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ABSTRACT

Late Cretaceous Western Interior mudrocks of the Denver basin, CO, U.S.A. have
garnered renewed attention with recent advances in horizontal drilling technology. These
unconventional resources are now considered to be viable hydroca$envoirs. Current
interests are focused on the Niobara Formation, which is the primary target for oil and gas
operations in the Denver basin. The potential of the Greenhorn Formation has also begun to
drawn attention in the last few years. With suchabundance of activity, there is a need to
further development of our understanding of these sedimentary systems. The Greenhorn and
Niobrara marine cycles define twd® 3rder cycles, a stratigraphic interval almost entirely
composed of carbonate mudreck The grain size and carbonate composition make the rocks
prime candidates for applied chemostratigraphy. Advances in edmsmgfrsive xay
fluorescence (EEXRF) technology have also led to the development of handheld XRF
analyzers, which provide rapi efficient, inexpensive, and naestructive sampling. With a
variety of manufacturers (e.g. ThermoScientific, Bruker, Olympus) currently offering
commercially available instruments, it is important to empirically evaluate the function and
validity of an instrument. The purpose of the first part of this study is the evaluation of the
ThermoScientific Niton XL3t GOLDD+ EEXRF analyzer as applied to slabbed drill core of
Late Cretaceous mudrocks from the Greenhorn, Carlile, anor&e formations of thBenver
basin, CO. Forty samplesvere collected as thigection billets consisting of the primary facies
distribution of the Greenhorn, Carlilend Niobraradrmationsfrom the Noble Energy Aristocrat
PC H1x07 drill core. Each sample was measured foelgmental concentrations by EXRF
(Niton), ICRMS/ICP-OES andLECO method for sulfur concentratio®) mineralogy byx-ray

diffraction, and 3) total organic carbon byECO method Results show strong correlation



between ICPXRF for seventeen elements?(R0.6; Ca, Zr, Si, Al, Mn, Rb, Sr, Ba, Fe, Nb, K, S,

V, Ti, Mo, Th, and Zn) and are considered valid sgomntitative measurements by the Niton.
Moderate correlation was found for seven elements (0.6>@R25;As, Mg, Ni, Cu, Pb, Cr, and

U) and areconsidered partially valid semuantitative measurement by the Niton. Elements
exhibiting low correlation coefficients (R 0.25; P, Cs, Bi, Sb, Sc, Sn, Ag, W, and Co) are
considered invalid measurements by the Niton. The most appropriate Nitosdtliags when

using TestAll Geo mode for the measurement of GCN mudrocks are:iNs&irseconds, Low

30 seconds, High 30 seconds, and Ligiit90 seconds. XRD and TOC correlation to elemental
data provide identification of elemental proxies for mingriahses and organic content. The
instrument comparison shows comparable results for the two instruments, with the caveat that
the mudrock calibration for the Tracer IV provides the benefit of fully quantitative
measurements. The aim of the second paitttisfstudy is to build and test the application of a
high-resolution elemental and carbon isotope chemostratigraphic framework for the @&neenh
Carlile and Niobraradrmations in the Denver basin, Colorado. The dataset consists of eight
drill cores fran the greater Denver basin with higksolution handheld EXRF elemental
measurements and higbasolution stable carbon and oxygen isotope measurements of the
Greenhorn, Carlile, and Niobrararmations. Application of carbon isotope chemostratigraphy

as a chronostratigraphic proxy has the potential to show relationships on the timing of
stratigraphic units across the basin. Elemental data will further define the sequence stratigraphy
and paleoenvironmental conditions by using the preexisting stratigrispmework of the Late
Cretaceous Western Interior as a guide for interpretations. The results show carbon isotope
chemostratigraphy to be consistent with lithostratigraphy for closely spaced (<100 km) cores in

the Denver basin. Application of carbaosoiope chemostratigraphy as a chronostratigraphic



proxy then identifies lithostratigraphy as consistent with chronostratigraphy at this scale. Eleven
carbon isotope excursions are clearly identifiable and show correlation to the English Chalk
Reference Cwe of Jarvis et al. (2006). Furthermore, carbon isotope trends show broad
correlation to eustasy. Elemental chemostratigraphy showslefitied sequences at th8 8nd

4™ order based on relative elemental concentrations and element ratios. SpedfEg%),

Si/Al, Mo (ppm), and Mn (ppm) define sequence stratigraphic surfaces that correspond to those
from previous workers. Fourth order cycles in the Greenhorn cycle (inclusibetiofthe
Greenhorn and Carlileofmations) are notably more frequemd of shorter duration than those

of the Niobrara Formation.
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CHAPTER 1
INTRODUCTION

Late Cretaceous Western Interior (LCWI) macks of the Denver basin, CO, U.S.A. have
garnered renewed attention with recent advances in horizontal drilling and completion
technology. These unconventional resources are now considered to be viable hydrocarbon
reservoirs. Current interests are faati®n the Niobrara Formation, which is the primary target
for oil and gas operations in the Denver basin. The Colorado School of Mines (CSM) Niobrara
Consortium was formed in 2010 to address specific scientific and industry driven geological
guestions regrding this depositional system within Rocky Mountain basins. Since its inception,
the CSM Niobrara Consortium has addressed a wide range of topics including petroleum system
analysis (Anderson, 2011; Kaiser, 2012; Taylor, 2012; Arthur, 2012; Kruger; RH8sardi,

2013), stratigraphy (Kuzniak, 2009; Charzynski, 2010; Bruchez, 2013; Kaykun, 2013; Lewis,
2013), structure (Collins, 2012; Underwood, 2013; Kernan, 2014), seismic (Lin, 2013; Finley,
2014), mapping (Matthies, 2014), organic and source rockrriya(Thul, 2012), carbon and
oxygen stable isotopes (Stout, 2012), and petroleum engineering related topics (Maldonado,
2011; Saner, 2012).

The work by Stout (2012) validated the proof of concept of the application of carbon
isotopes as a stratigraphioreelation tool in the Denver Basin, following seminal work by
Scholle and Arthur (1980). Stout (2012) addressed carbon isotope chemostratigraphic
correlation of the Niobrara Formation for two Denver basin cores. The work of this dissertation
builds on hat of Stout (2012), with the addition of six more cores, both carbon isotope and
elemental chemostratigraphy, and the analysis of the Greenhorn, Carlile, and Niobrara

formations. The driving hypotheses for this research were: 1) chronostratigraphy is not



consistent with lithostratigraphy for closely spaced (<100 km) cores of the LCWI Greenhorn,
Carlile, and Niobrara formations (GCN) in the Denver basin, CO, USA, 2) elemental
chemostratigraphy gives new perspective and has utility in the LCWI GCN mudysiekms
beyond that of core descriptions and facies analysis, and 3) isotopic and elemental
chemostratigraphy can be used to construct an internally consistent sequence stratigraphic
framework for the LCWI GCN depositional system.

This dissertation is orgézed as a compilation of two independent, jowarécle style
documents (Chapters 2 and 3), each of which contains their own list of references at the end of
each chapter, followed by a conclusions chapter (Chapter 4). Chapter 2 addresses the empirical
evaluation of the ThermoScientific Niton XL3t GOLDD+ handheld eneligpersive xray
fluorescence analyzer. Chapter three addresses applied chemostratigraphy of the LCWI GCN
depositional system toward a sequence stratigraphic framework, which isrttayphody of
work including elemental and carbon isotope chemostratigraphic analyses and interpretations.

1.1 References
Anderson, A., 2011, Stratigraphy and petroleum potential of the Codell Sandstone Member,

Carlile Shale, Northern Denver Basin, Southwest&/yoming [Master of Science

Thesis]: Colorado School Of Mines, 156 p.
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CHAPTER 2
EVALUATION OF THE THERMO SCIENTIFICNITON XL3T GOLDD+ HANDHELD
ENERGY-DISPERSIVE XRAY FLUORESCENCE ANAYYZER FOR LATE CRETACEOUS
MUDROCKS OF THE DEN\ER BASIN, CO, U.S.A.

This chapter addresses the evaluation of the ThermoScientific Niton XL3t GOLDD+
handheldenergydispersive xray fluorescence analyzer for use with Late Cretaceous mudrocks
of the Denvebasin, CO, U.S.A.

2.1 Abstract

Recent advances in enerdigpersive xray fluorescence (EIXRF) technology have led
to the development of handheld B{IRF analyzrs. Handheld EEXRF analyzers provide a
multitude of benefits including rapid analysis (on the order of minutes per sample, providing
nearly immediate results), ease of use, cost effectiveness (~$50K per instrument), low
maintenance costs, nondestructarelyses, and arguably reseagrthde measurements. With a
variety of manufacturers (e.g. ThermoScientific, Bruker, Olympus) currently offering
commercially available instruments, it is important to empirically evaluate the function and
validity of an irstrument. The purpose of this study is to evaluate the empirical validity of the
ThermoScientific Niton XL3t GOLDD+ EEXRF analyzer as applied to slabbed drill core of
Late Cretaceous mudrocks from the Greenhorn, Carlile, anor&ep formations of the Dwer
basin, CO. Forty samplesvere collected as thigection billets consisting of the primary facies
distribution of the Graghorn, Carlile, and Niobrar@fmationsfrom the Noble Energy Aristocrat
PC H107 drill core. Each sample was measured forlénental concentrations by ERRF
(Niton), ICRMS/ICP-OES andLECO method for sulfur concentratio®) mineralogy byx-ray

diffraction, and 3) total organic carbon byECO method Results show strong correlation



between ICPXRF for seventeen elements?(R0.6; Ca, Zr, Si, Al, Mn, Rb, Sr, Ba, Fe, Nb, K, S,
V, Ti, Mo, Th, and Zn) and are considered valid sgoantitative measurements by the Niton.
Moderate correlation was found for seven elements (0.6>@R25;As, Mg, Ni, Cu, Pb, Cr, and
U) and are cosidered partially valid serguantitative measurement by the Niton. Elements
exhibiting low correlation coefficients (R 0.25; P, Cs, Bi, Sb, Sc, Sn, Ag, W, and Co) are
considered invalid measurements by the Niton. The most appropriate Niton fiteysseshen
using TestAll Geo mode for the measurement of GCN mudrocks are:iNs&irseconds, Low
30 seconds, High 30 seconds, and Ligiit90 seconds. XRD and TOC correlation to elemental
data provide identification of elemental proxies for minef@ges and organic content. The
instrument comparison shows comparable results for the two instruments, with the caveat that
the mudrock calibration for the Tracer IV provides the benefit of fully quantitative
measurements.
2.2 Introduction

Recent advances anergydispersive xray fluorescence (EIXRF) technology have led to
the development of handheld EXRF analyzers. Handheld ERRF analyzers provide a
multitude of benefits including rapid analysis (on the order of minutes per sample, providing
nearly immediate results), ease of use, cost effectiveness (~$50K per instrument), low
maintenance costs, nondestructive analyses, and arguably regeslehmeasurements. With a
variety of manufacturers (e.g. ThermoScientific, Bruker, Olympus) currently offering
commercially available instruments, it is important to empirically evaluate the function and
validity of an instrument. Inherent errors in B{IRF measurement (e.g. matrix effects and inter
element interference must be accounted for, in addition to mstrtspecific behaviors

(Goodale et al., 2012; Brand and Brand, 2014). Rowe and others (2012) performed a mudrock



calibration study for the Bruker Tracer series handheldX®P analyzer, setting the standard

for future work with these instruments. Howegveany oil/gas companies and universities use
other brands of handheld EXRF analyzers, which also need to be evaluated. Arguably one of
the more commonly used devices is the ThermoScientific Niton XL3t GOLDD+XEB
analyzer (hereafter referred to astdd). While there is literature from ThermoScientific
documenting their device measurement standards, there are yet to be independent studies
evaluating this instrument. Furthermore, there are yet to be specific studies documenting the
application of tle Niton to various mudrock systems. The purpose of this study is to evaluate the
empirical validity of the Niton as applied to slabbed drill core of Late Cretaceous mudrocks from
the Greenhorn, Carlile, and Niara formations of the Denveadin, CO.

2.3 Materials and Methods

The primary instrument of the study was the Thermo Scientific Niton XAa@GtDD+
(Geometrically Optimized Large Area Drift Detectdrdndheld EBXRF analyzer. The Niton
uses arAg anode (kalpha = 0.56 angstroms) at56 kV and @2 00 &€ A max i mu m. G
technology measures 180,000 throughput cps.

Three spectral deconvolution algorithms (i
TestAll Geo (TAG). Mining mode is designed to measmagor elements, Soils mode trace
elements, and TAG is a Minir§oils mode hybrid designed for use when concentration(s) of the
element(s) of interest is/are unknown. TAG provides maximum number of elements
measured Table 2.1). TAG was chosen for ih study and used exclusively for all
measurements.

Table 2.1. ThermoScientific Niton XL3t element list by analysis mode. TestAll Geo mode
measures all possible elements.

Mode Elements Measured Total
Soils Ag As Au Ba Ca Cd Co Cr Cs Cu Fe Hg K Mn Mo Ni  Pb Pd Rb S Sb Sc Se Sn Sr Te Th i UV W Zn Zr| 33
Mining |[Ag Al As Au Ba Bi Ca Cd Cl Co Cr Cu Fe Hf K Mg Mn Mo Nb Ni P Pb Pd Rb Re S Sb Se Si Sn Sr Ta Ti VW Zn Zr| 37
TestAll Geo |Ag Al As Au Ba Bi Ca Cd Cl Co Cr Cs Cu Fe Hf Hg K Mg Mn Mo Nb Ni P Pb Pd Rb Re S Sb Sc Se Si Sn Sr Ta Te Th Ti U V W Zn Zr| 43




The instrumentation setup was as follows: the Niton was placed into the T&eramific
Field Mate 6headd attachment for stabilizatio
surface, using the camera viewfinder to accurately place the Niton on the desired measurement
area. Power was supplied by AC power to reduce measuteffects due to DC battery power
depletion through time (Brand and Brand, 2014).

Niton sensitivity testing was conducted on the Berthoud State #3 drill core, archived at
Colorado School of Mines, to determine best analysis time settings for #acl{nfiain, low,
high, and light), repeatability, and reproducibility. Table 2.2 shows the list of elements analyzed
by each filter with TAG. Best analysis time settings and repeatability tests were conducted by
five measurements taken at identical lowad with identical instrument settings at each of four
different analysis times.Reproduwibility tests were conducted kipking three measurements
across an individual bedding plane for seventeen bedding planes

Table 2.2. TestAll Geo mode element bgtfilter (* indicates measurement from multiple
filters).

Filter Elements Measured Total
Main Th U Hg Pb *Ti *V *Cr Nb *Pd *Ag *Cd *Sn *Sb Bi Re Mn *Fe Co Ni Cu Zn As Se Rb Sr Zr Mo Au *Te *Cs *Ba 31
Low *$ Sc K Ca *Ti *V *Cr *Fe 8
High *Te *Cs *Pd *Ag *Cd *Sn *Sb *Ba Hf Ta W 11
Light Mg Al S&i P *s 6

Forty sampleswere collected as thisection billets consisting of the primary facies
distribution of the Greerdin, Carlile, and Niobrarafmationsfrom the Noble Energy Aristocrat
PC H1207 drill core. Each sample was measured for 1) elemental concentrations-XRED
(Niton), ICRMS/ICP-OES (Activation Laboratories Ltd., Ontario, Canada), BB€O method
for sulfur concentration (Huffman Laboratories, Golden, @p)nineralogy by-ray dffraction
(Activation Laboratories Ltd., Ontario, Canadahd3) total organic carbonT@QC) by LECO
method(Weatherford Laboratories, Golden, CO)he thinsectionbillets were analyzeth rock

form (nonpulverized)by the Niton at three different andndom locations to determine a range



and average value for each elemenhe billets were then sent to Activation Laboratories Ltd.,
where the samples were pulverized and then analyzed b@E3for major elements, ICHS

for trace elements, and XRD faorineralogy by Activation Laboratories Ltd. TOC analysis was
conducted on the pulverized sample material using LECO methods by Weatherford Labs
(Golden, CO). Sulfur analysis was conducted on the pulverized sample material using LECO
methods by Huffman Laiyatories (Golden, CO).

The Bruker Tracer IV was the secomtstrument used fanstrument comarison. Total
analysis time was 180 seconds: 90 seconds for major element analysis, and 90 seconds for trace
element analysis. Measurements were made follothiegnethods of Rowe and others (2012).
Their mudrock calibrations were applied to all measurements. The-Niémer instrument
comparison was conducted by high resolution measurement (2.5 mm/0.1 in sampling interval) of
a 4.5 m/15 ft stratigraphic seém (depth interval: 899 m 900.5 m / 2949.58 fit 2954.5 ft) of
the Niobrara Formation from the Berthoud State #3 drill core, for a total offifftyanalyses
The suite of elements measured by each instrument is shown in Table 2.6.

2.4 Results

All measuements below the limit of detection are reported as 0. Niton analysis time and
repeatability test results are shown in Figure 2.1 for a representative suite of elé&ppatsl(x
A). Error measurements are reported as two standard deviationso(2a $% confidence
interval. As a measure of quantifying the changelinvi2h increasing time, the percent change
in 20 values relative to time A is reported for all elements in Table 2.3. Reproducibility test
results for a representative suite of elemeidgk are shown in Figure 2.2 and correlation
coefficients for all elements are reported in Table 2gpéndixA). Niton and ICP elemental

measurement relationships are shown in Figure 2.3, with corresponding linetitr dediration



lines and Rvalues (AppendixA). Niton 2 values are also included for reference. The:Fe
Facp cross plot contains only thirty nine of the forty samples due to one outlier with an
anomalously high measurement ofxkg likely due to measurement of a pyrite grain. A
summary of the NitoiCP correlation results is shown in Table 2.5 as a compilation “of R
values.

Figure 2.4 contains a representative suite of elemental logs comparing Niton and ICP
measurements. The sequantitative XRD analysis results provide a gross assessment of the
mineralogy AppendixA). XRD analysis did not measure all unique clay and carbonate phase
(with the exception of calcitdolomite) percentages. Reported and quantified clays include
muscovite/illite, kaolinite, and chlorite. Mixed layer ilisenectite wasalso reported but not
guantified. Reported and quantified carbonate phase minerals include calcite, dolomite, and
ankerite. Reported ankerite is defined as a mineral with dol@ankerite solid solution
composition. XRD spectral analysis of the anleepeaks indicates likelihood that the reported
ankerite is actually a variety of dolomite (possibly arfca dolomite). As a measure of
reducing the associated error of i nterpretat
dolomite plus ankerite igr ouped as O6Dolomitebd in Figure 2
correlations to mineralogy (Figure 2.5) and XRF elemental concentrations (Figulggesidix
A). Figure 2.6 shows the elements that best correlate to TOC, witfitbesditbration lines ad
their corresponding Rvalues. Instrument comparison results are summarized in Table 2.7 as a
compilation of R values. A representative suite of elemental logs comparing the two instrument

measurements is shown in Figure 2.7 (Appendix A).
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2.5 Discussion

Evaluation of the Niton is divided into the various analysis syperformed including
assessment of the instrument settings, accuracy of measurement as compared to ICP/LECO
methods, correlation to mineral phases and TOC, and finally in comparison to kee Bracer
IV ED-XRF.
2.5.1 Niton Operation Modes

While the instrument is designed for use in Mining and Soils mode, TAG mode provides
the user with the efficiency and convenience of obtaining all possible elemental measurements in
one analysis, without the netm modeswitching (Table 2.1). TAG mode thus enables the user
to more rapidly collect data, with both major and trace elements being collected at the identical
location. The behavior of the instrument during TAG mode appears to be similar to Soils mode
with instrumertaccurate trace element measurement, and possiblem@asurement of major
elements. Further testing must be done to validate this consideration.
2.5.2 Analysis Time andRepeatability Tests

Niton analysis time and repeatability tests show fatision increases with increasing
analysis time (Figure 2.1). The most significant increase in relative precision, reported as
decreasing 20 values, occurs from analysis ti
exception of Mg, CI, Co, andA\(Table 2.3). Most elements exhibit ~30% greater precision
with the A to B change in analysis time. The B to C analysis time change (150 to 225 s) results
in ~20% greater precision for all elements in the Low, Main and High filters, with the exception
of Co and Ag (41% and 36%, respectively); the Light filter exhibits a similar ~30% increase in
precision as that from A to B, with the exception of Mg and CIl (53% and 45%, respectively).

The C to D analysis time change (225 to 330 s) results show anadra§% increase in
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Table 2.3 Error analysis table showing changes in twansfaa r d
increasing time relative to the previous measureméntl e ¢ r e a wauesiisman iActease in

precision.

26 % 26 % 26 %
Filter Element Decrease Decrease Decrease
AtoB BtoC CtoD
Mg 28 53 10
Al 31 30 10
Si 32 26 11
Light P 33 30 11
S 33 29 11
Cl 41 45 10
Average 33 36 11
S 33 29 11
K 29 19 14
Ca 31 18 13
Sc 29 19 13
Low *Ti 29 19 13
*V 29 19 13
*Cr 29 19 13
*Fe 31 18 14
Average 30 20 13
Mn 32 18 14
Co 26 41 14
Ni 31 19 13
Cu 32 18 13
Zn 31 17 13
As 36 17 16
Se 31 18 14
Rb 31 17 0
Sr 31 18 14
Zr 31 18 14
Nb 31 18 14
Mo 31 17 14
Au - - -
Main Hg 36 24 20
Pb - - -
Bi 34 13 24
Th 40 19 26
U 30 16 12
*Pd 36 25 27
*Ag 30 36 21
*Cd 42 20 14
*Sn 31 20 13
*Sb 30 20 14
*Te 33 8 25
*Cs 37 24 14
*Ba 37 18 14
Average 33 20 16
Hf 30 20 14
High Ta 30 20 14
W 30 19 14
Average 30 20 14
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Table 2.4. Reproducibility correlation coefficient (R) table for all possible combinations and an
average R. Higher R values indicate more homogeneity along individual bedding planes with
respect to that element. Elements with lower R values indieat@iity in concentration along
individual bedding planes. Elements with no values were below the limits of detection.

Element RieftMiddle  RLeftRight ~ RMiddleRight Average R
Si 0.995 0.993 0.989 0.992
Ca 0.990 0.987 0.989 0.989
Sr 0.986 0.988 0.989 0.988
Al 0.988 0.986 0.981 0.985
Rb 0.986 0.984 0.979 0.983
Vv 0.980 0.984 0.978 0.980
Zr 0.967 0.995 0.975 0.979
Mo 0.962 0.975 0.977 0971
S 0.942 0.956 0.972 0.957
Fe 0.943 0.960 0.965 0.956
K 0.959 0951 0.924 0.945
Ti 0.887 0.904 0.958 0917
Se 0.853 0.906 0.922 0.894
As 0.922 0.818 0.859 0.866
Nb 0.804 0.839 0.919 0.854
/n 0.816 0.708 0.833 0.786
U 0.715 0.934 0.706 0.785
Pb 0.698 0.832 0.734 0.755
Cu 0.625 0.608 0.820 0.685
Cd 0.498 0.620 0.691 0.603
Cl 0.515 0.543 0.621 0.560
Ni 0.533 0.323 0.573 0476
Cr 0.189 0.378 0.623 0.397
Mg 0.331 0.422 0.281 0.345
Sb 0.192 0410 0.276 0.292
Cs 0.021 0.529 0.095 0.215
Ag 0.186 0.137 0.238 0.187
Ba 0.190 0.202 0.134 0.175
Co 0.210 0411 -0.170 0.151
Mn 0.093 -0.035 0.371 0.143
Pd 0.137 0.266 -0.004 0.133
Au -0.073 0.257 0.203 0.129
W% 0.407 -0.253 0.117 0.090
Th 0.400 0.067 -0.415 0.017
Te -0.016 -0.166 -0.012 -0.064
Sn -0.216 0.043 -0.108 -0.094
Hg -0.193 -0.252 0.007 -0.146
Sc - - - -
Bi - - - -
Re - - - -
Ta - - - -
Hf - - - -

P - - - -
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Figure 2.3. NitoACP/LECO cross plots showing the relationships between Niton measured
elemental concentrations and laboratgrgde measurements made by {K&B/ICP-OES and
LECO sulfur analyses. Befit linear regression lines are shown with associatéaafes for

each plot.
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Table 2.5. 8mmary tableof all R? values for NitoAlCP/LECO relationships. Although P has a
moderae R value of 0.516, there is actually poor correlation between Niteasured values
and ICPRmeasured values. See Figure 2.3 for more detail.

Element R?
Ca 0.977
Zr 0.975
Si 0.969
Al 0.958
Mn 0.956
Rb 0.955
Sr 0.952
Ba 0.943
Fe 0.933
Nb 0.877
K 0.858
S 0.856
V 0.853
Ti 0.844
Mo 0.810
Th 0.791
Zn 0.673
As 0.577
P 0.516
Mg 0.511
Ni 0.483
Cu 0.444
Pb 0.314
Cr 0.301
U 0.287
Cs 0.242
Bi 0.228
Sb 0.174
Sc 0.138
Sn 0.059
Ag 0.058
W 0.056
Co 0.037
Hf -
Ta -

17



Ca SR oom MO oo (oM (pm) (o
0, 0, m m 0, m m
%) (%) (o PP™ (ppm) (PP™) (%) (PPM) (PPM) (ppm)
2 o 8 B 8 S0 v wo @ 80 R Fo0 & %0 S5 0o B3 % 2 S 9 8
g Depth Depth
& Member (meters) |l Lol Lo b Lo oodood Lo oo Loadod bl treety
o0 2060 — . 6750
E® Sharon — -
g_f c.;:) Springs - C
I — 6800
2080 — C
- — 6850
c 2100 —| -
9 . — 6900
i 7] o
£ Smoly Hil _ - Key
u @ 7 r 6950 o XRF
© 2120 — L
& 7 - A ICP
-] _ L
2 7 — 7000
2140 —| -
T — 7050
Fort Hays ] C
Limestone = L
O [Codelliss | 2160 —] -
© . — 7100
»n Eairoort — C
o | g ] =
S 2180 —| — 7150
e . -
- Imestone 7 | 7200
S C
= 2200 —_ C
E | Hartland ] L
o Shale — 7250
w - C
E ] -
2 2220 — C
g 7 — 7300
Lincol L
o Lir:'?:solonne 7 -
2240 — — 7350
Graneros| Upper — :
Shale Shale - L

R2=0977 R2=0.969 R2=0933 R2=0853 R2=0.810 R2=0673 R2=0516 R2=0444 R2=0.301 R2=0.287
Figure 2.4. Representative suite of stratigraphic elemental logs comparing Niton and ICP measureigier®.vatles indicate
consistency between the two measurements, and fovalRes indicate more variability. Measurements withv&ues below 0.5
would suggest low correlation; however, visual identification of stratigraphic trends shows consistdrecynajor inflections or
changes in concentration.

18



100

OR2=0.9118 A
80| |©R?=0.4564
s OR2=0.4370 °
= 60
o
2 40
£
20
0

Mineral (%)

0 10 20 30 40
Cacp (%)
100
R2=0.2911 I
3 8o
% 60 |-
O L @ o
= 40 & o
° P
= 20 ®€ o @
%o
ol |l O | |

0
o 1 2 3 4

TOC (%)

5

100

80

Mineral (%)

©R?=0.9548
©R2=(.1639

100

[+2] =]
o o

Mineral (%)
3

20

OR2=(.4272 F
| [®R2=0.8166
0 0.5 1 1.5 2
Mgcp (%)
R2=0.5187 J
5

TOC (%)
Figure 2.5. Elemenphase relationships utilizing ICP elemental measurements, XRD mineral phase measurements, and TOC organic
phase measurements. The cross plots help to identify the element$arsefoeral and organic phase proxies.

19

Mineral (%)

Mineral (%)

100 100
R2 = (.8664 C R2 = 0.6640
80— . 80
X
60— = 60
o
40 2 40
=
20 20—
(0]
06 0
3 0 02 04 06 08 1
Naicp (%)
100 10
OR?=0.4963 G R2=0.9166
8ol [°R?=0.5266 8
X
= 6
© °
2 ar
=
2 -
0 | I I
0 1 2 3 4
Feicp (%) Sieco (%)
Key
o Quartz
o Albite
o Total Clays
© Pyrite
@ Calcite
@ Dolomite



200

Niyge (PPM)
— —
A @ N O
© © o o

o

a
o

0 ‘ | | | | A
0 1 2 3 4 5
TOC (%)

R2=0.241
| @ © O
O
(]
: @
%
| | | | E
0 1 2 3 4
TOC (%)
R2=0.251
B )

Moyge (PPM)
S 8 8

=y
o

@ R2=0.4793
o
o ©
()
)

TOC (%)

Figure 2.6. ElemerntOC relationships showing Niton measured elemental concentrations versus TOC. Copper, V, S, As, and Zn
show the highest correlation to TOC.

Cuxm: (ppm)

TOC (%)

RZ=0.5745

Pbyge (PPM)

20

600

Vyre (PPM)
By
3

N

o

o
|

300

R%=0.5691 ]
@

TOC (%)

ZnXRF (ppm)

RZ=0.4631 ©

25
R2=0.3611

20 |- ®
S @
S 15 |
= o b8
Lo © o
5 |e

5

0

1 2 3 4 5
TOC (%)

200

Cryge (PPM)

30

2 3 4 5

Asyrr (PPM)
S




Table 2.6. List of elements measured by therfoScientific Niton XL3t and Bruker Tracer IV.

Instrument Elements Measured Total

Niton XL3t Ag Al As Au Ba Bi Ca Cd Cl Co Cr Cs C
Tracer v Al As Ba Ca Co Cr Cu

w 43

Zn Zr
Y Zn Zr 32

u Fe Hf Hg K Mg Mn Mo Nb NiPPbPdRbRe S SbScSeSiSnSrTaTeTh Ti UV
Fe Ga KMg Mn Mo NaNb NiPPb Rb S Si S ThTiUV

Table 2.7. Comparison of elemental measurements by ThermoScientific Niton XL3t GOLDD+
and Bruker Tracer IV handheld ERRF analyzers represented by R arfd/&ues.

Element R R?
Sr 0.923 0.852
Al 0.914 0.835
/n 0.907 0.823
Fe 0.903 0.816
A% 0.894 0.799

Si 0.890 0.791
As 0.879 0.773
S 0.876 0.768
T1 0.859 0.739
Ca 0.851 0.724

Mo 0.813 0.662
/Zr 0.799 0.638
K 0.743 0.551

Rb 0.742 0.551
N1 0.686 0.470
Cu 0.620 0.385
Cr 0.449 0.202
Pb 0.370 0.137

P 0.369 0.136
Mn 0.263 0.069
Nb 0.177 0.031
Mg 0.177 0.031
U 0.169 0.029
Ba 0.090 0.008
Th -0.027  0.001
Co -0.159  0.025
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precision. Niton analysis time and repeatability tests also show instrument behavior in regard to
elemental concentration measurement with increasing analysis time (Figure 2.1). Most elements
exhibit increasing precision around a stamt concentration with increasing analysis time.
However, Al, Si (most significantly), and Ca exhibit increasing concentration measurements with
increasing time. This may be due to the method of measutemy TAG mode, which appears

to be based more on trace element concentration rather than major element concentration; it is
only the Si and Ca measurements that are in the tens of weight percent. Another possible
explanation maype matrix effects. Magnesium concentrations become consistently measured
(having values above the limit of detection) at 120 seconds of analysis time of the Light filter.
Thorium measurements become nearly consistent at 60 seconds of analysis tim&ainthe
filter.

Based on these results, the authors of this study determined a total analysis time of 180
seconds (Main: 30 s; Low: 30 s; High: 30 s; Light: 90 s) to be appropriate for Greenhorn, Carlile,
and Niobrara Formation mudrock analysis based oritsetystest results.

2.5.3 Reproducibility

Reproducibility tests show the variability of elemental concentrations along a series of
bedding planes in the Niobrara Formation (Figure 2.2; Table 2.4). Correlation coefficients (R)
are used as a measure of elemeovasistency, with higher ®Ralues indicating more similar
trends. For this study, an-\Rilue of ~0.4 appears to separate consistency from inconsistency.
Twenty-two elements have an average R > 0.4, including all major elements (Al, Si, K, Ca, S,
Fe) exept Mg and P, and many trace elements. Fifteen elements have an average R < 0.4. The
inconsistent trends are likely due to 1) low concentrations of the measured stratigraphic interval

(and associated instrument detection limits), or 2) actual congentrairiability within a single
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bedding plane. Six elements were inconclusive because of measurements below the limit of
detection.
2.5.4 Validation of Niton Measurements

Thirty-five of the fortythree elements measured by the Niton were tested for empirical
validation (Figures 2.3, 2.4; Table 2.5). B#stinear regression lines with high corresponding
R? values are a good measure of validation (Figure 2.3), with further analysis conducted by trend
comparison in log view (Figure 2.4). All major and mintaneents (Al, Si, S, K, Ca, Ti, Mn,
Fe) except Mg and P show very good correlation with ICP and LECO measurements. Generally,
most elements are ovareasured (greater difference from ICP measurements) at higher
concentrations and more accurate (closelC® measurements) at lower concentrations. This
may be due to the TAG mode of measurement or simply the lack of instrument capability. Other
studies have documented the lack of accuracy associated with portable XRF analyzers (Goodale
et al.,, 2012; Brandral Brand, 2014). Magnesium is notably at the limit of detection for the
Niton, which likely makes it difficult to measure. Higher Mg concentrations (> 1%) appear to be
more reliable; however, there is still scatter present at this range. Phosphorasaghoderate
R? value of 0.513; however, there is actually a very poor correlation. This discrepancy indicates
the inability of the Niton to accurately measure P at concentrations below 0.1%. More
measurements above 0.1% P would need to be made tootestlifibility at these higher
concentrations. Stratigraphic trend analysis does show the major inflection points of P to be
captured by the Niton (Figure 2.4).

Many trace elements (e.g., Rb, Sr, Zr, Nb) have very good correlations, SwthiuRs
greaer than 0.85. The transition metals V, Cr, Cu, Zn, and Mo exhibit an interesting

relationship: very good correlation at relatively low concentrations and scatter at relatively high
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concentrations. This may be due to the localized enrichment of sucls mettééd to organic
matter, which may not be evenly distributed in the sample measured by the Niton. Nickel
exhibits a unique relationship, with minimum values measured by the Niton at ~100 ppm (i.e., a
bestfit linear regression line-intercept of 11A4). The absolute values of Ni measured by the
Niton are dramatically offset from ICP measurements; however, the stratigraphic trends are
consistent. While elements with? Ralues below 0.5 (e.g., Cu, Cr, U) may be considered
suspect, sermguantitative tend analysis shows that such elemental stratigraphic trends can be
relatively consistent (Figure 2.4). Uranium, with aA Wlue of 0.287, arguably exhibits
stratigraphic consistency at some of the major inflections. Uranium is notably the heaviest
element measured by the Niton, which may add to the difficulty of its measurement. Finally, ten
of the thirtyfive elements tested proved invalid or inconclusives, Bi, Sb, Sc, Sn, Ag, W, Co,

Hf and Ta. These elements show very lowvRlues (< 0.25) andhconsistency in trend
analysis. Hafnium and Tantalum were both below the limit of detection for the Niton, and so
results are inconclusive. Such elements may simply need higher concentrations in order to be
more rigorously tested.

Much of the sca#ér in Figure 2.3 is likely associated with the Niton measurements
because of inherent variability within the rock. Most notably, elements such as the transition
metals are heavily affected by the presence of organic matter, which may be highly variable
within a single bedding plane. In order to develop a more complete calibration for the Niton, the
samples must be powdered, homogenized, and pressed into pellet form, then measured. Smith
and Malisce (2010) performed a similar study with the Niton onlétfies from the Eagle Ford

Formation in Texas, U.S.A., with typical?’R 0.9 for most elements from Mg to U using
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presseepowder pellets. However, this change in sample preparation may introduce new
measurement errors from matrix effects.

Table 2.5 show a summary of all Rvalues, which provide general indication of
measurement consistency with the exception of P. Elements With ®6 show reliable
correlations with potential for use as a preliminary calibration. Elements with 0%6>>0R3
show dscrepancy between the Niton and ICP measurements, but consistent stratigraphic trends.
Niton uranium values do not correlate well to ICP measured valfes (R287), and appear to
be at the threshold for stratigraphic consistency. Elements With@R8do not provide much
confidence in Niton measurement ability. Overall, the results show at leastjsantitative
validation (i.e., stratigraphic trends are consistent) for twemby elements measured by the
Niton,

2.5.5 Identification of Element-Phase Ré&tionships

As a means of determining elemgitase relationships,-ray diffraction and total
organic carbon (TOC) measurements were taken and correlated to elemental concentrations
(Figures 2.5, 2.6). Silicon is shown to be a reliable proxy for thewollg mineral phases:
quartz (R = 0.9118), total clays (R= 0.4564), and albite fR= 0.4370). Silicon measurements
can thus be interpreted to represent a combination of quartz, clay minerals, and albite (sodic
plagioclase feldspar). Aluminum is showmbe a reliable proxy for total clays {R 0.9548)
and a poor proxy for albite (R= 0.1639). With low correlation to other elements, Al is thus a
good proxy for total clay content. Potassium is also a reliable proxy for total clays (R
0.8664). Souim is a reliable proxy for albite (R= 0.6640), although the Niton is not capable of
Na measurement. Calcium shows a remarkable correlation to caftited(B855), and is thus a

reliable calcite proxy. Magnesium is a reliable dolomite proxd/£m.8166), with moderate
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correlation to total clays (R 0.4272) as well. Iron shows good correlation to both pyrife=(R
0.5266) and total clays R 0.4963). Sulfur shows excellent correlation to pyrite<£m®.9166),
and is thus a better pyrite proxyathFe.

TOC and mineral phase relationships in Figure 2.5 show positive correlation between
TOC and pyrite (R= 0.52), and a moderate correlation between TOC and total cldys (R
0.29). ElemenfTOC relationships (Figure 2.6) show that Cu, V, S, As, Zndhave good
correlations to TOC, and may be used as general TOC proxies. With pyrite showing good
correlation to TOC, it is not surprising that S can be used as a TOC proxy as well.
2.5.6 Instrument Comparison

The instrument comparison study is a basic ewé empirical results of the Niton and
the Bruker Tracer IV instruments. Twerdix elements were measured by both instruments,
with a summary shown in Table 2.7, with R anfdvRlues as measures of correlation. Further
identification of stratigraphicrénds is presented in Figure 2.7 for a representative suite of
elements covering the range of R values. Figure 2.7 shows that at values of R > 0.5, there is
positive correlation as well as consistent stratigraphic trends. However, a bulk difference in
absolute values is common. This bulk shift in values may be due tomtldkeock calibration
applied to the Bruker Tracer IV analyses, while the Niton simply used the factory calibrations
(and currently does not have a mudraglecific calibration). At valeof 0.5 > R > 0.3, the
major stratigraphic inflections are preserved, although the fidelity at higher resolutions is
missing. Seven elements (Mn, Nb, Mg, U, Ba, Th, Co) are shown to be inconsistent between the
two instruments for the stratigraphic sentimeasured. This inconsistency may be related to the
limits of detection for one or both of the instruments, although the mudrock calibration applied to

the Tracer IV does provide a more robust measurement. Benefits of using the Niton instrument
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were found to be (1) ease of use, and (2) medéching is not required (if using TAG mode).
The Niton deficits were found to be the lack of a mudrock calibration for more fully quantitative
results and the Mgmit-of-detection. The Tracer IV benefits incluthee mudrock calibration
and the Ndimit-of-detection. The Tracer IV deficits include a slightly steeper learning curve
than the Niton and the requirement for masatching (najor and trace elements must be
measured independently). Ultimately, eithestitnment can be deemed more or less appropriate
depending on the needs and purposes of the study.
2.6 Conclusiors

The ThermoScientific Niton XL3t GOLDD+ EXRF analyzer produces a range of
measurement quality from robust to questionable, depending on thentéleComparison of the
Niton to ICP/LECO measurements shows three distinct groups of elements defined by their
correlation coefficients (with the exception of P). The correlation coefficient also represents a
measure of validity for Niton measuremenisti higher R values indicating greater validity).
Group one elements have high correlation coefficients (®6; Ca, Zr, Si, Al, Mn, Rb, Sr, Ba,
Fe, Nb, K, S, V, Ti, Mo, Th, and Zn) and are considered valid-seietitative measurements
by the Niton. This means that group one elements are valid when considered as relative
concentration measurements, and not fully quantitative measurements. Applications include the
validation of stratigraphic trends showing changes in relative concentration. The&anest
fit linear regression lines for group one elements could also potentially be used as preliminary
calibration curves for helping to determine fully quantitative measurements. Group two
elements have moderate correlation coefficients (0.6 >@25;As, Mg, Ni, Cu, Pb, Cr, and U)
and are considered partially valid sequiantitative measurement by the Niton. Magnesium

(Mg) and U are at the atomic weight threshold of measurement for the Niton. If this threshold
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has an ef f ect uceementahildy foNtheseotwobelemems, then this indicates that
other group two elements may also be experiencing measurement difficulties. Moderate
correlation coefficients may be the expression of intrinsic measurement difficulties of group two
elemens. General caution is advised when addressing these elements. Group three elements
have low correlation coefficients {R 0.25; P, Cs, Bi, Sb, Sc, Sn, Ag, W, and Co) and are
considered invalid measurements by the Niton. Increasing analysis time éscteageported
precision (two standard deviations) of the instrument. The highest quality measurement with the
minimum analysis time can be determined based on the relative change in standard deviation.
The most appropriate Niton filter settings whemgsTestAll Geo mode for the measurement of
GCN mudrocks are: Main 30 seconds, Low 30 seconds, High 30 seconds, and Lighit90
seconds. XRD and TOC correlation to elemental data provide identification of elemental proxies
for mineral phases and orga content. The instrument comparison shows comparable results
for the two instruments, with the caveat that the mudrock calibration for the Tracer IV provides
the benefit of fully quantitative measurements.
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CHAPTER 3
INTEGRATED CHEMOSTRAIGRAPHY OF THELATE CRETACEOUS WESTERN
INTERIOR (GREENHORN,CARLILE, AND NIOBRARA FORMATIONS),DENVER
BASIN, CO, U.S.A.

This chapter addresses the application and integration of carbon isotope and elemental
chemostratigraphy towards a sequenceigtaephic framework of the Late Cretaceous Western
Interior, Denver basin, CO, U.S.A.

3.1 Abstract

Late Cretaceous Western Interior mudrocks of thevBerbasin, CO, U.S.A. have
garnered renewed attention with recent advances in horizontal drilling technology. These
unconventional resources are now considered to be viable hydrocarbon reservoirs. Current
interests are focused on the Niobara Formatiomchvis the primary target for oil and gas
operations in the Denver basin. The potential of the Greenhorn Formation has also begun to
drawn attention in the last few years. With such an abundance of activity, there is a need to
further development of ownderstanding of these sedimentary systems. The Greenhorn and
Niobrara marine cycles define twd® 3rder cycles, a stratigraphic interval almost entirely
composed of carbonate mudrocks. The grain size and carbonate composition make the rocks
prime candlates for applied chemostratigraphy. Advances in erdigpersive xay
fluorescence (EEXRF) technology have also led to the development of handheld XRF
analyzers, which provide rapid, efficient, inexpensive, anddestructive sampling. The aim of
this study is to build and test the application of a Hhiggolution elemental and carbon isotope
chemostratigraphic framework for theggnhorn, Carlile and Niobrararimations in the Denver

basin, Colorado. The dataset consists of eight drill cores tihengreater Denver basin with
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high-resolution handheld EXXRF elemental measurements and higbolution stable carbon
and oxygen isotope measurements of these@horn, Carlile, and Niobraraormations.
Application of carbon isotope chemostratigraphy akranostratigraphic proxy has the potential
to show relationships on the timing of stratigraphic units across the basin. Elemental data will
further define the sequence stratigraphy and paleoenvironmental conditions by using the
preexisting stratigraphiédramework of the Late Cretaceous Western Interior as a guide for
interpretations. The results show carbon isotope chemostratigraphy to be consistent with
lithostratigraphy for closely spaced (<100 km) cores in the Denver basin. Application of carbon
isotope chemostratigraphy as a chronostratigraphic proxy then identifies lithostratigraphy as
consistent with chronostratigraphy at this scale. Eleven carbon isotope excursions are clearly
identifiable and show correlation to the English Chalk ReferenceeCairdarvis et al. (2006).
Furthermore, carbon isotope trends show broad correlation to eustasy. Elemental
chemostratigraphy shows welefined sequences at th& and 4" order based on relative
elemental concentrations and element ratios. Specyficah (%), Si/Al, Mo (ppm), and Mn
(ppm) define sequence stratigraphic surfaces that correspond to those from previous workers.
Fourth order cycles in the Greenhorn cycle (inclusive of both the Greenhorn and Carlile
formations) are notably more frequemdaof shorter duration than those of the Niobrara
Formation.
3.2 Introduction

Late Cretaceous Western Interior (LCWI) mudrocks of the Denver basin, CO, U.S.A.
have garnered renewed attention with recent advances in horizontal drilling and hydraulic
fractuing completion technologies. These unconventional resources are now considered to be

viable hydrocarbon reservoirs. Current interests are focused on the Niobrara Formation, which is
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the primary target for oil and gas operations in the Denver basinpol@astial of the Greenhorn
Formation has also begun to drawn attention in the last few years (Kaiser, 2012). With such
abundance of activity, there is a need to further development of our understanding of these
sedimentary systems. The past five decdde® seen a wealth of research on thee@horn,
Carlile, and Niobraradrmations (e.g., Scott and Cobban, 1964; Kauffman, 1977; Hattin, 1982;
Weimer, 1984; Pratt et al., 1985; Eicher and Diner, 1989; Sageman, 1989; Caldwell and
Kauffman, 1993; Sonnenbemnd Weimer, 1993; Roberts and Kirschbaum, 1995; Dean and
Arthur, 1998c; Longman et al., 1998; Landon et al., 2001; Arthur and Sageman, 2004; Keller et
al., 2004; White and Arthur, 2006; Locklair and Sageman, 2008; Locklair et al., 2011; Joo and
Sageman, 2D4). Such studies laid the foundation and refined the understanding of LCWI
stratigraphy in all its facets, including lithostratigraphy, biostratigraphy, sequence stratigraphy,
chronostratigraphy, cyclostratigraphy, chemostratigraphy, and depositionebnenents. A
significant contribution was the identification of marine cycles and their relationship to eustatic
and tectonic controls on a regional scale, which helped define system as a whole (Kauffman,
1977; Kauffman, 1985; Kauffman and Caldwell, 1993jhe Greenhorn and Niobrara marine
cycles are two "8 order cycles, a stratigraphic interval almost entirely composed of carbonate
mudrocks (Figure 3.1). Grain sizes and carbonate content make the rocks prime candidates for
applied chemostratigraphy. d&ances in energglispersive xay fluorescence (EIXXRF)
technology have also led to the development of handheld XRF analyzers, which provide rapid,
efficient, inexpensive, and natestructive sapling for elemental analysis.

The aim of this study is tbuild and test the application of a higesolution elemental
and carbon isotope chemostratigraphic framework for theem@orn, Carlile and Niobrara

formations in the Denver basin, Colorado. The dataset consists of eight drill cores from the
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greater Dengr basin with highresolution handheld ElXRF elemental measurements and high
resolution stable carbon and oxygen isotope measurements of the Greenhorn, Carlile, and
Niobrara brmations. Application of carbon isotope chemostratigraphy as a chronostratigraphic
proxy has the potential to show relationships on the timing of stratigraphic units across the basin.
Elemental data further help define the sequence stratigrapd paleoenvironmental conditions
by using the preexisting stratigraphic framework of the LCWI as a guide for interpretations.
3.3 Geologic Background

The Western Interior basin began formation during the Jurassic with the onset of the
Sevier Orogeny, as ¢hFarallon plate collided with and subducted under the North American
plate (Kauffman and Caldwell, 1993). Marine waters began flooding the North American
continent from the northern Boreal Sea and the southern Tethys Ocean beginning in Barremian
Aptian ime. The north and south arms joined during the Albian to form the Cretaceous Western
Interior Seaway (WIS) during maximum transgression, and remained flooded for nearly the
entire span until the late Middle Maastrichtian (Kauffman & Caldwell, 1993). Wh®
extended from present day Utah in the west to Kansas in the east, or approximatln2,0
(Eicher & Diner, 1989).
3.3.1 Lithology

The Greenhorn, Carlile, and Niobrd@mations are dominantly composed of carbonate
mud- to siltstones of varying carbomatontent with lesser limestones, carbonate grainstones,
and sandstones. There is a long history of research associated with these formations and their
lithologies. Cobban and Scott (1972) defined the Greenhorn Formation and its members as the
Lincoln Limestone, Hartland Shale, and Bridge Creek Limestone. Hattin (1962, 1965) defined

the Carlile Shale and its members as the Fairport Shale, Blue Hill Shale, and Codell Sandstone.
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Scott and Cobban (1964) defined the Niobrara Formation and formally divided the lower
Fort Hays member and upper Smoky Hill Chalk member. Scott and Cobban (1964) further
divided the Smoky Hill Chalk into seven informal subdivisions known as (in ascending order)
the lower chalk and shale (LCS), lower marl (LM), lower ci{alk), middle marl (MM), middle
chalk (MC), upper marl (UM), and upper chalk (UC). Use of this informal classification scheme
has now become commonplace. This study uses this informal classification scheme. Further
reviews on the lithologies of the Grdemn, Carlile, and Niobraréormations have also been
made (e.g., Kauffman, 1977; Hattin, 1982; Barlow and Kauffman, 1985; Elder and Kirkland,
1985; Glenister and Kauffman, 1985; Sageman, 1985; Sageman and Johnson, 1985; Sageman,
1989; LaFerriez, 1992; Lagman et al., 1998).
3.3.2 Carbon Isotope Chemostratigraphy

Carbon isotope chemostratigraphy has been applied around the world as a stratigraphic
correlation tool since the pioneering work of Scholle and Arthur (1980). Numerous studies now
exist that documentacbon isotope records through time, with one of the most comprehensive
being the English Chalk record of the Late Cretaceous by Jarvis et al. (2006). This carbon
isotope record is now the reference for the Cenomanian through Campanian, and provides the
patential for global correlations. Indeed, many studies documenting the Late Cretaceous carbon
isotope record from around the world have been correlated to each other, with a compilation in a
review by Wendler (2013). Previous studies from the Westerndnteave primarily focused
on the Cenomaniamuronian boundary event known as oceanic anoxic event (OAE) 2 within the
Greenhorn Formation (Sageman, 1985; Hayes et al.,, 1989; Sageman, 1989; Pratt et al., 1993;
Kennedy et al., 200Keller et al., 2004; Sagman, 2006; Tsikos et al., 2004). Stable isotope

studies have also address the Carlile Formation (Coniglio et al., 2000; White and Arthur, 2006)
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and the Niobrara Formation (Pratt and Barlow, 1985: Dean and Arthur, 1998a). Most recently, a
significant corribution by Joo and Sageman (2014) was the construction of a Late Cretaceous
Western Interior carbon isotope reference curve with a time scale. This can now be used to
address the timing of events in the Western Interior. Furthermore, carbon isotmols teve
documented relationships with and application to eustasy, sequence stratigraphy, and
chronostratigraphy (e.g., Scholle and Arthur, 1980; Jarvis et al, 2001s J&nal., 2006;
Wendler, 2013).
3.3.3 Elemental Chemostratigraphy

Elemental bemostratigrahy hasa broad range of ggications such astratigraphic
correlation,facies description and analysmjneralogy and organic matter proxievidence of
paleoredox conditias) and sequence stratigraphy (e.g., Arthur et al., 1985; Dean and Arthur,
1998a Sageman et al., 2003; Tribovillard et al., 20Réicliffe et al., 2010Wright et al., 2010
Ver Straeten et al., 2011; Ratcliffe and Wright, 2012a; Ratcliffe and Wright, 2&E2tljffe et
al., 2012. The use of elemental concentrations and rategarticularly helpful in finggrained
lithologies, which contain subtle changes difficult to identify in hand sample. Studies by
Sageman et al. (2003) and Ver Straeten et al. (2011) presented excellent examples of this as
applied to Devonian mudrocks tife Appalachian basin. Previous geochemical studies on the
Western Interior have been conducted on the Bridge Creek Member of the Greenhorn Formation
and the Niobrara Formation (Arthur et al.; 1985; Arthur and Dean, 1991; LaFerriere, 1992; Dean
and Arthur 1998a). The primary focus of these studies was the identification of elemental trends
and their relationship with mineralogy, facies, diagenesis, and general chemical behaviors.

While these studies serve as an excellent foundation, there is ample fooofarther
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investigation into the realm of elemental chemostratigraphy as applied to sequatigeaghy
in the LCWI.
3.3.4 CretaceousSequence Stratigraphy

Tectonic and eustatic forces were the allocyclic drivers of the Western Interior, creating
majar sealevel changes of®ithrough & order (cycle order durations are defined dsorteri
90-100 m.y., 2* orderi 30-40 m.y., & orderi 9-10 m.y., 4 orderi 1-3 m.y.) (Kauffman,
1985). This cyclicity scheme is somewhat different from conveaitidefinitions, however was
chosen in order to maintain consistency with previous work. Higher order cycles, such as
Milankovitch cycles, were formed due to higher frequency controls on the system by climatic
and paleoceanographic processes (Fischer,et385; Kauffman, 1985). Sedimentary deposits
resulting from &' order cycles of setevel change provide the framework for Western Interior
sequence stratigraphy. Thestdder cycles, such as the Greenhorn and Niobrara cycles, create
symmetrical pakages of transgressiveregressive deposits that define the relationship between
lithofacies and sequence stratigraphy (Kauffman, 1985). Transgressive deposits are
characterized by finingpward successions with increasing carbonate content (e.g.,caidst
shalei calcareous shale chalk/limestone), where the most carborath facies defines peak
transgression. Regressive deposits have the reverse sequence of facies, which express
coarseningupward cycles and decreasing carbonate content (Kauffrh885). These
relationships define a model that can be used to better understand sequences at all scales. At the
4th order, cycles are less clearly defined than those of therd®r, but are still controlled by
tectonics and eustasy. Fourth order egcare thought to occur during times of-kmeel still
stand, with deposits typically characterized as asymmetrical progradational packages with

minimal preservation of the transgressive component (Kauffman, 1985). A range of expressions
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is created by @ order cycles, from quite subtle in the Greenhorn to-defined in the Niobrara.
Studies addressing sequence stratigraphy of the Greenhorn Formation include Kauffman (1977),
Kauffman and Caldwell (1993), Elder et al. (1994), Sageman (1996), Sagen®8), (48d
Arthur and Sageman (2004). Those addressing Carlile Formation sequence stratigraphy include
Kauffman (1977) and Kauffman and Caldwell (1993). And those addressing Niobrara
Formation sequence stratigraphy include Kaufman (1977), Barlow and Kauffi985),
Kauffman and Caldwell (1993), and Drake and Hawkins (2012).
3.4 Materials and Methods

Eight drill cores containing Greenhorn, Carlile, and/or Niobrara Formation lithologies
from both the oil/gas industry and the USGS were used for this sfitdydrill cores are: USGS
Portland 1 (POR), Amoco Production Rebecca Bounds 1 (BOU), Encana Arigtagua 128
(ARI), Noble Aristocrat PC H1-D7 (APC), Noble Wells Ranch 283 (WEL), Whiting Terrace
36-32M (TER), Whiting Two Mile Creek 233M (TWO), and Whiting Razor 22514H (RAZ)
(Figure 3.2). Core locations, depths, and stratigraphic intervals dabia 3.1

Table 3.1. Core names, abbreviations, locations, depths, and stratigraphy for cores used in this
study.

Core Location Core Depth (m)
Core Name and Abbreviation Operator Core Stratigraphy
Latitude Longitude Top Base
Aristocrat-Angus 12-8 ARI Encana Corporation +40.242477| -104.69537| 2140.56 | 2344.06 Greenhorn, Carlile, Niobrara
Aristocrat PC H11-07 APC Noble Energy Incorporated +40.24117| -104.6286| 2060.59| 2247.19 Greenhorn, Carlile, Niobrara
Portland 1 POR USGS +38.37667| -105.02167 6.37 178.47 Greenhorn, Carlile, Niobrara
Razor 25-2514H RAZ Whiting Petroleum Corporation | +40.816125| -103.82041| 1685.42| 1907.52 Greenhorn, Carlile, Niobrara
Rebecca Bounds 1 BOU Amoco Production +38.489628| -101.97455 160.92 319.21 Greenhorn, Carlile, Niobrara
Terrace 36-32M TER Whiting Petroleum Corporation | +40.79529| -103.92631| 1773.92| 1899.82 Niobrara
Two Mile Creek 22-33M TWO Whiting Petroleum Corperation +40.91033| -103.73664| 1692.02| 1862.52 Greenhorn, Carlile, Niobrara
Wells Ranch 26-13 WEL Noble Energy Incorporated +40.51359| -104.35394| 1970.53| 2084.63 Niobrara

Carbon and oxygen isotope sdegpare wholegock samples collected with a handheld
Dremel tool outfitted with carbide dental burrs for the ARI, WEL, TER, RAZ, and TWO cores.
Sampling intervals range from 15 cm (0.5 ft) to 1 m (=3 ft). The TER core was measured at a

consistent resolidn of 15 cm sampling interval. All other cores were measured at varying
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intervals depending on facies changes and zones of interest. All carbon and oxygen isotope
analytical measurements were collected on a GV Instruments IsoPrime stable isotopagsitio m

spectrometer at the Colorado School of Mines Stable Isotope Lab (Golden, CO). All measured
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Figure 3.2. Base map with Late Turonian paleogeography during Greenhorn cycle peak
transgression (modified after Roberts and Kirschbaum, 1995; inset mapew@diér Locklair

and Sageman, 2008) and identification of well locations from this study. PORBGS 1
Portland, ARIT Encana AristocraAngus 128, WEL i Noble Wells Ranch HXD7, TERT
Whiting Terrace 382M, RAZi Whiting Razor 282514H, TWOi Whiting Two Mile Creek
22-33M.

powders were reacted dine at 90°C in a GV Instruments MultiPrep preparation device. The
resulting CQ was cryogenically purified and analyzed by standard-ohled techniquesAll
data are reported as a per miie) difference from the Vienna PeeDee Belemnite (VPDB)

international reference standard. Repeated analysis offayuse carbonate standard, calibrated

to VPDB via NBS and IAEA standards, has yielded an external precisionod 3a f or car |

and 0.08a fthigsstudyxygen f or
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Elemental concentration measurements were collected by the author for the POR, BOU,
APC, TER, TWO, and RAZ cores at a sampling interval of 0.34f) (1Elemental data for the
ARI core have a 0.15 m (Gf§ sampling interval and were provididoy Encana Corporation.
Elemental data for the WEL core have a 0.3 nft5ampling interval and were provided by
Noble Energy, Inc. Both the elemental data collected by the author and those provided were
measured with a ThermoScientific Niton XL3t GDD+ handheld energglispersive xray
fluorescence analyzer (hereafter referred to as Niton). Validation of Niton measurement for
seventeen elements (Ca, Zr, Si, Al, Mn, Rb, Sr, Ba, Fe, Nb, K, S, V, Ti, Mo, Th, and Zn) is
presented in Chapter 2 of this skstation. Niton measurements for these elements are
considered to be reliable sequantitative measurements that accurately reflect stratigraphic
trends by changes in relative concentration. The author conducted all measurements using
TestAll Geo modewith filter settings of: Maini 30 seconds, Low 30 seconds, Highi 30
seconds, Light 90 seconds. The ARI core and WEL core elemental data were measured using
TestAll Geo mode with filter settings of: Main 30 seconds, Low 30 seconds, Highi 30
secads, Lighti 60 seconds. While there is a difference in Light filter analysis times between
the two settings, the effect on the data is negligible for -sprantitative applications. The
primary consideration is that an increase in analysis time inereasasurement precision
(expressed as a reduction in the 2sigma error value) by an amount relative to the concentration,
where higher concentrations reduce the relative amount of increase in precision. All of the
elements measured by the Light filter (M4, Si, P, S, CI) except for Cl are major elements,
which typically yield very high concentrations (measured in weight percent). This corresponds
to a relatively low amount of increase in precision with an increase in analysis time. Further

consideratias regarding measurement accuracy and pogcgan be found in Chapter 2.
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Sedimentological analysis was conducted on select core samples. Thin sections were
made for 40 samples representative of the primary facies of the Greenhorn, Carlile, anc&Niobrar
formations in the APC core. Quantitative Evaluation of Minerals by Scanning electron
microscopy (QEMSCAN) was conducted on samples from the TWO and TER &ppendix
A contains photomicrographs of select thin sections and QEMSCAN imagppendix C
contains lithofacies descriptions.

A high-resolution facies description was conducted on ~20 meters of the TER core to
show stacking patterns and correlation of depositional facies t§fPelemental satigraphy.

Factor analysis was conducted on repnetere EDXRF elemental datasets from the
ARI, TER, and TWO cores using the factor analysis function in MATLAB software. Cluster
analysis was then performed on the factor analysis results usingealis clustering algorithm
to determine elemental cluste A review of these methods can be found in Al Ibrahim (2014).

3.5 Results

Results are shown for factor analysis, elemental measurements and their relationship to
depositional facies, carbon isotope correlations across the Denver basin, global saidjos i
correlations, a type log representative of the correlations between elemental chemostratigraphy,
sequence stratigraphy, and carbon isotope chemostratigraphy, and two cross sections of
elemental chemostratigraphy across the Denver badimaw data measurements are found in
Appendix A.

3.5.1 Factor Analysisand Element Relationships

Factor analysis results for EKRF elemental data from the ARI, TER, and TWO cores

show five consistent groups of elements. Results from the TER core are shown in Fgure 3.

The five elemental groups have specific mineral/organic matter/redox associations as follows:
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calcitei Ca, Sr;redoxi Mn; detritali Al, Si, K, Ti, Cr, Rb, Zr, Nb, Th; TOC/Redoi V, Ni,

Cu, Zn, Mo; pyritei Fe, S. Factor analysis performed on |@&hental data from the Niobrara
Formation by Dean and Arthur (1998a or b?) also identified five similar elemental groups.
Chapter 2 further supports the relationship between elements and their groups with empirical
testing of elementineral/organic phaseelationships, which validate the use of ERF

elemental measaments as mineralogy proxies.
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Figure 3.3. Factor analysis results for the Terrac82@ ED-XRF elemental dataset. Results
are colorcoded by Kmeans clustering algorithm applied usingeficlusters, with the centroids
mar ked by an Ax. 0 The five clustersCa8ye min
detrital aluminosilicaté Al, Si, K, Ti, Cr, Rb, Zr, Nb, Th; pyrite/TOC Fe, S; redox sensitive
1/TOCi V, Ni, Cu, Zn, Mo;redox sensitive 2 Mn.

Calcium and Sr have a clear association to calcite. Manganese is considered to be a
redox sensitive element that becomes enriched under oxidizing conditions, such as in the Fort
Hays Member (Jarvis et al., 2001). Manganese aiews correlation to the calcite group,

which suggests the possibility of its occurrence in the calcite phase. Previous studies offer
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multiple explanations for the role of Mn in these systems, with the potential to occur either in the
carbonate phase or as oxyhydroxide (Arthur and Dean, 1991; LaFerriere, 1992; Calvert and
Pedersen, 1996; Dean and Arthur, 1998a or b?). The detrital elements occur in general
association with detrital siliciclastic minerals such as clays, quartz, and feldspar. Eacl elemen
also has a relationship to one or more specific mineral (e.gi, tatal clays, feldspar; Si
quartz, clay, feldspar). The pyrite group occurs because of the strong relationship between Fe
and S, but should be considered as agolbp within the TOC/Rdox group. The TOC/Redox
group defines redox sensitive elements that become enriched under reducing conditions,
commonly associated with organic matter. Chapter 2 identifies the use of Mo, V, S, and Fe as
TOC proxies. Redox sensitive elements can asaused to determine pale@ter column
conditions. Factor analysis results also show that some elements are likely present in multiple
groups. For example, Cr plots intermediate between the detrital group and the TOC/Redox
group, indicating its likely ccurrence in mineral phases of both groups.
3.5.2 Smoky Hill Middle Marl -Middle Chalk Depositional Facies Analysis

Figures 3.4 and 3.5 show results for depositional facies analysis of the Smoky Hill middle
markmiddle chalk interval. Depositional facibased tacking patterns were used to identify
cyclicity, sequence stratigraphy, and cycle models. Cycle models are conceptual models
identifying three variations for the interpretation of sequence stratigraphy. Cycle model 1 is a
symmetric, gradational machdk-marl facies pattern, after Kauffman (1977, 1985). Cycle
model 2 is an asymmetric, gradational rarhlk facies pattern, with marls representative of
transgression and chalks regression. Cycle model 3 is an asymmetric, gradationalachalk
facies p#tern, with chalks representative of transgression and marls regression. Cycle models 1

and 2 show similar trends, while cycle model 3 provides a contrasting interpretation.
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Figure 3.4. Depositional facies, elemehtehemostratigraphy, and cycles of the middle marl to middle chalk interval of the Smoky
Hill Member, Niobrara Fm., from the Whiting Terrace 3BM core. Depositional facidsased stacking patterns were used to identify
cyclicity, sequence stratigraphyndh cycle models. Cycle models are conceptual models identifying three variations for the
interpretation of sequence stratigraphy. Cycle model 1 is a symmetric, gradatiorahatlarharl facies pattern, after Kauffman
(1977, 1985) and Barlow and Kauffm&1985). Cycle model 2 is an asymmetric, gradational-olealk facies pattern, with marls
representative of transgression and chalks regression. Cycle model 3 is an asymmetric, gradationatldaaiks pattern, with
chalks representative of tramegsion and marls regression. Correlation of facies to elemental logs shows the limit of detection at
multiple resolutions.

45



a R2=057 @ R2=0.57
] % b
Y ( 6 — ! L3{eeee00e o
% ~ : 8 ® £ e ooo
C
> =4 e © : 02— e eo0o0o0o0
e < | e e o T |
e B g8 | H § °
2 -— 1 © o
I ¢ l 0% kS)
i i 5 -
A 6 B C
10 T ] T I T I T I T I O T ] T ] T ] T ] T ] 0 T { T { T { T I T I
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Grey Scale Grey Scale Grey Scale
250 2000 5 10
i ° R2=0.32 _ R2=0.37 _ ° R2=0.34
200 — ® 1600 —| 8 8 —
18 ] e © ]
€ 150 — ° € 1200 — ° —~ 6 H
@
g i 8 o 2 i i ° i’\i . e o o
o 100 — o = 800 — e © 0N 4 ®
| R ‘ ° > | i e © ° i ! @ !
(<] (<)
50 8 400 — 2 — ®
)3 8§ oD 1 I : ' 18 : I 8F
0 T | T T 0 T | T | T T 0 T T
0 1 0 1 2 3 4 0 2 3 4
Bioturbation Index Bioturbation Index Bloturbatlon Index

Figure 3.5. Facies attributdement cross plots showing relationships between chemical trends
and grey scale/bioturbation iex. The grey scale is defined as 0 = white and 10 = black. The
bioturbation index is generally defined as O = no visible bioturbation, and 4 = highly bioturbated.
(A) Calcium (Ca) shows a direct relationship to grey scale, with higher Ca concentration i
lighter-colored lithologies. (B) Inversely, higher Al concentrations are directly correlated to
darker lithologies. Bioturbation is broadly correlated to grey scale (C), with increasing
bioturbation present in lighter lithologies. Bioturbation alswalty correlates to Mo, V, andiS

low bioturbation occurs with high Mo, V, and S concentrationgDThe relationship between
depositional facies and ERRF elemental data indicates that elemental data (e.g., %Ca) can be
used confidently as a generatfes proxy in the Niobrara Fm.

High-resolution measurements of BE{RF elemental data show strong correlatiorss t
depositional facies (Figure 3.5). Calcium is shown to be the best depositional facies proxy with a
correlation coefficient (B of 0.65 between grey scale and %Ca (Figure 3.4A). Bioturbation
correlates toMo, V, and S (Figure 3.4D, E, F, respectively), with increasing bioturbation

correlating to lower Mo, V, and S concentrations.
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3.5.3 Carbon/Oxygen Isotope Relationships

Figure 3.6 shows a compilation of &fC andii"®*0 measurements from this study, in addition to

U*C and i*®*0 measurements from previous studies on septarian concretions from the Blue Hill
Shale (Coniglio et al., 2000), bivalve fossils and whole rock samples from the Fort Hays member
(LaFerriere, 1992), whole rock Berthoud State #3 core (Dean and Arthur, 1998a), whole rock
USGS Portland 1 core (Sageman et al., 1998), and whole rock Amoco Rebecca Bounds 1 core

(Dean et al., 1995; Burns and Bralower, 1998). Bivalve fossil measurelikehtsndicate
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Figure 3. 6. %1 ddoncmssploaof alladata fidm this studyith data fromthe
literature including septarian concretions from the Blue Hill Shale (Coregkd, 2000), bivalve
fossils and whole rock samples from the Fort Hays membafgiriere, 1992), Berthoud State

#3 drill core (Dean and Arthur, 1988 USGS Portland 1 drill core (Sageman et al., 1998), and
Amoco Rebecca Bounds 1 drill core (Burns and Bralower, 1998; Dean et al., 1995). Negative
U*C trends are indicative of condreb n  f or mat i d°@ trends Ma&y e linked & U
progressive diagenesis at higher temperatures
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primary seawateri>C and U*®0 values (LaFerriere, 1992). The septarian concretion
measurements identify concretionary signatures as (increasinglyjiffghtalues. Evidence of
concretions in the Bridge Creek Member of the Greenhorn Fm. in the ARI core are found based
on core analysis, in addition to verification ByC measurements. Diagenetic alteration'ftD
is evident as an increase in light’O values, as a result of diagenetic modification at
progressively higher temperatures. This effect of burial diagenesis may accaiffiofealues
as light as <12 to-15a (Scholle, 1977; Pollastro and Martinez, 1985; Pollastro and Scholle,
1985; Arthuret al., 1985). However, extremely light-2@& ) U*°0 values occur in the TER
core within the transition member at the Niobf&teron Springs boundary. These values are
hypothesized to be evidence of hydrothermal alteration, although no further stadeebden
undertaken to determine the root cause of this alteration.
3.5.4 Carbon Isotope Chemostratigraphy

Carbon isotope chemostratigraphy from the ARI, WEL, TER, RAZ, and TWO cores
shows distinct trends that are consistent with lithostratigraphy (Figure 3@ TER core
notably contains the highest resolution stable isotope data, which provides the most confident
characterization of carbon/oxygen isotope trends in the Niobrara Formathe Greenhorn and
Carlile formations in the ARI, RAZ, and TWO cores n@emeasured at an overall lower
resolution than the TER core, which make the identification of isotope excursions and
characterization of this interval less precise than that of the Niobrara Formation. Carbon isotope
excursions are named after those afvidaet al. (2006) from the Etish Chalks Reference

Section.
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3.5.4.1 Greenhorn Events

The JukesBrowne event occurs as a positive2d carbon isotope excursion at the
Lincoln LimestoneHartland Shale boundary, evident in both the ARl and RAZ cores. The
Bridge Ceek Limestone contains three events known as OAE 2, Holywell, and Round Down.
OAE 2, also known as the Bonarelli Event, occurs in the lower Bridge Creek Limestone as a
positive2 aexcursion in the ARI and RAZ cores, and positivéa3 in the TWO core. The
Holywell event immediately overlies OAE 2 in tA&Rl, RAZ and TWO cores, and occurs as a
slight positive excursion (<) after the negative excursion at the end of OAE 2. The Round
Down event, within the upper Bridge Creek, immediately overlies the Holywell event and
occurs.as a positiveal excursion vith a markedly different expression of thickness in each of
the ARI, RAZ, and TWO cores
3.5.4.2 Carlile Events

The Pewsey event occurs as a slight positive excursian Y«dithin the Fairport Shale.

The Hitch Wood event may be present in the WEL core as a mo&tivexcursion. It is most
likely eroded and represented only by the unconformity at the C8deldstone in all other
cores.

3.5.4.3 Niobrara Events

The Navigation event occurs as a negatidge éxcursion within the lower Fort Hays
Member. The White Fall eventours at the Fort Hays Smoky Hill boundary as a-1.5a
positive excursion. OAE 3 occurs within the Smoky Hill lower marl to lower chalk as a broad
1a positive excursion and variable expression among the cores. It is expressed best in the TER
core. TheKingsdown event occurs as a 8.5positive excursion at the lower chalkmiddle

marl contact. The Horseshoe Bay event occurs in the middle marl as a subtl@dshive
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excursion within a broader negative excursion. The Hawkes Brow event occursmidtie
chalk as a clearly defined @5 positive excursion in all cores. The Santor@ampanian
Boundary Event is also clearly defined in all cores within the upper marl asiafbSitive
excursion.
3.5.4.4 Global Correlation

Correlation ofCul behe WBstern tnriomrsin(cdmposite curve
(UCs9 and the Engl i sh ThisshowRie Figure 8.8. cTke ARlcorey e ( U
was placed into the framework defined by Joo and Sageman (2014) forri@latons,
biostratigraphy, and chronostratigraphy. The relationship between-whole'fC oftithe ARI
core and o r afiihe Westera mtbriordsin Gomposite curve show consistency of
major isotopic trends, with clear identification of OREand 3. The most apparent differences
occur within the Lower Coniacian and Upper Santonian as variations in slope. The expression of
OAE 3 in the ARI core also demonstrates the inclusion of a negative excursion within the broad
positive excursion defed by Joo and Sageman (2014). Relationship of the ARI core to the time
scale shows that the major unconformity expressed as the Codell Sandstone represents a
stratigraphic gap of 2.25 Ma from the Middle to Upper Turonian. Global correlation to the
English Chalk Reference Curve shows confidence at major isotope excursions. Differences
occur principally within the Lower Turonian, where the slope is much greater in the English
Chalk curve.
3.5.5 Key Stratigraphic Surfaces (KSS) and Systems Tracts

Key stratigrapic surfaces (KSS) in Figures 3.9, 3.10, and 3.11 are identified based on
elemental chemostratigraphy and literature review. Inferred KSS are identified based on

bounding surfaces and/or literature review. All surfaces were identified in core photagraphs
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Figure 3.8. Global carbon isotope cortigla from the Western Interiordsin composite curve (Joo and Sageman, 2014) to the
AristocratAngus 128 core (thisstudy) to the English Chalk reference curve (Jarvis et al., 2006) (figure modified from Joo and
Sageman, 2014). Major carbon isotope excursions are shown to correlate across all three datasets.
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Figure 3.9. Type log (ARI) for the Late Cretaceous \&esinterior of the Denver basin. K$Xey stratigraphic surface. Biozones
are defined after Joo and Sageman (2014). Radiometric ages are defined by Obradovich (1993). Relationships betwgen elementa
chemostratigraphy, carbon isotope chemostratigraginy sequence stratigraphy are shown.
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Figure 3.10. Southwestortheast cross section of the ARIEEL-TER-RAZ-TW cores across the Denver basin. KiSkey
stratigraphic surface. The datum used is the SFBB/A Representative elemental logs @ee(%), Si/Al, Mn (ppm), and Mo (ppm).
Elemental log suites show extremely consistent chemical compositions and trends across the Denver basin. Changaghic stratigr
thickness of informal members of the Smoky Hill are clearly represented by the) Gay(%
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Figure 3.11. Cross section of the ARDRBOU wells. KSSi key stratigraphic surface.The datum used is the SHL-BB.
Representative elemental logs are Ca (%), Si/Al, Mn (ppm), and Mo (ppm). Ca concentrations increase to the BOU coigg aindicat
change in facies. Molybdenum elemental concentrations also vary from core totbareéhvei Greenhorn and Carlilermations.
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