

Comprehensive lithologic descriptions of each core wedeto identify trends in lithologies and
diagenetic features in are@nside and outside the CMB. Nine Lyons, Tensleep, and Precambrian
basement cores were examined for this study. Five cores targeted the Lyons Formation inside the Greater
Wattenberg Areal CLARA A BACON, 1-:30 CARROLL, 1 BROWNELL, 1 UPRFFERCH, and
CHAMPLIN 410. Three cores targeted the Lyons Formation and equivalesie®p Formation outside
of the CMBtrend- 1-32 MORENG, 1 LAZY W CROSS RANCH, and 8 WILSON. One core targeted the
Lyons Formation in Redtail Field viin the CMB trend RAZOR 2632633L (Figure 1.2, page 4)

The purpose of detailedcore study is to edbtish the presence (or lack thereof) of hydrothermal fluid
migrationevidence irthe Lyons Formation. This study investigates two types of evidence for
hydrothermal fluidrock interations in sedimentary rocks:

1. Presence of ore minerals associated with dtyrmal emplacement (pyrite, pyrrhotite,
chalcopyrite, sphalerite, galena, etc.)
2. Sulfidemineralemplacement along areas of preferential fluid flow (bounding surfaces, pore

space, stylolites, etc.)

Core description, facies distribution, and chemostratigraphic logs compiled from XRF data were
combined into composite log displays to illuminaterelatiors betveen the concentrations of Sd#
elements and areas of preferential fluid flow. Depthsiafgbctions containing nowletrital sulfdes were
labelled orlog displaygo visualize their correlation with coseale fluid flow conduits. By integrating
core description, chemostratigraphy, and thin section analysis, the two discussed evidenceréypes w

sufficiently investigated on the ceseale.

4.1 Facies and Facies Associations

Drill core and thin section descriptions were used to identiffegies and four facies asdations
across Lyonsnd Tensleep Formation cores. Facies inciuighel ripplelaminated sandstongrainflow
laminated satistone massive to weakHaminated sandstone, soft sedimdaformed sandstone, wavy
laminated sandstone and massive siltstone. Descriptions of eactafeqeevided in Tables 4i14.3
The defined facies care grouped into four facies associations; eolian dune, dry interdune, damp
interdune and sabkha. Interpretations for each faciesiassnare provided in Table 4. Mapping the
distribution of facies to identify bounding surfaces, bleached zones, lagrdfloid controls and indicators
is the main purpose for facies description. Patterns between sulfide enrichment zones and facies
distribution will illuminate the mechanisms of trace ore metal enrichment in the Lyons Formation and

other eolian sandstones.
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Table 4.1: Descriptions for facies #1 and #2, consistent across all cores.

Name Core Photo Texture Sedimentary Structures Detrital Cementation Diagenetic Features Ore Mineral
Composition Emplacement
Wind * Upper very fine-lower Low angle to high angle | Mostly quartz, * Secondary quartz, | * Fluid “bleaching”, Pyrite
Ripple- medium, moderately to planar laminations some plagioclase dolomite, pervasive through gray | Chalcopyrite
Laminated well-sorted, subrounded Laminations are thin, feldspar, potassium anhydrite, Lyons Formation Sphalerite
Sandstone to well-rounded typically less than 1 mm | feldspar, minor insoluble organic + Bleaching zones are Marcasite
* Coloris dark gray to light Laminae are finer- chert and heavy matter, pyrite linear along laminae Sulfarsenides
gray in gray Lyons grained than matrix, minerals (zircon, * Additional calcite, and circular in
samples, ranges from internally well-sorted tourmaline, hematite in red between laminae
dark red to light pink in Laminae color is white, goethite, ilmenite, Lyons samples * Microfaults
red Lyons samples light to dark gray, light rutile, etc.) * Not all * Suturing
* Thickness ranges from brown and black in gray cementation types | * Microfractures in
less than 3 in to around 5 Lyons present in all quartz grains
ft Laminae color is dark samples * Feldspar dissolution &
* Boundaries between red, dark gray to black in replacement
adjacent facies are red Lyons * Quartz overgrowths,
typically sharp, not Angle of laminae dissolution &
gradational decrease towards replacement
toesets * Triple junctions
Laminae coarsen + Stylolites
upwards
Grainflow- * Upper very fine-upper Low angle to high angle Mostly quartz, * Secondary quartz, | * Fluid “bleaching” is Pyrite
Laminated medium planar laminations some plagioclase dolomite, most common in this Chalcopyrite
Sandstone * Poorly to well-sorted Laminae are moderately | feldspar, potassium anhydrite, pyrite facies, extremely Sphalerite
* Subangular to to well-sorted feldspar, minor * Additional calcite, pervasive along Marcasite
subrounded Laminations typically chert and heavy hematite in red laminae Sulfarsenides
* Coloris light gray to dark high angle, low angle minerals (zircon, Lyons samples * Bleaching zones are
gray in gray Lyons laminae in some cores ilmenite, goethite, | * Notall linear along laminae,
samples, and dark Laminae color in gray etc.) cementation types circular in between
orange, dark red and Lyons is white, light grey, present in all laminae
light pink in red Lyons dark gray, black samples * Stylolites are common
samples Laminae color in red * Anhydrite/dolomit | * Suturing
* Boundaries between Lyons is dark red, light e pervasive * Quartz overgrowths,
adjacent facies are gray, black dissolution &
gradational when replacement
between Facies #1 & #3, * Feldspar dissolution &
sharp otherwise replacement
* Up to 3 ft thick * Micro-shearing,
microfractures in
quartz grains
* Triple junctions
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Table 4.2: Descriptions for faci#l8 and #4, consistent across all cores.

subrounded

Color in gray Lyons
samples range from
light to dark gray,
brown where oil
stained

Color in red Lyons
samples range from
orange-red to light pink
Intervals are typically
less than 1 foot thick
Boundaries between
this facies and adjacent
facies are mostly sharp,
some gradational
contacts

laminae are faint,
isolated, and often
wavy or convoluted

heavy minerals
(zircon, goethite,
rutile, ilmenite)

matter, pyrite
Hematite and
calcite in red
Lyons samples
Anhydrite/dolomi
te compose
highest % of
cement in
bleached areas

denoted as this facies
because bleaching
destroys or mars any
original structures
Bleached zones often
form as circular
“splotches”

Stylolites common
Quartz overgrowths,
dissolution &
replacement

Feldspar dissolution &
replacement
Microfractures in quartz
grains

Suturing, triple junction

Name Core Photo Texture Sedimentary Detrital Composition Cementation Diagenetic Features Ore Mineral
Structures Emplacement
Massive to * Upper very fine to = Lack of structures Mostly quartz, some | * Secondary * Fluid bleaching is Pyrite
Weakly- upper fine characterize this plagioclase feldspar, quartz, dolomite, extremely pervasive in Chalcopyrite
Laminated * Moderately sorted facies potassium feldspar, anhydrite, this facies Sphalerite
Sandstone * Subangular to + If laminated, minor chert and insoluble organic | * Core samples have been Marcasite

Sulfarsenides

Soft Sediment-
Deformed
Sandstone

Lower very fine to
lower fine-grained
Moderately sorted
Subangular to
subrounded

Color in gray Lyons is
dark gray, light gray,
light brown-gray and
white

Color in red Lyons is
dark red, dark pink, and
red-orange

Intervals range in
thickness from about 1
cm to less than 1 foot
Boundaries between
this facies and adjacent
facies are mostly sharp
This facies present in
cores with well-
developed damp
interdune or sabkha
deposits

* Flame structures

* Slumps

* Haloturbation —
solely in Razor core

Mostly quartz, some
plagioclase and
potassium feldspar,
minor heavy
minerals

Evaporite minerals
closely associated
with haloturbation

Secondary
quartz, dolomite,
anhydrite

Calcite and
hematite in red
Lyons samples

Some fluid bleaching in
and around areas of
deformation

Pervasive anhydrite
cement closely
associated with
deformation

Quartz dissolution &
replacement

Feldspar dissolution &
replacement
Microfractures in quartz
grains

Suturing

No thin
sections
available
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Table 4.3: Descriptions for facies #5 and #6, consistent across all cores.

Name

Core Photo

Wavy-
Laminated
Sandstone

Massive
Siltstone

Texture

Sedimentary Structures

Detrital

Cementation

Diagenetic Features

Ore Mineral

Composition Emplacement
* Lower very fine to lower * Convoluted/irregular Mostly quartz, * Secondary quartz, | * Fluid bleaching is Pyrite
medium-grained laminae some dolomite, pervasive along Chalcopyrite
* Poorly to moderately * Laminae are always finer- | plagioclase and anhydrite, laminae Sphalerite
sorted grained than matrix potassium insoluble organic * Quartz dissolution & Galena
* Subangular to subrounded * Laminae can be feldspar, minor matter, pyrite replacement
* Colorin gray Lyons is dark continuous or chert and heavy | * Calcite and * Feldspar dissolution &
gray, light gray, white, tan- discontinuous minerals (zircon, hematite in red replacement
white, light brown, and * Individual laminae are titanium oxides, Lyons samples = Suturing
blueish-gray about 1mm-2mm thick tourmaline) = Triple junctions
* Colorin red Lyons is dark * Laminae color in gray * Microfractures in
red, dark pink, light pink, Lyons is light gray, dark quartz grains
pinkish-gray, dark reddish- gray, white, black, tan, * Microshears and
orange, and orange and dark brown microfaults in quartz
* Thickness ranges from less * Laminae color in red grains
than 0.5 feet to around 10 Lyons is dark purple,
feet white, black, and dark
* Thickest intervals of this red
facies found in cores with
well-developed damp
interdune or sabkha
deposits
* Boundaries between this
facies and adjacent facies
are both sharp and
gradational
* Silt to lower very fine * Lack of structures Mostly quartz, * Secondary quartz, | * Anhydrite nodules No thin
* Poorly to moderately characterize this facies some dolomite, observed in 1-32 sections
sorted plagioclase and anhydrite MORENG core available
* Moderately to well- potassium * Calcite and

rounded

Color in red Lyons is dark
red and dark reddish-
purple

Intervals range in thickness
from about 1-5 inches
Boundaries between this
facies and adjacent facies
are sharp typically sharp,
gradational in 1-32
MORENG core

This facies is present in
cores with well-developed
damp interdune and
sabkha facies

feldspar, minor
chert and heavy
minerals

hematite in red
Lyons samples
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Table 4.4 Name, associated facies and interpretation for the four facies associations identified in the
Lyons Formabn and Tensleep Formation cores.

Association Name Facies Interpretation

Eolian Dune F1, F2, F3 1 Records the deposition, migration,
preservation of indidual dunes and
dune systems

1 The included facies represent all éur

deposition, high to low angle

F1represents lee side dune depositg

F2 represents stoss side dune depo

F3 represents very large stoss side

dune deposits

Dry Interdune F1 1 Records the deposition and
preservation of the relatively flat areg
between dunes

1 Flrepresents interdunal dune toese
and genuine interdune deposition

Damp Interdune F4, F5, F6 1 Records interdunal deposition during
period of water table rise across a
dune system

1 F4encompasses all types of sedime
deformation related to fluid movemnte

1 F5represents the deposition of dry
grains onto damp grain surfaces,
resulting in irregular lamination

1 F6represents suspension settling
deposition in an interdune pond,
forming when the water table rises
significantly

Sabkha F4, 5, F6 1 Recordsvaporiterich deposition in a
nearcoastal, dry environment

1 F4encompasses all types of sedime
deformation related to fluid moveme
and evaporite nucleation and
expansion

1 F5records deposition onto irregular
sabkha flat surfaces, forming wavy
laminatian

1 F6 represents suspension settling
deposition in restricted lagoons or
ponds

= =4 =
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Characterizing and identifying the types of bounding surfaces between eolian facies is as integral as
understanding the facies thems edtescdbetheifidiface t er m fAbo
between different facies in an eolian deposit (Kocurek, 1988). Identifying bounding surfaces across an
eolian succession allows intervals of the deposit to be placed into a sequence stratigraphic framework.
Bounding surfaces are biterest to the hydrocarbon industry because different types of bounding
surfacs have different implications féluid movement, sealing capability and flow containers within an
eolian deposit. Identifying these surfaces across core are of interastdtmtly because their distribution
can give insight to preferential pathways of hydrothermal fluid migration within the Lyons Formation.
Two types of bounding surfaces are of particular importance to this studyrtiestbounding surfaces
and dune migation surfacesMountney and Thompson, 2002

A first-order bounding surface is the erosional surface between an overlying interdune deposit and
underlying dune deposit. This surface is also termed an interdune migration surface, as it records the
migration and preservation of an interdune and proceeding tilmentney and Thompson, 200First
order bounding surfaces are the best stratigraphicliafitesin an eolian system; the overlying loew
permeability interdune deposit acts as a seal for fluids that preferentially migrate along and through
underlyinghigh-permeability grain flow and wind ripple deposits along dimmesets When prospecting
in an eolan formation for oil, these surfaces are of interest to geoldmgstuse otheir stratigraphic
trapping capability. Firsbrder bounding surfaces are important to this study as they may act as
preferential fluidbarriersfor hydrothermal brine migratiothrough the Lyons Formation.

A dune migration surface is the surface between an overlying dune deposit and underlying interdune
deposit. Dune migration surfaces separate the underlyingdéomeability interdune deposit from
overlying low to moderate pmeability dune toeset deposits. Dune toesets are generally the part of a dune
with the lowest permeability, with permeability increasing upwards to thefdueset Therefore, dune
migration surfaces act as the base of the moderate to high permeaiiligofitainer and the firstrder
bounding surface acts as the top of the flow container. Theoretically, hydrothermal fluids would
preferentially migrate through the dune strata between these two surfaces within the Lyons Formation.
Firstorder bounding sfieces and dune migration surfaces are exemplifiedblock diagram in Figure
4.1.

4.2 California Oil 1 UPRR-FERCH

The California Oil 1 UPRHFERCH well was drilled in the northeast part of the GWA. The Lyons
Formation interval of this core is 71 ft thick wightop depth at 9,159 ft and a base depth at 9,230 ft. Top
and basal contacts are gradational; the Lykins Formation conformably overlies the Lyons interval and the

Satanka Formation conformably underlies the Lyons. The Lyons Formation interval is lithdjogi
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characterized as a quartzarenite, dominantly composed of sandstone with minor interbedded sandy

siltstone.

Damp
Interdune

1st-Order
Bounding
Surface

Dune
[~ Migration
Surface

Eolian Dune
Strata

Figure 4.1: Block diagram representation of fmaler bounding surfaces and dune migration surfaces in
reference to thir relationships with adjacent facies. Modified from Gross, 2020.

Facies change in a cyclic order from the top of the cqi&gt) to about 496 ft. Massive to weakly
laminated sandstone transitions to wind rigigl@inated sandstonehich in turn trasitions to
grainflow-laminated sandstone. The cyclicity of these facies represents the migration of a dune or dune
system. Consistent cyclicity ceases 408 ft, where a thick succession of wdayninated sandstone is
deposited. Wawaminated sandstorig deposited through the base of the Lyons Formation c28Q(9
ft), with a few interbedded thin intervals of winighple laminated sandstone, grainfléamminated
sandstone, and massive to weakly laminated sandstone. This succession represents anselohtied
erg system water table, where strata are deposited in a damp interdune environment. Thin intervals of
dune facies represent the migratiorpobrly-preservediunesFacies distributiomcrosshe core is
shown in Figure 43, page 42vith correspondingegend shown below in Figure 4 Phe facies legend in

Figure 4.2 is used for all cores discussed in this chapter.
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F1  Wind Ripple-Laminated Sandstone
F2  Grainflow-Laminated Sandstone

F3 Massive to Weakly-Laminated Sandstone

Soft Sediment-Deformed Sandstone

FS  Wavy-Laminated Sandstone

Massive Siltstone

Figure 4.2: Facies key showing polygon colors with corresponding facies name. Key is consistent across
all described core.

The Lyons Formation in the 1 UPRIRERCH core has undergone at least two fluid bleaching events,
evidenced by coloration and cementation types. The first fluid bleaching event was the most pervasive,
where hydrocarbon migration reduced iron oxidesfinhelched the entirety of the core gray
(Levandowski et al., 1973The second bleaching event appears locally pervasive in this core, primarily
affecting intervals directly above and below major bounding surfaces. Intervals affected by secondary
bleaching appearhite or much Ighter gray than adjacent strata, and anhydrite cement exceeds dolomite
cement Firstorder boundingurfaces are the easiest bounding surface to identify visually in this core
largely because of threcorrelation with thickbleaching zonedyounding surface locations are shown in
Figure 44, page 44

To identify potential correlations between major bounding surfaces and trace ore metal enrichment
zones, chemostratigraphic logs are juxtaposed against core description and a féEigsred4).
Chemostratigraphic logs using XRF data were created for elements S, Pb, Cu, and Zn because these
elements comprise common low to intermediate temperature hydrotheemgilgced sulfide minerals
(galena, chalcopyrite, and sphalerite¢ognizdin the CMB A chemostratigraphic log for the element
Ca was also included to ascertain potential relationships betweech@zments (calcite, anhydrite, and
dolomite) and ore metal enrichmentzarlew t hi s chapter, thenée@rwi florlkemn

used to describe any XRF measurement where the element concentration (ppm) is above average.

41



E053
E053 CALIFORNIA OIL
— i UPRR FERCH
CALIFORNIA OIL 7 - - UPRR FE

1 UPRR FERC® -

.‘ » A'

vy,

b\

Figure 43: Facies distribution across the Lyons Formation interval of the 1 LFERCH core Core photos courtesy of the U.S. Geotadi
Survey
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Per Figure 41, about half of the ore metal enrichment zones occur on or neararfiestbounding
surface and half occur in the eolian dune strata between-arfiest surface and dune migration surface.
Bounding surfaces likely functiones intraformational fluidbarriers allowing metalrich fluids to
migrate through strata of the more porous eolian dune facies.

The chemostratigraphic logs show that enrichment trends of elements Ca and S almost entirely mirror
each other. This close aionship enforces the idea that anhydrite is a major constituent of gray Lyons
Formation cements. A majority of the ore metal enrichment zones correspond to elevated concentrations
of Ca and S, indicating a potential relationship between anhyitfiteement and suifle emplacement.

Thin section analysis, which is discussed hereafter, is necessary to determine whether sulfide
emplacement is the result of direct replacement of anhyrichecements or if sulfides are emplaced in
areas of anhydrite dissaion.

Sixteen thin sections were made from 1 UPIRERCH core samples selected at areas of XRF
measurement. Detailed thin section descriptions were undertaken to identify specific sulfide
mineralization and correlate them to chemostratigraphic and fagieslibhe most prevalent sulfidies
thin section are pyriteshalcopyrite and marcasitevith minor sphalerite and galena.

Pyrite (Fe9) is present in all sixteen thin sections and forms euhedral crystals, connected or
disconnectedggregatesdisseminatedubhedral to anhedlrcrystals, and more rareisamboidal masses.
Pyrite occuron its own and as part of pyrithalcopyrite and pyritehalcopyritesphalerite assemblages.
Examples of pyrite mimalization are shown in Figure5}.page 45Emplaced pyte does not appear to
place stress upon adjacent datrgrains; insteadyyrite impregnatesetrital grain boundaries and
overprints grains. The lack of stress features on adjacent detrital grains suggests that pyrite dominantly
fills secondary porositgr replaces cements; fluids depositing pyrite were not at a hot enough thermal
regime to replace the thermallgsistant detrital quarttvh en pyr it e appears to fiove
overprinting always occurs nefuid conduits such amtragranular factures or grin boundaries. fAis
relationship indicates that pyrite was deposited from migrating fIRigiite is always emplaced on or
adjacent to areas of preferential fluid fldveements, grain boundaries, microfracturdgrther
indicating thathe sulfidewas deposited and nucleateekitu. The euhedral habit of various pyrite grains
also suggests igitu nucleation instead of a detrital origin.

Chalcopyrite(CuFeS) was observed in all analyzed thin sectionsiarahe of the most pervasive
sulfides in the 1 UPRIFERCHCcore. Chalcopyrite forms connected and disconnected aggregates,
subhedral to anhedral masses and disseminated subhedral to anhedral $uygtaliral to anhedral
aggregates and masses are the most pervasive chalcopyrite hedited thin section. Like pyrite,
chalcopyrite is emplaced along grain boundaries, microfractures, laminationgitlaindcalcareous

cements.
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Figure 45: Pyrite mineralization habits in the 1 UPRFIRERCH coreAll images are taken under reflected

light. Py = pyrite; Cpy = chalcopyrite; Qtz = quartz; Anh = anhydrite; OM = organic matter. A: Pyrite
aggregateseplacing anhydrite cement and overprinting quartz grains. Chalcopyrite has replaced pyrite in
some areas. B: Euhedral to subhedral pyrite emplaced in anhydrite cement and overprinting quartz grains.
C: Anhedral pyrite aggregates filling pore space anthogpy organic matter cement. D: Chalcopyrite

and anhedral pyrite emplaced in anhydrite and overprinting quartz grains.

The aforementioned areas of emplacement are all preferential fluid pathways, suggesting that
chalcopyrite was deposited from a migratfhgds. Emplacement of chalcopyrite overprints detrital
guartzin some areasiucleating irintergranular cement and grain boundaries. Examples of chalcopyrite
mineralization habits are shown in Figyré, page 47

Chalcopyrite often occurs in polymetallic assemblages with pyriegcasitesphalerite, and galena.
When associated with pyrite, chalcopyrite surrounds pyrite masgdaces pyrite grain boundaries, and
is underlain by pyrite masses. These relationshiggest that at least two episodes of pyrite
emplacement occurred, preceding and succeeding chalcopyrite emplacement. Chalcopyrite replaces and is
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emplaced on the boundaries of the first stage of pyrite deposition. The second stage of pyrite
emplacementsi characterized by pyrite overlying earlier chalcopyrite masses (Figiiendge D).
When associated with marcasithalcopyrite occurs as small anhedral to subhedral intetiggamnd
inclusions in marcasite veins. Marcadikely preceded chalcopyritemplacement; chalcopyritpears
to replace the marcasitds emplaced inWhen associated with sphalerite, chalcopyrite occurs as small,
pervasive inclusions within sphalerite aggregatesasnuasses replacisghalerite grain boundaries.
Chalcopyrie i ncl usi ons in sphalerite exhibvhith a rel ati or
represents the earliest stages of replacement of sphalerite by chalcopyrite (Eldridge et al, 1988). These
relationships indicate that sphalerite deposition precededaghaite and chalcopyrite has partially
replaced the earlier sulfid&/hen associated with galena, galena occurs as disseminated masses emplaced
on chalcopyrite grain borders and filling open space in subhedral to anhedral chalcopyrite. Galena
mineralizaton occurred after chalcopyrite, but does not replace the earlier sulfide.

Marcasite(FeS) is one of the most abundant sulfides obsendsahtified in most thin sections
Largest emplacements occur as anhedral to subhedratlistniguishing pore filing cement (Figuré.7,
Image A page 48 Marcasitecement was likely emplaced as fill in secondary porosity; where occurring
as cement, pyrrhotite solely fills grain boundaries and does not appear to overprint adjacent grains. Pore
filling aggregates coatn abundant small incliens of chalcopyrite. Marcasitdso occurs as anhedral to
subhedral disseminated masses and aggregates that are in vargsusf sikidation. Some marcasite
aggregates appear to be almost entirely replaced by taBaisbd orthese relationships, marcasitas
likely emplaced before chalcopyrite and at the peak of prior cement dissokitjare 4.6provides
examples of marcasitaineralization in thin section.

Sphalerite (Zn,FeS% one of the leastommonsulfidesobservedn thin sectionSphalerite occurs as
anhedral masses and aggeg thaemplaced in pore space and detrital grain bounddariese
relationships indicate that sphalerite was emplacesitinas secondary porosity fisphalerite is most
often found inassociation with chalcopyrit®vhen forming a polymetallic assemblage, chalcopyrite
replaces sphalerite grain boundaries and often partially to fully replaces the zinc sulfide. \&xidbly
blebs of chalcopyrite are distributed unevenly within sphajexiteplacement texture referred to as
ichal copy rThasmall dolumesohsphalérite and relationship with chalcopyrite suggest that
sphalerite was one of the earliest sulfides emplaced in the Lyons Formigime. 48, page 4%rovides
examplef sphalerite mineralization observed in thin section.

Galena (PbS) is one of the least abundant sulfides observed, and was difficult to discern in thin
section. Identification of galena largely relied on FESEM analysis, and will be further discussed in
Chapter 6.
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Figure 46: Thin section micrographs of chalcopyrite mineralization within the 1 UPRRCH core.

Cpy = chalcopyrite; Py = pyrite; Qtz = quartz; Anh = anhydrite; OM = organic matter. All images are
taken under reflected light. A: Anhedraladtopyrite aggregates emplaced in anhydrite cement and
underlain by pyrite. B: Anhedral to subhedral chalcopyrite mass emplaced in anhydrite cement.
Chalcopyrite impregnates detrital grain boundaries and overprints quartz. C: Anhedral to subhedral
chalcopyite aggregates emplaced in anhydrite cement and overlain by pyrite mass. Chalcopyrite
impregnates detrital grain boundaries and overprints quartz. D: Anhedral to subhedral chalcopyrite and
pyrite aggregates impregnating detrital grain boundaries ankhighicrofractures in quartz.
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Figure 47: Thin section micrographs of marcasite mineralization within the 1 UPRIRCH core. Marc = marcasite; Anh = anhydrite. All
images are taken under reflected light. A: Marcasite emplaced adralnioesubhedral ungxtinguishing lenses of cement fill. Marcasite occurs
alongside anhydrite cement and tarnish via oxidation is visible. B: Marcasite emplaced as subhenktahguighing lenses of cement fill
alongside anhydrite. Emplacement isstiyp constrained by adjacent detrital grain boundaries. C: Extensively tarnished marcasite occurs as
anhedral, uniextinguishing lenses of cement fill alongside anhydrite. Small subhedral chalcopyrite inclusions are observed withi@ marcasit

cemen.
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Figure 48: Thin section micrographs of sphalerite mineralization within the 1 UPRRCH core. All

images are taken under reflected light. Cpy = chalcopyrite; Sph = sphalerite; Anh = anhydrite; Qtz =

qguartz. A: Anhedral sphalerite aggregates being replacetidicopyrite and exhibiting chalcopyrite

disease. Sphalerite impregnates pore space and grain boundaries. B: Anhedral sphalerite aggregates being
replaced by chalcopyrite and emplaced between detrital grain boundaries. C: Anhedral sphalerite
aggregate ichalcopyrite.

The abundage and habit of identified sidies indicates that they were emplaced and nucleatsitlin
from metaitcarrying hydrothermal fluids. Most sulfides were likely deposited in secondary porosity
before nucleating to overprint detrigilains and adjacent cements. However, there is not enough data to
discredit emplacement via cement replacement. Sulfides may have replaced secondarg aemgrit
to some extent. The most feasible emplacement mechanism is a combination of botirspooosity

fill and cement replacemé
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4.3 Hershey Oil Corp 1-32 MORENG

The Hershey Oil Corp-B2 MORENG well was drilled about 20 miles north of the GWA, outside of
the CMB trend. Core from this wel/ i ncl Jdmkes t he M
Lyons Formation interval of the32 MORENG core is 98-thick with a top depth at,880 ft and a base
depth of 873 ft. Veryfine to finegrained quartzich sandstone with minor interbedded siltstone defines
the lithology of this core. The Lyon®Emation is characterized as a subarkose sandstone.

Lyons Formation deposits east of the Front RangetheaColoradéNyoming border arsiltier and
more evaporitgich than deposits in Wattenberg Field. During the Permian, thisna®an the edge of
the Lyons erg system in a sabkha environment. Consequently, the most abundant facies in this core is
Facies %, wavylaminated sandstone. Some interval§aties #1 and #2, eolian dune facies, are present
but are thin and do not have a dgtent cyclicity. The intervals of eolian dune facies represent the
migration ofpoorly-preservediunes. Facies4##5, and #, sabkha and damp interdune facies, compose
most of the core and represent deposition in a dominantly sabkha envirohheeptesnce of
intermittent anhydrite noduldarther suggests that this core was deposited in a sabkha environment
These nodules are about half an inch to an inch thick andRecies % and #, wavy-laminated
sandstone and massive siltstone. Distributiofacies acrosthe core as shown in Figure®4nd 410
with correspondindegend showrin Figure 4.2, pagel4

fiRed Lyons Formation deposits, such as those seen in82eMORENG core, have not undergone
the multiple fluid bleaching events seerfigrayd Lyons Formation cores. Therefore, original iron oxide
and calcite cement is still pervasive within the core. Thin section analysis affirmed the lack of anhydrite
and dolomite cement apart from within anhydrite nodules. Initial thin section analysiewss a
distinct lack of sulfide empt@ment; here is no pyrite, chalcopyritmarcasiteor sphalerite preent
within the thin sections. Howeveron oxiderich Lyons Formation deposits have a higher volume of
heavy minerals thareduced_yons Formabn samples. Minerals such as zircon, tourmaline, sphene,
rutile, ilmenite, apatite, and titanium oxides are present acros8aIMORENG thin sections and are
concentrated within laminations. Thin seatimicrographs shown in Figureld, page 538lisplay
cementation types and detrital heavy minerals.

X-ray fluorescence measurements were taitenefoot intervals across the32 MORENG core.

Data from the XRF measurements do show an enrichment in ore metal elemgegts (R, but the lack
of sulfide mineralemplacement in thin section suggests émaichment of these elementdrism a
detrital source. Figure &1 page 54lisplays chemostratigraphic logs juxtaposed against a core

description and facies log for the core.
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Figure 49: Faciedistribution across the first half of the32 MORENG core, depths 8080if8122 ft.Core photos courtesy of the U.S.
Geological Survey.
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Figure 410: Facies distribution across the second half of t88 MORENG core, depths 8122 f8169 t. Core photos courtesy of the U.S.
Geological Survey.
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