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ABSTRACT

The Skull Creek Formation is a suite of shallow marine mudstones and fine sandstones
within the Lower Cretaceous Dakota Group. The formation signals the onset of marine
deposition in the Western Interior Seaway (WIS) and is a potential source rock to the Dakota-
Mowry petroleum system in the Denver Basin of northeastern Colorado, yet its depositional
environments, stratigraphic correlations, and source rock contributions remain poorly
understood. This study aims to remove those uncertainties and presents new sedimentological
and geochemical data from four cores and 38 well logs in the subsurface of the central Denver

Basin, integrating it into previous outcrop-based analyses of the Skull Creek Formation.

Four major flooding surfaces divide the Skull Creek Formation into geochemically
distinct informal lower, middle, and upper units. The Lower Skull Creek contains a silica-rich
basinal to lower slope facies succession and displays poor TOC (avg. 0.9 wt. %). The Middle
Skull Creek documents a transition from silica-rich to calcareous basin to slope facies and
displays good TOC (avg. 2.3 wt. %). This notable unit represents the maximum flooding surface
and documents the earliest connection between the Arctic and Tethyan lobes of the WIS. The
Upper Skull Creek displays good TOC values (avg. 2.3 wt. %) which decrease upward. There is
a strong correlation between TOC and anoxic proxies - high Molybdenum (ppm) and low
bioturbation intensity. Considering the thickness and TOC trends in the Wattenberg, the Skull
Creek Formation is a promising, historically underestimated source rock to the Dakota-Mowry

petroleum system.
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CHAPTER 1

INTRODUCTION

Organic-rich shale units deposited in the ~60-million-year duration of the Western
Interior Seaway (WIS) form the source rocks for oil and gas plays in the Rocky Mountain region.
One such shale unit, the less-studied Early Cretaceous Skull Creek Formation, remains an
uncertain and under-studied contributor to the Dakota-Mowry petroleum system of the
Wattenberg Field in northeastern Colorado, especially relative to its more famous counterpart,
the Mowry Shale. A major source of this uncertainty lies in a lack of modern studies of the shelf-
to-basinal depositional system of the Skull Creek Formation. A lack of published geochemical
data further hinders characterization of basinal Skull Creek facies as potential petroleum source-

rock.

Along with its economic importance, the Skull Creek Formation is geologically
significant because it is the first fully marine unit deposited across the WIS in the Rocky
Mountain region (Figure 1.1B). The unit documents the initial connection of the northern Arctic
ocean to the southern Tethyan ocean in an event called the Kiowa-Skull Creek Transgression
(Kauffman, 1984; Kauffman and Caldwell, 1993; Brenner et al., 2000; Scott et al., 2001). Skull
Creek outcrops of Colorado play a pivotal role in understanding the earliest WIS development
because they are the southernmost exposures that have good temporal constraint from
inoceramids (Gnesioceramus bellvuensis and G. commancheanus; see grey triangles in Figure
1.1B; Cobban et al., 1994; Graham and Ethridge, 1995; Scott et al., 2001) and bentonites
(Bartlett, 2009; Singer et al., 2020). Unfortunately, the nature of this transgression and timing of

the establishment of the subsequent ocean connection is clouded by the paucity of
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biostratigraphically useful fossils in the unit (e.g., Eicher, 1960, 1962; Kauffman and Caldwell
1993) that can be directly tied to datable bentonites from the same facies (e.g., Cobban et al.,
1994; Singer et al., 2020). An additional challenge to understanding the early evolution of the
seaway is the lack of onshore strata that are coeval with the Skull Creek Formation, which
hinders sequence stratigraphic interpretations along the western basin margin. Mudstone studies
in the last decade (Schieber et al., 2007, 2009, 2010; Baas et al., 2011) have led to better
understanding sequence stratigraphy (aka. transgressive and regressive deposits) in offshore
sedimentary systems (Bhattacharya and MacEachern, 2009; Plint et al., 2012; Bohacs et al.,
2014; Wilson and Schieber, 2014; Masterson, 2015; and Hampson and Premwichein, 2017). |
incorporate these findings into the designation and interpretation of mudstone lithofacies in our
cored sections and reevaluate the depositional model for the Skull Creek, which historically has
invoked hemipelagic sedimentation in a basin to lower slope setting grading upward into a
prodelta (Weimer, 1984; Burtner and Warner, 1995; Holbrook and Ethridge, 1996; Weimer and

Sonnenberg, 1996).

This study introduces four new cored sections from the Denver Basin with associated
stratigraphic descriptions, source rock analyses and energy-dispersive x-ray fluorescence (XRF)
elemental data tied to a suite of 38 well logs and aims to show that the Skull Creek Formation (1)
contains seven distinct mudrock facies, grouped into three facies successions representing
deposition from a basinal to upper slope environment during the transition from a transgressive
to regressive shelf profile, (2) can be divided into three geochemically unique lower, middle and
upper units that document trends in facies successions and anoxic proxies related to the
paleogeographic evolution of the WIS, and (3) serves as significant contributor of predominately

Type Il oil-prone kerogen with a minor Type 111 gas-prone component to the Dakota-Mowry
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petroleum system, which may need to be renamed the Skull Creek-Dakota-Mowry petroleum
system. This study should provide a springboard for further studies of the historically
understudied Skull Creek Formation, including correlating stratigraphic and geochemical units to

nearby basins and better quantifying its contributing role to this critical hydrocarbon system.
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Figure 1.1 (A) Index map displaying wells used in subsurface cross sections (colored circles),
locations of cored sections by (stars) and outcrop locations of Masterson (2015) referenced in
this study (yellow triangles). Black fill indicates Skull Creek Shale and lower Cretaceous
outcrop. Light blue fill indicates coverage of the Wattenberg Gas Field. Pink fill indicates Front
Range basement rock. For identification of wells used in log cross-sections and outcrop
abbreviations, see Table 3.1.(B) Map of the estimated extent of the late Albian Kiowa-Skull
Creek Seaway in western North America based on localities of Gnesioceramus comancheanus
and G. bellvuensis, indicated by gray triangles. Study area in red box. Modified from Singer et
al. (2020). (C) Representative stratigraphic section of Lower Cretaceous and early Upper
Cretaceous strata in the Denver Basin. Color denotes generalized depositional environment:
green = continental fluvial/floodplain deposits; light yellow = near shore and coastal plain
deposits; gray = marine shelf and basin mudstones; blue = marine carbonates. Stage boundaries
from the International Committee on Stratigraphy.
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CHAPTER 2

GEOLOGIC SETTING

11 Nomenclature and stratigraphy

The Skull Creek Formation, initially designated as the Skull Creek Shale Member of the
Graneros Shale by Collier (1922) from exposures along Skull Creek in the eastern Powder River
Basin, was first described in the Front Range of Colorado by Waage (1955), who included it as a
shale member of the South Platte Formation within the Lower Cretaceous Dakota Group (Figure
2.1). The Skull Creek was given formation status in Colorado by MacKenzie (1965, 1971), who
also described and attributed the Eldorado Springs Member, a group of marine sandstones along
the southern front range, to the Skull Creek (Figure 2.1) (MacKenzie, 1965, 1971). The Skull
Creek Formation is thought to be temporally equivalent to the Lower Thermopolis Shale of
Montana and Wyoming, the Kiowa Formation of southeast Colorado and Kansas and the
Glencairn Shale of southern Colorado and New Mexico (Figure 2.1) (Waage, 1955; Eicher,
1960, 1962; MacKenzie, 1965, 1971; and Brenner et al., 2000). The Skull Creek Formation is
interpreted to have been deposited in a marine lower delta front to basinal environment during
the first widespread transgression of the WIS into the Rocky Mountain region as part of the late
Albian Kiowa-Skull Creek transgressive-regressive cycle (Figure 1.1B) (Kauffman, 1984;
Gustason and Kauffman, 1985; Kauffman and Caldwell, 1993; Brenner et al., 2000; Masterson,
2015). This transgression represents the first time the WIS filled an extensive north-south
oriented back-bulge region of a foreland basin system created by crustal loading during the

Sevier Orogeny (Pang and Nummedal, 1995; DeCelles, 2004).
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The Early Cretaceous age of the Skull Creek Formation comes from numerical age-dates
and fossils. At Dinosaur Ridge, Colorado, U-Pb CA-TIMS analyses of zircon from bentonites at
the base of the Skull Creek yielded an age of 104.69 £+ 0.07 Ma and a bentonite below the base of
the unconformably overlying Kassler Member of the Muddy Sandstone (Figure 2.1) yielded an
age of 104.02 = 0.10 Ma (Bartlett, 2009; Singer et al., 2020). Near Devilis Tower, Wyoming,
more than 400 miles to the north, an 40Ar/39Ar age on sanidine from seven feet above the base
of the Skull Creek Fm. yielded an age of 104.87 + 0.10 Ma (Singer et al., 2020), which is within
error range of the basal Skull Creek age from Dinosaur Ridge. 40Ar/39Ar ages from equivalent
and overlying strata in Wyoming and Montana tied to biostratigraphic ranges of Early
Cretaceous inoceramids (G. commancheanus and G. bellvuensis; Cobban, 1987; Cobban et al.,
1994; Singer et al., 2020) indicate a range of 5.5 million years for the overall Kiowa-Skull Creek
transgression. The similarity in age despite the large geographic distance between the basal Skull
Creek at Devils Tower and Dinosaur Ridge indicates a rapid early transgression followed by a
prolonged multi-stage flooding of the WIS. It has remained unclear where stratigraphically in the
Skull Creek Formation the northern Arctic ocean became connected to a restricted lobe of the
southern Tethyan ocean, but it is generally accepted that it occurred by the middle portion of the
Skull Creek based on the correlation of late Aptian inoceramid zones in Skull Creek outcrops
near Fort Collins, Colorado to the Eopachydiscus. maricanus ammonite zone in the coeval
Glencairn Formation in southern Colorado (Figure 2.1) (MacKenzie, 1971; Kauffman, 1985;

Cobban, 1987; Cobban et al., 1994; Scott et al., 2001; and Singer et al., 2020).

In the Denver Basin, the Skull Creek Formation sits within the Dakota Group

documenting the Kiowa-Skull Creek T-R cycle, underlain by continental facies of the Lytle
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Figure 2.1 Nomenclature and correlation chart of Lower Cretaceous strata in the Rocky Mountain Region. Modified from MacKenzie
(1965) and Brenner et al. (2000).
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Formation and overlain by marine facies of the Mowry Shale (Figure 1.1C) (MacKenzie, 1971;
Dolson et al., 1991; Weimer, 1994; Holbrook and Ethridge, 1996; Weimer and Sonnenberg,
1996). This cycle begins with the transgressive coastal plain and tidal flat deposits of the
Plainview Formation followed by a sharp transgressive surface of erosion with the Skull Creek
Formation and followed by the regressive Fort Collins Member of the Muddy Formation
(Figures 1.1B and 2.1; MacKenzie, 1971; Weimer and Sonnenberg, 1996). The Skull Creek
Formation is unconformably overlain by fluvial valley-fill sediments of the Horsetooth Member
of the Muddy Formation, the base of which represents a lowstand surface of erosion (Figure

1.1C).

Past studies of outcrops along the Front Range of Colorado have broadly divided the
Skull Creek Formation into upper and lower units based on facies architecture (MacKenzie,
1971, 1972; Chamberlain, 1985; Graham and Ethridge, 1995; Weimer and Sonnenberg, 1996).
The transgressive lowest unit indicates a deepening of the WIS from the Skull Creek fi Plainview
contact to the middle portion of the Skull Creek. Several authors have identified a broad clay-
rich zone in the middle third of the Skull Creek, which is commonly interpreted as a regional
condensed section (Weimer, 1983; Graham and Ethridge, 1995; Weimer and Sonnenberg, 1996).
The upper portion of the Skull Creek shallows upward from the condensed section into the
regressive delta front deposits of the overlying Fort Collins Member, or is incised by the
Horsetooth Member, of the Muddy Formation. Several studies noted that the existing two-unit
model does not account for the presence of regressive sand bodies and complexity of facies
successions observed in outcrops along the western flank of the Denver Basin, including the
thick sandstone body known as the Eldorado Springs Member in the southwestern portion of the

study area (Graham and Ethridge, 1995; DuBois, 1996; Masterson, 2015).
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2.1  Dakota-Mowry Petroleum System

The Dakota-Mowry Petroleum System, as defined by this study, consists of Early
Cretaceous reservoirs and source rocks in the Denver Basin (Higley et al., 2003; Higley and Cox,
2007). The reservoirs of the Dakota-Mowry Petroleum System are the Cretaceous Plainview and
Muddy Formations, which have cumulatively produced over 1.2 trillion cubic feet (TCF) of gas
equivalent and 10 million barrels of crude oil (MMBO), mostly in the 2600 square-mile
Wattenberg Field of northeastern Colorado (Clayton and Swetland, 1980; Burtner and Warner,
1984; Higley et al., 2003; and Higley and Cox, 2007; Sonnenberg, 2019). Most of this
production is from over 2000 unconventional wells targeting the Muddy Formation, which has

an estimated ultimate recovery of 1.3 TCF of gas equivalent (Higley and Cox, 2007).

The Skull Creek Formation, along with the Mowry (Huntsman) and Graneros Formations
have long been recognized as source rocks for the Dakota-Mowry Petroleum System (Clayton
and Swetland, 1980; Burtner and Warner, 1984; Higley et al., 2003; Higley and Cox, 2007).
Source Rock Analysis of the Mowry and Graneros Shales in the northern Denver Basin have
yielded an average TOC of ~2.0 wt. % and predominately Type Il marine-derived kerogen, with
some mixed Type Il terrestrial-derived trends (Clayton and Swetland, 1980; Higley and Cox,
2007). The generative potential (i.e., TOC, isopach thickness, and thermal maturity) of the
Mowry is highest in the Powder River Basin and decreases to the south and east towards the
margins of the WIS in the central Denver Basin (Burtner and Warner, 1984, 1986). Far fewer
analyses have been conducted on the Skull Creek Formation, which generally displays a lesser
TOC and more gas-prone mixed Type II/111 kerogen, and is often listed as a minor contributor to

the Dakota-Mowry petroleum system (Clayton and Swetland, 1980; Burtner and Warner, 1984;
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Figure 2.2 Petroleum system events chart of Early Cretaceous strata in the Denver Basin. Red
boxes denote the Dakota-Mowry Petroleum System of the Denver Basin as defined in this study,
which excludes the late Cretaceous éDi sandstones. The Muddy sandstone is the most productive
reservoir in the system. Note the questionable contribution of the Skull Creek Formation in the
source rock column. Figure modified from Higley et al. (2003).

Higley and Cox, 2007). Despite these claims, a comprehensive assessment of the hydrocarbon

contributions of the Skull Creek Formation to the Dakota-Mowry petroleum system has not been

conducted in the Wattenberg Field.
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CHAPTER 3

DATA AND METHODS

The data from this study originate from observations and analysis of three cored wells
and 38 well logs spanning approximately 180 km (112 mi) across the Denver Basin. Names of
cored wells are not disclosed, at the operators request, and are herein labeled as Well A, Well B,
and Well C (Figure 1.1A). An additional partial core, Bass Meadow Springs, aided in
characterizing the sedimentology of the upper Skull Creek Formation and is detailed in
Masterson (2015). Wells used in log correlations are labeled based on order in their respective

cross section and are identified in Table 3.1.

3.1  X-Ray Fluorescence

All three cores were scanned using the same Niton XL3t GOLDD+ handheld ED-XRF
tool on the 1Test All GeoT setting for 180 seconds to quantify major and minor elemental
abundance at 15 kV and 40 kV, respectively. Measurements were taken directly in contact with

the cored slab faces at ~15 cm (6 in) intervals, resulting in 464 measured samples.

Four major elements, Silicon (Si), Calcium (Ca), Aluminum (Al) and Potassium (K),
were used as proxies for quartz, calcite, and clay minerals, respectively. The attribution of Si to
terrestrial input and Al and K to detrital clay was confirmed by cross plots of Si and Zr using the
methodology of Ratcliffe and Wright (2012) and cross plots of Al and Ti, and Al and K
following the methodology of Hollon (2014) (Figure 3.1). Si, Ca, and Al + K (ppm) were

normalized, and are reported in relative percentages as XRF%. Molybdenum (Mo ppm)
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Table 3.1 Key wells and outcrop used in this study. Cored wells anonymized at the operatorsi
request. Outcrop sections measured by Masterson (2015) with supporting data from Graham and
Ethridge (1995) at the Dixon Dam section.
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Key Well/Outcrop Name Well Type Operator/Measured By Location
dry hole w/
LANE 1 .
Al gas show Bobcat Oil Co T6S R63W S30
A2 CO1H location ConocoPhillips Co T5S R64W S4
A3 44-32 gas HRM Resources Il LLC T2S R64W S32
A4 AMOCO STATE 41-16 gas Petroshare Corporation T1SR65W S16
A5 21-6 gas Ker-McGee Oil & Gas Onshore LP TIN R65W S21
A6 27-05 gas Ker-McGee Oil & Gas Onshore LP T2N R65W S27
A7 HARSH 'H' 26-9D gas Noble Energy Incorported T3N R65W 526
A8 HELMS H 12-14D gas Noble Energy Incorported T3N R65W S12
A9 SHELTON G 26-17D gas Noble Energy Incorported T4N R65W S26
A10 GIBBS F 28-19D gas Noble Energy Incorported T5N R65W S28
All LOWE 31-14 gas Synergy Resources Corporation T6N R66W S31
Al12 23-28 gas Ker-McGee Oil & Gas Onshore LP T6N R67W S28
A13 MARTIN-1 oil Diversified Operation Corporation T6N R67W S7
Al4 1-18 dry hole Diamond Operating Inc. T8N R67W S18
A15 UPRR-TURNER 1-7 dry hole Gen Amer Qil Co T8N R66W S7
A16 2-13-1 location Rubicon O&G LLC T9N R67W S13
1-17-1 : .
Al7 oil Chesapeake Operating Incorporated| T10N R66W S17
Bass Enterprises Production
A18 BASS MEADOW SPRINGS 9-31 oil Company T11N R68W S9
dry hole w/
Al19 WARREN LIVESTOCK 1-11 oil show Devon Energy Corp T12N R67W S11
. Incremental Oil & Gas USA Holdings
A20 King 23-11 oil Inc. T13N R68W S11
Bl JENNIFER 1 dry hole Pulsar Oil & Gas T6N R69W S24
B2 22-341 injection Noble Energy Incorported T6N R65W S22
B3 1 injection Complete Energy Services T5N R65W 525
Bonanza Creek Energy Operating Co
B4 LAURA 8-28 gas LLC T5N R63W 528
Bonanza Creek Energy Operating Co
B5 ANTELOPE 33-18 gas LLC TSN R62W S18
Bonanza Creek Energy Operating Co
B6 STATE ANTELOPE 32-24 gas LLC T5N R62W S24
B7 PATTERSON 1 oil Donnelly CSG Pulling Company T5N R58W S4
C1 STATE 1641 oil Red Mountain Resources LLC T2S R70W S16
C2 COX13-3 gas Noble Energy Incorported T1SR70W S13
C3 HEWITT 2-22 gas Noble Energy Incorported T1S R69W S22
c4 COOPER 2-16 gas Noble Energy Incorported T1SR68W S16
Kauffman K P Company
C5 CHRISTENSEN 4-9 gas Incorporated T1SR67W S9
Cé RITCHEY 41-27 oil Ker-McGee Oil & Gas Onshore LP TIN R66W S27
C7 722-14 gas Highpoint Operating TIN R64W S22
C8 WELL B
C9 4-23 dry hole PETERSON ENERGY OPER TIN R62W S23
40°38'20.86"N
BD Bellvue Dome Masterson (2015) 105°10'8.87"W
. Graham and Ethridge (1995),
DD Dixon Dam Masterson (2015) Sec. 20-T7N-R69W
TC Turkey Creek Masterson (2015) 89°384.44°N

105°10'11.23"W
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Figure 3.1 Cross plots of detrital indicators in the Skull Creek Formation by facies succession
(FS). The positive correlation of Zr with Si (left, red line) is a strong indication of terrestrially
derived Si in the form of sand and silt grains. Positive correlation of Al with Ti and K (middle
and right) indicate that Al and K are present in the form of clay minerals, not feldspars, and can
thus be used as proxies for clay content. There is no correlation between facies succession and
detrital trends. Si/Zr methodology from Ratcliffe and Wright (2012). Clay trend methodology
follows Hollon (2014).

was used as an indication of anoxic conditions in the water column during deposition after
Tribovillard et al. (2006) and Fairbanks et al. (2016). Mo tends to be strongly enriched in
sediments deposited in anoxic to euxinic sulfide and organic matter-rich settings, and is
relatively immobile in sediment, reducing secondary overprinting of these signals (Tribovillard
et al., 2016). Other paleo-redox proxies investigated in this study include Co, U/Th, V and Mn.
Several of these elements appeared in concentrations below the detectable limit of the XRF in
portions of the cored sections. Mo (ppm) depth profiles documented the trends observed in these

analyses and was thus used as a representative proxy for bottom water anoxia.

3.2  Source Rock Analysis

36 crushed samples from the three cored intervals of wells A, B and C were analyzed
with Rock Eval Pyrolysis. Source rock data was provided by the operators of each core, thus
instrumentation used for analysis vary for each well. Samples from wells B and C underwent

LECO TOC analysis and Well A underwent Programmed Pyrolysis TOC analysis. Samples were
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taken at 5-10 ft spacing and supplemented by shorter intervals in places that appeared darker and
possibly more organic rich. S2 (mg HC/g) and TOC (wt. %) was used to calculate Hydrogen
Index (HI) for the samples. S3 (mg CO2/g) and wt. % TOC was used to calculate Oxygen Index
(Ol). This study also integrates four source-rock analysis results from three outcrop localities

measured by Masterson (2015).

Most Type Il organic matter analyzed by Rock Eval pyrolysis (Espitalie et al., 1977) is derived
from marine phytoplankton, which contrasts with organic matter derived from terrestrial plants
(Type 111) and freshwater algae (Type 1) (Espitalie et al., 1977). Calculations from Rock Eval
pyrolysis yield values for the Hydrogen Index (HI) and Oxygen Index (Ol) of the organic matter
in a sample, and the relative importance of the three types of organic matter is reflected by these

values.

3.3  Core Descriptions and Well Logs

Facies in the Skull Creek Shale were defined using conventional protocols, including
dominant grain size, sedimentary structures, clay content, and degree of bioturbation using the
bioturbation index (BI1) of Taylor and Goldring (1993) (Table 4.1).Mineralogy, textural maturity
and trace fossil identification was obtained through observations of 31 thin sections taken from
the seven identified mudstone facies. Thin sections of mudstones were cut and polished to 20 to
capture fine-grained sedimentary features, while silt-rich and sandstone facies were cut to a
standard 30p. The heterolithic mudstone facies defined in this study could be further subdivided
at the mm-scale but are herein grouped in associations interpreted to represent a similar suite of
depositional process. These facies were assigned to facies successions (FS) based on recurring
gradational vertical relationships observed in cored sections, supplemented by mineralogical and

geochemical data.
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After facies were placed along an interpreted depositional profile, contacts between
stratal units that represented a basinward shift in in depositional environment were marked as
minor flooding surfaces after Bohacs et al. (1998, 2014). Surfaces that represented an abrupt
basinward shift in facies successions were interpreted as major flooding surfaces. Major and
minor flooding surfaces were correlated to gamma ray (GR) and resistivity curves. Abrupt
decreases in grain size associated with major flooding surfaces show a sharp increase in GR and
a corresponding decrease in resistivity. Whereas major flooding surfaces were clear at this scale,
not all minor flooding surfaces were able to be confidently correlated across the cross sections
due to the variable resolution of GR and resistivity curves. Although many of the units between
flooding surfaces likely comprise parasequences, this terminology is not used herein because
individual parasequences were not defined in core descriptions, and lateral trends observed in
well logs do not necessarily define genetic relationships. The top and bottom contacts of the
Skull Creek Formation with the Muddy and Plainview formations, respectively, were picked in
well logs based on previous work by MacKenzie (1965, 1971), DuBois (1996), and Weimer and
Sonnenberg (1996). A 1-3-foot-thick bentonite-rich zone that manifests as a high-GR, low-
resistivity log excursion defines a correlative marker between the Skull Creek Formation and the

Fort Collins Member of the Muddy Formation (Graham and Ethridge, 1995; DuBois, 1996).
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CHAPTER 4

RESULTS

4.1 Facies and Facies Successions

Seven distinctive sedimentary facies were observed in the Skull Creek Formation in the
three cored sections. The mudrock facies are (0) bentonite, (1) graded claystone, (2) lenticular
clay-rich siltstone, (3) bioclastic calcarenite, (4) calcareous claystone, (5) wavy calcareous
siltstone, (6) bioturbated muddy very fine sandstone, and (7) heavily bioturbated silty fine
sandstone, summarized in Table 4.1. These sedimentary facies are grouped into three facies
successions based on coarsening-upward facies transitions observed in cored sections, indicative
of varying depositional environments along a shelf to basin profile (Figure 4.1). Two additional
sandstone facies unique to the Eldorado Springs Member observed in the cored section of Well C
are (ES1) heavily bioturbated clay-rich medium-grained sandstone and (ES2) plane-bedded to
massive medium-grained sandstone (Table 4.1). The Eldorado Springs facies are not described as

a facies succession due to the unclear depositional environment of this unit.

4.1.1 Facies Succession 1: Siliceous basinal to prodelta mudstones and siltstones

Facies succession 1 (FS1) consists of massive to inversely graded siliceous mudstones
(facies 1; Table 4.1) coarsening upwards into ripple cross-stratified and planar-laminated
lenticular siltstones (facies 2; Table 4.1). Facies 1 is commonly pyritic (including 1-3 cm pyrite
nodules), organic-rich, and contains isolated <1 cm thick inversely graded silt-rich claystone
laminae that increase in thickness and proportion upward. Bl in facies 1 ranges from 1-3 and

consists primarily of ~1 mm traces of Planolites and Schaubcylindrichnus freyi. Facies 1 grades
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Table 4.1 Sedimentary facies and facies successions observed within the Skull Creek Formation.
Core photograph scale bar is 2 cm . Thin section micrograph scale is 1 mm. Bioturbation index
(B1) of Taylor and Goldring (1993).
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Facies

Core Photograph

i
. Facies|
Succession Narme
Bentonite bed
FS1:
Siliceous
basinal to Graded claystone
prodelta
mudstones and
siltstones
Lenticular clay-rich siltstone
FS2:
Calc'areous F3 Bioclastic calcarenite
basinal to
prodelta
mudstones,
siltstones, and
turbidites
Calcareous claystone
Wavy calcareous siltstone
FS3:
Prodelta to Bioturbated muddy very fine
lower delta F6 sandstone
front
transitional
siltstones and
sandstones
Heavily bioturbated silty fine
sandstone
ES:
Eldorado g Heavily bioturbated clay-rich
Springs ES1 medium-grained sandstone
shoreface
sandstones

ES2

Plane-bedded to massive
medium-grained sandstone

Thin Section

Micrograph

Description

Interpreted
Process

Ash deposit, altered to bentonite. Sharp basal contact,
gradational upper contact. Evidence of reworking by bottom
currents - flame structures, ripple x-stratification and mud
drapes.

Ash in suspension
reworked by bottom
currents

Inversely graded to massive silty claystone and clay-rich

| siltstone. Variable bioturbation depending on the cored

interval (Bl 1-3) consisting almost entirely of Schaubcylindrich-
nus. Common crganic matter tends to be in planar orientation.
Silica-rich, very low to no calcite.

Hemipelagic
sedimentation
reworked by bottom
currents

Ripple cross-stratified to planar-laminated coarse siltstone in
lenticular bedding. Flow indicators including erosinal scouring
and soft sediment deformation on basal surfaces of silt beds.
Clay-rich mudstones locally scour into silt intervals. Often
interbedded with silty claystone (F1). Variable bioturbation (Bl
1-4) consisting of Schaubcyiindrichnus, Skolithos, Teichichnus.

Storm-driven bottom
currents,
hyperpycnal flows

Upper fine- to medium-grained bioclastic calcarenite. Clasts
are primarily bivalve (lnoceramus) debris but also contain
frequent vertebrate fossils and plant matter. Elongate grains
are often oriented and concave-down. Sharp hasal contact.
Pyrite-rich. This facies is found filling gutter casts in field
observations (Graham and Ethridge, 1995; Masterson, 2015)

Storm waves,
Turbidity currents

Massive to graded silt-rich claystone and clay-rich siltstone
with frequent thin (<1 cm) beds of biaclastic material,
primarily bivalves (F3). High in organic matter. Rare
bioturbation (Bl 0-1).

Turbidity currents
and hemipelagic
deposition reworked
by bottom currents

Planar laminated and ripple cross-stratified calcareous

| | siltstone to very fine sandstone. Grains consist primarily of

bivalve debris. Basal contacts of silt beds display soft sediment
deformation - slumping and scouring. Pyritic. Interbedded
clay-rich intervals (F4) display flame structures and basal
scours. Uncomman bioturbation (Bl 0-2)

Thin (1-2 ¢m) intervals of planar laminated and ripple
x-stratified fine sandstone alternating with thicker (2-6 cm)

1| clay-rich siltstone beds disrupted by Schaubcylindrichnus,
§| Zoophycus, and Teichichnus (Bl 2-4). Occasional fragmented

bivalve body fossils. Frequent soft sediment deformation at
contact between vfss beds and bioturbated beds.

Turbidity currents,
storm wave-driven
bottom currents,

hyperpycnal flows

Storm wave-driven
bottom currents,
tidal energy,
bioturbation

Silt-rich very fine-to fine-grained sandstone. Local wavy beds
with higher clay content. Preservation of original sedimentary

il structures is rare due to overprinting by bioturbation (Bl 4-6)

incl. Arenicolites, Asterosoma, Ophiomorpha, Schaubcylin-
drichnus, Skolithos, Teichichnus, and Zoophycos

Upper fine and lower medium-grained sandstone. Texturally

|| immature. Poorly sorted with well-rounded to subangular
grains of quartz (95%), k-spar (4%) and dark, speckled chert

(1%). Common clay drapes up to 0.5 cm thick. Bl 3-5: large (2-4
cm) clay-lined burrows of Ophiomorpha, Skolithos, and

5| Teichichnus. Original sedimentary structures rarely preserved.

Storm wave-driven
bottom currents,
tidal energy,
bioturbation

Wave energy and
bioturbation

7 Massive to planar-laminated medium-grained sandstone. Very
{| rare bioturbation Bl (0-1). No evidence of cryptic bioturbation.
: " Frequent horizontal stylolites and silica-filled vercial fractures.
~-*| Grains are well-sorted, well-rounded to subangular quartz

A (97%) k-spar (2%) and speckled chert (<1%).

Wave energy - upper
flow regime
sedimentation
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Regressive and Lowstand Shelf
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Figure 4.1 Idealized shelf-basin profile of the Cretaceous Western Interior Seaway during
deposition of the Skull Creek Fm during regressive and lowstand time (top) and transgressive
and highstand time (bottom). Facies succession from core are positioned based on inferred
depositional processes . D.F. = delta front, P.D. = prodelta, B.Z. = bivalve biozone. G.C. =
gutter-casted zone. Refer to Table 4.1 for facies key. Note that the shallow marine sands of the
Eldorado Springs Member (ES) has been placed as a shoreline-parallel offshore sand bar as
interpreted by DuBois (1996). Water depth estimates modified from Weimer and Sonnenberg
(1996).
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upwards into facies 2 as the relative proportion of silt laminae to silt-rich claystone beds

increases.

Facies 2 consists of wavy to slightly lenticular silt beds, 1-4 cm (~0.5 fi 1.5 in) at their
thickest and parallel-laminated to ripple cross-stratified where not overprinted by bioturbation.
The silt beds of facies 2 are commonly interbedded with 2 mm fi 1 cm (.05 - .5 in) thick beds of
the silt-rich claystones of facies 1. Bioturbation is variable in facies 2 (Bl 1-4) but tends to
include a higher diversity assemblage than facies 1, including vertical burrows of Skolithos and
Teichichnus, which are more common in the upper portion of silt beds. The basal contact
between the planar to low-angle ripple cross-stratified lenticular silt beds of facies 2 and the
clay-rich siltstone beds of facies 1 commonly shows low-relief scour surfaces. The upper contact
between facies 2 and facies 1 is generally sharp where not disrupted by bioturbation and often
displays local 2 mm fi 2 cm (0.5 fi 1 in) scouring of the clay-rich beds of facies 1 into the silt

beds of facies 2.

FS1 is silica-rich and calcite-poor, displaying 75-90 XRF% Si and 0-2 XRF% Ca. There
is no evidence of biogenic silica in FS1 because thin sections of facies 1 and facies 2 do not
contain readily identifiable siliceous microorganisms and cross plots of Si vs Zr, a terrestrial
indicator (Ratcliffe et al., 2012; Fairbanks et al., 2016), indicates a detrital origin for Si (Figure
3.1). FS1 displays a range of clay content (Al + K XRF%), generally decreasing upward from

20-25 XRF% clay in facies 1 to 12-20 XRF% clay in facies 2.
Interpretation
FS 1 represents deposition in a basinal to lower slope setting below the direct influence of

storm waves (Figure 4.1). Facies 1 was deposited by a combination of hemipelagic
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sedimentation and intermittent bottom currents below storm wave-base as indicated by the
presence of undisturbed inversely graded clay-rich siltstone beds, whereas sedimentary structures
in facies 2 indicate episodic deposition near storm wave-base. The upward-coarsening trend
observed in FS1 from the inversely graded to massive clay-rich siltstones of F1 to the lenticular
siltstones of F2 indicates an increasing strength and presence of ocean bottom currents, which
carry silt and very fine sand grains along the seafloor in low-angle lower slope environments
(Ghadeer and Macquaker, 2011; Masterson, 2015; Hampson and Premwichein, 2017). These
tractional currents were likely triggered by storm waves or river flood events and were deposited
episodically as indicated by the interbedding of erosional-based silt beds and clay-rich beds in
facies 2. Many of the bedforms and lenticular sedimentary structures of silt beds observed in
facies 2 have also been replicated in flume experiments by Baas et al. (2011), Schieber and
Southard (2009), and Wilson and Schieber (2014), and support the attribution of low-angle
lamiae observed in this facies to rapid deposition of silt and very fine sand as bedload in
tractional currents along the seafloor. Additional evidence of episodic deposition is observed in
the bioturbation trends of facies 1 and 2. In facies 1, bioturbation, where present, consists of low
diversity <2 mm rounded burrows that rarely cross bedding planes, indicative of a stressed
suboxic basin floor environment. In contrast, the higher diversity of bioturbation in facies 2,
including small vertical burrows that disrupt bedding planes, indicates deposition in more oxic
waters. Thus, the transition from facies 1 to facies 2 documents a significant increase in
depositional energy in a shallowing-upward trend from a basinal to a lower slope environment

(Figure 4.1).
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4.1.2 Facies Succession 2: Calcareous basinal to prodelta mudstones, siltstones and

turbidites

Facies succession 2 consists of facies 0, 3, 4 and 5 (Table 4.1). FS2 begins with the dark,
organic rich massive to normally graded calcareous silt-rich claystones of facies 4 (Table 4.1).
Facies 4 displays frequent 1-4 mm discontinuous to slightly lenticular silt-rich laminae and
isolated bivalves in a mud-supported matrix. Bivalves in facies 2 are fragmentary, range from 2
mm-3 cm, and tend to be concave-down distributed in a plane-parallel orientation. Facies 4
contains randomly distributed intervals of Facies 0, 2 mm - 1 cm thick bentonite beds (Table
4.1), which are friable in core and display a gradational upper contact with evidence of
reworking including flame structures, ripple cross-stratification, and wavy bedding. Bioturbation
is very rare in Facies 1 (Bl 0-1) and, where present, consists of isolated <2 mm burrows of
Planolites and/or Schaubcylindrichnus freyi, generally associated with thin silt-rich laminae.
Facies 4 is often incised by 2 mm fi 5 cm thick beds consisting of disorganized bioclastic debris

(facies 3; Table 4.1).

The bioclastic beds of facies 3 are 1-15 cm (0.4-6 in) thick and consist of disorganized
carbonate grains, invertebrate and vertebrate fossils plant debris, and a minor amount of quartz
silt and fine sand. Two dominant types of bivalves include intact portions of Gnesioceramus
bellvuensis and G. commancheanus. (Inoceramus bellvuensis and I. commancheanus of Waage,
1955) as well as unidentified bivalve material. These beds are grain-supported and consist
primarily (>90% in thin section) of elongate to sub-rounded calcite prisms from dissociated
inoceramids. Terrestrial plant debris and fish bones comprise ~5% of the material in facies 3.
Plant debris is often filled with quartz silt- rich clay and displays evidence of boring insects on

their surface. Fish vertebrae, scales, and teeth are common in this facies but are not identified by
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taxa herein. Graham and Ethridge (1995) were able to identify echinoderm debris in this facies
from field samples but I did not find any definitive evidence of stereom-bearing echinoderm
debris in thin sections. The bioclastic beds display high-relief to straight erosional basal contacts
and a sharp planar upper contact with the silt-rich claystones of facies 4. Bioturbation is absent in
Facies 3 (Bl 0). Facies 3 commonly transitions upwards into wavy calcareous siltstones (facies 5;
Table 4.1), with the proportion of body fossils and inoceramid prisms gradually decreasing

relative to detrital quartz silt and very fine sand.

Facies 5 occurs at the top of FS2 and contains many of the same sedimentary structures
as facies 2 ii lenticular to wavy bedding displaying planar-laminated and ripple cross-stratified
grains but differ in the occasional preservation of combined flow ripples and hummocky cross-
stratification (HCS). Silt beds of Facies 5 are calcareous and pyrite-rich, with normal grading of
pyrite grains observed in some beds. The basal contact of mixed bioclast-silt beds in facies 5
frequently displays soft sediment deformation features including loaded ripples, load and flame
structures, dish structures, and convolute laminae into the interbedded silt-rich claystones of
facies 4. Bioturbation is rare in facies 5 (Bl 0-2) and consists primarily of small Planolites in
clay-rich interbeds (facies 4). Where facies 5 transitions vertically to facies 4, the contact is sharp

and displays minor scouring of facies 4 into facies 5.

The mineralogy of FS2 varies between facies in the succession. Facies 4 and 5 display a
range of 70-80 XRF% Si, 10-25 XRF% clay and 5-20 XRF% Ca, with calcareous claystones of
facies 4 are associated with higher clay content and lower Si and Ca within those ranges. In

contrast, facies 3 displays 50-70% Si, 1-5 XRF% clay and peaks up to 80 XRF% Ca.
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Interpretation:

Facies succession 2 was deposited in a transitional basin to lower slope setting with a
strong storm wave influence (Figure 4.1). The most striking feature of FS2 is the seemingly
random distribution of the bioclastic calcarenites of facies 3, which scour into facies 4 and
contain a variety of bioclastic debris of both marine and terrestrial origin. The dominance of
dissociated inoceramid prisms as the primary constituent grains, as well as the presence of
terrestrial wood fragments and lack of clay, indicates a distal sediment source and extensive
winnowing prior to, or during, deposition. Facies 3 fills gutter casts up to 40 cm (15.6 in) deep
by 79 cm (31.2 in) wide in field observations along the Front Range at Dixon Dam by Graham
and Ethridge (1995) and Masterson (2015) and are interpreted to represent scouring and
subsequent infilling of the basin floor by strong storm wave-generated currents. Masterson
(2015) noted the presence of thin, bioturbated clay-rich beds filling the base of these gutter casts,
which were interpreted as the result of hemipelagic settling following scouring but prior to
backfilling by sand and silt grains. | did not observe any such clay beds at the base of facies 3,
and attribute facies 3 to near-simultaneous scouring and filling events by storm wave-induced

turbidity currents.

Facies 4, the deepest facies in the succession, represents deposition by both hemipelagic
settling and silt-rich bottom currents in a basin setting (Figure 4.1). The presence of relatively
intact concave-down bivalve shells along bedding planes in facies 4 indicates that bottom
currents frequently transported isolated shell material from bivalve-rich bioherms, perhaps on the
middle or upper slope in clearer, shallower waters (Figure 4.1). However, the lack of coarser
grained material associated with bivalve beds in facies 4 and the occasional presence of large

intact bedding-parallel inoceramid could indicate a proximal or even in-situ basinal origin of
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these benthic organisms. Interestingly, despite the presence of frequent bivalve body fossils, the
calcareous claystone facies of FS2 contain very little bioturbation. This could indicate a deeper
water and more anoxic habitat for inoceramids than previously documented (Kumagae et al.,
2011). The seemingly random distribution of facies 3 in portions of facies 4 indicates that the
basin substrate was only occasionally scoured by storm wave-induced turbidity flows, likely
during particularly severe storm events. However, the overall coarsening upward trend of facies

4 into facies 5 indicates an overall increasing of storm-wave energy from the basin to prodelta.

The lenticular, interbedded ripple cross-stratified to planar laminated siltstones and silty
claystones of facies 5 are the result of storm-wave influenced deposition in a lower slope
environment (Figure 4.1). Facies 5 includes beds which display frequent soft sediment
deformation at their basal contact with facies 4, indicating rapid loading of denser, coarser
sediment upon a low-viscosity substrate (Allen, 1979; Owen, 2003; Wilson and Scheiber, 2014).
Additional evidence of storm wave-influenced deposition is indicated by erosionally scoured
beds displaying combined flow ripples and HCS. Additionally, the thin-beds of graded to
massively bedded unbioturbated claystones of facies 4 between the silt lenses in facies 5 could
indicate relatively rapid deposition by fluid-muds as described by Masterson (2015). Evidence of
rapid emplacement of fluidized muds is indicated by the general lack of bioturbation, massive to
normally graded bedding, and local scouring features of clay interbeds into underlying silt beds

in facies 5 (Wilson and Scheiber, 2014; Masterson, 2015).

FS2 resembles facies successions observed in modern and ancient prodelta environments
and can be produced by a variety of river and/or storm-wave influenced grain transport
mechanisms including river flood-driven hyperpycnal flows, storm-wave induced traction

currents and wave-aided sediment density flows (Bhattacharya and MacEachern, 2009; Plint et
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al., 2012; Masterson, 2015; Hampson and Premwichein, 2017; Peng et al., 2018). The distal
expressions of these processes often appear very similar, consisting of erosional planar-laminated
to HCS fine-grained beds interbedded with massive, unbioturbated clay-rich mudstones.
Masterson (2015) attributed a Skull Creek outcrop succession similar to FS2 to bed load
transport by hyperpycnal sediment plumes produced by river discharge events. The presence of
wave-winnowed allochthonous bioclastic material in facies 3 throughout FS2 indicates that

storm waves also played a role in sediment transport.

The high relative proportion of Ca XRF%, a proxy for calcium carbonate, in all facies in
FS2 differs from the calcite-poor nature of FS1 and indicates the presence of bivalve bioherms
on the seafloor, likely in relatively shallow, nutrient-rich, and clear waters where bivalves tend to
flourish. Isolated bivalves may have lived in basinal environments, indicated by proximally
transported to in-situ inoceramids in facies 4 but most of the carbonate material observed in FS2
is likely allochthonous and were transported over long distances by the storm-influenced

turbidity currents which deposited facies 3.

4.1.3 Facies Succession 3: Prodelta to lower delta-front transitional siltstones and

sandstones

Facies succession 3 begins with bioturbated muddy very fine sandstones (facies 6; Table
4.1) grading upward to heavily bioturbated silty fine sandstones (facies 7; Table 4.1).
Sedimentary structures in facies 6, when not overprinted by bioturbation, include ripple cross
stratification and planar lamination. Facies 6 displays alternating beds of laminated and
burrowed silt-rich very fine sandstones, although the burrowed intervals appear more clay-rich.
Both basal and upper contacts of the clay-poor silt and very fine sand beds within this alternating

succession of facies 6 are sharp, and upper contacts display common downward incursion of
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vertical burrows from overlying heavily bioturbated clay-rich very fine sandstone beds (Table
4.1). Facies 7 rarely preserves original sedimentary structures due to the intensity of bioturbators
(BI1 4-6) including Asterosoma, Arenicolites, Ophiomorpha, Planolites, Schaubcylindrichnus
freyi, Skolithos, Teichichnus, and Zoophycos. FS3 is closely associated with FS2, and facies 6
often displays a gradational relationship with the calcareous lenticular siltstones and very fine
sandstones of facies 5 as bioturbation and fine quartz sand abundance increases upward. The
mineralogy of the two facies in FS3 are similar, with 5-20 XRF % Ca and does not display the

sharp calcium carbonate-related peaks of FS2.
Interpretation:

The increase in grain size and bioturbation intensity in FS3 represents a shoaling upward
trend from a middle-upper slope to a lower shoreface depositional environment (Figure 4.1).
Facies 6 resembles a more bioturbated, silica-rich and coarser grained version of facies 5 in FS2,
indicating similar original depositional processes (storm-wave driven currents and
hyperpycnites) being progressively overprinted by bioturbation until sedimentary structures
become unrecognizable in facies 7. Episodic deposition of sediment in FS3 is indicated by
interbedded undisturbed planar laminated and ripple cross-stratified very fine sandstone beds
with erosional bases followed by heavily bioturbated intervals. Although this succession could
be explained by varying oxygenation of the seafloor, a more likely explanation is episodic
sedimentation by storm wave and/or river flood-influenced sediment flows. This is supported
frequent truncation of bioturbated intervals by overlying sand beds, which then repeats in a
laminated-bioturbated or 1lam-scramT succession common in delta fronts (Maceachern and
Bann, 2005; Ghadeer and Mackquaker, 2011). The increase in bioturbation from facies 6 to

facies 7 is likely associated with increased oxygenation of the water column related to wave-
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driven mixing of the water column (Maceachern and Bann, 2005), but could also be indicative of
a less episodic, more constant sedimentation rate than in facies 6. Facies 6 and 7 are commonly
associated with the Fort Collins Member of the Muddy Formation, a group of marine sandstones
deposited by a delta front during the regression of the WIS (MacKenzie, 1971; Weimer and

Sonnenberg, 1996).

4.1.4 Eldorado Springs Member

The Eldorado Springs Member is divided into two facies: heavily bioturbated clay-rich
medium-grained sandstone (ES1; Table 4.1) and plane-bedded to massive medium-grained
sandstone (ES2; Table 4.1). These facies capture the majority of sedimentary trends observed in
the Eldorado Springs Member but are not a representative facies succession of the unit because

they are based on observations of a single cored section in Well C.

Facies ES1 consists of upper fine to medium-grained sandstone and contains large (2-5
cm, 0.8-2 in) coarse grain and mud-lined burrows of Ophiomorpha, Skolithos and Teichichnus
(BI1 3-5). Sedimentary structures, where preserved, consist of massively bedded to wavy mud-
draped laminae. The basal contact of ES1 is erosional, and large vertical burrows frequently
cross bedding planes into underlying facies. The top contact of ES1 with the base of ES2 is

erosional, low relief to planar, and often truncates burrows.

The planar-laminated medium-grained sandstones of ES2 are massive to faintly
laminated with occasional coarse kaolinite and quartz granules oriented along bedding planes
(Table 4.1). Where ES2 is laminated, it consists of alternating ~2mm-1cm lower-medium to
upper medium-grained beds. Some portions of ES2 appear to contain low-angle cross-

stratification, but this could be the result of core barrel rotation. Observable bioturbation is rare
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in this facies (BI 0-1), and generally consists of large (3-5 cm, 1-2 in) clay-lined Ophiomorpha.
Some zones that appear mottled in core are possibly cryptically bioturbated based on thin section

observations of disturbed bedding.

In Well C, ES1 is the most common facies in the lower half of the Eldorado Springs
Member, and the ratio of the interbedded facies of ES2 increase up section where it is the
dominant facies. Both facies ES1 and ES2 are composed of sub- to well-rounded quartz grains
that display concavo-convex to sutured grain boundaries forming triple junctions at grain
contacts. Other minerals (< 5%) include speckled dark chert grains and rectangular sub-angular
potassium-feldspar grains. The entire Eldorado Springs interval is highly silica-rich (90-97
XRF% Si), calcite-poor (0-4 XRF% Ca) and clay poor (2-10 XRF%), with most of the clay
content in thin drapes associated with facies ES1. Porosity is filled by silica cement in thin
sections, and frequent 3-20 cm (1-8 in) vertical fractures are also silica-cemented. Both ES1 and

ES2 display frequent horizontal clay-rich stylolites.

Interpretation:

The presence of large burrows throughout facies ES1, and occasionally ES2 in the
Eldorado Springs Member is indicative a shallow, oxygenated marine setting, perhaps along a
shoreface or an offshore bar (Figure 4.1). The increasing ratio of planar-laminated medium-
grained facies and decrease in clay content and bioturbation up section indicates an upward
increase in wave energy and/or depositional rates, which prevent reworking of sediment by
burrowers. The planar-laminated bedding of ES2 is characteristic of upper shoreface and
foreshore deposition in wave-dominated systems. The textural maturity and mineralogy of the
Eldorado Springs Member is unique relative to the fine-grained bioturbated sands of the Muddy

Formation, which lacks the characteristic feldspar and chert grains. The mineralogical makeup of
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sediment in ES1 and ES2 is very similar to the underlying Bear Canyon Member of the
Plainview Formation (Figure 2.1), both of which display similar abundance of kaolinite and
black chert grains but lower textural maturity (MacKenzie, 1971; Weimer and Sonnenberg,
1996). MacKenzie (1971) interpreted these two members as shoaling-upward sandstones
representing deposition in a lagoonal or brackish water environment during a widespread
regression of the WIS. DuBois (1996) used isopach data from subsurface well logs to support
these claims, and further interpreted the Eldorado Springs Member as part of an offshore bar
system deposited in an apparent northwest to southeast trend, sub-parallel to the north-south
oriented paleoshoreline west of Denver (Dolson et al., 1991). However, the sedimentary
environment required to create such a linear structure remain unclear, and the transitional nature
of facies succession 1 into the Eldorado Springs Member is perhaps better explained by a
transition to the shoreface of a prograding delta-front system during a widespread regression of

the WIS.

4.2 Log Correlations

Interpretation of the depositional environments represented by the facies and facies
successions described above permit designation of minor and major flooding surfaces in cores
and outcrops correlated to three cross sections of the study area (Figures 4.2 and 4.3). Flooding
surfaces were marked in core descriptions where the tops of facies representing shallower-water
processes contact the base of facies representing deeper-water processes as interpreted along a
shelf to basin profile (Figure 4.1). The contact between shallower to deeper water facies is
usually sharp, but occasionally displays a gradational vertical relationship, the base of which was
marked as the flooding surface. Major flooding surfaces were defined at facies contacts

representing a multi-step basinward shift in depositional environment (i.e., facies 6 to facies 1),
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Figure 4.2 South-north transect of the study area. Gamma-ray (API) shown on left track, resistivity (Ohm-m) on the right where
available. Three major flooding surfaces, SC1-3 (dark blue lines) and several minor flooding surfaces (light blue dashed lines) were
correlated based on observations of cored sections (green rectangles). The Lower, Middle and Upper Skull Creek are defined by
distinct sedimentary and geochemical trends and are bounded by the major flooding surfaces shown. SC2 represents the major
flooding surface (MFS) of the Skull Creek Formation. The Eldorado Springs Member is thickest in the southern portion of the study
area.
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Figure 4.3 Two east-west transects of the northern and southern portion of the study area,
respectively. Three major flooding surfaces, SC1-3 (dark blue lines) and several minor flooding
surfaces (dashed blue lines) were correlated from observations of cored sections (green
rectangles). Outcrop key: BD = Bellvue Dome; DD = Dixon Dam. Outcrop sections schematized
from Masterson (2015). Wells as in Table 3.1.
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bolstered by evidence of lasting vertical changes in the bioturbation index and XRF elemental
ratios of Si, Al, K, Ca, and Mo (ppm) (Figures 4.4, 4.5, and 4.6). Minor flooding surfaces were
defined at smaller scale basinward shifts in facies that were not accompanied by lasting changes
in XRF elemental or bioturbation trends. Major and minor flooding surfaces were then tied to
GR and resistivity logs from cored or adjacent wells and outcrops, as available (Figures. 4.4, 4.5,
and 4.6). Basinward shifts in facies are generally associated with an increase in clay content and
a decrease in silt and sand content, which manifest as a sharp increase in GR and an associated
decrease in resistivity. Coarsening-upward trends observed in log character (decrease in GR and
increase in resistivity) are associated with shoaling-upward facies successions in core
descriptions and are thus described as regressive, whereas fining-upward trends (increase in GR
and decrease in resistivity) are associated with deepening facies transitions and are described as

transgressive.

Three major flooding surfaces fi SC1, SC2 and SC3 - were correlated across the basin in
three cross sections (Figures 4.2 and 4.3). Whereas all major flooding surfaces are evident in
well logs, not all minor flooding surfaces were able to be confidently correlated across well-logs
from core descriptions. The units between major flooding surfaces contain between two and five

minor flooding surfaces.

Major flooding surface SC1 defines the lowest interval of the Skull Creek Formation,
which displays a transgressive log profile above the underlying Plainview Formation. In cross
section B-Bi, SC1 can be tentatively traced to the top of a silt and very fine sand-rich succession
in the basal portion of the Bellvue Dome outcrop measured by Masterson (2015). In the southern

portion of the study area, the interval below SC1 appears to grade conformably into the Eldorado
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Springs Member of the Skull Creek Formation, an observation confirmed by a transitional facies

succession in the cored section of Well C (Figure 4.6).

Major flooding surface SC2 defines the top of the unit containing the Eldorado Springs
Member in the southern portion of the study area. The unit between SC1 and SC2 has a
regressive profile in the northern portion of the study area and an overall-transgressive profile in
eastern wells of C-Ci. The Eldorado Springs Member has a relatively massive appearance in the
southern-most well logs, then pinches into a bilobed shape (Figures 4.2 and 4.3), noted by
MacKenzie (1971) and DuBois (1996). SC2 can be correlated to the Dixon Dam and Bellvue
Dome outcrop sections by Masterson (2015) but the placement of SC2 at the base of the Dixon
Dam section is tentative due to the lack of a complete section to the contact with the Plainview

Formation.

Major flooding surface SC3 marks a significant deepening indicated by a large positive
GR excursion and an associated sharp decrease in resistivity at the top of a regressive unit. In the
past, SC3 has been interpreted as the maximum flooding surface of the formation, which 1
reevaluate in the stratigraphy section below (MacKenzie, 1971; Graham and Ethridge, 1995;
DuBois; 1996; Weimer and Sonnenberg, 1996). SC3 can be traced to the top of a silt-rich
succession in the Dixon Dam section by Masterson (2015), supported by field observations of
bivalve-filled gutter casts in this section. The Bellvue Dome outcrop does not preserve the upper

portion of the Skull Creek Formation, thus SC3 cannot be correlated to the section.

The top contact of the Skull Creek Formation with the Fort Collins Member of the
Muddy Formation is defined by a bentonite-rich zone that represents the uppermost major
flooding surface of the succession. The unit between SC3 and the top of the Skull Creek

formation appears regressive and has been correlated to the Masterson (2015) Dixon Dam
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section, although the outcrop section appears more clay rich than in well logs and cored sections.
| attribute this difference to unrecognizable bedding due to poor exposure of the upper portion of

the Dixon Dam section, noted in the field notes of Masterson (2015).
4.3  Oxygenation

Molybdenum was used as a representative proxy for anoxic conditions at the sediment-
water interface and was plotted against depth in the three cores (Figures 4.4, 4.5, and 4.6).
Samples below major flooding surface SC2 display a negligible concentration of Mo, ranging
from 0-5 ppm. These low concentrations, even when associated with organic-rich mudstones,
indicate widespread oxygenation of ocean bottom waters during deposition. Just above major
flooding surface SC2, Mo reaches values up to 45 ppm, then falls to a baseline of 10-20 ppm.
This peak is the most dramatic in Well B and is still visible but somewhat muted in wells A and
C, which display peaks of 35 ppm and 25 ppm, respectively (Figures 4.4, 4.5, and 4.6). Another
significant Mo excursion appears at major flooding surface SC3. In Well B, this excursion is not
as large as the one at SC2, reaching 30 ppm (Figure 4.4). However, in Well A, Mo increases
nearly tenfold across the boundary, up to 120 ppm, the largest excursion observed in any well

(Figure 4.5).

Trends in the bioturbation index of cored sections display a clear inverse relationship
with Mo (ppm). Below SC2, where Mo (ppm) is negligible, the BI ranges from 1-6, with clay-
rich facies displaying Bl 1-4 in the form of bedding frequently disturbed by Schaubcylindrichnus
and Teichicnus burrows. Sandy facies below SC2 display a Bl of 2-5, with the size and diversity
of burrowers increasing in facies associated with the Eldorado Springs Member (Figure 4.6). At
major flooding surface SC3, where Mo (ppm) increases and remains at a baseline 10-20 ppm,

bioturbators are virtually absent and only rarely appear as isolated, low-diversity forms. There is
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Figure 4.4 Distinguishing sedimentary, mineralogical, and geochemical features of the lower, middle, and upper units of Skull Creek
formation as displayed in a complete cored section in Well B. The lower unit, bounded by major flooding surface SC2, displays poor-
to-fair wt. % TOC values and is non-calcareous. Positive excursions of Mo (ppm), a representative anoxic proxy, is correlated with
low-Bl, clay-rich facies. The middle unit, between major flooding surfaces SC2 and SC3, displays good wt. % TOC and documents a
transition from silica-rich to calcareous facies. Major flooding surface SC2 displays a sharp Mo (ppm) excursion and decrease in Bl
which marks the maximum flooding surface. The upper Skull Creek unit between SC3 and the top of the formation has good wt. %

TOC values and displays decreasing calcium content and high Mo (ppm) up section. For facies color key, see Table 4.1
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Figure 4.5 Sedimentological and geochemical properties of the cored interval in Well A. This
cored section is incomplete and contains only the middle and upper Skull Creek units. Mo (ppm)
and Ca is high throughout the cored interval. Note the highest Mo (ppm) excursion appears at
major flooding surface SC3 in this core, where it reaches 120 ppm, the highest value of any
cored section analyzed. For facies color key, see Table 4.1
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Figure 4.6. Sedimentological and geochemical properties of the cored interval in Well C. The
Eldorado Springs Member of the Skull Creek Formation appears in the Lower Skull Creek
Formation in Well C and consists of bioturbated to planar-laminated medium-grained
sandstones. The Middle Skull Creek Formation, between major flooding surfaces SC2 and SC3,
is only four feet thick in this cored section. For facies color key, see Table 4.1
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no evidence that the clay-rich siltstone beds are cryptically bioturbated fi I did not observe
disturbed bedding or silt-lined burrows in thin section. Bl begins to rapidly increase in facies

successions after major flooding surface SC3 as Mo (ppm) declines in this interval.

4.4  Source Rock Properties

Wells A, B and C document a range in hydrocarbon maturity and kerogen types and are
herein listed from most to least mature. Source rock analysis of the mudrock facies within the
three cores reveals that the Skull Creek Formation contains Type Il and Type Il kerogen (Figure
4.7). Total organic content (TOC) varies stratigraphically, but averages 2.4 wt. % in Well A, 2.16
wt. % in Well B, and 2.07 wt. % in the mudstones of Well C. Samples from the Eldorado Springs
Member in Well C display an average of 0.30 wt. % TOC. Well A, located in the middle of the
Wattenberg Field, displays Tmax values above 475°C, and hydrogen index (HI) values are below
10 HC/g TOC, placing these samples well into the postmature dry gas window (Figure 4.7). A
modified Van Krevelen cross plot of HI vs. oxygen index (Ol) does not aid in the determination
of kerogen type for these samples due to the very low S2 peaks during analysis. Well C displays
Tmax values from 450 - 460°C, and HI from 64-240 HC/g TOC, indicative of kerogen in the
middle to late maturity oil window. These samples plot along a mixed Type II/111 and Type |11
trend, indicating a mixed marine and terrestrial kerogen (Figure 4.7). Well B is the most
immature well sampled, as indicated by a Tmax range of 430-445°C and an HI range of 65-305
HC/g TOC. Well B samples plot strongly along a Type Il kerogen curve, indicative of a marine

origin.

Outcrop data indicates that Turkey Creek contains TOC values up to 3.86 wt. %
(Masterson, 2015). The two Turkey Creek samples consist of Type Il marine kerogen, whereas

the Dixon Dam sample plots along a mixed Type 1I/111 trend, similar to Well C. The Bellvue
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Dome sample plots along a Type 11/1V kerogen trend but displays very little wt. % TOC (0.92),

thus the margin of error is higher in this sample.

Source rock properties vary by facies succession. Samples from FS1 display variable
TOC (0.1112.62 wt. %) and plot along both mixed Type I1/111 oil and gas-prone and Type 111
gas-prone trends. By contrast, samples from FS2 display higher TOC (1.67fi4.07 wt. %) and plot
along a predominately Type Il oil-prone trend, with a few samples within the Type I1/111 oil and
gas-prone trend. The highest TOC observed in the Skull Creek Formation, 4.07% wt. %, occurs
in calcareous claystones of facies 4 within FS2. FS3 is the least-sampled interval due to its clay-
poor appearance. Samples of FS3 display low TOC (0.43-0.6 wt. %) and plot along a mixed
Type 1I/111 and Type 11 trend. Samples taken from the Eldorado Springs Member facies (ES 1

and ES 2; Table 4.1) display low TOC and similarly plot along a Type I1/111 and Type 11 trend.

Stratigraphic trends in TOC and source rock properties reveal a relationship between
sedimentary facies, mineralogy, and organic richness. Below major flooding surface SC2, TOC
does not exceed 1.88 wt. %, even in dark, clay-rich facies of FS1 interpreted to represent basinal
deposition. The unit between SC2 and SC3 displays a range of 1-3 wt. % TOC, and values are
higher even in the same facies successions to those sampled below SC2. This trend continues up
section above SC3, which documents the highest TOC readings of the formation fi between 1.11
and 4.07 wt. %. TOC rapidly decreases up section into the bioturbated fine sandstones of the

Muddy Formation, which is not sampled in this study.
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Figure 4.7 Kerogen type and wt. % TOC values of samples from the three cored wells and
outcrop sections by well (A and B) and by facies succession (C and D). (A) Tmax (°C) vs. HI
shows increasing maturity from outcrop samples to well B to C to A. Wells B and C are in the
early-middle oil window, Well A is in the postmature dry gas window. (B) Modified VVan
Krevelen diagram of Hi vs. Ol show that samples from Well B and Turkey Creek trend along a
Type Il oil-and-gas-prone kerogen type, whereas Well C and Dixon Dam displays a mixed Type
/111 and Type I trend. (C and D) Cross plots by facies succession show samples from FS3 and
the Eldorado Springs Member (ES) display low TOC and plot along a Type 11 trend. Samples
from FS 1 and 2 are higher in TOC and plot along a Type Il and mixed Type I1/111 trend, with
FS1 appearing more mixed Type 1I/111 than FS2. Outcrop data from Masterson (2015).
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4.5 Stratigraphy

The Skull Creek Formation has been divided into informal lower, middle, and upper
members based on distinct trends in sedimentology, organic richness, and anoxic indicators

observed in cored sections and log characteristics in cross sections.

The Lower Skull Creek Formation, containing major flooding surface SC1 and capped by
SC2, ranges from 8.5ii25 meters (28-82 ft) thick and is thickest in the southwest portion of the
study area in the northwest-southeast-oriented sandstones of the Eldorado Springs member,
supplemented by subsurface data from DuBois (1996) (Figure 4.8). The lower Skull Creek thins
to the north until it reaches the southern portion of the Wattenberg field, after which it thickens
to the north and east. The Lower Skull Creek contains siliceous facies successions FS1, FS3 and
facies of the Eldorado Springs Member to the south (ES1 and ES2; Table 4.1). The Lower Skull
Creek displays variable to high bioturbation (Bl 1-5), does not display geochemical evidence of
anoxia (0-5 ppm Mo) and displays low TOC values (avg. 0.93 wt. %) (Figure 4.9). The Lower
Skull Creek Formation was deposited in a shallow basin to lower slope setting, with small
burrowing organisms able to thrive in its deepest environments due to an aerobic to dysaerobic
water column, likely no more than 60 m (~200 ft) deep (Figure 4.1). SC1 marks a significant
transgression within the Lower Skull Creek, leading into a unit that shoals upward into the
regressive, heavily bioturbated upper shelf and lower shoreface sandstones of the Eldorado
Springs Member (Figure 4.1). The Eldorado Springs Member represents deposition in an oxic,
upper shoreface to foreshore environment, shallower than the lower-middle shoreface deposits of
the overlying Muddy Formation. This difference is supported by the unique sediment character

of the Eldorado Springs Member, which resembles the underlying Bear Canyon Formation of the
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Figure 4.8 Isopach maps of the Skull Creek Formation in the northern Rocky Mountain region
and of the lower, middle and upper Skull Creek units in the study area. Red box in the regional
map denotes study area. Values reported in 50-foot intervals for the regional skull creek, ten-foot
intervals for the Lower Skull Creek, and five-foot intervals for the Middle and Upper Skull
Creek. Additional well data in the Lower Skull Creek from DuBois (1996). Regional isopach
map modified from Burtner and Warner (1984).
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Plainview Formation in mineralogy (Figure 2.1; MacKenzie, 1971). The uppermost portion of
the Lower Skull Creek Formation documents a gradual decrease in bioturbation intensity, then a
major flooding event associated with SC2. Interestingly, the lower Skull Creek does not contain

siliceous microorganisms characteristic of restricted lobes of the WIS later in the Cretaceous.

The Middle Skull Creek Formation is defined as the unit between major flooding surfaces
SC2 and SC3. The Middle Skull Creek ranges from 1.2i9.1 meters (4-30 ft) thick, thinning
significantly above the Eldorado Springs trend in the southwest portion of the study area, and
generally thickening to the northeast (Figure 4.8). The thinning of the unit over the Eldorado
Springs Member implies a remnant paleo-high during Middle Skull Creek time. The Middle
Skull Creek documents a transition from siliceous to calcareous facies successions representing a
highstand and early regression of the WIS (FS1 to FS2; Table 4.1). Major flooding surface SC2
marks a dramatic increase in Mo (ppm) and a sharp decrease in bioturbation (Bl 0-2) in the
siliceous FS1, indicating a sudden onset of anoxic to euxinic conditions. Anoxic conditions in the
Middle Skull Creek is supported by the high TOC values of the unit (2.3 avg wt. %) (Figure 4.9).
Based the regressive trends observed above SC2 to the top of the Skull Creek, major flooding
surface SC2 likely represents the maximum flooding surface of the Skull Creek Formation, not
SC3 as previously reported. The development of a calcareous facies succession and the presence
of bioclast-filled gutter casts in the upper Middle Skull Creek represents the beginning of a net-
regressive trend as basinal sediments become exposed to storm waves which both scour the sea
floor and transport sediment from bivalve-rich zones on the upper shelf (Figure 4.1) (Plint et al.,
2012). This observation contradicts the attribution of these individual bioclast-filled gutter casts
to regional iforcedT regressions by Graham and Ethridge (1995) because they do not appear

consistently at the tops of shoaling-upward units in any of the three cores in which they are
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Figure 4.9 Schematized cross plot of TOC trace metal paleo redox proxies with a summary of
Molybdenum (ppm), TOC, and facies succession trends observed in the lower, middle and upper
Skull Creek units. Modified from Tribovillard (2006).

present. Although calcarenite beds in the Middle Skull Creek cannot be individually attributed to
drops in relative sea level, the fact that their presence is unique to the middle and upper units of
the Skull Creek formation indicates that the Middle Skull Creek represents an overall shift from
a net-transgressive to a net-regressive system (falling stage systems tract) and an associated
increase in storm wave energy (Plint et al., 2012). Conversely, this association could represent an

increase in the frequency of ocean bottom-reaching hurricanes in the Early Cretaceous.

The Upper Skull Creek formation is defined as the unit between major flooding surface
SC3 and the top contact of the Skull Creek with the Muddy Formation (Figure 4.4). The Upper
Skull Creek is relatively isopachous throughout the study area, ranging from 7.3 fi 11.2 meters
(24-37 ft) thick, and slightly thickening to the northeast (Figure 4.8). Unlike the Middle Skull
Creek, the Upper Skull Creek does not thin over the top of the Eldorado Springs Member,

indicating flat to very low relief paleotopography. The Upper Skull Creek displays a transition
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from calcareous facies in FS2 to the upper slope and prodelta facies of FS3, representing a
regressive shelf profile. The increasing presence of storm wave-dominated deposition in facies in
the Upper Skull Creek, including frequent gutter casts filled with bioclastic material, indicates a
continuation of the relative sea level fall observed in the Middle Skull Creek. This regressive
trend continues upwards as bioturbation increases and Mo (ppm) decreases, indicative of a more
oxygenated, wave-mixed water column towards the upper slope and lower shelf (Figure 4.1).
Despite evidence of relative sea level fall, samples from FS2 in the Upper Skull Creek are the
most organic-rich of the Skull Creek Formation, displaying an average TOC of 2.31% and are
highly enriched in Mo (avg. 10.79 ppm) (Figure 4.9), indicating anoxic conditions that allowed
for the preservation of organic material. These anoxic enrichments seem counterintuitive,
because one would expect the shoaling of basin mudstones to storm wave-base to increase, not
decrease the oxygenation of bottom waters in the WIS. This increase in anoxia is hypothesized to
result from the presence of a Tethyan water mass in northern Colorado and is further considered

in the discussion.
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CHAPTER 5

DISCUSSION

5.1 Source Rock Potential

The middle and upper Skull Creek units as defined by this study likely contribute the
largest share of hydrocarbons to the Dakota-Mowry petroleum system because of their organic
richness and thickness in the region. TOC in these units ranges from 1-4 wt. % with an average
of 2.4 wt. % in all cored wells. Samples from the middle and upper Skull Creek tend to plot

along a Type Il marine-derived kerogen trend, with minor mixing of Type Il kerogen.

The maturity trend observed from the immature Turkey Creek outcrop to the postmature
samples from Well B documents a paragenetic sequence of hydrocarbon generation related to
increasing burial depth and temperature. Samples from the middle portion of the Turkey Creek
outcrop record TOC values of up to 3.84 wt. %, which could approximate the initial TOC
conditions the formation due to the relatively shallow burial depths experienced by those strata
(Masterson, 2015). However, TOC in early mature samples from Well B reach values up to 4.07
wt. %, the highest observed in the formation, indicating original TOC values may have been
even higher. As Tmax increases from Well B to Well C to Well A, TOC tends to decrease,
representing the conversion of organic matter to hydrocarbons, but remains relatively high even
in the postmature samples from Well A (Figure 4.7). Burial depth is not the only factor in driving
sample maturity - samples from Well A display a significantly higher Tmax (avg. 510°C) than

the nearly 1000-foot deeper samples of Well C (avg. 455°C). This discrepancy between Tmax
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and depth is explained by the Wattenberg thermal anomaly, a result of hydrothermal fluid

migration related to igneous intrusions (Higley et al., 2003).

Stratigraphic trends are important to consider in assessing source rock contributions in
the Dakota-Mowry Petroleum System. The Mowry Formation thins towards the southern and
eastern Denver Basin, and is only 2ii17 m (about 6-25 feet) thick in the Wattenberg Field
(Burtner and Warner, 1984; Weimer et al., 1986), disregarding stratigraphic trends in TOC,
which likely further decrease the thickness of effective source rock facies in the Mowry. In
comparison, the Middle and Upper Skull Creek formations have a combined thickness of 13-18
meters (45-60 feet), increasing towards the northeastern portion of the Wattenberg Field (Figure
4.8). Although the Mowry has been reported to have slightly higher TOC values in the Denver
Basin (avg. ~2 wt. %), the average TOC of the Middle and Upper Skull Creek in our samples is
2.3 wt. %, well within the range of effective source rocks and higher than the Mowry values
reported in the northern Denver Basin by Burtner and Warner (1984). It is unclear where the
Skull Creek was sampled for previous studies of the unit, but previously reported values below

1.0 wt. % likely represent analyses of samples from the low-TOC Lower Skull Creek unit.

5.2 Paleogeography and Depositional Environment

Reconstructions of the Kiowa-Skull Creek transgression have commonly placed a north-
south oriented shoreline west of Denver based on limited biostratigraphic evidence (Burtner and
Warner, 1984; Kauffman et al., 1993; Cobban et al., 1994; Brenner et al., 2020). The presence of
terrestrially-derived Type 111 kerogen in the Lower Skull Creek, supported by sedimentary
observations of the cored sections, indicates the presence of a northwest-southeast-oriented
shoreline with a potential sediment source in the southern and southwestern portion of the study

area. This hypothesized shoreline trend would coincide closely with the apparent orientation of
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the Eldorado Springs Member in the subsurface noted by DuBois (1996) and supports the
hypothesis that the Member represents a prograding shoreline rather than a sand bar oriented
sub-perpendicular shoreline. In contrast, samples from the Middle Skull Creek and lower portion
of the Upper Skull Creek display predominately marine-derived kerogen, indicative of a more
distal shoreline. An increase in Type 111 kerogen observed in the uppermost samples in the Upper
Skull Creek indicate an increasing amount of terrigenous input, likely due to the prograding of
shorelines during the closing of the Skull Creek Seaway. These findings, together with the Type
I1 kerogen Type I1/111 oil and gas-prone trend of the coeval Thermopolis Formation in the
Bighorn and Powder River Basins (Finn, 2010; Loucks and Rowe, 2014; Kirschbaum et al.,
2019), could indicate that the western paleo-shoreline of the late Albian WIS was more mobile
than previously thought. However, without details on the stratigraphic correlations of these units

to the Skull Creek Formation, these paleogeographic assessments remain speculative.

The Middle Skull Creek Formation is hypothesized to document the connection of the
northern Arctic and southern Tethyan oceans, which in previous marine transgressions were
isolated blind-ended seaways that deposited shales of early Albian age in Canada and the
southwest of the U.S. (Kauffman et al., 1993; Cobban et al., 1994). The relatively sudden
presence of bioclast-rich facies in the upper portion of the Middle Skull Creek documents the
development of bivalve-rich biozones in shelf environments not observed in the non-calcareous
Lower Skull Creek Formation. The increase in bivalve material found in both gutter casts and
isolated clay-supported beds in the Middle Skull Creek could have been facilitated by the
development of ocean circulation in the WIS, allowing nutrient-rich waters to support extensive
inoceramid and bivalve shoals in shallow shelf environments while promoting anoxic conditions

in deeper waters. Despite sedimentary evidence of a shallowing-upward trend in the Middle
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Skull Creek, including frequent gutter casts and storm wave-dominated facies successions,
mudstones in unit are significantly enriched in Mo (ppm) and TOC and lack the bioturbation
seen in the transgressive facies successions of the Lower Skull Creek. This disconnect between
interpreted water depth and oxygenation could be explained by the mixing of cool, oxygenated,
nutrient rich Arctic waters with warm, saline, oxygen-poor Tethyan waters, which has been
hypothesized to contribute to the onset of widespread ocean anoxic events throughout the
Cretaceous (e.g., OAE 1d, 2 and 3; Schroder-Adams et al., 2012; Scott et al., 2013; Elderbak et
al., 2014; Eldrett et al., 2017; Lowery et al., 2018). This interpretation is also supported by
studies of the Late Cretaceous Niobrara Formation, which documents alternating calcareous and
silica-rich intervals related to fluxes in nutrient cycling related to widespread ocean anoxia

(Lowery et al., 2018; Tessin et al., 2019).

The attribution of the majority of the fine-grained sediment in the Skull Creek formation
to fluid mud in fluvially-derived hyperpycnal plumes (Masterson, 2015) is not supported by the
source rock trends observed in our cores. The Turkey Creek section has been hypothesized to
represent a paleo-high proximal to the delta front in the Skull Creek Seaway, with high TOC
values attributed to the influx of terrestrial organic matter (Masterson, 2015). However, source
rock analysis of the Turkey Creek samples (and in all clay-rich samples from the middle and
upper Skull Creek) reveals predominately marine-derived Type Il kerogen, with only a minor
Type Il terrestrial component in some samples from FS1. Although some of the massive clay-
rich laminae observed between storm-influenced silt beds in both FS1 and FS2 could be the
results of rapid emplacement of fluid muds in hyperpycnal plumes, the majority of clay and
organic matter was likely derived from elsewhere on the ocean floor and redeposited by storm-

induced traction currents (Hampson and Premwichein, 2017). Unbioturbated clay-rich
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successions following storm-influenced facies were most likely deposited by both hemipelagic
settling and episodic storm-driven ocean bottom currents in anoxic conditions, supported by the
high Mo (ppm) values of FS2. This assessment is also supported by the presence of winnowed,
allochthonous bioclastic material in gutter casts in the Middle and Upper Skull Creek, which are
composed predominately dissociated marine bivalve material with only a minor terrestrial

component in the form of wood fragments.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The Skull Creek Formation contains seven distinct mudstone facies and two sandstone
facies associated with the Eldorado Springs Member. The seven mudstone facies are grouped
into three facies successions which display vertical relationships representative of a shift in
deposition from along a transgressive to a regressive shelf profile in the WIS. Three major
flooding surfaces within these facies successions separate the Skull Creek into lower, middle and
upper members, which display unique geochemical and mineralogical properties. The Lower
Skull Creek was deposited in an early restricted lobe of the WIS in which basin waters were
generally oxygenated, evidenced by low TOC, high degree of bioturbation, and absence of
Molybdenum (ppm), an anoxic indicator. The Middle Skull Creek begins with the maximum
flooding surface of the formation and documents the connection of the Arctic and Tethyan lobes
of the WIS, supported by high TOC, low bioturbation, and high Mo (ppm) associated with
stratification of the ocean water column. The Upper Skull Creek records a continuation of ocean
connection during a widespread regression, indicated by an upward transition from high to low

TOC, low to high bioturbation, and moderate to low Mo (ppm).

The Middle and Upper Skull Creek formation as defined by this study display good to
very good source rock potential in the Wattenberg field based on the high TOC of these units
(avg. 2.3 wt. %), the dominance of Type Il kerogen, and thickness trends, which ranges from 13
fi 18 meters (45 fi 60 ft) towards the northeastern portion of the field. Thus, the Skull Creek
formation is a valid source rock for the Dakota-Mowry Petroleum System of the Wattenberg

Field, which should perhaps be renamed the Dakota-Mowry-Skull Creek Petroleum System.
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The Skull Creek Formation is a historically understudied unit, but work presented here
suggests ripe opportunities exist to characterize the timing of deposition and nature of regressive
sand bodies within the formation and to quantify the hydrocarbon generation and expulsion of
the unit in basins across the northern Rocky Mountain region. Logical next steps for study of this
early seaway system might include: (1) Determination of the depositional nature and sediment
source of the Eldorado Springs Member with modern detrital zircon, trace element chemistry,
paleocurrent, and related approaches; (2) Organic petrology analyses to determine the different
organic matter types represented laterally and temporally, using the original Hydrogen Index to
quantify the generative potential of the unit; (3) U-Pb CA-IDTIMS dating of zircon in bentonites
identified in the middle and upper Skull Creek Formation in order to constrain the timing of the
Arctic-Tethyan connection of the WIS; and (4) Correlation of flooding surfaces and geochemical
profiles defined in this study to coeval strata across the Rocky Mountain Region, such as the
Thermopolis Formation of Wyoming or the Glencairn Shale of New Mexico, could be used to
document the extent of the ocean anoxia and organic richness observed in the Denver Basin and
potentially shed insight on a previously unrecognized ocean anoxic event, the first of many in the

60-million year span of the WIS.
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APPENDIX A

CORE DESCRIPTIONS

Figure A.1 Well A full core description. Refer to Table 4.1 for facies color key.
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Well B

Figure A.2 Well B full core description. Refer to Table 4.1 for facies color key

Well Logs

Gamma Ray Resistivity
API 2000 Om

Bl

IREEE

core phota

Muddy Fm.

wito TOC

Facies

Elem'.sental %
i

_ Al+K
[ Ca 100

Mo (ppm] 80

Anoxia

Notes

Increasing bioturharinn size and densiy (B 451, Grains e
increasing f(om lower v 10 upper v and f

Bagin Fort Callins Mbr. of Muddy Sandstons

2em zsf whitz, larninated. Top Skull Creek Fm. marker,
Minar rewa king of silt within ash laminae

Increasing bioturhation - 8134
Transition rom clay rich sitstone to silty vfss

v ash bed, grading to brogn silig oy reworked

silly lower inefusper vory fine s, 815 £

accasional silly 55 buds wilhou biolurbailor, [elowed by
heavily bialurbated intervals

Thin ash - yellowsbiown, partly reworked

orange calcarenice bedl seeping brown ol petraliferaus smel

seweral coarse clasts

frequent inaceramicl e, calca renite intervals. HCS in sty vt
5anel intervals with some biaturbation Bl 1-2

2 cinsely spaced ash beds - 1-7 cm,

| argeinnceramid debris

biaturharion in silry vts

raredno bicturbatian

pyriic sit lenses

calcarenite bed
Bern ash beed, il partly reworked

cane in em Interest
caldite formatisns

inueuramid beds sevuing oil i sily vhs

pyri i il aned alcurious layers.

[ Torered sl Nowdng sertace, begn parasomenee s |

Inoceramid beds

<alkarenite bed with upper med. and coaise grains within,
ripple larinated silt - pyrite fich

oil-stained calcarentie bed - scaured 2t base. 2 mm black.
Tragments within - scales?

incresing pyiits sift and Wi sandl, concorted beckiing,

smiall biaturbation - circular buriows within siltsvt sand lenses.
aofr sediment deformation and burrows

Wiy BRfE, BBy = = o o o= o=

vt 5301 lenses in rapearing bindles within clay-rich
silesone - tidal signature?

ash, 2 mm, rewvorked with silt
230, 2.5 men, laminated

pyrite vi sand layer
sile blebs

silty claystane interval - laminzted with vary thin I+ | cml silt

stringars

Uesin parsaeguene 2 floading surfuce
pyrite vl sand lens

sehaubelindrichnus burraws, som skolithas, vertical burmes
small aphiomorpha

chre sk silislone wilh B12 3

a4 |Inys 1addn

H291D [INAS SIPPIN

129MOT



Figure A.2 Continued
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Figure A.3 Well C full core description. Refer to Table 4.1 for facies color key.
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Figure A.3 Continued
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APPENDIX B

X-RAY FLUORESCENCE DATA

depth (ft) depth (m) facies Si(%) Ca(%) Al +K (%) Mo (ppm)| depth (ft) depth (m) facies Si(%) Ca(%) Al +K (%) Mo (ppm)

7667.0 2336.9 7 77.13 10.31 12.56 4.26 7694.5 2345.3 4 74.75 10.58 14.67 11.33
7667.5 2337.1 73.06 8.88 18.06 8.20 7695.0 2345.4 78.82 11.22 9.96 6.79

7668.0 2337.2 76.23 10.11 13.67 6.68 7695.5 2345.6 74.73 11.58 13.70 11.41
7668.5 2337.4 78.55 9.04 12.41 7.92 7696.0 2345.7 75.24 10.88 13.88 31.74
7669.0 2337.5 78.84 7.81 13.35 6.44 7696.5 2345.9 73.04 11.34 15.62 3117
7669.5 2337.7 79.26 8.99 11.76 7.24 7697.0 2346.0 70.96 13.09 15.95 38.19
7670.0 2337.8 78.55 11.64 9.81 8.91 7697.5 2346.2 72.32 9.83 17.85 33.12
7670.5 2338.0 77.64 12.41 9.95 511 7698.0 2346.4 72.47 9.80 17.73 39.97
7671.0 2338.1 76.06 8.98 14.96 4.59 7698.5 2346.5 37.74 54.42 7.84 47.97
7671.5 2338.3 77.22 10.45 12.33 1.00 7699.0 2346.7 56.82 0.43 42.75 119.47
7672.0 2338.4 80.45 12.23 7.32 8.00 7699.5 2346.8 75.53 9.77 14.70 17.67

7672.5 2338.6 72.51 9.89 17.60 7.99 7700.0 2347.0 77.85 13.90 8.24 7.92
7673.0 2338.7 76.64 11.54 11.82 4.15 7700.5 2347.1 80.04 14.19 5.76 4.29
7673.5 2338.9 77.79 13.00 9.22 1.00 7701.0 2347.3 80.08 13.87 6.05 5.17
7674.0 2339.0 74.45 12.31 13.24 6.21 7701.5 2347.4 72.00 7.66 20.35 541
7674.5 2339.2 77.24 12.82 9.95 11.35 7702.0 2347.6 81.38 11.63 6.98 5.72

75.02 9.37 15.61 27.26
49.78 41.20 9.02 28.75
73.70 8.56 17.74 33.13
73.97 6.32 19.71 22.48
73.84 7.90 18.26 17.85
72.73 10.16 17.11 16.94
72.15 20.58 7.26 22.89
71.20 21.17 7.63 19.19
71.53 5.63 22.84 26.33

7675.0 2339.3
7675.5 2339.5
7676.0 2339.6
7676.5 2339.8
7677.0 2339.9
7677.5 2340.1
7678.0 2340.3
7678.5 2340.4
7679.0 2340.6

75.86 14.10 10.05 6.13 7702.5 2347.7
75.19 12.71 12.11 11.31 7703.0 2347.9
76.61 14.79 8.60 5.17 7703.5 2348.0
73.38 10.24 16.38 9.87 7704.0 2348.2
68.79 9.63 21.58 11.24 7704.5 2348.3
73.75 19.47 6.78 7.53 7705.0 2348.5
72.17 9.29 18.55 21.47 7705.5 2348.6
77.80 12.90 9.30 14.23 7706.0 2348.8
74.35 13.33 12.33 13.61 7706.5 2348.9

7680.0 2340.9 74.46 16.04 9.50 9.23 7707.0 2349.1 10.89 86.62 2.49 19.61
7680.5 2341.0 78.06 13.04 8.91 5.62 7707.5 2349.2 73.24 18.85 7.91 16.78
7681.0 2341.2 81.23 11.04 7.73 11.18 7708.0 2349.4 65.38 30.42 4.20 7.17
7681.5 2341.3 77.84 14.07 8.09 7.29 7708.5 2349.6 72.69 1.66 25.65 15.35
7682.0 2341.5 72.82 14.66 12.52 3.92 7709.0 2349.7 74.09 1.60 24.31 16.78
7682.5 2341.6 76.01 14.66 9.33 5.79 7709.5 2349.9 76.01 9.83 14.15 18.30

7683.0 2341.8
7683.5 2341.9
7684.0 2342.1
7684.5 2342.2
7685.0 2342.4
7686.0 2342.7
7686.5 2342.8
7687.0 2343.0
7687.5 2343.2
7688.0 2343.3
7688.5 2343.5
7689.0 2343.6
7689.5 2343.8
7690.0 2343.9
7690.5 2344.1
7691.0 2344.2
7691.5 2344.4
7692.0 2344.5
7692.5 2344.7
7693.0 2344.8
7693.5 2345.0
7694.0 2345.1

72.57 12.09 15.34 8.84 7710.0 2350.0
72.49 14.08 13.43 6.15 7710.5 2350.2
72.23 16.54 11.23 8.97 7711.0 2350.3
71.99 9.75 18.27 26.81 77115 2350.5
73.33 13.24 13.43 18.37 7712.0 2350.6
80.25 10.23 9.53 18.75 7712.5 2350.8
73.95 10.90 15.15 44.29 7713.0 2350.9
44.22 50.70 5.08 11.69 7713.5 2351.1
72.95 4.63 22.42 27.25 7714.0 2351.2
75.40 10.67 13.93 32.22 77145 2351.4
69.11 12.94 17.94 31.18 7715.0 2351.5
75.23 10.94 13.83 22.32 7715.5 2351.7
80.21 11.31 8.48 12.23 7716.0 2351.8
74.89 10.91 14.20 15.88 7716.5 2352.0
73.15 10.25 16.61 21.82 7717.0 2352.1
72.82 16.51 10.67 17.31 7717.5 2352.3
72.00 7.61 20.39 19.61 7718.0 2352.4
71.28 9.02 19.70 24.19 7718.5 2352.6
73.28 17.46 9.26 12.94 7719.0 2352.8
75.24 11.94 12.81 18.13 7719.5 2352.9
72.66 16.73 10.61 12.57 7720.0 2353.1
76.81 11.89 11.31 9.12 7720.5 2353.2

68.63 10.20 21.17 21.88
75.18 10.57 14.25 22.95
77.03 10.05 12.92 19.16
78.15 13.38 8.47 12.17
63.88 33.54 2.58 7.35
75.04 19.52 5.44 8.56
71.92 4.91 23.17 14.17
73.35 4.92 21.73 14.32
75.36 5.05 19.59 12.35
75.95 1.29 22.76 15.17
72.32 3.21 24.47 15.42
74.00 2.88 23.12 19.65
73.67 3.39 22.94 15.17
70.94 6.11 22.95 21.57
73.27 5.12 21.62 17.82
73.02 5.22 21.77 16.16
72.65 4.02 23.34 35.35
71.72 3.70 24.58 14.91
74.12 14.71 11.18 9.69
75.17 13.18 11.64 11.17
81.88 5.76 12.35 11.39
74.02 0.72 25.27 6.88
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Table B.1 Well A XRF data used in this study with associated facies. Zero values represent loss
of detection and were assigned a value of 1 to prevent graphing errors.
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Table B.2 Well B XRF data used in this study with associated facies. Zero values represent loss
of detection and were assigned a value of 1 to prevent graphing errors.
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depth (ft) depth(m) facies Si(%) Ca(%) Al +K(%) Mo (ppm) |depth (ft) depth (m) facies Si(%) Ca(%) Al +K(%) Mo (ppm) [depth (ft) depth (m) facies  Si(%)  Ca(%) Al +K (%) Mo (ppm)
7349 | 2240.0 0 6161 048 3701 4.51 7377 22485 0 7703 856 14.41 17.83 | 7405  2257.0 7 8212 083  17.05  1.00
73495 22401 6 7761 598 16.40 100 | 73775 22487 2 6631 365 @ 30.04 2412 | 74055 22572 6 7696 046 2258  1.00
7350 | 2240.3 6 7221 492 22.87 1.00 7378 22488 2 7869  5.24 16.07 2141 | 7406 22573 7 85.44 046 = 1410  1.00
73505 22404 6 8135 650 12.16 100 | 73785 22490 2 7666  6.64 16.70 2653 | 74065 22575 7 8815 065 1120  1.00
7351 | 2240.6 6 7847 674 14.79 1.00 7379 22491 2 7475 482 2043 2632 | 7407 22577 7 8539 051 1411  1.00
73515 2240.7 6 7984 759 12.57 100 | 73795 22493 2 7381 956 16.64 16.66 | 74075 2257.8 7 88.66 137 9.98 1.00
7352 22409 6 7560  7.74 16.57 1.00 7380 22494 8 7718 7.82 15.00 422 7408 2258.0 1 7029 035 2936 1.00
73525 22410 6 7480 7.5 17.94 100 | 73805 22496 3 7350 558 @ 20.92 7.28 | 74085 2258.1 1 7694 042 2264  1.00
7353 22412 6 7321 58 2093 3.24 7381 22497 1 7305 539 2156 9.12 7409 2258.3 7 8139 045 1816  1.00
73535 22413 6 7615 797 15.89 100 | 73815 22499 2 7417  6.44 19.39 1532 | 74005 22584 7 8041 050  19.08  1.00
7354 22415 6 7948  7.94 12.58 1.00 7382 22500 2 7690 1323 9.87 6.17 7410 22586 7 8674 109 1217  1.00
73545 22417 0 6979 501 25.20 100 | 73825 22502 4 6829 1689  14.82 452 | 74105 2258.7 7 87.50 143 1107  1.00
7355 22418 6 7622 744 16.34 1.00 7383 22503 2 7430 841 17.29 5.68 7411 2258.9 7 87.33 050 1217  1.00
73555 22420 6 7537  1.25 17.38 100 | 73835 22505 1 7331 492 @ 2L.77 6.28 | 74115 2259.0 1 68.10 090 3100  1.00
7356 22421 6 7406 7.0 18.73 1.00 7384 22506 3 7205 2455 3.0 1400 | 7412 22592 1 7209 063  27.28  1.00
73565  2242.3 6 7716 1018  12.66 100 | 73845 22508 2 7866 8.8 13.26 8.88 | 74125 2250.3 1 7249 051 | 27.00  1.00
7357 | 22424 6 708 631 22.81 5.16 7385 22509 2 7602  5.46 18.51 1525 | 7413 22595 1 69.75 046 2979  1.00
73575 22426 6 7928 933 11.39 350 | 73855 22511 2 7126 353 2521 1312 | 74135 22596 1 70.83 044 2873 100
7358 | 2242.7 6 7810 981 12.10 2.75 7386 22513 3 1222 85.67 211 1.00 7414 2259.8 1 69.11 029  30.60  1.00
73585 22429 6 7613 978 14.09 100 | 73865 22514 2 7148  3.07 25.44 7.83 | 74145 2259.9 1 68.70 038  30.92  1.00
7359 2243.0 6 7801 1074 1124 5.13 7387 22516 2 7504 476 | 20.20 4.89 7415 2260.1 1 68.78 035  30.87  1.00
73505 22432 6 6613 2094 1293 371 | 73875 22517 2 7681 6.9 16.23 421 | 74155 22602 1 7036 036 = 2928  1.00
7360 22433 6 7303 862 18.35 2.99 7388 22519 2 7400 515 | 20.84 6.40 7416 2260.4 1 7227 036  27.38  1.00
7360.5 22435 6 7553 1041  14.06 253 | 73885 22520 2 8124  6.29 12.46 316 | 74165 2260.5 1 64.43 046 3511  1.00
7361 22436 2 7230 871 18.99 9.63 7389 22522 2 7234 297 24.70 11.88 | 7417 2260.7 7 80.39  0.60  19.01  1.00
73615 224338 2 7351 856 17.93 1114 | 73805 22523 2 7668 458 18.74 1329 | 74175  2260.9 6 8127 075 = 17.97 100
7362 2243.9 2 718  6.09 22.04 8.88 7390 22525 1 7456 296 @ 2248 1494 | 7418 22610 6 8119 056 1826  1.00
73625  2244.1 2 7213 699 20.89 2174 | 73905 22526 2 7821  6.94 14.85 772 | 74185 22612 1 7747 059 2193 1.00
7363 2244.2 2 7468 803 17.29 3283 | 7391 22528 2 7737 1054  12.09 1118 | 7419 22613 6 8509  0.82 1409  1.00
73635  2244.4 2 7426 798 17.76 6.46 | 73915 22529 2 7210 354 2436 13.34 | 74195 22615 6 8485 069 = 1446  1.00
7364 22445 2 7333 853 18.14 9.98 7392 22531 1 7330  3.86 @ 22.84 8.73 7420 22616 6 8336  0.89 1575  1.00
73645  2244.7 2 749 941 15.63 673 | 73925 22532 1 7743 1.09 21.48 650 | 74205 22618 6 8151 077 1772 100
7365  2244.9 2 7833 1061  11.06 2.63 7393 22534 1 7801 457 17.41 4.17 7421 22619 6 8466 082 1452 100
73655 22450 2 7053 691 22.56 311 | 73935 22535 1 7367  3.07 23.26 1.00 | 74215 22621 6 8109 080 = 1812 100
7366 2245.2 4 7363 741 18.96 1.00 7394 22537 0 6398 062 35.40 1.00 7422 2262.2 6 8334 077 1589 100
73665 22453 2 7357 793 18.49 1.00 | 73945 22538 1 7472 237 22.91 34.00 | 74225 22624 6 7633 055 2312 1.00
7367 22455 2 6871 1370  17.59 1.00 7395 22540 1 7527 344 | 2129 3359 | 7423 22625 6 7720 057 | 2224 1.00
73675 22456 4 4297 4328 1375 566 | 73955 22541 1 69.69 474 | 2557 46.66 | 74235 2262.7 6 7676 0.65 = 2259  1.00
7368 22458 4 7243 951 18.06 2469 | 7396 22543 1 7229 206 @ 2565 4668 | 7424 22628 6 7267 064 2670  1.00
73685 22459 3 3597 5827 5.76 697 | 73965 22545 1 7305 246 2450 3913 | 74245 22630 DKT  89.54  4.67 5.79 1.00
7369 | 2246.1 4 7030 227 27.43 6.72 7397 22546 1 7250 247 25.03 2630 | 7425 22631  DKT  90.16 291 6.93 1.00
73695  2246.2 4 7318 291 23.92 839 | 73975 22548 1 7065 170 | 27.65 4189 | 74255 22633  DKT = 8967  2.90 7.43 1.00
7370 | 2246.4 4 7280 392 23.28 1177 | 7398 22549 6 = 7268 252 24.80 3437 | 7426 22634 DKT 8723 471 8.06 1.00
73705 22465 4 7247 268 24.85 1132 | 73985 22551 6 7861 081 20.58 1.00 | 74265 22636 DKT 6827 2386  7.87 1.00
7371 22467 4 7283 274 | 2443 16.84 | 7399 22552 1 7290 046 @ 26.64 1.00 7427 22637  DKT 8696  6.40 6.64 1.00
73715  2246.8 4 7265 174 2561 1748 | 73995 22554 6 7595 053 = 2353 1.00 | 74275 22639 DKT 7504 1836  6.60 1.00
7372 2247.0 4 7249 285 24.66 1913 | 7400 22555 6 7774 071 21.55 1.00 7428 22641  DKT  87.05 081 1214  1.00
73725 22471 4 1212 43 23.57 1387 | 74005 22557 6 8189  0.68 17.43 1.00 | 74285 22642 DKT 9216 064 = 7.20 1.00
7373 22473 4 7281 276 24.43 1357 | 7401 22558 6 = 8214 076 17.10 1.00 7429 22644  DKT 8380 072 1548  1.00
73735 2247.4 4 7308 472 2221 1292 | 74015 22560 1 = 8565 182 12.53 100 | 74205 22645 DKT 8366 060 1574  1.00
7374 2247.6 4 7329 405 22.66 1581 | 7402 22561 1 79.83 071 19.46 1.00 7430 22647 DKT 6891 058 3052  1.00
73745  2247.7 4 6785 832 23.83 2551 | 74025 22563 1 7782 0.66 2152 100 | 74305 22648 DKT 8890  1.49 9.61 1.00
7375 2247.9 4 4980 3699 1321 11.87 | 7403 22564 1 7496 058  24.46 1.00 7431 22650 DKT 9122  0.81 7.97 1.00
73755  2248.1 4 7282 6.69 20.49 1318 | 74035 22566 1 = 7396 053 25,51 100 | 74315 22651  DKT  89.47  3.31 7.22 1.00
7376 2248.2 4 5102 4595  3.02 2.75 7404 22567 1 7485 050 | 24.65 1.00 7432 22653  DKT 9418  0.29 5.53 1.00
73765  2248.4 4 7489 812 17.00 2753 | 74045 22569 1 7540 054 | 24.06 100 | 74325 22654 DKT 9508  1.01 3.91 1.00
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Table B.3. Well C XRF data used in this study with associated facies. Zero values represent loss
of detection and were assigned a value of 1 to prevent graphing errors.
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depth (ft) depth (m) facies Si(%) Ca (%) Al +K(%) Mo (ppm) |depth (ft) depth (m) facies Si(%) Ca (%) Al +K (%) Mo (ppm) |depth (ft) depth (m) facies Si(%) Ca (%) Al +K (%) Mo (ppm) |depth (ft) depth (m) facies Si(%) Ca(%) Al +K (%) Mo (ppm)
8563 2610.0 6 79.00 5.52 15.47 1.00 8586.5 2617.2 1 71.83 2.60 25.57 11.85 8610 2624.3 ES 95.12 0.11 4.77 1.00 8635 2631.9 ES 95.17 0.06 4.77 1.00
8563.5 2610.2 6 78.89 573 15.37 1.00 8587 | 2617.3 1 7254  3.09 24.37 12.88 8610.5 26245 ES 9588 0.26 3.85 1.00 8635.5  2632.1 ES 8666 013 1321 1.00
8564 2610.3 6 79.01 6.26 14.73 1.00 8587.5 2617.5 1 72.27 2.61 25.13 13.20 8611 2624.6 ES 96.53 1.12 2.35 1.00 8636 2632.3 ES 85.37 0.24 14.39 1.00
8564.5 2610.5 6 81.39 8.01 10.60 1.00 8588 2617.6 1 72.60 2.73 24.67 21.32 86115 2624.8 ES 95.90 1.66 243 1.00 8636.5 2632.4 ES 89.57 0.11 10.32 1.00
8565 2610.6 6 79.77 7.85 12.38 1.00 8588.5 2617.8 1 38.25 46.67 15.08 6.27 8612 2624.9 ES 95.18 0.43 4.39 1.00 8637 2632.6 ES 96.43 0.13 3.44 1.00
8565.5 2610.8 6 79.36 5.42 15.22 6.76 8589 2617.9 2 72.55 7.09 20.36 15.44 86125 2625.1 ES 95.73 0.17 4.10 1.00 8637.5 2632.7 ES 96.45 0.21 3.34 1.00
8566 2610.9 6 69.50 18.58 11.92 1.00 8589.5 2618.1 2 74.59 5.19 20.22 17.19 8613 2625.2 ES 88.99 0.17 10.83 5.17 8638 2632.9 ES 92.80 0.23 6.97 1.00
8566.5 2611.1 6 70.77 1891 10.32 1.00 8590 2618.2 1 73.03 2.46 24.51 23.13 8613.5 2625.4 ES 92.39 5.59 2.02 1.00 8638.5 2633.0 ES 94.22 0.11 5.67 1.00
8567 2611.2 6 70.28 17.34 12.38 1.00 8590.5 2618.4 1 73.47 3.40 23.13 18.56 8614 2625.5 ES 89.75 8.02 2.23 1.00 8639 2633.2 ES 93.60 0.10 6.30 1.00
8567.5 2611.4 6 80.40 6.47 13.13 1.00 8591 2618.5 1 72.30 291 24.79 25.28 8614.5 2625.7 ES 87.91 8.08 4.00 1.00 8639.5 2633.3 ES 91.52 0.10 8.38 1.00
8568 26115 6 79.71 6.36 13.93 1.00 8591.5  2618.7 1 73.23 3.46 23.31 17.48 8615.5 2626.0 ES 93.71 0.21 6.08 1.00 8640 2633.5 ES 97.19 0.07 2.75 1.00
8568.5 2611.7 8 79.10 8.37 12.53 1.00 8592 2618.8 1 74.04 3.38 22.58 23.73 8616 2626.2 ES 95.83 0.14 4.03 1.00 8640.5 2633.6 ES 89.77 0.15 10.08 8.55
8569 2611.8 6 77.95 6.64 15.41 1.00 85925 2619.0 1 74.31 3.11 22.58 28.17 8616.5 2626.3 ES 96.04 0.52 3.44 1.00 8641 2633.8 ES 97.75 0.25 2.00 1.00
8569.5 2612.0 6 61.56 0.77 37.67 7.88 8593 2619.1 1 69.56 10.31 20.13 18.77 8617 2626.5 ES 97.11 1.19 1.70 1.00 8641.5 26339 ES 95.57 2.02 2.40 1.00
8570 2612.1 6 77.68 5.99 16.33 1.00 8593.5 2619.3 1 74.43 3.02 22.54 13.46 8617.5 2626.6 ES 96.94 0.67 2.39 1.00 8642 2634.1 ES 93.98 0.10 5.92 1.00
8570.5 2612.3 6 74.40 3.66 21.94 1.00 8594 2619.5 1 74.96 4.15 20.89 12.76 8618 2626.8 ES 97.25 1.10 1.65 1.00 86425 2634.2 ES 94.75 0.12 5.13 1.00
8571 2612.4 6 78.55 12.86 8.59 1.00 8594.5 2619.6 1 75.10 3.93 20.96 11.95 8618.5 2626.9 ES 94.01 0.10 5.89 1.00 8643 2634.4 ES 97.87 0.11 2.02 1.00
8571.5 2612.6 6 76.87 6.30 16.83 1.00 8595 2619.8 1 75.33 4.07 20.59 12.49 8619 2627.1 ES 96.35 0.07 3.58 1.00 8643.5 2634.5 ES 62.90 0.31 36.79 1.00
8572 2612.7 6 80.08 7.18 12.74 1.00 8595.5  2619.9 1 73.70 251 23.78 23.23 8619.5  2627.2 ES 96.15 0.16 3.69 1.00 8644 2634.7 ES 87.24 0.22 12.54 1.00
8572.5 2612.9 6 78.32 7.04 14.65 1.00 8596 2620.1 1 73.79 3.01 23.20 23.28 8620 2627.4 ES 97.25 0.08 2.67 1.00 8644.5 2634.8 ES 93.16 0.19 6.65 1.00
8573 2613.1 6 80.84 7.01 12.14 1.00 8596.5  2620.2 2 71.09 17.88 11.03 2.99 8620.5 2627.5 ES 93.29 0.22 6.49 1.00 8645 2635.0 ES 95.45 0.23 4.32 1.00
8573.5 2613.2 6 78.05 6.15 15.80 1.00 8597 2620.4 2 7352 19.73 6.76 8.82 8621 2627.7 ES 93.62 0.17 6.21 1.00 8645.5 2635.1 ES 87.86 0.25 11.89 1.00
8574 2613.4 2 75.39 5.32 19.28 1.00 8597.5  2620.5 1 72.88 0.82 26.30 3.76 8621.5 2627.8 ES 94.89 0.10 5.02 1.00 8646 2635.3 ES 86.14 0.24 13.63 1.00
8574.5 2613.5 6 81.44 7.09 11.47 1.00 8598 2620.7 1 71.34 0.97 27.69 7.44 8622 2628.0 ES 96.30 0.45 3.25 1.00 8646.5  2635.5 ES 80.21 0.44 19.35 1.00
8575 2613.7 2 77.56 6.07 16.37 1.00 8598.5 2620.8 1 73.10 1.25 25.65 8.46 86225 2628.1 ES 94.90 0.14 4.96 1.00 8647 2635.6 ES 75.94 0.34 23.72 1.00
8575.5 2613.8 2 77.12 5.62 17.26 1.00 8599 2621.0 1 74.83 1.39 23.78 9.33 8623 2628.3 ES 88.58 4.02 7.40 1.00 8647.5 2635.8 ES 67.44 0.32 32.24 1.00
8576 2614.0 2 80.19 9.10 10.71 1.00 8599.5 2621.1 1 70.06 0.76 29.18 9.41 8623.5 2628.4 ES 87.08 10.29 2.63 1.00 8648 2635.9 ES 91.87 111 7.03 3.18
8576.5 2614.1 2 78.98  10.40 10.61 1.00 8600 2621.3 1 73.15 0.64 26.21 9.45 8624 2628.6 ES 86.13 11.53 2.34 1.00 8648.5 2636.1 ES 86.52 0.61 12.87 1.00
8577 2614.3 2 78.28 8.17 13.54 1.00 8600.5 2621.4 1 80.62 1.68 17.70 14.78 8624.5 2628.7 ES 87.97 9.28 2.75 1.00 8648.5 2636.1 ES 87.12 0.60 12.28 1.00
8577.5 2614.4 2 78.98 8.37 12.65 2.78 8601 2621.6 7 95.12 0.15 4.73 1.00 8625 2628.9 ES 95.23 0.17 4.60 1.00 8649 2636.2 2 81.99 0.53 17.48 1.00
8578 2614.6 2 74.57 4.99 20.44 18.13 8601.5 2621.7 7 90.77 0.25 8.98 1.00 8625.5  2629.1 ES 97.22 0.07 271 1.00 8649.5 2636.4 2 85.63 0.43 13.94 1.00
8578.5 2614.7 2 76.66 6.00 17.33 8.66 8602 2621.9 7 94.01 0.18 5.81 1.00 8626 2629.2 ES 94.04 0.98 4.99 1.00 8650 2636.5 6 92.22 0.11 7.67 1.00
8579 2614.9 2 78.21 11.96 9.83 5.90 8602.5 2622.0 7 96.15 0.14 3.71 1.00 8626.5 2629.4 ES 93.16 0.27 6.57 1.00 8650.5  2636.7 2 86.03 0.18 13.79 1.00
8579.5 2615.0 2 76.05 6.51 17.43 4.62 8603 2622.2 7 93.01 0.18 6.81 1.00 8627 2629.5 ES 96.67 0.09 3.23 1.00 8651.5 2637.0 DKT 96.04 0.12 3.84 1.00
8580 2615.2 2 77.51 7.37 15.12 3.42 8603.5 2622.3 7 93.50 0.25 6.25 1.00 8627.5  2629.7 ES 96.37 0.11 3.53 1.00 8652 2637.1 DKT 95.18 0.14 4.68 1.00
8580.5 2615.3 2 76.83 7.33 15.83 431 8604 2622.5 7 97.31 0.28 2.40 1.00 8628 2629.8 ES 90.72 0.06 9.22 1.00 8653 2637.4  DKT = 98.01 0.04 1.95 1.00
8581 2615.5 2 75.45 6.09 18.46 6.63 8604.5 2622.7 7 91.61 0.25 8.15 1.00 8628.5  2630.0 ES 97.47 0.05 2.48 1.00 8653.5 2637.6 DKT 9522 0.26 4.52 1.00
8581.5 2615.6 2 74.58 5.42 20.00 7.27 8605 2622.8 7 93.89 0.17 5.93 1.00 8629 2630.1 ES 96.85 0.05 3.09 1.00 8654 2637.7 DKT 9313 0.52 6.35 1.00
8582 2615.8 3 78.62 13.72 7.65 5.18 8605.6  2623.0 7 89.49 0.44 10.06 1.00 8629.5 2630.3 ES 94.14 0.16 5.70 1.00 8654.5 2637.9 DKT 91.21 0.80 7.99 1.00
8582.5 2615.9 1 74.14 5.20 20.65 4.11 8606 2623.1 7 89.26 0.33 10.41 1.00 8630 2630.4 ES 91.76 0.82 7.42 1.00 8655 2638.0 DKT 93.94 0.97 5.09 1.00
8583 2616.1 1 75.53 6.29 18.18 4.12 8606.5 2623.3 7 91.91 0.27 7.82 1.00 8631 2630.7 ES 97.35 0.11 2.54 1.00 8656 2638.3 DKT  91.12 4.54 4.34 1.00
8583.5 2616.3 1 75.29 9.88 14.83 3.75 8607 2623.4 7 92.56 0.06 7.38 1.00 8631.5 2630.9 ES 94.01 0.69 5.30 1.00 8656.5 2638.5 DKT 95.80 1.87 2.33 1.00
8584 2616.4 1 70.81 14.59 14.60 3.89 8607.5 2623.6 ES 94.83 0.07 5.09 1.00 8632 2631.0 ES 96.33 0.15 3.52 1.00 8657 2638.7 DKT = 93.13 2.89 3.98 1.00
8584.5 2616.6 1 62.22 24.33 13.45 3.38 8608 2623.7 ES 97.46 0.09 2.45 1.00 8632.5 2631.2 ES 89.30 0.11 10.59 1.00 8657.5 2638.8 DKT 87.69 4.01 8.30 1.00
8585 2616.7 2 70.09 4.73 25.18 3.74 8608.4  2623.8 ES 96.88 0.15 297 1.00 8633 2631.3 ES 95.30 0.13 4.57 1.00 8658 2639.0 DKT 94.84 2.40 2.76 1.00
8585.5 2616.9 1 73.64 4.64 21.72 3.59 8609 2624.0 ES 96.93 117 1.90 1.00 8633.5 26315 ES 88.27 0.27 11.46 1.00 8658.5 2639.1 DKT  91.68 4.82 3.49 1.00
8586 2617.0 1 74.41 4.91 20.68 11.11 8609.5 2624.2 ES 96.60 0.39 3.01 1.00 8634 2631.6 ES 89.74 0.10 10.16 1.00 8659 2639.3 DKT = 94.45 2.07 3.47 1.00
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