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ABSTRACT

Much of the porosity in the Smoky Hill Member of the Niobrara has been attributed to
micro- and nanoscale porosity in abundant, coccolith-rich peloids, hypothesized to be fecal in
origin. Previous drilling in the Niobrara has primarily been focused on the B Chalk for its
thickness and uniformity, while the thinner C Chalk and thinner/stratigraphically more complex
A Chalk have remained untested or drilled less frequently. However, a recent study by Aydin
(2017) has shown the A Chalk to have the highest porosity and permaalitieySmoky Hill
Member of the Aristocrat Angus PC H11-07 core (Wattenberg Field). While the bulk of porosity
in the Niobrara system is present within peloids, they have not been thoroughly characterized in
the literature. Due to increased porosity/permeability and preservation of the peloidal fabric, th
A Chalkis a prime candidate for a peloidal characterization study.

This study involves the analysis of seven cores transecting the Denver Basin with
increasing burial depth of the A Chalk. Core description, X-ray fluorescence, kerosene
immersion porosimetry, thin section petrography, image analysis, scanning electron microscopy,
and electron microprobe methods were integrated to explore the paleoenvironmental conditions
of deposition, peloidal variances, and cement in the A Chalk. Correlating with an abundance of
pyrite and a lack of inoceramids, benthic forams, and bioturbation structures, trace element data
suggests the developmentaofarying, but persistent oxygen minimum zone throughout the
Upper Niobrara. In the eastern part of the Denver Basin, the A Chalk boasts porosities exceeding
40%. However, diagensseduces porosity to less than 8% towards the deeper west side of the
basin. Peloids were found to display increased compaction with increasing matrix and peloidal
clay content, due to the neaductile nature of clays relative to calcite. However, the mechanica

compaction of peloids, with burial, was found to be negligible within the scope of this study. The



majority of diagenesis in the Upper Niobrara is related to the chemical compaction of calcite at
grain contacts, solution seams, and microstylolites, a process which is catalyzed by the presence
of clays.

Image analysis shows a gradual decrease in average peloid size towards the east side of
the basin, which could be indicative of peloidal grain sorting in an approximately eastward
current. The aspect ratio (AR) and length trends show a dominant population of lighter-colored,
ellipsoidal (1-4 AR) peloids which average 0.117 mm in length, and a minor population of
darker, elongated (4-10 AR) peloids which average 0.168 mm in length. The dominant,
ellipsoidal population is consistent with modern fecal pellet shapes, size, and feeding habits of
copepods, a type of zooplankton, while the minor, elongated population is characteristic of
inorganically-formed organo-mineral aggregates. Peloid colors ardycimifienced by
porosity, mineral and organic constituents, and microredox conditions relating to the presence of
pellet membranes and internal variations in organic matter, iron, and sulfur under reducing
conditions. Other peloid color variations are due to oil-staining from the generation of
hydrocarbons, shallow, late-stage gypsum cement, and post-coring oxidation of pyrite.

Porosity is gradually lost with burial due to the dissolution of calcite at localized solution
seams, and the precipitation of calcite as overgrowths and micrite cement in the adjacent matrix
and pellet pore Micrite is also redistributed from the matrix into pellets with the degradation of
pellet membranes. Membraneghdation occurs during deposition through water column
disaggregation, microbial degradation, and partial coprophagy, or postdepdsyitiloraalgh
bioturbation and diagenesis. Porosity is also lost through the formation of late-stage, authigenic
gypsum cement in the shallow subsurface. However, diagenesis also offsets porosity loss with
the preservation of porosity through hydrocarbon-related saturation and overpressuring, and the

creation of organic matter porosity and potentially, overpressuring-related microfractures.
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Figure 2.2 (A) A paleo-depiction of the Western Interior Seaway during the Early
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Figure 2.3 (A) An interpretation of regional sea level curves throughout the Cretaceous.
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Modified from Drake and Hawkins (2012). (B) Third-order cycles within the
Niobrara Cyclothem are compared with formation and member stratigraphic
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Figure 2.4 Generalized Cretaceous-aged stratigraphy of the Denver Basin. The
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grain density (black). Each horizontal line represents 10 ft. The A Chalk

displays a general thickening trend to the east (right). The typical gamma ray

log signature for the A Chalk shows a low decrease in API units at the base

(highest carbonate content) with a steadily increasing API signature upwards
(correlating to increasing clay content). The B Chalk top is also displayed in

[IME green fOr rEfEIENCE. .. ... e e 15

Figure 2.7 Chalk distribution in the WIS during Coniacian-Santonian time. Modified from
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Figure 2.8 Scanning electron microscope (SEM) image example of (A) coccolithophore
and (B) rhabdosphere. Images from Yo@t@l. (2017). .....ceeveeeeieiiiiiieiiniininiinns 18

Figure 2.9 Niobrara depositional model showing both hemipelagic (left) and pelagic
(right) deposition. Coarse siliciclastic intervals exist near the western margins
of the WIS basin. In this model, seawater is stratified with the presence of an
oxygen minimum zone (OMZ). Modified from Sonnenberg (2011). ... 21

Figure 2.10 Average porosity of Niobrara chalk with burial depth compared to European
chalk averages. The decrease in porosity compared to European chalks is most
likely because Niobrara chalks were buried 1,000-1,500 ft. deeper than their
present-day depths, before uplift and erosion during the Tertiary Period.
Increased porosity in European chalks is also attributed to overpressuring
caused by rapid sedimentation from chalk slumping and debris flows. From
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Figure 2.11 (A) Spectrum of pore types and networks in mudrocks. (B) A pore-size
classification system for mudrocks. From Loueksl. (2012)...........ccccoevvvvvvnnnnnnnn. 27

Figure 2.12 Niobrara structure map of the Denver Basin showing major oil (green) and gas
(red) fields. Biogenic gas is produced from the shallow, east side of the basin
in northeastern Colorado, northwestern Kansas, and southwest Nebraska.
Thermogenic oil and gas are produced from the deeper, west side of the basin
in northern Colorado and southeast Wyoming. The extent of kerogen maturity
is indicated by the green dashed line. Modified from Sonnenberg (2011)................ 28

Figure 3.1 Map view of northeast Colorado showing the outline of counties in green and
state lines in black. The red dashed line is the outline of the Denver Basin
while the blue line is a transect connecting the locations of the seven wells
used for this study. The depths listed on the left are the total vertical depths to
the top of the A Chalk at each well [0CatioN. ... 30

Figure 3.2 Chalk and marl classification system as defined by the Colorado School of
Mines Niobrara Consortium. From Sonnenberg (2016)...........coovvvvviiiiiiiiiiiiiieeeeeeeen, 32

Figure 3.3 Schematic diagram of the ThermoFisher Scientific Niton XL3t handheld X-ray
fluorescence (XRF) analyzer. The diagram depicts the process of emitting an
X-ray by bombarding a silver filament in the gun with electric pulses. The X-
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ray hits an atom in the sample which excites and ejects an inner-orbital

electron from the L shell. The vacancy is then filled by an outer M-shell

electron, which drops down to the L shell, simultaneously releasing energy in

the form of a photon with a unique energy spectrum. The device then records

the energy spectrum of the emitted photon and determines the bulk elemental
concentration. From ThermoFisher Scientific (2018). ......cccoooeeiiiiiiiiiiiiiiiciee 33

Figure 3.4 Thin section image of fecal pellets in a grain-supported, packstone texture. The
image has been processed and the pellets have been traced to gather
TXDQWLWDWLYH GDWD WKURXJK.WK.H..30HD.V.X.UHK3 IHDW)>

Figure 4.1 Windmill 05-23H core photos of calcite-rich units in the Niobrara Formation,
showing progressively decreasing bioturbation index with decreasing burial
depth. In the Lower Niobrara, burrowing is visually apparent, homogenizing
chalk intervals and disturbing small-scale marl-rich beds. Bioturbation index
ranges from a maximum of a four in the Lower Niobrara to a maximum of a
one in the A Chalk. Each chalk unit is part of a third-order transgressive event.
Smaller-scale lithology changes are a result of fourth-order cyclicity, such as
Milankovitch cycles. Note the absence of inoceramid and oyster shell

fragments in the A ChalK. ... 48
Figure 4.2 Facies classification system with core and thin section visuals from the Tebo

32-2 Core. The scale on each image iS 0.2 MM. ... 50
Figure 4.3 Legend for XRF elemental Charts. ............ccccoiiiiiiiiiiiii e 52

Figure 4.4 Tebo core XRF results for detrital (tan fill) and major (blue fill) elements.
Horizontal bars in the XRD composition column denote hard data points. The
data is interpolated IN DEIWEEN. ... 53

Figure 4.5 Tebo core XRF results for redox-sensitive trace elements. V, U, Mo, and S are
shaded gray when enriched with respect to the average gray shale as defined by
Wedepohl (1971). Average shale concentrations are: V = 130 ppm, U = 3.7
ppm, Mo = 2.6 ppm, S = 2400 ppm. TOC is shaded in black when > 2.0 wt%. ....... 54

Figure 4.6 (A) Van Krevelen diagram plotting core date points by hydrogen index and
Tmax. No pyrolysis data was available for the Blach well. (B) Temperature
gradient map of the Denver Basin. Black dashed lines outline the Colorado
Mineral Belt (COMB) trend. Modified from Thul (2012). ..o, 56

Figure 4.7 Average total organic carbon (TOC) bar graph plotted by core and unit.
Averages were taken from previously-sampled, irregularly-spaced data. TOC
data for the Pierre Shale was not available for the Alice Nay. Core locations
and a structure map of the Niobrara are included for reference. .........ccccoovvvvviennnn. 57

Figure 4.8 Average TOC and pyrite wt% plotted by core for all intervals. Averages were
taken from previously-sampled, irregularly-spaced data. Pyrite data was not
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available for the Alice Nay well. Core locations and a structure map of the

Niobrara are included for referenCe. ...........uuuueiiiiiiii e 58
Figure 4.9 Bulk density data for each sampled facies, grouped by core............cccovvvvvirvviinnnnnnnn. 59
Figure 4.10 Grain density data for each sampled facies, grouped by core. ........cccccoeeeeiiiiiniinnnnns 59

Figure 4.11 Kerosene immersion porosimetry (KIP) porosity data for each sampled facies,
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Figure 4.12 KIP porosity data averaged by unit in €ach COre. .........ccceeeiiiiiieeiiiiieeeeecee e 61

Figure 4.13 Color variations observed in peloids throughout all cores. White and light
brown peloids are the most abundant overall, followed by light-mixed peloids
and less commonly, dark brown and black peloids. ............ccccooiiiiiiiiiiiiiiiie 62

Figure 4.14 Progressive stages of chemical compaction in plane polarized light (PPL). All
scales are 0.2 mm. (1) Laterally discontinuous solution seams start to form
(Windmill). (2) Solution seams aggregate into laterally continuous solution
seams and microstylolites (Windmill). (3) Microstylolites aggregate into
microstylolite swarms and stylolites (Tebo). (4) Microstylolite swarms and
stylolites are progressively inundated with insoluble material until forming a
marl, or marly shale lamination (T€b0). ........ccceiiiiiiiii e, 66

Figure 4.15 PPL images of facies in the Bibma core. All images contain the same scale
(O T2 21 1 1) TS PP 68

Figure 4.16 PPL images of depositional characteristics from the Bibma core. (A) Facies six
showing an example of a black peloid and euhedral pyrite. (B) Facies five
showing an example of a crushed algal cyst and an abundance of white and
light brown peloids that have been tinted blue by epoxy dye. (C) Examples of
black peloids and planktonic foraminifera from facies five. (D) Facies five also
showing an example of a mixed-color peloid with degraded margins, a result of
water column disaggregation, microbial degradation, partial coprophagy, or
cryptic bioturbation. The patchy, dark gray color seen throughout all images is
(0 1Y/ 01518 [ T o =] 1 01T o | PP 69

Figure 4.17 PPL images of diagenetic characteristics from the Bibma core. (A) Facies six
showing bedding-parallel gypsum veins. (B) Facies five showing patch
gypsum cement. (C) Facies four showing large pelagic foraminifera partially
filled with framboidal pyrite and sparry calcite. Porosity is highlighted by blue
epoxy dye. (D) Facies two showing intraparticle porosity within porous bone
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Figure 4.18 PPL images of facies in the Byrkit core. All images contain the same scale (0.2
2] 00 TSRS 71
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Figure 4.19 PPL images of depositional elements in the Byrkit core. (A) Facies seven
shows a white- and light brown-mixed peloid and an elongated black peloid.
(B) A white peloid is shown to contain crushed juvenile forams in facies six.
The peloid margins are well-defined by organic matter (OM) and framboidal
pyrite. Note the crushed algal cyst draped over the peloid in matrix. (C) Facies
four shows the presence of more algal cysts, as well as phosphatic fish bone.
Sparry calcite is also noticed filling intraparticle pore space in foram chambers.
(D) Facies one shows an abundance of dark brown and black peloids that
appear more compacted than in calcite-rich intervals. .............cccceeeiiiiiiiiiiiin, 72

Figure 4.20 Images of diagenetic elements within the Byrkit core. (A) Facies five shows
further examples of patchy gypsum cement, and sparry calcite filling foram
chambers. Also note excellent matrix porosity by the presence of blue epoxy
dye (PPL). (B) Facies three shows an example of a chambered foram with
excellent porosity. Small framboidal pyrite can be observed in the middle of
the foram while sparry calcite has filled into the opening of the chamber (PPL).
(C) Facies five showing a foram test filled with sparry calcite in cross
polarized light (XPL). (D) The peloidal matrix is shown to display
compactional draping around a fish bone in facies two (PPL). ......ccccoeeviiiiiieeeinnnnnee. 73

Figure 4.21 PPL images of facies in the Blach core. All images contain the same scale (0.2
0] 00 ) TSR 74

Figure 4.22 PPL images of depositional elements in the Blach core. (A) Facies seven
shows examples of crushed algal cysts and amorphous organic matter (AOM)
within a peloid. (B) Facies five displays degradation of framboidal pyrite-lined
peloid margins which would suggest cryptic bioturbation. (C) Example of
intrapeloidal AOM and juvenile forams within a light peloid in facies four. (D)
Example of intrapeloidal crushed juvenile forams within a light peloid in facies
10 18 | PP PPPT PR 75

Figure 4.23 PPL images of diagenetic elements in the Blach core. (A) Facies three shows
an example of organic matter (crushed algal cyst) with an affinity for
framboidal pyrite. (B) Facies three also shows examples of black peloids and
framboids within a juvenile foram chamber. (C) A vertebra was observed in
facies two with compactional draping of algal cysts and black peloids above
and below. (D) Sparry calcite completely filling foram chambers in facies four.
More algal CYSIS @re PrESENT. ........uiiiiiiiiiiiii e e e e e e as 76

Figure 4.24 PPL images of facies in the Alice Nay core. All images contain the same scale
(0.2 mm). Facies one, two, and three were not sampled due to lack of core
[oT0)Y ] = o S 77

Figure 4.25 PPL images of depositional elements in the Alice Nay core. (A) Facies six
shows crushed juvenile forams in light and dark brown peloids. (B) Facies five
showing crushed forams in a light brown peloid. The peloid margins have been
degraded. (C) Pervasive peloid degradation and homogenization of the peloidal
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fabric in facies four. (D) Facies four showing additional crushed forams in
light and dark brown peloids. ... 78

Figure 4.26 PPL images of diagenetic elements in the Alice Nay core. (A) Facies seven
contains small, laterally discontinuous solutions seams. (B) Facies seven also
shows compactional draping around a phosphatic fish bone. (C) Facies four
shows sparry calcite fill in foram chambers with almost complete pyritization
of one foram. (D) Facies five shows partial calcification of apatite in a fish

Figure 4.27 PPL images of facies in the Windmill core. All images contain the same scale
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Figure 4.28 Images of depositional elements in the Windmill core. (A) Facies seven
showing silt-rich laminations (PPL). (B) Facies five showing peloid
degradation from either water column disaggregation, microbial degradation,
partial coprophagy, or cryptic bioturbation (PPL). (C) Facies five also contains
light brown peloids with euhedral, silt-sized, feldspar grains (XPL). (D) Facies
four showing more intrapeloidal silt grains (PPL). ... 81

Figure 4.29 PPL images of additional depositional and diagenetic elements in the Windmill
core. (A) Facies seven contains examples of pyritization of sparry calcite-filled
forams. (B) Facies six shows examples of calcification of apatite in a fish bone
and compactional draping in the peloidal fabric around the bone. (C) Facies
five shows an example of a calcite-filled fracture, the only one observed in this
study. (D) Facies five also shows an uncharacteristically large light/brown-
mixed peloid with intact intrapeloidal forams. .............cccccoiiiiiiiiicicic e 82

Figure 4.30 PPL images of facies in the Aristocrat core. All images contain the same scale
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Figure 4.31 Images of depositional elements in the Aristocrat core. (A) Facies one showing
an abundance of ellipsoidal and elongate dark brown and black peloids in a
silty matrix (PPL). (B) Facies one also shows dark brown peloids with both silt
and crushed forams inclusions (XPL). (C) Facies six shows light peloids with
silt grain inclusions (XPL). (D) Facies three shows a close-up of an
intrapeloidal, euhedral feldspar grain (XPL). .......ouiiiiiiiiiiii e 84

Figure 4.32 Images of diagenetic elements in the Aristocrat core. (A) Facies four shows
partial pyritization and complete calcification of apatite in bone material
(XPL). (B) Facies two shows the development of solution seams (PPL). (C)
Facies four shows partial gypsum fill in a small macrofracture (PPL). (D)
Facies four showing the fibrous fabric of gypsum fill in XPL. ...........coovvviiiivinnnnnnnnn. 85

Figure 4.33 PPL images of facies in the Tebo core. All images contain the same scale (0.2
01 00 TSR 86
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showing intrapeloidal silt in dark brown peloids (PPL). (D) Facies four which
shows many variations of peloid colors and shapes, including white, light
brown, and dark brown peloids (PPL). .....cccoooeiiiiiie e 87
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Figure 4.46 The average mean grayscale value of peloids in each core, highlighted by
kerogen maturity. Blue is representative of immature kerogen, green is
representative of kerogen in the oil generation window, and red is

representative of kerogen in the condensate-wet gas WindOW. ............ccceeeeeerenniinnnnns 98
Figure 4.47 Mean grayscale value plotted by peloidal circularity in immature cores. ................. 98
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Figure 4.49 Mean grayscale value plotted by peloidal aspect ratio in immature cores. ............... 99

Figure 4.50 PPL image and wavelength-dispersive spectroscopy (WDS) maps from
electron microprobe (EMP) showing a light brown (top left) and white peloid
(bottom right) from facies two of the Byrkit COre. .........ccccceeviiiiiiiiiiiiiiieeeee 103

Figure 4.51 PPL image and WDS maps from EMP showing a black peloid from facies two
Of the BYTIKIt COME. ...t 104

Figure 4.52 PPL image and WDS maps from EMP showing various peloidal colors from
facies two of the Byrkit core. Peloidal colors include white (top left, bottom
right), white- and light brown-mixed (middle), and light brown (top middle). In
this sample, the two mixed color peloids in the middle both contain crushed
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Figure 4.53 PPL image and WDS maps from EMP showing various peloidal colors from
facies five of the Tebo well. The field of view (FOV) contains a range of
peloidal colors including dark brown (far left, middle right, middle left, top
middle), white (middle, far right, top left), white- and light brown-mixed
(bottom left), and light brown (top MIddIe). .......cooiiiiiiii e 106

Figure 4.54 SEM backscattered electron (BSE) images from the Bibma core, Lower Pierre

Shale, facies two, 1,412.8 ft., showing white and light brown peloids. (A)

White peloid in macroview displaying higher porosity than the matrix. (B)

White peloid in microview showing high interparticle porosity and abundant

coccolith fragments. (C) Light brown peloid in macroview showing higher

porosity than matrix. (D) Light brown peloid in microview showing moderate
interparticle porosity, and an abundance of coccolith fragments and organic
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Figure 4.55 SEM BSE images from the Byrkit core, Middle A Chalk, facies four, 2,674.8
ft., showing a dark brown peloid. (A) Dark brown peloid in macroview
showing lower porosity than matrix. (B) Dark brown peloid in microview
showing an abundance of silt grains and clay. Coccolith fragments are present
in smaller amounts than other peloid colors and organic matter is sparse. ............. 109

Figure 4.56 SEM BSE images from the Bibma core, Lower Pierre Shale, facies two,
1,412.8 ft., showing ellipsoidal and elongated black peloids. (A) Ellipsoidal
black peloid in macroview. (B) Ellipsoidal black peloid in microview showing
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abundant organic matter and coccolith fragments in addition to intrapeloidal

pyrite. (C) Elongated black peloid in macroview. (D) Elongated black peloid in
microview showing abundant organic matter, clays, and silt grains, but sparse
COCCONTN frAgMENTS. ... e e e e e e 110

Figure 4.57 SEM BSE images of peloids from the A Chalk (facies four) of each core
showing variable intrapeloidal porosity (black), but overall reduction of
interparticle pore space with burial. Note the gradual loss in definition of
coccolith fragment margins with the addition of calcite cement. The curtaining
effect is due to the ion-milling process. (A) Bibma, 1,412.8 ft. (B) Byrkit,
2,674.8 ft. (C) Blach, 4,156 ft. (D) Alice Nay, 5,432 ft. (E) Windmill, 6,037.5
ft. (F) Aristocrat, 6,818.2 ft. (G) Tebo, 7,737. 1 ft. .ccceeeeieeii e, 111

Figure 4.58 SEM BSE images of matrix from the A Chalk (facies four) of each core
showing overall porosity (black) reduction with burial depth. The rate of
cementation appears more advanced in the matrix relative to the peloids. (A)
Bibma, 1,412.8 ft. (B) Byrkit, 2,674.8 ft. (C) Blach, 4,156 ft. (D) Alice Nay,
5,432 ft. (E) Windmill, 6,037.5 ft. (F) Aristocrat, 6,818.2 ft. (G) Tebo, 7,737.1
1 S PPPPRRUPPPPRR 112

Figure 4.59 SEM BSE images from the Bibma core, Middle A Chalk, facies four, 1,438.1
ft. (A) Macroview showing higher matrix porosity than intrapeloidal porosity.
(B) Matrix displaying high interparticle porosity between large coccolith
fragments. Organic matter is dispersed. (C) Well-preserved coccosphere
sectioned in half during ion-milling. (D) Microview of a pellet showing
interparticle porosity between smaller coccolith fragments and intraparticle
porosity within coccolith spines. (E) Patchy gypsum cement filling in matrix
porosity. (F) Interparticle porosity between coccolith fragments has been filled
in with gypsum cement. The gypsum exhibits pervasive desiccation fractures
which were sustained during the ion-milling pProcess..........ccooovvviiiiiiiiiiiieiiiiii e, 114

Figure 4.60 SEM secondary electron (SE) and BSE images from the Bibma core, Middle A
Chalk, facies four, 1,438.1 ft. (A) Matrix displaying a mix of coccolith
fragments and rhabdoliths (spines). A foram shows high intraparticle porosity
with framboidal pyrite. (B) A section view of a planktonic foram showing a
well-preserved test wall and high intraparticle porosity that is partly occluded
by framboidal pyrite and microspar. (C) Planktonic foram within a matrix of
coccolith fragments. (D) Magnified view of the foram test showing foramen
holes, which are entry points for calcite cement during diagenesis. (E) A low
cement matrix showing well-preserved coccolith and spine fragments, in
addition to a feldspar silt grain. (F) A coccolith displaying light syntaxial
(07T o €011, 1 1 SR PRSR 115

Figure 4.61 SEM SE and BSE images from the Byrkit core, Middle A Chalk, facies four,
2,674.8 ft. (A) Matrix showing well-preserved coccoliths with minor micrite.
(B) A coccolith within the matrix displaying syntaxial overgrowths. (C)
Framboidal pyrite displaying intraparticle porosity within a clay- and
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coccolith-rich matrix. (D) Localized cluster of micrite cement within matrix.

(E) Section view of a foram chamber displaying high intraparticle porosity

partly occluded by framboidal pyrite and microspar. (F) The margins of a

pellet (top) and matrix (below) showing variataions in porosity and OM

content, along with a feldspar Silt grain. ............ccooeeiiiiiieec e 116

Figure 4.62 SEM BSE and energy-dispersive spectroscopy (EDS) images from the Blach

core, Middle A Chalk, facies four, 4,156 ft. (A) Clay-rich, low porosity matrix

with minor coccolith fragments. (B) EDS of similar FOV as the previous

image showing the distribution of clays, coccoliths, pyrite, and micrite cement.

(C) Matrix displaying alignment of clays in between a layer of coccolith

fragments and abundant micrite. (D) EDS of the same FOV as the previous

image showing chemical composition. (E) Macroview of the pelletal fabric

showing higher intrapeloidal porosity and low matrix porosity that is occluded

with abudnant clay, OM, and framboidal pyrite. (F) Microview of a pyrite

framboid with intraparticle porosity, in a clay- and micrite-rich matrix. ................ 117

Figure 4.63 SEM BSE and EDS images from the Alice Nay core, Middle A Chalk, facies

four, 5,432 ft. (A) Microview of a pellet showing abundant coccolith fragments

with euhedral, syntaxial overgrowths and minor quartz silt grains. (B) EDS of

similar FOV as previous image showing the dominance of intrapeloidal calcite.

(C) Microview of matrix showing higher amounts of clays, quartz, and micrite,

in addition to framboidal pyrite. (D) EDS of similar FOV as previous image

showing chemical distribution. (E) Planktonic foram chambers completely

filled with framboidal pyrite and sparry calcite. (F) Foram intraparticle

porosity filled With SParry CalCIte. ..........eeviiiiiiiiii s 118

Figure 4.64 SEM BSE images from the Windmill core, Middle A Chalk, facies four,

6,037.5 ft. (A) Microview of a pellet showing abundant coccolith fragments

with euhedral, syntaxial overgrowths. (B) Microspar in original intraparticle

porosity within kerogen. (C) Foram chamber filled with sparry calcite and a

small amount of remaining intraparticle porosity. (D) Intraparticle porosity

within framboidal pyrite in matrix. (E) Microstylolite in matrix showing

concentration of framboidal pyrite, clay, and OM. (F) Microview of matrix

showing clay platelets and subhedral MICHte. ... 119

Figure 4.65 SEM BSE images from the Aristocrat core, Middle A Chalk, facies four,

6,818.2 ft. (A) A pellet with feldspar silt-grain, AOM, and structured organic

matter (SOM) inclusions. (B) Intraparticle organic matter porosity within

bitumen. (C) Intraparticle porosity within framboidal pyrite. (D) Pervasive

micrite cement and coccolith overgrowths in matrix. (E) Microview of pellet

showing the development of coccolith overgrowths and micrite. A coccolith

spine can be observed in the center of the FOV. (F) Microview of pellet

showing coccolith fragments with syntaxial overgrowths and minor micrite. ........ 120

Figure 4.66 SEM BSE and EDS images from the Aristocrat core, Middle A Chalk, facies

four, 6,818.2 ft. (A) Microview of matrix displaying framboidal pyrite, quartz,
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feldspar grains, and a microfracture filled with gypsum. (B) EDS of similar

FOV to previous image. (C) Kerogen and a feldspar silt grain within matrix.

(D) EDS of similar FOV to previous image. (E) Euhedral feldspar silt grains in
matrix. (F) EDS of similar FOV to previous image. .........cccceeeerriiniiiiicciiieiiiiieee 121

Figure 4.67 SEM SE, BSE, and EDS images from the Tebo core, Middle A Chalk, facies
four, 7,737.1 ft. (A) Complete sparry calcite fill within a foram chamber. (B)
Microview of matrix with intraparticle porosity within framboidal pyrite. (C)
Microview of matrix showing abundant micrite cement. (D) EDS of similar
FOV to previous image. (E) Microview of pellets showing interparticle
porosity between coccolith fragments with euhedral, syntaxial overgrowths.
(F) Matrix displaying alignment of clays and intraparticle porosity within
framboidal PYIITE. . ..o 122

Figure 4.68 (A) BSE image from the Aristocrat H11-07 core, Upper A Marl, facies seven,
6,832.2 ft., showing partial calcium sulfate fracture-fill in a fracture with an
DSHUWXUH RI a P $OWHUHG PDUJLQYVY DUH DSSDUHQ\
absent. (B) BSE image from the Windmill 05-23H core, Upper A Chalk, facies
three, 6,034.6 ft., showing partial calcium sulfate fracture-fill with inclusions.
Fracture apertureis~4- P $OWHUHG PDUJLQV DUH DOVR DSSDU
fill IS @DSENT. ... 123

Figure 4.69 SEM BSE images and accompanying EDS maps for selected samples. (A)
BSE image from the Blach 4-54-9-33 core, Middle A Chalk, facies four, 4,156
ft., showing a gypsum-filled vein with inclusions (outlined with yellow dashed
line). Fracture apertureis~6- P % ('6 PDS RI VLPLODU )29 VKRZL
calcite, quartz, feldspar, organic matter, and framboidal pyrite inclusions. (C)
BSE image from the Aristocrat H11-07 core, Upper A Marl, facies seven,
6,832.2 ft., showing a gypsum-filled fracture absent of inclusions. Fracture

aperture is ~ 2- P ' ('6 PDS RI VLPLODU )29 VKRZLQJ FDOF
fill within a matrix of quartz, clays, feldspar, framboidal pyrite, and minor
(0 0] (o] 1 111 (=SSP 124

Figure 4.70 SEM BSE and EDS images. (A) BSE image from the Aristocrat H11-07 core,
Upper A Marl, facies seven, 6,832.2 ft., showing a gypsum-filled fracture
SDUDOOHOLQJ D VROXWLRQ VHDP 7KH IUDFWXUH DSHL
similar FOV showing the gypsum vein above a solution seam concentrated
with insoluble organic matter, quartz, clays, and framboidal pyrite. (C) BSE
image from the Windmill 05-23H core, Upper A Chalk, facies three, 6,034.6
ft., showing partial gypsum fracture-fill with inclusions. The fracture is ~ 4-6
P ZLGH DQG URXJKO\ SDUDOOHOV WKH PLFURVW\OROL
of the vein in previous image showing the presence of sulfur and calcium. ........... 125

Figure 4.71 BSE and EDS images from the Aristocrat H11-07 core, Upper A Matrl, facies
seven, 6,832.2 ft., showing examples of rigid-grain fracturing. (A) BSE image
showing a fractured calcite-rich pellet. The fracture continues into the matrix
on either side of the pellet but is filled with gypsum cement through the matrix.
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(B) EDS image of the previous FOV showing the distribution of Al, Si, Ca,

and S in the matrix (quartz, clays, calcite and framboidal pyrite), with the

pellets consisting dominantly of calcite. A large polyframboidal pyrite can be
observed on the lower left. (C) BSE image of a fractured, calcite-cemented
framboidal pyrite. The fracture continues on either side of the framboid but is

filled with gypsum cement through the matrix. (D) BSE image of a fractured,
calcite-cemented framboidal pyrite. The fracture also continues on either side

of the framboid and is also filled with gypsum cement, which displays parallel
desiccation fractures from the ion-milling pProcess. ........cccccevviiiiiiiieiiiiiieei, 126

Figure 4.72 BSE image examples of artificial microfractures encountered in this study. (A)
Blach core, Middle A Chalk, facies four, 4,156 ft., showing desiccation and
devolatilization fractures along the margin of a rigid calcite-rich pellet and
clay/OM-rich matrix. (B) Tebo core, Middle A Chalk, facies four, 7,737.1 ft.,
showing devolatilization fractures around organic matter within matrix. (C)
Aristocrat core, Upper A Marl, facies seven, 6,832.2 ft., showing a desiccation
fracture along the contact of a pellet and the clay-rich matrix. (D) Bibma core,
Middle A Chalk, facies four, 1,438.1 ft., showing desiccation fractures within
gypsum cement in a pellet. The grains are calcite coccolith fragments. (E)
Tebo core, Middle A Chalk, facies four, 7,737.1 ft., showing desiccation
fractures along the contact between a rigid, calcite-rich pellet and the clay-rich
matrix. (F) Increased magnification on the matrix of image E. A larger
desiccation fracture is seen towards the top of the image while small shrinkage
microfractures are observed around smaller, rigid grains within the matrix. .......... 127

Figure 5.1 Cross plot of fecal pellet size vs copepod prosome length. From Poulsen and
KIiOrDOE (2006).......ceeeeiiiiiiiii e e e e e e e e e e e e e e e e e e aaaaaeaeeaaanraa 139

Figure 5.2 PPL images of samples from the Bibma 13-21 core. (A) Sample from the
Upper A Marl, facies six, 1,453 ft., showing concentration of gypsum cement
in bedding-parallel fractures and neighboring pellets. (B) Sample from the
Middle A Chalk, facies four, 1,438 ft., showing dispersed, patchy, poikilotopic
gypsum cement within pellets and matriX. ..........cccooiiiiiiiiiii s 146

Figure 5.3 (A) Polished surface of dark chalk sample, cut normal to bedding, showing
gypsum-filled wispy crinkles. From Hattin (1982). Sample from surface
exposure in Sec. 20, T. 15 S., R. 32 W., Logan County, Kansas. (B) Sample
from the Bibma 13-21 core, Upper A Marl, facies seven, 1,464.8 ft., cut
normal to bedding, showing bedding-parallel gypsum-filled fractures in the
£ |0 LS U ] =T 148

Figure 5.4 Cross section view of the west margin of the Denver Basin. The section shows
thrust faulting along the Front Range Uplift, a result of compressional tectonic
forces during the Laramide Orogeny. The thrust faulting is limiting the flow of
meteoric water at depth in some formations due to offsetting of permeable
units. The Niobrara Formation, labeled and colored in tan, is shown to be
hydrologically isolated at depth. Modified from Hasselbethl. (2017). ............ 158
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Figure 5.5 Porosity by unit vs burial line scatter plot. KIP porosity was averaged for
samples of each unit (two samples within Lower Pierre Shale, three samples
within A Chalk, two within the Upper A Marl). There is no data on the Pierre
Shale in the Alice Nay core due to lack of core coverage. Kerogen maturity is
OVErIAIN fOr FEIRIENCE. ... 163

Figure 5.6 Average Niobrara chalk porosity with burial in comparison to European chalk
averages from the North Sea. From Scholle (1977). The figure is modified with
a calibrated overlay of the porosity trend from the A Chalk in this study,
showing higher than average porosity in MOSt COMES. ..........uvuvuiiiiiiiieeeeeeeeeeeeeieeinnnns 164

Figure 5.7 KIP porosity data for all units of the Niobrara Formation in the Aristocrat H11-
07 core, which is one of the cores analyzed in this study. From Aydin (2017). ..... 166

Figure 5.8 Mercury injection capillary pressure (MICP) porosity and permeability data for
all units of the Niobrara Formation in the Aristocrat H11-07 core, which is one
of the cores analyzed in this study. From Aydin (2017). ..., 166

Figure A.1 X-ray diffraction peaks of the A Marl, Bibma core, 1,464.8 ft. The sample
diffraction spectrum is shown in black and compared with the spectrum for

OYPSUM (PUIPER e e e e e e e e e e e e e et e e e e e e e e eeaeeaaeennnnes 180

Figure A.2 X-ray diffraction peaks of the A Marl, Aristocrat core, 6,832.2 ft. The sample
diffraction spectrum is shown in black and compared with the spectrum for
gypsum (purple). Slight peak-shifts are observed in the sample but it still
closely aligns WIth gYPSUML. .....cooiiiii e 181
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CHAPTER 1 INTRODUCTION AND FIELD AREA

This chapter presents the purpose and objectives of this research, introduces the study
area, and touches on previous studies related to this work. The motivations behind this study are
linked to expanding the knowledge of the Niobrara Formation and developing insights from
deposition to diagenesis. The Niobrara has become a prevalent target interval in the Denver
Basin over the last decade. While the formation has been the subject of many research projects,
few focus on the A Chalk submember or examine peloidal variations.

11 Motivation

The Niobrara Formation is a productive, unconventional oil and gas play in the Denver
Basin. Though initially a vertical drilling target, the success of EOG Resfii'ce DNH ZHOO LQ
2009 showed that horizontal wells could be successful (Natural Gas Intel, 2016). Much of the
horizontal drilling that has occurred in the Niobrara since has been in the Wattenberg Field in
Weld County, Colorado, and to a lesser extent in the Silo Field in southeast Wyomiy. The
Chalk bench became an early target due to its thickness and uniformity while other targets, such
as the thinner C and thinner/stratigraphically more complex A Chalk, remained untested or
drilled less frequently. However, recent research by Aydin (2017) has shown the A Chalk bench
to have the highest porosity and permeability compared to all the benches in the Niobrara within
the Aristocrat H11-07 core, Wattenberg Field, Denver Basin, Colorado.

1.2 Purpose and Objectives

Porosity in the Smoky Hill Member of the Niobrara Formation has priynlaeien
attributed to porosity in peloids, hypothesized to be fecal pellets of marine zooplankton such as
copepods and tunicates (Pahnke, 2014; Hattin, 1975). The pellets are abundantly present in the A

Chalk and appear better preserved than in other chalk benches within the Niobrara. Due to this



increased preservation and the importance of peloids to pore networks, the A Chalk is a prime
candidate to study peloidal deposition and diagenesis. Additionally, calcium sulfate cement has
been observed in the deeply-buried A Chalk of previous studies (EIGhonimy, 2015; Aydin,
2017). The cement occurs in small concentrations and is not as prevalent in lower chalk benches.
Consequently, the primary goals of this study are to (1) evaluate the sedimentology and
paleoenvionmental conditions of the A Chalkitlv a focus on peloids, (2) characterize the
peloids and analyze trends in porosity, compaction, shape, size, and color to develop insights into
deposition and diagenesis, and (3) explore the origins of calcium sulfate cement in the A Chalk.
1.3 Field Area

The Denver Basin is an asymmetric geologic structural basin centered in eastern
Colorado. It spans northeast Colorado, southeast Wyoming, southwest Nebraska, and northwest
Kansas. The Niobrara Formation reaches maximum depths of over 8,@0@afds the basin
axis just east of the Rocky Mountain Front Range. The basin is characteriaeteep western
flank and a gradubl-shallowing eastward flank that transitions to outcrop in Kansas and
Nebraska. The study area consists of seven cores that transect the basin from east to west with
increasing burial depth (Figure ).The trend of the transect of cores is roughly through the
middle of the basin with all data points lying within Colorado boundaries.
14 Previous/Related Work

Studies on the Niobrara Formation have been numerous over the decades. While there
have been many works that delve into the stratigraphy and sedimentology of the Niobrara
(Kauffman, 1969; Hattin, 1981; Scholle and Pollastro, 1985; Kauffman and Caldwell, 1993;
Dean and Arthur, 1998; Longmat al, 1998; Landoret al. WR WKH DXWKRUYV NQ

sedimentology studies focusing on the A Chalk and characterization studies on peloids, are few.
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A.J. Goodman was among the first to document general peloid observations in the
Niobrara Formation with his 1951 pap&/hite Specks in Colorado Shal2E. Hattin (1975)
followed with a detailed description of peloids in outcrops of the Niobrara Formation in western
Kansas. Characterizing the peloids as light, speckled, ellipsoidal, and calcite-rich in appearance,

he noticed that fine-scale laminations, and much of the fissility of the rock, was due to variations



in concentration of the peloids. His observations from the scanning electron microscope (SEM)
noted that peloids consist dominantly, and almost wholly, of coccoliths and coccolith debris. The
concentration of the coccoliths in the pellets, as well as the size of the pellets, suggested a fecal
origin from small, herbivorous, planktonic organisms that fed selectively on coccolithophores.
This suggestion set the stage that the abundant peloids were fecal pellets of zooplankton such as
copepods or tunicates, based on modern analogs for fecal pellet size, shape, and contents. The
SEM images provided in the study were helpfulnderstanding the microscale constituents of

the chalk at a shallow burial depth.

In 1977, Peter Scholle released his work on chalk diagehés suggested that chalks
undergo little marine or meteoric diagenesis due to a low-magnesium, calcite mineralogy, which
is chemically stable under near-surface conditions. This differs from the near surface,
chemically-reactive, diagetie pathway of aragonite and high-magnesium calcite-bearing,
shallow-marine, carbonate rocks. He hypothesized that chalk diagenesis is mostly related to
burial depth and pore-water chemistry, with diagenesis occurring first through mechanical
compaction, and secondly through chemical compaction. Over the years, Scholle has become the
primary author on chalk sedimentology (Scholle, 1977; Scholle and Pollastro, 1985; Pollastro
and Scholle, 1986; Scholle and Ulmer-Scholle, 2003). His study comparing porosity loss with
burial depth in Niobrara Chalks vs. North Sea Chalks was the inspiration to document the
porosity loss of the A Chalk with burial depth in the Denver Basin. Additionaflyekearch,
which also ventures into carbonate petrography, was helpful in analyzing allochems and other
constituents in thin secins.

One of the only recent studies on Niobrara peloids, carried out by Villaneda-Van Vloten

and Budd (2013) during a summer internship, focused on analyzing peloids of the Niobrara



Formation in the Wattenberg Field of the Denver Basin to quantify compaction at depth. Th
study sought to assess how compaction varies with respect to the stratigraphic zone, facies, and
microfacies by characterizing the flattening of peloids using image analysis. The study
investigated 54 samples from the B Chalk, B Marl, C Chalk and upper C Marl benches in two
cores (Aristocrat Angus 12-8 afidmbro PC LD 16-17) and concluded that there was a
correlation between peloid compaction and peloid color, in addition to a slight correlation to
stratigraphic zone (marl vs. chalk). However, compaction varied significantly within each
stratigraphic zone and facies, while showing the most consistency at the microfacies level.

The large-scale, inconsistent compaction rates may be partly due to the focus of the
study on the B and C intervals of the Niobrara, as they display moderate to significant
bioturbation in the chalkiest intervals. This would disturb the original peloidal fabric to a higher
degree than in the A Chalk, due to a more oxygen-rich, benthic environment. Additionally,
variances in organic matter (OM) and clays within peloids could cause differences in the rate of
compaction of peloids. The intrapelaldcompressibility of clay- an@M-rich peloids would be
greater thamrigid, calcite-rich peloid due to the ductile nature of clays and OM. This could
potentially cause a correlation between peloid compaction and color. While circularity may be
good parameter to use for compaction of peloids, it is likely not a representative measure for
compaction of the rock as a whole due to a variable distribution in peloid types, depositional
shapes, and matrix mineralogy. While the study results were somewhat ambiguous due to a
smaller sampling intervait, was the inspiration to implement a similar image analysis workflow
to characterize peloida the Upper Niobrara at a basin-wide scale, from shaitéovdeepr

burial depths.



Pahnke (2014) characterized microporosity in chalks of the Niobrara Formatiba,

Denver Basin, with a chalk porosity classification system. He found that pellets consist
predominantly of interparticle porosity that occurs largely between coccoliths and coccolith
fragments, and largely decreases with burial depth. Intraparticle porosity occurs within chalk
pellets, coccospheres, coccolith spines, and foraminifera tests, which also decreases with burial.
Organic matter pores are another subclass of intraparticle pores which are located within organic
matter. They can be a part of original kerogen structures or created during the maturation of
organic matter. Channel porosisyanother class which was observed to form in microstylolites,
likely a result of the development of organic matter pores within concentrated organic matter
found in microstylolites. Pahnke also acknowledges that fracture-related porosity, where present,
can have a significant contribution to hydrocarbon production. However, fracture porosity is
highly localized and is not a main pore type of the chalk fabrics. He concludes that burial
diagenesis is due to mechanical compaction, chemical compaction, and syntaxial cement
overgrowths, which modifies pore shape and abundance. He also adds that the porosity
distribution in chalks is controlled by the abundance of chalk pellets and the mineralogy of the
matrix, while permeability is a function of matrix lithology (micrite-rich vs. silt- and clay-rich).

A study on porosity and permeability of the Niobrara Formation benches was conducted
by Aydin (2017) on the Aristocrat H11-07 core in the heart of the Wattenberg Field. Her study
showed that the A Chalk and underlying A Marl have the best porosities and permeabilities of all
the Niobrara benches in the core. In the study, Aydin explores the use of kerosene immersion
porosimetry, nitrogen adsorption, and mercury injection capillary pressure procedures to test the
suitability of different porosity and permeability measuring techniques on the Niobrara. Her

results show that kerosene immersion porosimetry (KIP) is an inexpensive and accurate



alternative to expensive, industry-standard, porosity-measurement techniques for Niobrara
samples. She also examined scanning electron microscopy images in image analysis to quantify
and qualify pore structures throughout the Niobrara benches of the Wattenberg Field core. Her
results show a dominant, interparticle, nanoscale porosity with microscale influence. Many
annotated SEM images are provided, including those of the A Chalk, which are useful for

comparison to SEM images collected in this study.



CHAPTER 2 GEOLOGIC BACKGROUND

This chapter will introduce the background geology of the study area. It will commence
with a discussion on the regional structure of the Western Interior Seaway (WIS) and the Denver
Basin. Then, it will discuss the stratigraphy and sedimentology of the Niobrara Formation, with
focus on the A Chalk. An introduction to porosity in mudrocks will follow, concluded by a
briefing on the Niobrara petroleum system.

2.1  Structural History

The Niobrara Formation was deposited in the Western Interior Seaway, a foreland-style
basin, which formed as a result of the Sevier Orogeny. In the Late Triassic Period, the
supercontinent Pangaea started to break apart due to rifting along the mid-ocean ridge in the
north-central Atlantic Ocean (Blakey and Ranney 2008). This period of rifting began pushing the
North American Plate westward towards, and over, the eastward-subducting Farallon Plate and
eventually over the Pacific Plate. The tectonic plate collision created the Sevier Orogeny, a
mountain-building event which created the Sevier Orogenic Belt in the Late Jurassic to Early
Cretaceous Periods. From west to east, the Sevier Orogenic Belt consisted of an active volcanic
arc, an eastward thrust fault-fold zone, and an asymmetric retroarc foreland basin that extended
upwards of 1800 miles north to south and over 100 miles eastward into the craton; a result of
compressional crustal shortening of the North American plate (btiall, 2008). The regional
extent of the orogeny can be obserwre#figure 2.1.

The foreland basin continued to shift eastwards as subsidence of the Pacific Plate
continued. During the Cretaceous, a marine transgression caldedaterarctic currents from
the Boreal Sea in the north and warm-water currents from the Tethys Sea in the south, to begin

inundating the subsided foreland basin. Eventually, this resulted in the formation of a vast inland
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Figure 2.1 A cross section depiction of the Sevier Orogenic Belt. The Sevier Orogenic Be
formed due to subduction of the Pacific Plate under the North American Plate. This conv
margin caused the formation of a volcanic arc, an eastward thrust fault-fold zone, and an
asymmetric retroarc foreland basin that extended well past the modern-day border of Co
and Kansas. Modified from Share (2014).

epicontinental sea which is known as the Western Interior Seaway (Sonnenberg, 2011; Figure
2.2A).

During the Late Cretaceous to Early Eocene Period, another orogeny transpired, called
the Laramide Orogeny. In contrast to the thin-skinned deformation of the Sevier Orogeny, the
Laramide Orogeny brought on thick-skinned deformation, a result of the Farallon Plate
transitioning taa shallower subduction angle under the North America Plate (Erslev, 1993). The
unusual aspect of the Laramide uplift is that the strain and mountain buildingedéouhe
middle of the North America plate and not on the western plate boundary. As a result, the uplift
divided part of the expansive Sevier foreland basin into smaller intermontane basins that are still
present today. These include the Denver, San Juan, Powder River, and Piceance Basins, among
others. This study will focus only on the Niobrara Formation within the Denver Basin.

The Denver Basin is an asymmetric foreland basin, like the WISstbamtered in

eastern Colorado. It spans northeast Colorado, southeast Wyoming, southwest Nebraska, and



northwest Kansas (Figure 2.2). It is characterized by a steeply-dipping western flank along the
Front Range Uplift and a gradually shallowing eastern limb that outcrops in Kansas and
Nebraska. The Denver Basin is bounded to the north by the Hartville Uplift and Chadron Arch,
and to the south by the Wet Mountains/Apishapa Uplift and Las Animas Arch (Sonnenberg,
2011; Figure 2.2B). The Niobrara Formation reaches maximum depths upwards of 8,000 ft. near
the basin axis just east of the Front Range Uplift.
2.2  Stratigraphy

In additionto tectonic accommodatidn the Sevier Basin, the Late Cretaceous Period
was a time of high eustatic sea level which helped to form an epicontinental seaway from the
Boreal Sea in the north to the Tethys Bethe south (Blakey, 2010; Figure 2.2A). The
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Figure 2.2 (A) A paleo-depiction of the Western Interior Seaway during the Early Campal
Age of the Late Cretaceous Period overlain by present-day North American boundaries.
Denver Basin is shown in orange for reference. Modified from Blakey (2010). (B) Region
of the Denver Basin (outlined with red dashed line) filled with a structure map of the Niok
Formation. Contours are spaced every 1,000ith lighter colors representing shallower dep
Blue dots denote the location of wells included in this study.
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transgressive-regressive cycle of the Western Interior Seaway, throughout the Late Cretaceous, is
a first-order transgressive-regressive cycle (Figure 2.3A). At the second-order scale, alternating
episodes of eustatic flooding and draining in the Western Interior Basin can be sorted into five
major transgressive-regressive cycles, or cyclothems, that span from the Albian to the
Maastrichtian Ages. In ascending order, they are; the Kiowa-Skull Creek, Greenhorn, Niobrara,
Claggett, and Bearpaw (Kauffman and Caldwell, 1993). On a smaller scale, the lithology

changes within the second-order cyclothems are a result of a series of higher-frequency, third-
order, transgressive-regressive depositional cycles (Kauffman & Caldwell, 1993; Figure 2.3B).

The A Chalk, the target of this study, is a third-order cycle which was deposited at the top of the
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Figure 2.3 (A) An interpretation of regional sea level curves throughout the Cretaceous. -
curve, from 101 to 65.5 Ma, represents a part of one first-order, transgressive-regressive
Slightly higher-frequency cycles are second-order. The period from 89.3 to 81 Ma is a se
order cycle termed the Niobrara Cyclothem. Higher frequency, third-order cycles are alsc
noticed. Modified from Drake and Hawkins (2012). (B) Third-order cycles within the Niob
Cyclothem are compared with formation and member stratigraphic nomenclature. Modifit
Sonnenberg (2011) after Longmeinal. (1998).
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second-order Niobrara Cyclothem, which occurred in the Upper Santonian to Lower Campanian,
just before the transition into the Claggett Cyclothem.

The Niobrara Formation is a widespread unit extending over much of the U.S. Western
Interior. The unit becomes progressively sandier and shalier to the west due to clastic terrigenous
debris shedding off from the rising Cordilleran orogenic belt. In the central and eastern parts of
the WIS, a stable, shallow-water platform existed for increased time intervals during which
clastic influx was minimal, particularly during times of transgression (Kauffman, 1969).
Regionally, the Niobrara Formation is divided into two members; the Fort Hays Limestone and
the overlying Smoky Hill Member. The Niobrara thickens to the southeast with a gross thickness
that varies roughly 200-600 ft. (Drake and Hawkins, 2012). The Fort Hays Limestone varies
from 10 to 50 ft. and is the basal carbonate unit of the formation. The Smoky Hill Member
conformably overlies the Fort Hays Limestone and includes seven different lithologic
submembers. In ascending order, these include the D Marl, C Marl, C Chalk, B Marl, B Chalk, A
Marl, and A Chalk (Sonnenberg, 2011). The chalk intervals were likely deposited during third-
order transgressions and highstands where carbonate biota could flourish without significant
siliciclastic dilution. The marl units were deposited between the chalks during periods of relative
lowstands and regressions, where siliciclastic sedimentation and detrital elements infiltrated the
carbonate factory.

The A Chalk is one of the thinnest chalk intervals of the Niobrara sequence. It marks the
last third-order transgressional sequence of the Niobrara Cyclothem. Where present, it
conformably overlies the A Marl and conformably/unconformably underlies the Gammon
Ferruginous and Sharon Springs units of the Pierre Shale (Figure 2.4). The thickness varies

complexly from O to 60 ft. throughout the basin, presumably owing to various pre-, syn-, and
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Figure 2.4 Generalized Cretaceous-aged stratigraphy of the Denver Basin. The stratigra)
column is not to scale. Modified from Sonnenberg (2016).

post-depositional factors suasA Marl topography, basement structure, benthic current
scouring,reworking of sediments, areas of higher pelagic productivity, Claggett Cyclothem
erosion, and post-depositional differential compaction (Drake and Hawkins, 2012).

The A Chalk isochore in Figure 2.5 shows a dominant SW-NE-oriented stratigraphic
architecture with thins on paleo-highs and thickening in paleo-lows. The major stratigraphic
thins align with enduring paleo-highs such as the Wattenberg, Morrill County, Hartville, and

Turkey Creek Highs (Weimer, 1986). This would suggest that thickness variations are partially
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controlled by synsedimentary movement on broad structural basement features (Weimer, 1978).
Alteration of thinning/thickening trends of previous sequences suggests that there is siibsequen
infilling of accommodation from the previous sequences. Figure 2.6 displays the thickness

variations of the A Chalk from the wells used in this study, in a stratigraphic, cross section view.
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while darker blue shades denote stratigraphic thickening. A dominant SW-NE trending
architecture is apparent. The thins correlate to long-lived paleo-highs which have been o
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study. Modified from Drake and Hawkins (2012).
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Figure 2.6 A W-E stratigraphic cross section view of the seven wells used in this study, hung on the top of the A Chalk. The
is highlighted in blue and displays thickening and thinning trends. From left to right, the tracks display gamma ray (black), r
(black), computed density porosity (red), and grain density (black). Each horizontal line represents 10 ft. The A Chalk displ.
general thickening trend to the east (right). The typical gamma ray log signature for the A Chalk shows a low decrease in A
the base (highest carbonate content) with a steadily increasing API signature upwards (correlating to increasing clay conte
Chalk top is also displayed in lime green for reference.
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2.3 Niobrara Sedimentology

The Niobrara sedimentology is characterized by widespread pelagic to hemipelagic
sedimentation in the Denver Basin. The productivity of nano- and microfossils in Swway|
sufficient enough to yield moderately thick sequences of regionally homogenous chalk and marl.
The calcite-rich chalk units are characteristic of pelagic deposition, composed primarily of
biogenic material in an open marine setting. This type of deposition thrives during highstand
conditions with low detrital, terrigenous input. The marl units are characteristic of hemipelagic
deposition, whicttonsists primarily of fine-grained biogenic and terrigenous-sourced material,
with a range of 30 to 70% terrigenous material (Sonnenberg, 2016). This type of deposition most
likely occurred during lowstand conditions. Variations in the calcite content within the formation
correspond to changes in the relative input of terrigenous and volcanogenic detritus from the
west versus pelagic calcite deposition to the east (Figure 2.7).
2.3.1 Pelagic Deposition

Chalks are fine-graineckrbonate sediment composed primarily of calcareous nano- and
microfossils. The WIS chalks were deposited in the central and eastern part of the seaway where
clastic influx from the western highlands was minimal (Hattin, 1982). Most chalks originate as a
3V Q R Z bDpBl&yic material such adcite tests of phytoplankton and foraminifera, fecal
pellets, and organic matter (May, 2013). The WIS chalks are primarily composed of stable, low-
magnesium (Mg) calcite and have only minor aragonite or high-Mg calcite (Scholle and
Pollastro, 1985). The chalks are also generally characterized by low total organic carbon (TOC),
clay, and detrital gras)as well as by the presence of bioturbation, fish bones, inoceramids, and

oyster shell fragments (Hattin, 1982).
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Figure 2.7 Chalk distribution in the WIS during Coniacian-Santonian time. Modified from
and Johnson (2005).

The majority of pelagic material in the Niobrara consists of coccolith- and rhabdolith-rich
peloids (Hattin, 1975; Hefton, 2018 occolithophores artypes of spherical calcite-plated
microalgae, falling under the class of phytoplankton. Coccolithophores surround themselves with
a microscopic plating made of calcite (Figure 2.8A). Some coccoliths are covered with rods or
spines, which aredled rhabdoliths and form a rhabdosphere (Grabau, 1920; Figure 2.8B).
Ranging from 1-20 micrometers P), coccolithophores are buoyant and float in the upper part
of the water column, called the euphotic zone, where sunlight penetrates the water. They contain
chlorophyll and necessitate sunligbtive and grow. Most phytoplankton require both sunlight
and nutrients from deep in the ocean, flourishing in areas where plenty of cooler, nutrient-

carrying water upwells from the depths (Weier, 1999). In contrast to most phytoplankton,
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Figure 2.8 Scanning electron microscope (SEM) image example of (A) coccolithophore &
rhabdosphere. Images from Youettal. (2017).

coccolithophores prefer to live on the surface in relatively still, nutrient-poor water in mild
temperatures. Coccolithophores do not compete well with others and do not need a constant
influx of food to flourish. They often thrive in areas where competitors are starving, exceeding
90 percent of the phytoplankton populatiorsome modern marine waters (Weier, 1999).

In the Niobrara, coccolith- and rhabdolith-rich fecal pellets are recognizedtitbute
the most to the pordginetwork in the chalks, especially where pellets are abundant ané form
grain-supported, packstone texture (Pahnke, 2014). The pellets, which dominantly consist of
coccoliths and coccolith fragments, correlate to the abundance of phytoplankton prey in the
euphotic zone and the absence of detrital constituents in surface waters. The pellets are thought
to have been deposited from zooplanktothe oxygenated part of the upper water column
based on fecal pellet shape, size, and cesmitdrmodern zooplankton, Q + D VIV &p§lyxsis
of the Niobrara fecal pellets in Kansas outcrops, he proposes that they are most likely attributed

to pelagic types of zooplankton such as copepods and tunicates. However, no fossilized remains
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of the depositors have been observed, suggesting deposition from a soft-bodied organism and/or
diagenetic transformation to amorphous organic matter.
2.3.2 Hemipelagic Deposition

Marls are transitional, fine-grained carbonate sediment composed of calcareous
nanofossils and/or other microfossils in addition to a fine-grained, detrital silt and clay
component. Mountain building and erosion to the west side of the seaway led to the shedding of
coarse siliciclastic sediments into the deep western portion of the seaway (Hattin, 1982). The
WIS marls were deposited in the central to eastern part of the seaway where fine-grained
terrigenous and volcanogenicisite material shed from the orogenic highlands to the west, and
to a smalkér extent, terrigenous material shed from east of the basin, mixed with carbonate
production in the central and eastern part of the seaway (Longinadn1998). Quartz, feldspar,
ard clay minerals were derived from western terrigenous sources and carried into the seaway as
dilute suspensions of fine-grained sediment in marine currents, wind-blown grains, or volcanic
ash fall.

The marls generally consist of similar componéatselagic deposition of chalk, in
addition toanincreased amount of clay, silt-sized quartz and feldspar, organic matter, associated
nodular and framboidal pyrite, organo-mindcafiggregates (OMA), fish bones, pollen/spores,
algal cysts, and an absence or decrease in bioturbation and foraminifera. The clays are mainly
illite and mixed-layer illite/smectite (I/S) after diagenetic alteration of smectites, with minor
amounts of kaolinite and chlorite (Scholle and Pollastro, 1982ddition, volcanic bentonite
layers are present throughout the Niobrara in close association with detrital-rich units, which
suggests that volcanic activity and hemipelagic deposition is likely linked to periods of mountain

building and erosion to the west.
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2.3.3 Paleoenvironmental Indicators

The distribution of sedimentary structures in the Niobrara is controlled by two main
factors: (1) variations in the input siliciclastic components and (2) changes in the circulation
patterns and oxygenation levels of the water column in the seaway (Hattin, 1982). Chalk and
marl depositional cycles are found at varying scales ranging from millimeters to tens of meters.
These cycles are related to variations in climatic patterns which, in response, influence
terrigenous sediment and organic carbon influx, in addition to biological productivity (Kauffman
and Caldwell, 1993). Climatic fluctuations, both large and small-scale, most likely influenced the
salinity of the surface waters in the WIS through alteration of circulation patterns in the seaway
and vertical mixing of salinity-stratified basinal waters (Hattin, 1982; Longghah, 1998).

During periods of vertical circulation of seaway waters, oxygen was dispersed to the
sediment surface, where benthic activity could flourish and was free to bioturbate and disturb the
sediment. This resulted in the disruption of lamination structures with apparent burrowing, and in
some cases complete reworking of sediment into a homogenous, massive appearance. During
periods of lowto-no vertical mixing, stratification ofeawater likely resulted in the development
of an oxygen-minimum zone (OMZ) above the sediment-water interface. This would have led to
periods of dysoxic to anoxic bottom-water conditions within the seaway that would have
discouraged or prevented benthic fauna and bioturbation, with increased preservation of
structural laminationand organic matter (May, 2013; Figure 2.9).

2.3.4 Diagenesis

Chalks largly consist of low-magnesium calcite, a chemically stable form of calcite

under most near-surface conditions. Thus, marine and phreatic diagenesis are minimal in chalks

unless high-magnesium calcite or aragonite is present (Scholle, 1977). The majority of chalk
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Figure 2.9Niobrara depositional model showing both hemipelagic (left) and pelagic (right)
deposition. Coarse siliciclastic intervals exist near the western margins of the WIS basin.
model, seawater is stratified with the presence of an oxygen minimum zone (OMZ). Mod
from Sonnenberg (2011).

alteration occurs during burial. Increased burial brings adboajpid reduction of porosity by a
sequence of mechanical and chemical compaction, with associated calcite overgrowth
cementation (Scholle and Pollastro, 1985). Chalks and marls start as an ooze at the sediment-
water surface and contain up to 80% original, water-filled porosity. With burial, the porosity is
reduced to less than 10% on the west side of the Denver Basin, where the Niobrara is most
deeply buried (Scholle and Pollastro, 1985; Figure 2.10). Mechanical compaction during the

early stages of burial brings about rapid dewatering and grain reorientation or breakage. Once
mechanical compaction reaches a stress threshold, continued burial leads to chemical compaction
via pressure dissolution along grain contacts and solution seams. The calcite dissolved by

pressure solution is then precipitated in neighboring areas of lower stress, donagantly
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overgrowths on coccolith fragments and as micrite (cripgthh VWD OOLQH FDOFLWH FU\V
formed by the recrystallization of lime mud) cement (Pahnke, 2014).
2.4 Elemental Analysis

Dean and Arthur (1998) published the first chemostratigraphic analysis of the Niobrara
Formation in the Denver Basin using laboratory X-ray fluorescence (XRF) and X-ray diffraction
(XRD) methods. Their study made important links between elemental concentrations and
paleoenvironmental indicators, providing more detailed information on the chemical

environment of deposition. They showed that elements could be grouped into similar classes for
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Figure 2.10 Average porosity of Niobrara chalk with burial depth compared to European
averages. The decrease in porosity compared to European chalks is most likely because
chalks were buried 1,000-1,500 ft. deeper than their present-day depths, before uplift an
during the Tertiary Period. Increased porosity in European chalks is also attributed to
overpressuring caused by rapid sedimentation from chalk slumping and debris flows. Frc
Scholle (1977).
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indicators of detrital-related sediments, biogenic-related sediments, redox conditions, and euxinic
conditions.

Elements linked to detrital minerals and terrigenous sediment include aluminum (Al),
silicon (Si), potassium (K), zirconium (Zr), and titanium (Ti) (Dean and Arthur, 1998).
Aluminum is relatively stable diagenetically, and its presence is useful as a detrital proxy due to
its presence in clay and feldspar minerals (Arthur & Dean, 1991). In a pelagic or hemipelagic
system such as the Niobrara, the only likely source of Al would be terrigenous sediments or
bentonites, which are altered volcanic ash deposits (Dean and Arthur, 1998). Silicon is linked to
guartz, clays, and other silicate minerals such as feldspar. Due to the absence of diagenetic Si in
the Niobrara system, the concentration of Si is another indicator of terrigenous influence (Dean
and Arthur, 1998). In fine-grained sedimentary rocks, K exists predominately in potassium
feldspars, weathered from felsic igneous intrusions or deposited through volcaniclastic
mechanisms, and to a minor extent, in illite clay. Similarly, Zr, which is found in zircon, is also
linked to igneous processes and can be diagnostic of detrital or volcaniclastic ash fall deposition

29 1HDO. Titanium can be found in rutile, sphene, ilmeniteagtrace amounts in

silicates. All sources of Ti are derived from terrestrial systemsitauptdesence is reliable as a
detrital proxy due to its diagenetic stability. Additionally, TheAl ratio can provide insights
into transport mechanism. An increasd dfelative to Al indicates a larger fraction of wind-
transported sediment since eolian silt grains have an increase of iehegring minerals in
comparison with purely detrit?d HGLPHQW 2Y1HDO

Calcium (Ca) is a major element in the Niobrara that exists in biogenic and authigenic
carbonate minerals including calcite and dolomite. It is also found in other minerals such as

anorthite, a plagioclase feldspar, although in small concentration within the Niol&§ra HD O
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2015).Cdcium is abundant in the chalky intervals in the form of biogenic calcite, micrite, and
diagenetic calcite. In addition to coccoliths and coccolith fragments, biogenic calcite is also
present in foraminifera and other fossils such as inoceramids.

Redox-sensitive trace elements include molybdenum (Mo), vanadium (V), uranium (U),
and sulfur (S) (Dean and Arthur, 1998). These elements can provide insights into the paleo-
oxygen levels (oxic, dysoxic, anoxic) and sulfidic conditions (euxinic) of the WIS during
deposition. Molybdenum is concentrated in sediment in euxinic or hydrogen sulifsler{¢h
waters, while V is concentrated in dysoxic, anoxic, and euxinic wafs1l HAD1B). Uranium
is not as dependent on the water column conditions but is enriched in the sediment under
reducing conditions. Sulfur is also concentrated under anoxic conditions from bacterial sulfate
reduction with the degradation of organic matter, and generally correlates to organic carbon
concentration (organophilic). Additionally, the iron to aluminum (Fe:Al) ratio increases under
anoxic and euxinic conditions due to the increase of reduced, reactive iron in the sediment and
within pyrite, relativeto mineral-bound aluminum. Thus, elevated Fe:Al is considered a euxinic
indicator when observed in conjunction with other euxinic indicators such as elbMated

211HDO
2.5 Porosity in Mudrocks

Porosity, symbolized by phid), is a measure of the amount of pore space in a rock. Itis
expressed as a percentage, or a ratio, of the void space in a rock versus the amount of solid
constituents. Pore networks in mudrocks are mostly composed of nano- to micrometer-sized,
matrix-related pores with low interconnectivity and permeability. Where natural fractures are
present, permeability pathways for fluids are created and pore connectivity is increased (Loucks

et al, 2012). Mudrock pore networks are more complex than those in larger grain siliciclastics
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due to the variation of pore shapes and structures at the microscale. The smallest changes in size,
type, and arrangement of pores can affect permeability, hydrocarbon storage, reserve

estimations, and even sealing capacity in mudsrélcouckset al, 2012). When characterizing a
reservoir, it is vital to understand the pore network at the smallest level to understand how fluids
flow through the reservoir.

The classification system chosen to describe pores in this study is one proposed by
Louckset al. (2012). They propose a simple classification of mudrock, matrix-related pores into
three categories: interparticle (interP) pores between grains and crystals, intraparticle (intraP)
pores within mineral particles, and OM intraP pores within organic matter (Figure 2.11A).
Fracture pores are not officially included in the classification system as the p@osity
controlled by individual particles, and most of the time fractures are localized features. However,
they are still shown in Figure 2.11A as they do contribute considerably to pore networks, where
present. Louckst al. (2012) also propose a modified pore-size classification system that creates
a subdivision of poreat the nanometer (nm) to micrometer (mm) scale (Figure 2.11B). In their
system, picopores are less than 1 nm, nanopores range from 1 nm to less than 1 mm, micropores
range from Immto less than 62.5 mm, mesopores range from 62.5 mm to less than 4 mm, and
macropores are larger than 4 mm.

2.6 Niobrara Petroleum System

The Niobrara Formation contains high TOC content, up to 8% TOC in some intervals,
making it an attractive target for unconventional oil and gas exploration (Lah@bn2001).

Oil- and gas-prone Type Il kerogen and gas-prone Type lll kerogen has been identified within
the Smoky Hill Member of the Niobrara making it an ideal candidate for both oil and gas

production with sufficient maturity (Landaet al, 2001). The alternating chalk and matrl
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stratigraphy of the Niobrara Formation creates an unconventional petroleum resource with its
own source, reservoir, and seal. Chalk-rich intervals generally have higher porosity and
permeability that make them sufficient reservoirs. Detrital-rich units, such as the marls and the
overlying Pierre Shale, typically have higher organic carbon contents (2-8% TOC) which make
them potential hydrocarbon source beds. Additionally, overlying the Niobrara is a thick
succession of shale within the Pierre Shale Group that serves as a sufficient sealing mechanism.

Biogenic gas is produced from thermally immature, high porosity/low permeability chalk
beds in the Niobrara of the east part of the Denver Basin, spanning northeastern Colorado,
northwestern Kansas, and southwestern Nebraska (Figure 2.12). The bulk of biogenic gas
production has come from the A Chalk, also known as the Beecher Island, or the N100 interval.
Towards the west side of the basin, thermogenic oil and gas are produced from deeper, mature
areas of the Niobrara that are characterized by lower porosity and permeability (Figura 2.12).
popular horizontal drilling target of the deeper, mature Niobrara has been the B Chalk for its
thickness and uniformity. The thinner C Chalk and thinner/stratigraphically more cofplex
Chalk have remained untested or drilled less frequently. These benches will garner more

attention in the future as operators begin to look for more upside potential.
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Figure 2.12 Niobrara structure map of the Denver Basin showing major oil (green) and gi
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CHAPTER 3 METHODS

This chapter outlines the methods utilized in this study, including sample collection and
description, as well as both quantitative and qualitative analyses performed on the A @alk
studied cores. Various data from these core intervals were available from previous studies. Data
available for integration included pyrolysis and TOC data, XRD analyses, and thin sections.
However, coverage of the acquired data was sporadic and not complete for the A Chalk interval
of all cores. The research methods pursued in this study include core description, X-ray
fluorescence analysis, kerosene immersion porosimetry, thin section petrographic analysis,
image analysis, electron microprobe analysis, and scanning electron microscopy.

3.1  Core Description and Classification Nomenclature

For this research, seven cores were selected for analysis. The cores transect the Denver
Basin from the shallow east side of the bamwards the deeper basin axis along the west side
of the basin (Figure 3.1). The core locations are spaced out with progressively deeper A Chalk
burial depth and increasing stage of maturity and diagenesis. Five of the wells contained
traditional core with complete coverage of the A Chalk and Upper Niobrara Formation. The third
core point, from the Blach 4-54-9-33 well, consisted of sidewall cores as discrete points within
the A Chalk and underlying/overlying units. The fourth core point, from the Alice Nay well,
provided only intermittent coverage of the lower half of the A Chalk, with partial coverage into
the Upper A Marl. Information on each well is included in Table 3.1.

Each core was evaluated from the top of the A Matrl, through the A Chalk, and into the
bottom of the Pierre Shale. The intervals were analyzed for composition, bedding, peloidal
abundance, bioturbation, and textural features. The composition was distinguished by XRD data,

when available, or by color which can be used as a proxy for composition. A white to light cream
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Table 3.1 Well information for each core data point. For each well, the APl well number,
location, and total vertical depth to the A Chalk are listed.

Well ) ’ TVD to Top
Name API Township | Range | Section | Quarter County A Chalk (ft.)
Bibma
13-21 0512509842 2S 43W 21 SENE Yuma 1420
Byrkit il
15-30 0509506068 8N 45W 30 NESWSE Phillips 2650

Blach 4-
54-9-33 0512110995 4N 54W 9 SWSW Logan 4144
1 Alice
Nay 0512308285 9N 58W 14 SWNWSE Weld 5413
Widnmill
05-23H 0512333060 5N 62W 23 SESE Weld 6033
Aristocrat | e 15332394 3N 65W | 11 SWNE Weld 6780
H11-07
Tebo
37 0500507177 4S 64W 32 SENW Arapahoe 7729

1. Bibma 13-21 (1420 ft)

2. Byrkit 15-30 (2650 ft)

3. Blach 4-54-9-33 (4144 ft)
4, Alice Nay 1 (5413 ft)

5. Windmill 5-23H (6022 ft)
6. Aristocrat H11-07 (6780 ft)
7. Tebo 32 (7729 ft)

S,

.

Denver Basin Transect

Figure 3.1 Map view of northeast Colorado showing the outline of counties in green and

lines in black. The red dashed line is the outline of the Denver Basin while the blue line it
transect connecting the locations of the seven wells used for this study. The depths listec
left are the total vertical depths to the top of the A Chalk at each well location.
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color typically denotes a higher calcite content, while a darker, grayer color is characteristic of a
clay-rich, marly interval. Bedding was ranked as either laminated, faintly laminated, or massive.
Where the laminations are preserved, they are dominantly continuous and parallel. Most of the
macroscale laminations of the cored intervals are a result of concentnatiecal pellets and
foraminifera. Thus, peloidal abundance was documented and ranked on a scale from zero to five
based on the visual presence of peloid and foraminifera geagrsbeing no visually apparent
peloids, one being sparsely peloidal, two being weakly peloidal, three being moderately peloidal,
four being strongly peloidal, and five consisting of a dominantly peloidal texture. A bioturbation
index was assessed on a similar zero to five scale introduced byetat4P015). The

modifiers used for bioturbation are also similar to those used for peloidal abandaried

structural and textural features occur sporadically throughout the analyzed intervals and include
solution seams, stylolites, pyrite lenses, pyrite nodules, and phosphatic vertebrate fossils.

Due to the laminated texture of the rock, high abundance of peloids, and focal point of
the study, the core facies were broken up based on composition and peloidal index. Other
modifiers such as texture and bioturbation were added where appropriate. Since calcite
composition and peloidal abundance have a strong correlation, bioturbation and textural
modifiers were added to facies descriptions to help further subdivide the cored intervals. The
classification scale in Figure 3vw2as used for composition in this study.

3.2 X-Ray Fluorescence

X-ray Fluorescence is a non-destructive technique used to determine the elemental
composition of a material. Elemental data can provide insights into terrigenous sedimentary
influx, diagenesis, oxidation conditions, euxinic conditions, and preservation potential of organic

matter. The XRF procedure determines the chemistry of a material by measuring the energy
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Figure 3.2 Chalk and marl classification system as defined by the Colorado School of Mii
Niobrara Consortium. From Sonnenberg (2016).

spectra of the fluorescent X-ray emitted from a sample when it is excited by an X-ray source.

The handheld Niton ThermoScientific XL3t XRF analyzer was used for this research (Figure

3.3). The handheld XRF includes an X-ray source that irradiates a solid or liquid with high-

energy X-ray waves from a controlled X-ray tube. When the sample material is struck with an X-
ray of sufficient energy, an electron from oneWfK H DWRP V L Q GldjecteduMerW DO VKH
the electron is lost, the atom regains its stability. The atom then fills the vacant spot left in the
inner orbital shell with an electron from one of its higher-energy orbital shells. The outer electron
drops to the lower energy state of the inner orbital position by releasing a fluorescent X-ray. The
energy of this X-ray is equal to the difference in energy between the two quantum states of the
electron (Bruker, 2017). The measurement of this difference in energy is the basis for X-ray
fluorescence analysis. To analyze a broader spectrum of elements the XRF analyzer uses energy-
dispersive X-ay spectroscopy (EDS), which utilizes a varied range of source energies that are

proportional to the fluorescing photon energies (Bruker, 2017).
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Figure 3.3 Schematic diagram of the ThermoFisher Scientific Niton XL3t handheld X-ray
fluorescence (XRF) analyzer. The diagram depicts the process of emitting an X-ray by
bombarding a silver filament in the gun with electric pulses. The X-ray hits an atom in the
sample which excites and ejects an inner-orbital electron from the L shell. The vacancy i
filled by an outer M-shell electron, which drops down to the L shell, simultaneously relea:
energy in the form of a photon with a unique energy spectrum. The device then records t
energy spectrum of the emitted photon and determines the bulk elemental concentration
ThermoFisher Scientific (2018).

The Niton XRF analyzer has three different modes: TestAll Geo (TAG), Soil, and
Mining. The TAG mode was used for this study, which measures the following major and trace
elements: Ag, Al, As, Au, Ba, BI, Ca, Cd, Cl, Co, Cs, Cr, 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. Concentrations
of elements are given in parts per million (ppm). If an element has a level below detection, they
are stored as <LOIM the data output, which stands for less than the level of detection. A value

of zero was assigned for these readings. For the TAG mode, each measurement lasts for a 180-
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second period. A more detailed account of the Niton XRF workiayiven in the 2015 doctoral
thesis by Kazumi Nakamura (Nakamura, 2015).

High-resolution XRF measurements were taken every three inches on the Tebo 32-2 core.
Other data points or noteworthy features betwherstandard three-inch intervals were recorded
as well. These include bentonites, marly laminations, solution seams, and stylolites. Elemental
results were broken up intad classes, shaded in with average shale elemental concentrations,
and compared for chemostratigraphic trends. The two classes include major and detrital elements
and redox-sensitive trace elements. The elements were also compared by their R-value, also
known as the coefficient of correlation. R is a measure of the strength and direction of a linear
relationship between two variables; zero indicates no linear relationship, one indicates a perfect,
positive linear relationship, and negative one indicates a perfect, negative linear relationship.
3.3 Organic Matter Type and Maturity

Core data from previous studies and analyses helped to define trends in kerogen by the
facies and core location. Pyrolysis data was collected to analyze kerogen type and maturity,
while TOC content was collected to understand the source quality of the A Chalk and the
underlying/overlying units. Kerogen type gives an understanding of the type of hydrocarbons a
unit canproduce if it meets maturity, while kerogen maturity is a measure of how thermally
mature organic matter is within a unit, with regards to producing hydrocarbons (immature, oll
window, gas window). A Van Krevelen diagram was produced to plot the hydrogen index (HI)
and Tmax data from the pyrolysis process. Hydrogen index is a measure of the density of
hydrogen in a sample defined by the formula: HI = S2/TOCx100, where S2 is the rate of
hydrocarbon generation through thermal cracking of nonvolatle measured in mg/g of rock,

and TOC is total organic carbon content, measured in wt%. Tmax is the temperature at which the
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maximum rate of hydrocarbon generation occurs in a kerogen sample during pyrolysis analysis.
This correlates with the temperature at the time the S2 peak is recorded during pyrolysis. Plotting
the two variables will give an approximation of kerogen type. T@8amalyzed and plotted by
core and unit to understand source rock quality trends in organic matter.
3.4  Sampling Procedure

This research is focused on characterizing variatiopgloids. Thus, the sampling
procedure relied on collecting samples in each core that represents varying carbonate/clay
content and peloidal abundance. Since the bulk of peloids consist of calcite, there is a correlation
of cdcite contento peloidal abundance in the A Chalk, with the bottom of the chalk displaying a
high carbonate content and peloidal abundance. Both factors steadily decrease upwards to the top
of the A Chalk and into the overlying Pierre Shale. This trend tracks with the gamma ray curve
with an increasing APl (gamma ray unit) upwards, a result of increasing clay content and organic
matter, and decreasing carbonate content transitioning into a regression. Core samples were
selected for each facies interval of the A Challkcharacterize peloids in varying sedimentation
styles and paleoenvironmental conditions, samples were also collected from the underlying A
Marl and the overlying Pierre Shale. Up to seven samples were selected from each core based on
the representative macrofacies identified and interval availability. This consisted of two samples
from the upper A Marl, three samples from the A Chalk (bottom, middle, and top), and two
samples from the lower Pierre Shale. The only exception in this sampling pattern was in the
Alice Nay well, where the upper A Chalk and Pierre Shale were not cored. Additionally, the
Blach well samples were restricted to discrete sidewall cores that did not alignlypevidcthe
sampled intervals from the other cores, but the data is still advantageous to include for the ~

4,000 ft. interval. Forty-six samples were obtained in total from all seven core data points to
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represent variations in paleoenvironmental conditions and matrix mineralogy. Each core was
sampled to produce enough material for thin sections, kerosene immersion porosimetry, and
scanning electron microscopy.
3.5 Kerosene Immersion Porosimetry

Liquid saturation and immersion is a standard type of analysis for quantifying porosity
of a sample through measurements of bulk, grain, and saturating fluid density. The procedure is
IRXQGHG RQ $UFKLP Hikvblwe§ s&watiQgralsaniphd viixiQadiquid of known
density and calculating the pore volume from the difference of the dehydrated and saturated
states of the sample. The liquid immersion porosimetry procedure used in this study was
developed for mudrocks by Kuila (2013). While Kuila contributes a detailed review of this
technique, the procedure was also followed up with succeBE3honimy (2015) and Aydin
(2017). EIGhonimy and Aydin show that the procedure accurately compliments other industry-
standard porosity measurement techniques such as nitrogen adsorption and mercury injection
capillary pressure (MICP). Liquid immersion porosimetry was chosen to characterize porosity
in this study due to cost effectiveness and the availability of equipment. Kerosene was chosen
as the saturating fluid in the procedure due to its nonreactivity with swelliygy alhich exist
in the Niobrara samples.
3.5.1 Experimental Procedure

For the sampling protocol, and to increase the accuracy of the procedure, two to three
rectangular rock chips were cut on a trim saw for each sampled location. Each sample was
weighed on a scale and trimmed down to weigh in the three- to six-gram range. Irregularities on
the sides of the samples were then smoothed out with a grinding wheel to create a flat surface,

which prevents surface liquid holdings outside of the pore system. The samples were then
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preheated in a laboratory oven for 24 hours at®2@0 remove pore water, absorbed water, and

any volatile hydrocarbons. The combination of temperature and time in the oven was refined by
Kuilaetal.(2014)WR GU\ DQG FOHDQ WKH VDP SO sblid brgaKiccakdv DOW H U |
inorganic framework.

The dry weight of the sampleBrlyWt Air) was then measured in a moisture analyzer

(Mettler Toledo HB4?§M, accuracy 0.1 mg) by heating the santpl200 T for 15 minutes. If

the weight of the sample plateaued at the end of the 15-minute interval, the weight was
considered as the dry weight. If the sample weight still showed volatility at the end of the 15
minutes, the sample was considered saturated and set to dry longer in the oven. The moisture
analyzer process would then be repeated. After the dry weight measwementollected,

the samples were placed in an empty beaker.

The sample-filled beaker was then placed Vfireei Manual Pressure Saturatb¥
chamber that is connected to an ultra-high vacuum pump. The pump is used to evacuate the air
in the chamber and inside the samples before the introduction of saturating fluid to ensure
maximum possible saturation. The chamber was evactakess than 1.33 Pa (10nHg) and
the vacuum held for 24 hours. Saturating fluid was then slowly dripped into the beaker and onto
the samples through a sealed release rod. The samples were left fully immersed in kerosene and
under vacuum for a few hours to absorb the saturating fluid and let any air in the kerosene
degas. The samples were then released from the vacuum and taken out of the chamber. The
samples were left submerged in kerosene under atmospheric conditions for seven days to allow
for maximum absorption of the saturating fluid.

The choice of saturating fluid is important in quantifying porosity of rock samples. Each

sample has a unique mineralogy and pore structure, which calls for a saturating fluid that will
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effectively saturate the entire pore network without altering the intrinsic properties of the rock.
There are many popular options for saturating fluid, including acetylene tetrachloride, kerosene,
light hydrocarbons, paraffin, and deionized water. Deionized water is the most popular
saturating fluid due to its small molecular size and ease of attainment. However, using
deionized water to saturate samples that have swelling clays in them will overpredict porosity in
the rock. EIGhonimy (2015) makes the case against using deionizechsttersaturating

fluid for Niobrara samples due to the presence of swelling clays in the formation, such as
smectite and mixed-layer illite/smectites. Thus, lab-grade kerosene was chosen for this research
based on its low surface tension, slow evaporation rate, stability, and non-reactivity with
swelling clays in mudrocks.

After submerging the samples in kerosene for seven days, each sample was removed
from the beaker individually and weighed five times in Sat(WtAijr) onaMettler Toledo XS
laboratory scale that has an accuracy of 0.01 mg. Before weighing, the kerosene-saturated chips
were gently dried with a non-residue towelette to remove any liquid holdings on the surface.

The samples were placed back in the kerosene-filled beaker in between consecutive weighing to
minimize kerosene evaporationair. Afterward, each sample was weighed five times while
immersedn the saturating fluidSat. Wtsyp using a jolly balance set up that balances out the
weight of the beaker and kerosene fill. The temperature of the kerosene was also recorded
during the measurements as temperature affects the density of the fluid, which is needed to

solve for porosity. The total porosity aBample (I 4 (; 5iS calculated according to Equation

3.1. The kerosene densitgq{ g)formula used in this study (Equation 3.2) was obtained from

Bearce and Peffer (1917).

(3.1) Tapd———— Hsrr
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e, - bulk density of the water saturated sample

€4 - grain density

éx g stkerosene density at the measurement temperatur€ (Dalculated using Equation 3.2.
This equation is obtained by fitting a second opynomial to published kerosene density data
where T is the temperature of the keroseéureng the measurement.
(3.2) ia L Frarrrrrrrs®uBrarrrytwxz6 Erdazsuvyyty

The bulk density €,) can be calculated by using equation 3.3. It is deterntigeie
saturated weighh air and the saturated weight submerged in solution, in combination with the

density of air and kerosene.

. 10 d¥capy
. L — =
(33) S 10 ghcap v 1 O ®ci a i

Hi€igd uiE @ua
5=P a.9R aveight of the saturated sample in air

5=P 49 & weight of the saturated sample submerged in kerosene

& (; 5 density of air (0.0012 g/c%bu
The dry grain density ) is calculated by using equation 3.4. It is determined by
weighing the dry sample in air and the saturated, submerged sample in kerosene in

combination with the density for air and kerosene.

. 15 41D Cig v
(3.4) ea L 15 81D cig @ 1 O G 3 |

H:€igd uiE Gua
3.6  Thin Section Petrographic Analysis

Thin sections were created to better understand the variance in peloids and microtextures
not apparent at the macroscale. All 46 sampled locations were trimmed, vacuum and pressure
impregnated with blue dye epoxy, and thin-section manufactured at Weatherford Laboratories in

Golden, CO. Alizarin red and potassium ferricyanide dgsmet pursued as is typical with
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carbonate rocks due to the distortion of the coloring of the calcite. The image analysis study
relies on colors to remain as natural as possible due to analyzing color as a variabkudyh
Additionally, previously-stained thin sections of the Niobrara chalks have shown a dominant
low-mg calcite content (uniform dye color) with little variation in stain color.

The thin sections were prepared ulVaK L Q D W P Gotdinad RatvkelofHthl L Q H
rock. Additionally, they were polished, and left without coverslips in preparation for follow-up
analysis in electron microprobe (EMP) and SEM. Petrographic analyses were completed on a
polarizing optical Leica microscope outfitted with a Zeiss camera system.

3.7 Image Analysis

Digital image analysis is the extraction of meaningful information from images through
processing techniques. It is an increasingly popular method that aims to detect, process, measure,
and analyze features from images using computers. In the oil and gas industry, it is an emerging
method to measure and characterize porosity by pore area, length, and shape distribution. It can
also be used to characterize rock constituent parameterastiotularity, area, aspect ratio,
length, and color.

3.7.1 Peloidal Analysis

Image analysis is a method that can be used to measure diagenetic and depositional
characteristics of peloids from thin section light microscopy images. Due to increased
compaction with burial depth, the degree of flattening of peloids could potentially serve as a
diagenetic analog for compaction. In addition, a large-scale analysis of peloid parameters such as
size, shape, and color could also help understand depositional parameters such as origin, sorting,
redox conditions, and feeding habits. This study focuses on measuring and analyzing trends in

circularity, aspect ratio, andgor axis length to analyze peloidal compaction and shape.

40



Additionally, mean grayscale value, area, and traditional light microscopy were also evaluated to
analyze other depositional trends. The parameters were measured in ImageJ software and then
exported and evaluated in Spotfire software to visualize trends in peloid parameters relative to
core facies, burial depth, and maturity.
3.7.1.1 Peloidal Analysis Procedure

The first stepn image analysis is to capture the image. Images of thin sections for this
study were taken on a Leica DM750P microscope with a Leica EC3 camera attachment utilizing
Leica EZ 3.4 software. The calibration bktscale was first set-up in the Leica EZ software by
taking an image of a micrometer stage calibration measure for each optical configuration of the
objective lens. The distance of the field of view (FOV) was then traced on each image with a line
tool and then stored in the settings for each magnification. Each thin section was then carefully
investigated, and a representative-sized image area selected for analysis. For consistency, three
200x magnification images were collected vertically and perpendicular to bedding and stitched
together. A locked stage and a point counter attachment were used to move the thin section
consistently in precise steps. The step size was selected to carefully overlap an area of the
previous image to ensure proper stitching of the three imadérosoft Research Image
Composite Editor. Each image was saved as an 8-bit bitmap image to preserve the integrity of
the file and avoid loss of data through image compression. In addition, the first image of each
thin section was saved with a calibrated scale for further calibration in ImageJ software.

Each composite image was then exported to ImageJ. The image scale was traced with the
line tool, and the distance of the line in pixels was calibrated to the known scale distance in

millimetersXVLQJ WKH 3VHW VFDOH" IHDWXUH 7KH 3VHW PHDVXUH
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data on each peloid such as circularity, area, aspect ratio, major axis length, and mean gray
value, a proxy for color. The following parameters are defined below:
Circularity: E DUHD S?HANalRe-0WLH) ihdicates a perfect circle. As the value
approaches 0.0, it indicates an increasingly elongated or flattened shape.
Area: the measure of space inside a two-dimensional polygon selection.
Aspect Ratio: the ratio of the major axis divided by the minor axis.
Major Axis Length: the length of the primary axis of the best fitting ellipse.
Mean Grayscale Value: Average 8-bit gray scale value within the selection. This is the sum of
the gray values of all the pixels in the selection divided by the number of pixels. For an 8-bit
image, this will range from 0-256. For RGB images, the mean is calculated by converting each
pixel to grayscale using the formueay=0.299red+0.587green+0.114bluer the formula
gray=(red+green+blue)/3

Each whole peloid in the imaged area was then selected by hand with the freeform tool
and then analyzed for the above measurements (Figure 3.5). An attempt was made to automate
the selection process of peloids. However, heterogeneity in the rock and within individual
peloids did not allow for accurate tracings. Hundreds of peloidal selections and measurements
were collected for each sample and then saved to an Excel spreadsheet. Once all the samples had
been analyzed with ImageJ, the dasswombined into one Excel spreadsheet and imported into
TIBCO Spotfire, a data visualization and analytics software program, to analyze for trends and
correlations in the data.
3.8 Electron Microprobe

Electron Microprobe (EMP) analysis is a sensitive technique for non-destructive X-ray

microanalysis and imaging of solid materials. It provides precise and accurate chemical
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Figure 3.4 Thin section image of fecal pellets in a grain-supported, packstone texture. TFr
has been processed and the pellets have been traced to gather quantitative data througt
SOHDVXUH IHDWXUH LQ ,PDJH-

composition for elements BerylliunBé) to Uranium (U) at the micrometer scale (Allaz, 2016).
The analysis for this study was pursued on a five spectrometer JEOL JXA-8230 electron
microprobe equipped with a LaBlectron gun at the University of Colorado in Boulder, CO.

The EMP utilizes wavelength-dispersive spectrometers (WDS) which use X-ray diffraction to
separate X-rays by wavelength. This spectrometer offers greater sensitivity than the similar
energy-dispersive spectrometer analysis, which measures elemental variations by energy
spectrum (Allaz, 2016). With a beam size of 0.2h7and the presence of many large-area
monochromators, the machine offers high sensitivity and lower detection limits, notably in terms
of minor and trace element analysis, down to the 1-10 ppm range (Allaz, 2016). Semi-
guantitative elemental maps are achieved witbmparison of X-ray signatures to those of

known standards.
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Four sampling locations owo thin sections were analyzed for elemental variations. The
first thin section is from facies two of the Byrkit cd2646.9 ft.), which is in the shallow and
immature eastern part of the basin. The second thin section is from facies five of the Tebo core
(7,747.5 ft.), which is in the deep and mature western part of the basin. Samples utilized for EMP
were standard petrographic thin-sections with a high polish and carbon coat. The five
spectrometers were set up to evaluate Calcium (Ca), SilicolA(8ijinum (Al), Sulfur (S), and
Carbon (C), elements that were hypothesized to causes peloidal color variations.

3.9 Scanning Electron Microscopy

Scanning electron microscopy uses an electron microscope that producessdigtien
images of a sample by scanning the surface with a focused beam of electrons. The electrons
interact with the surface of the sample and produce signals that contain information on the
composition of the sample and topography of the surface. Secondary electrons (SE) and
backscattered electrons (BSE) are commonly used for imaging samples. SE is most valuable for
showing the topography of the sample surface while BSE is most useful for illustrating contrasts
in the composition of the sample. Characteristic X-rays are also generated for each element in the
sample due to excitation by the electron beam (Egerton, 2005). These can be used to semi-
guantitatively determine chemical compositions with the boiEDS.

For this study, seventeen samples were prepared for microscopic analysis in SEM. Ten
argon (Ar) ion-milled samples were prepared for peloidal analysis and pore qualification, while
seven broken-surface samples were prepared to evaluate mineral habit and grain features. The
broken surface samples were sized down, broken perpendicular to bedding, and mounted on a 12
mm SEM sample stud with double-sided carbon tape. lon-milled samples were cut perpendicular

to bedding and sized down to dimensions of approximately 10mm x 4mm x 2mm to allow for

44



proper fitting in the ion-milling machine. The advantage of ion-milling over mechanical

polishing or other methods is that it can create a polished surface with little artifacts at the
microscale, such as abrasion marks or grain plucking. The milling was done with a JEOL IB-
09010CP Cross Section Polisher at 5.5 kV and 4.0 Ar gas stream for 10 hours on each sample to
create a small polished analysis site roughly 1?imnarea. After milling, the samples were also
mounted on a 12 mm SEM sample stud. All samples were then sputter coated with a thin layer of
gold to create a conductive surface for analysis in SEM.

The samples were then examined with a TESCAN MIRA3 FE-SEM. Each sample was
placed in a high vacuum pressure chamber with an electron beam energy of 15kV for increased
image resolution. The samples were inspected, and high-resolution BSE and SE images were
taken of theaon-milled and broken surfaces at varying magnifications. For unidentifiable
constituents, EDS spot analysis was conducted to characterize chemical composition. EDS maps

were also created for areas that expressedagremiances of minerals and textures.
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CHAPTER 4 RESULTS

Presented in this chapter are the results of the methods detailed in Chapter Three. It will
feature the results of core description, XRF analysis, organic matter type and maturity, kerosene
immersion porosimetry, thin section petrographic analysis, image analysis, electron microprobe,
and scanning electron microscopy analysis in the seven cores analyzed in this study.

4.1  Core Description and Classification

While the Fort Hays Limestone and Lower Chalk of the Niobrara Formation offer a
variety of bioturbation structures with maximums of four out of five on the bioturbation index,
the A Chalk,n all seven cores, is visually devoid of recognizable burrow structures (Figure 4.1).
While bioturbation is present to a degree, burrows are small to cryptic in nature with a maximum
of one on the bioturbation index. The bioturbation, where present, predominantly affects the
highest calcite-rich fourth-order transgressional cycles of therufaties five and parts of
facies four. Additionally, inoceramids and oyster shell fragments, commonly found throughout
the Lower and Middle Smoky Hill Member, are noticeably absent or present only in trace
amounts within the A Chalk. The only visually-differentiating macroscale structures in the unit
are distinct bedding-parallel laminations, a result of éiginder cyclicity, absence of
bioturbation, stagnant bottom waters, and variances in clay, calcite-rich peloids, and foram
concentrations.

Due toalack of visual macroscale variations and the peloidal characterization goals of
this study, facies were selected based on composition and peloidal abundance, with the aid of
gamma ray and available XRD data. Further lamination and microscale textural modifiers were
added where present with the aid of thin section petrography. These modifiers consisted of

varying strength of parallel laminations, bioturbation, and peloidal wackestone (matrix-
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supported}o packstone (grain-supported) texture. Analysis shows a peloidal correlation with
calcite content and an inverse relationship with clay and detrital comtecharactede peloids
under different sedimentation style and changing paleoenviroahoemditions, facies from the
underlying A Marl and the overlying Pierre Shale were included in the.dtuthtal, seven

facies were identified, as outlined in Table 4.1 and displayed in Figure 4.2.

4.2  X-Ray Fluorescence Analysis

When combined with detailed core description and TOC data, XRF elementalanalysi
can be helpful in developing depositional and paleoenvironmental insights into fine-grained
rocks. Figure 4.3 provides a legend for Figures 4.4 and 4.5, which compare elemental
concentrations to gamma ray, core description, and XRD composition in the Tebo well.

In Figure 4.4, major and detrital elemalrjeochemistry of the Upper Niobrasa
comparedSilicon, Al, K, Zr, and Ca elements align with the lithologic description and
composition from XRD. Terrigenous elements sucBiaél, K, andZr show an inverse
relationship taCa which is dominantly contained in biogenic calcite. The bottom of the A
Chalk, facies five, is the most calcite-rich interval of the profile, transitioning gradually upwards
and abruptly below to a more detrital-rich composition. Large spikes in the elemental abundance,
especially in Al and Zr, can be seen throughout the profile due to sampling of bentonite layers,
which are rich in clay and volcanogenic minerals such as zircon. Other smaller infleations ar
noticed in the elemental data which align with compositional variations, a result of Milankovitch
cycles and higher-order transgressive-regressive cycles. Additionally, the Ti:Al ratio shows a
significant increase in facies five, at the bottom of the A Chalk. This indicates a period of
minimal detrital influx and relative increase in windblown sediment into the basin. The rest of

the interval displays a relatively constant ratio of Ti:Al.
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A Chalk B Chalk C Chalk Lower Chalk Fort Hays
— Decreasing Bioturbation —

Figure 4.1 Windmill 05-23H core photos of calcite-rich units in the Niobrara Formation, showing progressively decreasing
bioturbation index with decreasing burial depth. In the Lower Niobrara, burrowing is visually apparent, homogenizingechalk
and disturbing small-scale marl-rich beds. Bioturbation index ranges from a maximum of a four in the Lower Niobrara to a1
of a one in the A Chalk. Each chalk unit is part of a third-order transgressive event. Smaller-scale lithology changmdtaoé a
fourth-order cyclicity, such as Milankovitch cycles. Note the absence of inoceramid and oyster shell fragments in the A Che
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Table 4.1 Facies classification used for peloidal analysis in this study. Facies are broken out chiefly by composition and pe
with textural modifiers. The type log for gamma ray in the Upper Niobrara is shown to the left.

Gamma Ray Facies Name Description
% Sparsely-Peloidal _Dark gray to black, marly shale w/ pelmdal Lpdex of 1, and no apparent
1 bioturbation (0). Wackestone texture. Laminations are strong, parallel, and
L Marly Shale )
(7] continuous.
g Sparsely- to Light to dark gray, marl w/ peloidal index of 1-2, and no apparent
K Weakly-Peloidal bioturbation (0). Wackestone texture. Laminations are strong, parallel, and
o Marl continuous.
Weakly- to . . o
Light gray to white marly chalk w/ peloidal index of 2-3, and no apparent
Moderately- : : . o
. bioturbation (0). Wackestone texture. Laminations are moderate, parallel,
Peloidal Marly :
Chalk and continuous.

Moderately- to
Strongly-Peloidal
Marly Chalk

Light gray to white marly chalk w/ peloidal index of 3-4, and no apparent to
sparse bioturbation (0-1). Wakestone to packstone texture. Laminations are
faint, parallel, and continuous.

Strongly- to
Dominantly-
Peloidal Chalk

Light gray to white chalk w/ peloidal index of 4-5, and sparse bioturbation
(1). Packstone texture. Laminations are faint, parallel, and continuous.

Moderately- to
Strongly-Peloidal
Marly Chalk

Light to dark gray, marly chalk w/ peloidal index of 3-4, and no apparent
bioturbation (0). Wackestone to packstone texture. Laminations are
moderate, parallel, and continuous.

Weakly- to
Moderately-
Peloidal Marl

Dark gray marl w/ peloidal index of 2-3, and no apparent bioturbation (0).
Wackestone texture. Laminations are strong, parallel, and continuous.
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Gamma Ray | Facies

Pierre Shale

Pierre Shale

Mod gly-
Peloidal Marly Chalk

Weakly- to Moderately-Peloidal

Sparsely- to Weakly-Peloidal Marl Marl

Figure 4.2 Facies classification system with core and thin section visuals from the Tebo 32-2 Core. The scale on each ima
mm.
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Figure 4.5 compares Tebo core description and core data to TOC data and redox-sensitive
trace elements such as vanadium, uranium, molybdenum, and sulfur. These four elements have
been shaded in gray where concentrations are higher than the average shale content as defined by
Wedepohl (1971). TOC data is also included and is shaded in black when exceeding two percent
by weight. Large spikes in the elemental concentrations can be seen throughout the profile due to
sampling of solution seams and stylolites, where concentrations of clay and organic matter have
been enhanced due to chemical compaction. The redox-sensitive vanadium and uranium
elements show similar trends throughout the interval with increasingly elevated concentrations
into the detrital-rich facies (one, two, six, and seven). Concentrations are below average shale
valuesin faciesfive, and parts of facies four and three, which display an inverse relationship to
peloidal index and calcite content. Both elements also plot in correlation with TOC, apart from
facies one of the Pierre Shale, which is decreased and under two-genoemttration.

Euxinic indicators, such as Mo, Se, and Fe:Al plot similarly. Concentrations are greatest
in facies two, three, four, six, and seven, with decreasing concentrations in facies one and five.
The concentration of organic carbon greater than two percent correlates to the facies with
elevated euxinic-indicator elements, indicating conditions which are favorable for the
preservation of organic matter. Overall the euxinic indicators track better with TOC data points
than vanadium and uranium, where present. This is likely due to differences in redox conditions
in the water column versus in the sediment for some intervals.

Facies two, three, four, six, and seven, of the A Chalk and A Marl show elevated
concentrations of all redox-sensitive elements and TOC across the board. Thus, bottom-water
and sediment conditions were likely both anoxic and euxinic. Facies five of the A Chalk shows

decreased concentratioinsredox-sensitive elements and TOC across the board. Due to this
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decrease, and the presentéioturbation, albeit only slight bioturbation, the bottom waters and
sediment were likely oxic to suboxic. Facies one of the Pierre Shale displays decreased
concentrations of euxinic indicator elements and TOC, while concentrations of vanadium and
uranium are elevated. Since vanadium can be concentrated unddcsibomic conditions and
uranium is mostly representative of the sediment redox conditloki§ely that this period
experienced overall suboxic bottom waters with anoxic sediment. Thus, overall elemental
concentrations in the Upper Niobrara indicaterying but pervasive anoxic and euxinic
paleoenvironment with a transition into a slightly more oxic Pierre Shale, in this part of the

basin.

XRF Legend

. Bentonite . Chalk . Marl
% Marly Chalk e Marly Shale

@A Chalk -A Marl @Pierre Shale
Facies
E]l Sparsely-Peloidal Marly Shale [2 |2 Sparsely to Weakly-Peloidal Marl [Z3 Moderately Peloidal Marly Chalk

[@7]4 Moderately to Strongly-Peloidal Marly Chalk  [§_]5 Strongly to Dominantiy-Peloidal Chalk [l 6 Moderately-Strongly Peloidal Marly Chalk
7 Weakly to Moderately-Peloidal Mari

XRD C -
E1 calcite 2 ooomite 3 Quartz
B« Feldspar s cays [ 6 Pyrite

Figure 4.3 Legend for XRF elemental charts.
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Tebo Core XRF: Detrital & Major Elements

Core
Description

XRD Titanium/

Silicon Aluminum Potassium | Zirconium Calcium

Gamma Ray Composition Aluminum

xopu| [epiojed

(1984) yideq @100
sydeiBojoud 810
Aydesbpens
saloed

GR TiAl Ca

70 (AP} 250

ajuojuag
ajeys Alep
A1eyo Apepy
Heyd

e

] Si Al K
20923 (ppm)  360513|5329.27 (ppm) 100000 (1179.92 (ppm) 21894.2 0.01 (ratio) 0.13|817.85  (ppm) 459802

7710 i 1 ) :
7720 ' 4 - = | ' '
7740 = — — == - |

[y auBld

7750

7760

Figure 4.4 Tebo core XRF results for detrital (tan fill) and major (blue fill) elements. Horizontal bars in the XRD compositior
denote hard data points. The data is interpolated in between.
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Tebo Core XRF: Redox-Sensitive Elements

Gamma Ray

GR
70 (API) 250

(1@24) ydeq 8100
sydeibojoyd 8109
Aydesbiens

Core
Description

Hel
Heuo Aei
Aeuo

sajoed
xapu| [epiojad

XRD
Composition

Figure 4.5 Tebo core

seys 9-'-'?!&

Molybdenum

Mo
(ppm) 75| 13400 6

Total
Organic
Carbon

TOC
(wt %) 4.54

XRF eéults for redox-sensitiﬁve trace elements. V, U, Mo, and S are shaded g
the average gray shale as defined by Wedepohl (1971). Average shale concentrations are: V = 130 ppm, U = 3.7 ppm, Mo

S = 2400 ppm. TOC is shaded in black when > 2.0 wt%.

s
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4.3  Organic Matter Type and Maturity

Geochemical analysis indicates that kerogen typeedominantly a marine, Type Il
kerogen. Additionally, a lesser component of terrigenous, Type lll kerogen is also present. Type
Il kerogen tends to generate oil and gas with maturity, while Type Ill kerogen tends to generate
dry gas andittle, if any, oil.

Kerogen maturity generally progresses with increasing burial depth and formation
temperature (Figure 4.6A). The Bibma and Byrkit samples plot as immature based on Tmax,
while the Alice Nay borders &voil generation window. While data was not available for the
Blach well, a shallower burial depth than the Alice Nay would indicate immaturity due to lower
formation temperatures. The Windmill and Tebo samples plot within the oil window while the
Aristocrat, the second to last déepuried well, plots in the condensate-wet gas zone. The
increased maturity anomaly observed in the Aristocrat pyrolysis data alignsnanttreased
temperature gradient within the Wattenberg Field area, termed the Waft&éhkemal
Anomaly. This thermal anomaly seems to correspond with the extensions of the Colorado
Mineral Belt (COMB) trend (Figure 4.6B). While the Aristocrat data is plotting within the Type
lIl kerogen range, the kerogen has lost more hydrogen with maturity and is likely Type II.

Average TOC was taken from previbyprsampled, irreguldy-spaced data points and
plotted in a bar graph by core and facies (Figure 4.7). Since the data points were irregularly
spaced, the graph may not be entirely representative. However, trends are apparent. Average
TOC levels generally exceed 1 wt%, and in several intervals average above 5 wt%. The highest
levels of average TOC occur the detrital-rich facies of the sampled intervals. In this study, the
Lower Pierre Shale generally had the highest average TOC content, while the Upper A Marl was

second, and A Chalk, third. Thus, TOC seems to be inversely proportional to calcite content and
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Figure 4.6 (A) Van Krevelen diagram plotting core date points by hydrogen index and T
pyrolysis data was available for the Blach well. (B) Temperature gradient map of the Der
Basin. Black dashed lines outline the Colorado Mineral Belt (COMB) trend. Modified frorn
(2012).

peloidal index. While TOC tends to overall decrease towards the west in the Pierre Shale and the
A Marl, TOC in the A Chalk is generally flatter throughout the basin. The average pyrite content
also correlates well to the average TOC for each interval with a coefficient of determ{Ra}ion
of 0.69 and a p-value of 0.000085 (Figure 4.8). This denotes that much of the variation of pyrite
is explained by the variation of organic matter and that the relationship is statistically significant.
4.4 Kerosene Immersion Porosimetry

Liquid saturation and immersion is a standard type of analysis for quantifying porosity of
a sample through measurements of bulk, grain, and saturating fluid density. For this study,

kerosene was chosen as the saturating fluid due to the presence of swelling clays. To characterize
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porosity, bulk density and grain density were first calculated. The bulk density data is displayed
by sampled facies and grouped by core in the bar graph (Figure 4.9). The results show an overall
increase in density, by core, with burial depth, which suggdsts of void space with increased
burial. The bulk density initially increases sharply with burial to the Alice Nay well, where the

rate of increase then slows.

Grain density, by facies, appears to decrease with increasing detrital content, with a slight
overall increase with burial (Figure 4.10). Grain densities of chalk-rich facies hover around the
density of calcite, which is 2.71 g/énDetrital-rich facies, which plot lower than 2.71 gfgm
contain a combination of either quartz (2.65 dcrays (2.62-2.72 g/cfh potassium feldspar

(2.51-2.54 g/crf), albite (2.61 g/cr), and kerogen (~1.2 g/én All facies contain some degree
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Figure 4.7 Average total organic carbon (TOC) bar graph plotted by core and unit. Avera
were taken from previously-sampled, irregularly-spaced data. TOC data for the Pierre St
not available for the Alice Nay. Core locations and a structure map of the Niobrara are in
for reference.
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Figure 4.8 Average TOC and pyrite wt% plotted by core for all intervals. Averages were t
from previously-sampled, irregularly-spaced data. Pyrite data was not available for the A
well. Core locations and a structure map of the Niobrara are included for reference.

of pyrite, which is much denser than any of the other minerals &t)gOther minerals denser
than calcite include minor dolomite (2.87 g/¢mand anorthite (2.75 g/én Anomalously low
grain densities in facies one and two of the Byrkit, Blach, and Windmill correlate to abundant
organic matter in thin section and TOC data.

The porosity plot irFigure 4.11 displays an inverse relationship to the bulk density. As
the bulk density increases, the porosity decreases. Similar to the grain density trend, porosity in
each facies seems to decrease with increasing detrital content. By core, an initial ~ 41% porosity
in the A Chalk of the Bibma core is lost at a rapid initial rate with stabilization around the Alice
Nay at ~ 12%. From the Alice Nay, porosity decreases at a slower rate until increasing slightly at

the Aristocrat, back up to ~ 12%, and then downwards to ~ 7% in the Tebo. Figure 4.12 displays
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Figure 4.9 Bulk density data for each sampled facies, grouped by core.
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Figure 4.10 Grain density data for each sampled facies, grouped by core.
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the porosity data by unit in a line scatter plot, averaging the facies data in the Lower Pierre Shale,
A Chalk, and Upper A Marl. The first two facies from the Pierre Shale and the third facies from
the A Chalk were not sampled in the Alice Nay due to the absence of core coverage. The chart
shows that the A Chalk has the best porosity overall, while the A Marl has the second highest
and the Pierre Shale has the lowest. Thus, porosity increases with calcite content and peloidal
index. While the average porosity of each unit differs, the rate of initial porosity loss is similar.
However, the Pierre Shale experiences a decrease in the rate of porosity loss from the Blach to
the Windmill relative to the A Marl and A Chalk. All three units display an increase in porosity
transitioning to the Aristocrat. Porosity loss continues with burial depth to the Tebo.
4.5 Petrography

Thin sections were created to better understand the variance in peloids and microtextures

not apparent at the macroscale. Each facies in each core was sampled for thin sections with the
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Figure 4.11 Kerosene immersion porosimetry (KIP) porosity data for each sampled facie:
grouped by core.
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Porosity vs Depth
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Figure 4.12 KIP porosity data averaged by unit in each core.

exception of facies one, two, and three in the Alice Nay core, due to lack of core coverage. The
following images are provided to visualize and detail observations by facies and burial depth.
4.5.1 Facies Variations

Large-scale, petrographic observations and trends apply to facies variations within all
cores. The colors of peloids range from white, light brown, white- and light brown-mixed, dark
brown, and black. (Figure 4.13). White and light brown peloids appear to have larger aspect
ratios compared to darker peloids and are more common in the chalk-rich facies (three, four, and
five). Mixed peloids display similar characteristics to white and light brown peloids. However,
they display varying textures that are at least partly due to porosity differences, which are

enhanced visuallipy blue epoxy dye. Additionally, some appear to contain indications of
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Peloid Color Variations

Figure 4.13 Color variations observed in peloids throughout all cores. White and light bra
peloids are the most abundant overall, followed by light-mixed peloids and less commonl|
brown and black peloids.

amorphous organic mattek@QM) (Figure 4.22C). Dark brown peloids appear flatter overall and
are more abundant in detrital-rich facies (one, two, six, and seven), espadiady ower
Pierre Shale. Black peloids are typically elongated or ellipsoidal in form and are more abundant

in detrital-rich facies as well.
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Peloids of all colors and sizes have been observed to contain both silt grains and crushed
juvenile planktonic foraminifera (Figure 4.19B; 4.22C,D; 4.25A,B,D 4.28D; 4.29D; 4.31B,C,D;
4.34B,C). While the inclusions appear to be more common in darker peloids and in correlation
with the amount of silt and foraminifera in the matrix, they can be found throughout all facies.
The matrix in chalk-rich facies contains coccolith fragments and micrite with a lesser extent of
detrital minerals, biogenic tests of forams, and varying amounts of framboidal pyrite. The matrix
in detrital-rich facies includes clays, micrite, silt grains, and organic matter such as spores,
pollen, crushed algal cysts, and unidentifiable AOM (Figure 4@2AMlgal cysts, which are
typically crushed, have an affinity for diagenetic, framboidal pyrite, which could lead them to
appear as elongate, black peloids (FigureA)2Bish bones are also present in higher
abundance than in chalk-rich facies (Figure 4.23C). Silt and clay in the matrix cause the
pronunciation of fecal pellets, especially when outlined by framboidal pyrite (Figuri@)4.19
Small to large pelagic foraminifera, of the keeled (intermediary depths) and unkeeled
(planktonic) varieties, are more noticeable within chalk-rich facies, but small foraminifera are
also presenn the detrital-rich facies. Overall, cryptic bioturbation is observed in facies five and
to alittle extent in facies four, which are the most calcite-rich facies. No clear burrowing is
observed, but peloidal degradation is apparent with the slight disruption of peloid margins and
the homogenization of peloidal fabric. Peloidal degradation occurs either through water column
disaggregation, microbial degradation, partial coprophagy, or cryptic bioturbation (Figures
4.22B; 4.25C; 4.2B). Generally, framboidal pyrite is restricted to the matrix. However, where
peloid margins have been degraded and conditions for pyrite formation are present, intrapeloidal

framboidal pyrite can occur.
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There is also a clear trend of porosity differences in peloids, as white peloids contain
more blue dye epoxy, and therefore more porosity than light brown or darker peloids. The blue
epoxy dye is readily apparent in peloids throughout all facies, and to a lesser extent, in the matrix
of chalk-rich facies in shallower cores. The porosity in the matrix of each facies appears to be
affected by the concentration of detrital constituents and the degree of compaction. With
increasing amounts of detrital constituents from the A Chalk into the underlying and overlying
units, the matrix is increasingly occluded. Furthermore, detrital quartz and feldspar silt grains are
noticeably more abundant in the matrix towards the west side of the basin. The silt grains stand
out in the Windmill, Aristocrat, and Tebo thin section samples, appearing not only in matrix but
in peloids of all colors as well (Figures 4.31; 4.34). In the shallow east side of the basin, some
chalk samples appear to have higher matrix porosityittieapeloidal porosity. This would
imply that peloids originally have less porosity than the chalk matrix during deposition and early
diagenesis. For peloids of biogenic origin, this suggests that the crushing action from the mouth
and stomach of zooplankton reduce coccoliths to denser concentrations than individual grains
that fall to the seafloor and compact later during diagenesis. Peloids in the shallow east may be a
limiting factor to the porosity network while the matrix of some chalk intervals could have
higher porosity and better interconnectivity.

4.5.2 Diagenetic Variations

Diagenetic trends are also observed with burial. There is an unusual diagenetic fabric
present in all facies of the Bibma core. Gypsum cement forms in bedding-parallel fractures and
within adjacent peloids detrital-rich facies (Figure 4.8, and as a patchy, poikilotopic
cement in chalk-rich facies (Figure 4.17B). The trend continues down into the Byrkit core, but

the gypsum cement is only observed in the chalk-rich facies and is reduced in scale compared to
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the Bibma facies (Figure 4.20A). The appearance of the gypsum as a flat gray color causes color
contamination of some of the peloids that distort the original peloidal colors. However, this gray
color is not a major constituent of peloidal color variations and was not included in the color
classification system as such. Gypsum cement is also observed in deeper cores, but only in
microfractures and some macrofractures (Figures 4.32C,D; 4.35B). The gypsum cement is
restricted to the fracture and does not fill in adjacent peloids or matrix as is the case for the
shallower Bibma and Byrkit samples.

Peloid aspect ratios appear relatively stable with depth. While peloids overall appear to
be slightly flatter in detrital-rich intervals, mechanical compaction does not seem to occur on a
large scale with burial, in the range of this study. Compactional draping is observed around rigid
fish bones in detrital-rich intervals (Figures 4.17D; 4.23C; 4.26B). However, the majority of
compaction seems to occur chemically at localized solution seams and microstylolites. Solution
seams are first noticed in the Alice Nay core, localizing in clay or organic-rich intervals (Figures
4.24, facies 6, 7; 4.26A). With increased compaction, the small, laterally discontinuous solution
seams appear to transition to laterally contimsmlution seams and microstylolites. As the
insoluble material in the microstylolites accumulates, microstylolite swarms and stylolites are
formed.Microstylolite swarms and stylolites are progressively inundated with insoluble material
until they appeaasmarl or marly shale laminations in core (Figure 4.14). Furthermore, in deeper
cores, microfractures are observed along the boundaries of solution seams and microstylolites
(Figures 4.32B; 4.35A, B

Additional diagenetic trends include the infill of intraparticle pore space in foraminifera
chambers with framboidal pyrite, microspar calcite, and sparry calcite. For the purposes of this

study, microspar is defined as crystalline calcite with crystals 4-P L Q, Minied by the
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Figure 4.14 Progressive stages of chemical compaction in plane polarized light (PPL). Al
are 0.2 mm. (1) Laterally discontinuous solution seams start to form (Windmill). (2) Soluti
seams aggregate into laterally continuous solution seams and microstylolites (Windmill).
Microstylolites aggregate into microstylolite swarms and stylolites (Tebo). (4) Microstyloli
swarms and stylolites are progressively inundated with insoluble material until forming a
or marly shale lamination (Tebo).
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recrystallization of micrite (crystals less than B, and sparry calcite is calcite with crystals
greater than P Framboidal pyrite appears first within foram chambers in shallow cores.
With burial, the chambers are progressively filled with microspar and sparry calcite until
intraparticle pore space is filled (Figures 4.17C; 4.20B; 4.23B,D(}.Z%e Blach core is the
last core where remnant foram intraparticle pore space was observed. With increasing depth,
some of the forams have been partially or completely pyritized (Figures 4.26C; 4.29A; 4.32A).
The onset of pyritization is first noticed in the Alice Nay core. Additionally, apatite, commonly
found in bone material, is progressively replaced with calcite (Figure 4.26D). The calcification
process is first observed the Alice Nay core and progresses with burial until complete
calcification is reached in the Aristocrat core (Figures 4.29B; 4.32A; 4.35C). The calcification
process of apatite also appears to be enhanced in the chalk-rich facies compared to the detrital-
rich facies, which is likely due to increased permeability and reaction with formation fluids.
4.5.3 Thin Section Images

The following section will provide examples from thin section analysis and will detail
petrographic findings as described in the section above. Figures 4.15, 4.18, 4.21, 4.24, 4.27, 4.30,
4.33 document facies variations by the core. Within the figure for each core facies montage, each
facies are identified with a thin section microphotograph. All thin section microphotographs
were taken at the same magnification and affixed with a 0.2 mm scale. Two figures are provided
after each core facies montage to highlight additional depositional and diagenetic features in
each core. Figures 4.16, 4.19, 4.22, 4.25, 4.28, 4.31 detail depositional observations, while
figures 4.17, 4.20, 4.23, 4.26, 4.29, and 4.32 detail diagenetic observations of each core from the

petrographic work.
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Figure 4.15 PPL images of facies in the Bibma core. All images contain the same scale (0.2 mm).
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Figure 4.16 PPL images of depositional characteristics from the Bibma core. (A) Facies ¢
showing an example of a black peloid and euhedral pyrite. (B) Facies five showing an ex
of a crushed algal cyst and an abundance of white and light brown peloids that have bee
blue by epoxy dye. (C) Examples of black peloids and planktonic foraminifera from facies
(D) Facies five also showing an example of a mixed-color peloid with degraded margins,
of water column disaggregation, microbial degradation, partial coprophagy, or cryptic
bioturbation. The patchy, dark gray color seen throughout all images is gypsumnt.cemen
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Figure 4.17 PPL images of diagenetic characteristics from the Bibma core. (A) Facies si>
showing bedding-parallel gypsum veins. (B) Facies five showing patchy gypsum cement.
Facies four showing large pelagic foraminifera partially filled with framboidal pyrite and s
calcite. Porosity is highlighted by blue epoxy dye. (D) Facies two showing intraparticle pc
within porous bone material.
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Figure 4.18 PPL images of facies in the Byrkit core. All images contain the same scale (0.2 mm).
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Figure 4.19 PPL images of depositional elements in the Byrkit core. (A) Facies seven shu
white- and light browrmixed peloid and an elongated black peloid. (B) A white peloid is sl
to contain crushed juvenile forams in facies six. The peloid margins are well-defined by ¢
matter (OM) and framboidal pyrite. Note the crushed algal cyst draped over the peloid in
(C) Facies four shows the presence of more algal cysts, as well as phosphatic fish bone.
calcite is also noticed filling intraparticle pore space in foram chambers. (D) Facies one s
abundance of dark brown and black peloids that appear more compacted than in calcite-
intervals.
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Figure 4.20 Images of diagenetic elements within the Byrkit core. (A) Facies five shows f
examples of patchy gypsum cement, and sparry calcite filling foram chambers. Also note
excellent matrix porosity by the presence of blue epoxy dye (PPL). (B) Facies three shov
example of a chambered foram with excellent porosity. Small framboidal pyrite can be ot
in the middle of the foram while sparry calcite has filled into the opening of the chamber {
(C) Facies five showing a foram test filled with sparry calcite in cross polarized light (XPL
The peloidal matrix is shown to display compactional draping around a fish bone in facie:
(PPL).
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Figure 4.21 PPL images of facies in the Blach core. All images contain the same scale (0.2 mm).
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Figure 4.22 PPL images of depositional elements in the Blach core. (A) Facies seven shi
examples of crushed algal cysts and amorphous organic matter (AOM) within a peloid. (I
Facies five displays degradation of framboidal pyrite-lined peloid margins which would st
cryptic bioturbation. (C) Example of intrapeloidal AOM and juvenile forams within a light
peloid in facies four. (D) Example of intrapeloidal crushed juvenile forams within a light p
in facies four.
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Figure 4.23 PPL images of diagenetic elements in the Blach core. (A) Facies three show
example of organic matter (crushed algal cyst) with an affinity for framboidal pyrite. (B) F
three also shows examples of black peloids and framboids within a juvenile foram chamt
A vertebra was observed in facies two with compactional draping of algal cysts and blacl
peloids above and below. (D) Sparry calcite completely filling foram chambers in facies fi
More algal cysts are present.
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Figure 4.24PA. images of facies in the Alice Nay core. All images contain the same scale
mm). Facies one, two, and three were not sampled due to lack of core coverage.
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Figure 4.25 PPL images of depositional elements in the Alice Nay core. (A) Facies six s
crushed juvenile forams in light and dark brown peloids. (B) Facies five showing crushed
in a light brown peloid. The peloid margins have been degraded. (C) Pervasive peloid
degradation and homogenization of the peloidal fabric in facies four. (D) Facies four sho\
additional crushed forams in light and dark brown peloids.
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Figure 4.26 PPL images of diagenetic elements in the Alice Nay core. (A) Facies seven (
small, laterally discontinuous solutions seams. (B) Facies seven also shows compaction:
draping around a phosphatic fish bone. (C) Facies four shows sparry calcite fill in foram
chambers with almost complete pyritization of one foram. (D) Facies five shows partial
calcification of apatite in a fish bone.

79



Figure 4.27 PPL images of facies in the Windmill core. All images contain the same scale (0.2 mm).
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Figure 4.28 Images of depositional elements in the Windmill core. (A) Facies seven shov
rich laminations (PPL). (B) Facies five showing peloid degradation from either water colu
disaggregation, microbial degradation, partial coprophagy, or cryptic bioturbation (PPL).
Facies five also contains light brown peloids with euhedral, silt-sized, feldspar grains (XF
Facies four showing more intrapeloidal silt grains (PPL).
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Figure 4.29 PPL images of additional depositional and diagenetic elements in the Windrnr
(A) Facies seven contains examples of pyritization of sparry calcite-filled forams. (B) Fac
shows examples of calcification of apatite in a fish bone and compactional draping in the
peloidal fabric around the bone. (C) Facies five shows an example of a calcite-filled fract
only one observed in this study. (D) Facies five also shows an uncharacteristically large
light/brown-mixed peloid with intact intrapeloidal foram
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Figure 4.30 PPL images of facies in the Aristocrat core. All images contain the same scale (0.2 mm).
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Figure 4.31 Images of depositional elements in the Aristocrat core. (A) Facies one showi
abundance of ellipsoidal and elongate dark brown and black peloids in a silty matrix (PPI
Facies one also shows dark brown peloids with both silt and crushed forams inclusions (
(C) Facies six shows light peloids with silt grain inclusions (XPL). (D) Facies three shows
close-up of an intrapeloidal, euhedral feldspar grain (XPL).
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Figure 4.32 Images of diagenetic elements in the Aristocrat core. (A) Facies four shows |
pyritization and complete calcification of apatite in bone material (XPL). (B) Facies two sl
the development of solution seams (PPL). (C) Facies four shows partial gypsum fill in a ¢
macrofracture (PPL). (D) Facies four showing the fibrous fabric of gypsum fill in XPL.
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Figure 4.33 PPL images of facies in the Tebo core. All images contain the same scale (0.2 mm).
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Figure 4.34 Images of depositional elements in the Tebo core. (A) Facies five showing pi
degradation and homogenization of the peloidal fabric (PPL). (B) Facies three showing
intrapeloidal silt in light peloids (XPL). (C) Facies one showing intrapeloidal silt in dark br
peloids (PPL). (D) Facies four which shows many variations of peloid colors and shapes,
including white, light brown, and dark brown peloids (PPL).
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Figure 4.35 Images of diagenetic elements in the Tebo core. (A) Facies six shows the
development of microstylolites, which cut off the edges of peloids and forams through the
dissolution of calcite. Microfractures appear to form along microstylolite boundaries (PPL
Facies six also shows abundant microfractures along the boundaries of microstylolites. T
microfractures are partially filled with gypsum (PPL). (C) Facies five shows a fish bone tr
been completely calcified from its original apatite mineralogy (XPL). (D) Facies four show
examples of large, euhedral pyrite.
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4.6 Peloidal Analysis

Image analysis is a method that can be used to measure characteristics of peloids from
thin section petrographic images. This section focuses on the results of analyzing peloidal trends
in circularity, area, aspect ratio, maximum dimension (length), and mean grayscale valje (colo
to characterize depositional and diagenetic trends.
4.6.1 Circularity

Circularity is a unitless measure of the sphericity of an object. The equation for
circularityis E DUHD SHUWallreloMdne ihdicates a perfect circle. As the value
approaches zero, it indicates an increasingly elongate shape, either representing compaction or
the original shape of deposition. Thus, it can be used as a proxy to measure compaction if the
original shape of deposition is known. Figure 4.36 displays the average circularity by core. The
results show that the average circularity elbps is variable but does not decrease with burial
depth (Figure 4.36). Circularity even increases slightly from the shallowest (Bibma) to th
deepest (Tebo) well. Thus, there is no trenchechanical compaction of peloids with burial,
within the scope of this study. However, facies within each core do display a relative decrease in
circularity into detrital-rich facies (one, two, six, and sey(Figure 4.37.
4.6.2 Area

Area is the measure of the space inside a two-dimensional polygon selection. The results
of the average peloidal area by core for the A Chalk show a general decrease towards the east
(towards the shallow Bibma well) (Figure 4.38). The average peloidal area by facies graph
(Figure 4.39) shows that the chalk-rich facies contain larger pellets than the Lower Pierre Shale
and Upper A Marl faciesAdditionally, the A Marl facie§peloidal area averages slightly higher
than the Pierre Shale facies. The average peloidal color of each facies, which has been shaded in

the bars of the graph, is noticeably darker in the detrital-rich facies.

89



Figure 4.36 Average circularity by core. The average circularity hovers around 0.6 (black
for each core and does not appear to consistently decrease with depth to the Tebo well.

Figure 4.37 Average circularity by core and facies. Note the trend in facies for each core.
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Figure 4.38 Average peloidal area (Rrof the A Chalk facies by core. Note the decrease o
average peloidal area towards the Bibma core in the east.

Figure 4.39 Average peloidal area (R)ry facies, all cores. The facies are also colored by
average mean grayscale value and show relative color differences.
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4.6.3 Aspect Ratio - Shape

Aspect ratio (AR) is the ratio of the major axis to the minor axis of an object. It is a
unitless measure that can be used to infer the shape of an object in two dimensions. Objects that
measure closer to an aspect ratio of one will have equal x and y dimensions, such as a circle or a
square. Objects that measure with a higher aspect ratio will have a longer x dimension compared
to the y dimension, such as a rectangle, ellipsoid, or cylinder. In this sense, it can be used to infer
shape, or a secondary indicator of compaction. Figure 4.40 shows that the aspect ratio increases
with increasing clay content, as does the average darkness of the peloids. Since the detrital-rich
facies were found to have lower circularities and higher AR peloids, only the A Chalk facies
were analyzed for depositional shape.

The histogram in Figure 4.41 shows that the peloidal AR of the A Chalk in the Bibma
core is a positively-skewed, normal distribution with a dominant peloidal population centered on
a modal aspect ratio of approximately 2-2.5. For peloids, an aspect ratio of 2-2.5 is in the realms
of an ellipsoidal aspect ratio. The positive skew on the population ssgjggsa minor, larger
AR population is present, which is larger than four and up to 14. For peloids, this AR is in the
realm of a cylindrical or flattened ellipsoidal shape. Comparing the histogram of the peloidal
aspect ratio of the A Chalk facies for all cores (Figure 4.42) to the peloidal aspect ratio histogram
for the A Chalk facies for the Bibma core shows a similar distribution. The peloidal aspect ratio
bar graph for all cores is a similar, positively-skewed normal distribution with the same modal
aspect ratio of approximately 2-2.5 and positive skew up to 14. The similar AR histogram
distribution supports the circularity results; compaction is negligible with burial depth in the A
Chalk from the Bibma to the Tebo cores. The AR distribution shows that there is a dominant, 1-4

AR, peloid population present in the A Chalk, in addition to a minor, > 4 AR, peloid population.
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Figure 4.40 Average peloidal aspect ratio by facies. The facies are colored by average ir
grayscale value and show relative color differences.

Figure 4.41 Histogram for peloidal aspect ratio of the A Chalk facies (three, four, and five
Bibma core. The histogram displays a positively-skewed normal distribution. The normal
distribution is centered on a modal aspect ratio of ~ 2-2.5 with a positive skew up to 14.
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Figure 4.42 Histogram for peloidal aspect ratio of the A Chalk facies (three, four, and five
cores. The histogram displays a similar positively-skewed normal distribution. The norme
distribution is also centered on a modal aspect ratio of ~ 2-2.5 with a positive skew up to

4.6.4 Major Axis Length

Major axis length is the length of the primary axis of the best fitting ellipse. For peloids
in this study, the major axis length is dominantly bedding-parallel. Since circularity and aspect
ratio of peloids in the chalk showed very little change with burial, length was investigated as a
primary peloidal character. Figure 4.43 shows that average length generally decreases with
increasing detrital content. Major axis length was filtered for the A Chalk fidnesinant
peloidal population (AR 1-4), as well as the minor population (AR >4). The results of the
dominant population show that there is a positively-skewed normal distribution with a modal
length of 0.117 mm and a positive skew of lengths up to 0.9 mm (Figure 4.44). This means that
the dominant population of peloids (AR 1-4) centers around a length of 0.117, while a minor

population of larger ellipsoidal peloids, up to 0.9 mm, is also present within the A Chalk. Major
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axis length was also investigated for the minor peloidal population (AR >4) of the A Chalk facies
(Figure 4.45). The peloidal length histogram for the minor peloidal population displays another
positively-skewed normal distribution with a modal length of 0.164 mm and a positive skew up
to 0.9 mm. This means that the minor population of peloids (AR > 4) centers on a modal length
of 0.164 mm, while a minor population of longer, high-AR peloids of lengths up to 0.9 mm, also
exists.
4.6.5 Mean Grayscale Value - Color

Mean grayscale value is an average of the 8-bit grayscale value of pixels within an
imaged peloid. This is the sum of the gray values of all the pixels in the selection divided by the
number of pixels. For an 8-bit image, this will range from 0-256; 0 being pure black and 256

being pure white. The original colored images were first converted to 8-bit grayscale before

Figure 4.43 Average peloidal length by facies. The facies are colored by average mean ¢
value and show relative color differences.
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Figure 4.44 Length histogram for the dominant population of peloids in the A Chalk (AR :

Figure 4.45 Length histogram for the minor population of peloids in the A Chalk (AR > 4)
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calculating the mean grayscale value for each imaged peloid. In the visual color spectrum,
peloids range from white, light brown, dark brown, to black. An increafee mean grayscale

value of a peloid correlates to an increase of the tint of the peloid, appearing whiter in color. A
decrease in mean grayscale value correlates to an increase in the shade of the peloid, appearing
blacker in color. Since grayscale tone can be changed by shifting the tint and shade of a color,
mean grayscale value can be used as a proxy for color.

In Figure 4.46 the bar graph displays the average mean peloidal grayscale value by the
core. The bars are colorbg the kerogen maturity in each core interval; blue is representative of
immature kerogen, green is representative of kerogen in the oil generation window, and red is
representative of kerogen in the condensate-wet gas window. The results show thaathere is
decrease in average mean grayscale value with burial, which cortelatemcrease in kerogen
maturity and hydrocarbon generation. As a result, alteration of peloidal color could occur from
oil generation and staining in deeper cores. Thus, further color study was focused on shallow
cores with immature kerogen (Bibma, Byrkit, and Blach) to eliminate any potential color
contamination of data from local hydrocarbons.

Mean grayscale value is displayed by circularitfFigure 4.47. The results show that
there is a slight positive correlation between peloid color and circularity, meaning peloids with a
higher circularity are more likely to have a lighter color. Plotting the area by mean grayscale
value also shows a positive relationship (Figure 4.48). Thus, larger peloids are more likely to
have lighter colors. Figure 4.49 plots the mean grayscale value by aspect ratio. The results show
an inverse relationship between the two, meaning peloids with an elongated, flatter shape are
more likely to have a darker color, while peloidsaohore spherical to ellipsoidal shape are

more likely to have a lighter color. This essentially mirrors the results of the circularity plot.
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Figure 4.46 The average mean grayscale value of peloids in each core, highlighted by ke
maturity. Blue is representative of immature kerogen, green is representative of kerogen
oil generation window, and red is representative of kerogen in the condensate-wet gas w

Figure 4.47 Mean grayscale value plotted by peloidal circularity in immature cores.
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Figure 4.48 Mean grayscale value plotted by peloidal area in immature cores.

Figure 4.49 Mean grayscale value plotted by peloidal aspect ratio in immature cores.
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4.7 Electron Microprobe

Electron Microprobe analysis is a sensitive technique for non-destructive X-ray
microanalysis and imaging of solid materials. It provides precise and accurate chemical
composition for elemenBeto U at the micrometer-scale. The method was pursued to evaluate
peloids in thin section to explore elemental variations between the main peloidal color. classes
white, light brown, white- and light brown-mixed, dark brown, and black. Two thin section
samples were analyzed; a shallow facies two sample from the immature Byrkit core (2,646.9 ft.),
and a deeper facies five sample from the mature Tebo core (7,747.5 ft.).

For each sample, the five spectrometers of the EMP were set up to measure Ca, Si, Al, S,
and C, elements that were hypothesized to cause peloidal color variations. Calcium is dominantly
related to biogenic calcite, and to a smaller extent, plagioclase. Silicon is linked to detrital
minerals such as clay, quartz, and feldspars. Similarly, aluminum is primarily linked to detrital
minerals such as clay and feldspar. Sulfur is related to pyrite and organic-sulfur compounds,
while carbon is found in calcite, organic matter, and epoxy in the thin section.

Figure 4.50 displays the elemental variations of a white and a light brown peloid from facies two
of the Byrkit core. The results show that calcium is more concentrated in the light brown

peloid than the white peloid. Silicon and aluminum are not concentrated in either peloid but do
exist in trace amounta singular grains throughout the peloids. Sulfur is noticeably more
concentrated throughout the light brown peloid (0.5-2.5 wt%) while the white peloid contains
only trace amounts that correlate with small, bréM@M wisps within the peloid. Carbon is
noticeably higher in the white peloid than in the light brown peloid. This is an inverse

relationship to the calcium concentration. Due to the presence of carbon in the epoxy of the thin
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section, this could be a form of carbon contamination that is highlighting porosity instead of
organic matter.

Figure 4.51 displgs the elemental variations of a black peloid from facies two of the
Byrkit core. The calcium conterd comparable to the lighter peloids. However, silicon and
aluminum are both elevated compared to the lighter peloids. Both elements are dispersed
throughout the peloid and presémtdiscrete, singular grains that show up as white hotspots
which exceed 10 wt%. Sulfur is also concentrated throughout the peloid, from approximately
0.5-3%, which is comparable to the light brown peloid. Additionally, sigfaoncentrated in
discrete white spots (>5 wt%) in the peloid and matrix, which aligns with pyrite framboids in
PPL. Carbon is more concentrated in the peloid than in the matrix. While it is unclear what
amount is due to the epoxy, there are some high concentration areas within the peloid that could
be due to larger grains of organic matter.

Figure 4.52 displays the elemental variations of numerous pétmtbrs from facies two
of the Byrkit core, including white, light-mixed, and light brown. Additionally, the two mixed
peloids in the middle contain crushed juvenile forams. The calcium concentration shows that the
mixed and light brown peloids are more concentrated with respect to calcium. Some of the
crushed forams can be easily identified by the white shading which represents high (>85 wt%)
calcium content. Silicon and aluminum are present in trace amounts but are generally depleted in
all peloids. The light brown peloid at the top contains the highest sulfur concentration at ~ 2.5
wt%. White peloids contain little sulfur, except where tiny brown wisps are present in PPL.
Mixed color peloids contain approximately 1 wt% sulfur throughout the peloid and higher where
concentrated with brown streaks. Carbon concentration, again, shows that carbon is dominantly

concentrated in the white peloids, which is likely due to higher porosity.
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Figure 4.53 displgs the elemental variations of an array of peloidal colors from facies
five of the Tebo core, including white, mixed, light brown, and dark brown. In this sample,
calcium content shows fewer intrapeloidal variations compared to the previous samples.
Although, the white peloids do display a slightly higher calcite concentration compared to the
darker peloids. Silicon and aluminum concentrations are highest in the dark brown peloids,
showing the concentration of elements in discrete, silt-sized drabh@%), in addition to
clay-sized grains dispersed throughout the peleids5-2.5 wt%). White, light-mixed, and light
brown peloids are relatively devoid of both elements, except in trace amounts. Sulfur is depleted
in all peloids within this sample.
4.8  Scanning Electron Microscopy

This section will document observations from SEM. SEM uses an electron microscope
that produces high-resolution images of a sample by scanning the surface with a focused beam of
electrons. SEM samples included both ion-milled samples for smooth sample surfaces, beneficial
for peloidal analysis and pore qualification, and broken surface samples, which are ideal for
identifying mineral habit and grain features.
4.8.1 Peloidal Color

Peloids were analyzed for differences that could cause color variations. A samsple w
chosen from facies two of the Bibma core and facies four of the Byrkit core, where many color
variations were observed in thin section, and color contamination from hydrocarbon staining and
gypsum cement was absent. The samples were argon ion-milled and analyzed under
microscope to plot peloidal color variations for analysis on the SEM before carbon coating.
Figure 4.54 shows macro- and microviews of a white and a light brown peloid. The white peloid

shows large intraparticle porosity in comparison to the surrounding matrix. Within the peloids,
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Figure 4.50 PPL image and wavelength-dispersive spectroscopy (WDS) maps from elec
microprobe (EMP) showing a light brown (top left) and white peloid (bottom right) from fe
two of the Byrkit core.
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Figure 4.51 PPL image and WDS maps from EMP showing a black peloid from facies two of the Byrkit core.
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Figure 4.52 PPL image and WDS maps from EMP showing various peloidal colors from facies two of the Byrkit core. Peloi
include white (top left, bottom right), white- and light brown-mixed (middle), and light brown (top middle). In this sample, the
mixed color peloids in the middle both contain crushed forams.
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Figure 4.53 PPL image and WDS maps from EMP showing various peloidal colors from facies five of the Tebo well. The fie
view (FOV) contains a range of peloidal colors including dark brown (far left, middle right, middle left, top middle), white (m
far right, top left), white- and light brown-mixed (bottom left), and light brown (top middle).
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interparticle porosity between large fragments of coccoliths dominates the pore network. While
porosity is high, little organic matter is observed. The light brown peloid shows a similar internal
fabric dominated by interparticle porosity between coccolith fragments. However, the coccoliths
have been compacted to a larger degree, reducing porosity in relation to the white peloid. While
porosity is lower in microview, organic matter is more abundant than in the white peloid.

Figure 4.55 shows a dark brown peloid with noticeably deficient porosity in comparison
to the matrix. Upon closer inspection, the peloid is dominated by detrital elements such as silt
grains and clay. Coccolith fragments are present, but they are smaller and reduced in
concentration relative to the lighter peloids. Organic matter is present in discrete areas but is
largely absent from the peloid. Figure 4.56 shows an ellipsoidal black peloid and an elongated
black peloid. The ellipsoidal black peloid contains pyrite framboids and an abundance of organic
matter. Coccolith fragments are present in roughly equal concentrations to the organic matter,
with small amounts of clay. The elongated black peloid consists of an abundance of detrital silt,
clay, and organic matter. Coccolith fragments are present to a smaller extent, in addition to minor
amounts of pyrite.

4.8.2 Pore Evolution

Porosity within the majority of peloids (white, light-mixed, and light brown) is dominated
by interparticle porosity between coccolith fragments, in addition to intraparticle organic matter
porosity. Porosity varies within peloids but overall is lost with the progressive formation of
euhedral, syntaxial overgrowths of calcite on coccolith fragments, and the influx of
microcrystalline calcite cement (micrite) (Figure 4.57). Some coccoliths appear more prone to
form overgrowths than others. Porosity within the masriariginally high but is reduced and
occluded progressively with burial (Figure 4.58). The matrix within the chalk-rich facies of

shallow cores appear to have higher porosity than peloids in some cases (Figure 4.59A). At
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Figure 4.54SBEM backscattered electron (BSE) images from the Bibma core, Lower Pierre
facies two, 1,412.8 ft., showing white and light brown peloids. (A) White peloid in macrov
displaying higher porosity than the matrix. (B) White peloid in microview showing high
interparticle porosity and abundant coccolith fragments. (C) Light brown peloid in macroyv
showing higher porosity than matrix. (D) Light brown peloid in microview showing moder:
interparticle porosity, and an abundance of coccolith fragments and organic matter.
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Figure 4.55 SEM BSE images from the Byrkit core, Middle A Chalk, facies four, 2,674.8 1
showing a dark brown peloid. (A) Dark brown peloid in macroview showing lower porosit
matrix. (B) Dark brown peloid in microview showing an abundance of silt grains and clay.
Coccolith fragments are present in smaller amounts than other peloid colors and organic

sparse.
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Figure 4.56 SEM BSE images from the Bibma core, Lower Pierre Shale, facies two, 1,41
showing ellipsoidal and elongated black peloids. (A) Ellipsoidal black peloid in macroviev
Ellipsoidal black peloid in microview showing abundant organic matter and coccolith frag
in addition to intrapeloidal pyrite. (C) Elongated black peloid in macroview. (D) Elongatec
peloid in microview showing abundant organic matter, clays, and silt grains, but sparse c
fragments.
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Figure 4.57 SEM BSE images of peloids from the A Chalk (facies four) of each core showing variable intrapeloidal porosity
but overall reduction of interparticle pore space with burial. Note the gradual loss in definition of coccolith fragment margins
addition of calcite cement. The curtaining effect is due to the ion-milling process. (A) Bibma, 1,412.8 ft. (B) Byrkit, 2,674.8 f
Blach, 4,156 ft. (D) Alice Nay, 5,432 ft. (E) Windmill, 6,037.5 ft. (F) Aristocrat, 6,818.2 ft. (G) Tebo, 7,737.1 ft.
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Figure 4.58 SEM BSE images of matrix from the A Chalk (facies four) of each core showing overall porosity (black) reducti
burial depth. The rate of cementation appears more advanced in the matrix relative to the peloids. (A) Bibma, 1,412.8 ft. (B
2,674.8 ft. (C) Blach, 4,156 ft. (D) Alice Nay, 5,432 ft. (E) Windmill, 6,037.5 ft. (F) Aristocrat, 6,818.2 ft. (G) Tebo, 7,737.1 fi

112



greater depths, the peloids have noticeably higher porosity than the matrix, which contains
greater amounts of micrite cement. As observed with the petrographic microscope, foram
chambers are initially a nucleation area for framboidal pyrite and the progressive fill of
microspar and sparry cement, with increased burial. Gypsum is also obasaveeinent within
matrix and peloids in shallow cores, and as a microfracture fill in deeper cores.

4.8.3 Scanning Electron Microscopy Images

Figures 4.59 to 4.67 documents the porosity and diagenesis of faci@s thoairA Chalk
throughout all cores in the study. Both rough break and ion-milled samples are provided for each
core to qualify porosity, mineralogy, allochems, organic matter, and cement. EDS maps are also
provided for FOVs that express great variance in elements.

4.8.4 Microfractures

During SEM analysis, calcium sulfate-filled microfractures were encountered within
samples of the mature Windmill, Aristocrat, and Tebo wells. The cement was observed to form
dominantly in bedding-parallel, anastomosing microfractures with apertureKI&&t P
EDS analysis mapped the cement with concentrations of calcium and sulfur. However, it did not
distinguish if the calcium sulfate was gypsum or anhydrite. Additional XRD was conducted to
examine the calcium sulfate fracture-fill, which verified that the cement is gypsum.

Figure 4.68 shows examples of microfractures encountered in this study. The gypsum
cement partially fills in the microfractures, usually where the fracture margins are in contact with
the matrix, versus where the margins are in contact with a calcite-rich peloid. Additionally, some
of the microfracture margins appear altered with the presence of light halos. The alteration is not
consistent throughout the whole fracture and is sometimes only present along one margin.
Furthermore, some of the gypsum fill contains silt-sized grain inclusions while other gypsum

fracture-fill does not (Figure 4.69).
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Figure 4.59 SEM BSE images from the Bibma core, Middle A Chalk, facies four, 1,438.1
Macroview showing higher matrix porosity than intrapeloidal porosity. (B) Matrix displayir
high interparticle porosity between large coccolith fragments. Organic matter is dispersec
Well-preserved coccosphere sectioned in half during ion-milling. (D) Microview of a pelle
showing interparticle porosity between smaller coccolith fragments and intraparticle poro
within coccolith spines. (E) Patchy gypsum cement filling in matrix porosity. (F) Interparti
porosity between coccolith fragments has been filled in with gypsum cement. The gypsuil
exhibits pervasive desiccation fractures which were sustained during the ion-milling proc
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Figure 4.60 SEM secondary electron (SE) and BSE images from the Bibma core, Middle
Chalk, facies four, 1,438.1 ft. (A) Matrix displaying a mix of coccolith fragments and rhab
(spines). A foram shows high intraparticle porosity with framboidal pyrite. (B) A section vi
a planktonic foram showing a well-preserved test wall and high intraparticle porosity that
partly occluded by framboidal pyrite and microspar. (C) Planktonic foram within a matrix
coccolith fragments. (D) Magnified view of the foram test showing foramen holes, which
entry points for calcite cement during diagenesis. (E) A low cement matrix showing well-
preserved coccolith and spine fragments, in addition to a feldspar silt grain. (F) A coccoli
displaying light syntaxial overgrowths.
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Figure 4.61 SEM SE and BSE images from the Byrkit core, Middle A Chalk, facies four, :
ft. (A) Matrix showing well-preserved coccoliths with minor micrite. (B) A coccolith within
matrix displaying syntaxial overgrowths. (C) Framboidal pyrite displaying intraparticle pol
within a clay- and coccolith-rich matrix. (D) Localized cluster of micrite cement within mat
(E) Section view of a foram chamber displaying high intraparticle porosity partly occludec
framboidal pyrite and microspar. (F) The margins of a pellet (top) and matrix (below) sho
variataions in porosity and OM content, along with a feldspar silt grain.
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Figure 4.62 SEM BSE and energy-dispersive spectroscopy (EDS) images from the Blact
Middle A Chalk, facies four, 4,156 ft. (A) Clay-rich, low porosity matrix with minor coccoli
fragments. (B) EDS of similar FOV as the previous image showing the distribution of clay
coccoliths, pyrite, and micrite cement. (C) Matrix displaying alignment of clays in betweel
layer of coccolith fragments and abundant micrite. (D) EDS of the same FOV as the prev
image showing chemical composition. (E) Macroview of the pelletal fabric showing highe
intrapeloidal porosity and low matrix porosity that is occluded with abudnant clay, OM, ar
framboidal pyrite. (F) Microview of a pyrite framboid with intraparticle porosity, in a clay-
micrite-rich matrix.
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Figure 4.63 SEM BSE and EDS images from the Alice Nay core, Middle A Chalk, facies"
5,432 ft. (A) Microview of a pellet showing abundant coccolith fragments with euhedral,
syntaxial overgrowths and minor quartz silt grains. (B) EDS of similar FOV as previous in
showing the dominance of intrapeloidal calcite. (C) Microview of matrix showing higher
amounts of clays, quartz, and micrite, in addition to framboidal pyrite. (D) EDS of similar
as previous image showing chemical distribution. (E) Planktonic foram chambers comple
filled with framboidal pyrite and sparry calcite. (F) Foram intraparticle porosity filled with ¢
calcite.
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Figure 4.64 SEM BSE images from the Windmill core, Middle A Chalk, facies four, 6,037
(A) Microview of a pellet showing abundant coccolith fragments with euhedral, syntaxial
overgrowths. (B) Microspar in original intraparticle porosity within kerogen. (C) Foram ch
filled with sparry calcite and a small amount of remaining intraparticle porosity. (D) Intrap
porosity within framboidal pyrite in matrix. (E) Microstylolite in matrix showing concentrat
of framboidal pyrite, clay, and OM. (F) Microview of matrix showing clay platelets and
subhedral micrite.
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Figure 4.65 SEM BSE images from the Aristocrat core, Middle A Chalk, facies four, 6,81:
(A) A pellet with feldspar silt-grain, AOM, and structured organic matter (SOM) inclusions
Intraparticle organic matter porosity within bitumen. (C) Intraparticle porosity within framk
pyrite. (D) Pervasive micrite cement and coccolith overgrowths in matrix. (E) Microview c
pellet showing the development of coccolith overgrowths and micrite. A coccolith spine ¢
observed in the center of the FOV. (F) Microview of pellet showing coccolith fragments w
syntaxial overgrowths and minor micrite.
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Figure 4.66 SEM BSE and EDS images from the Aristocrat core, Middle A Chalk, facies
6,818.2 ft. (A) Microview of matrix displaying framboidal pyrite, quartz, feldspar grains, ai
microfracture filled with gypsum. (B) EDS of similar FOV to previous image. (C) Kerogen
feldspar silt grain within matrix. (D) EDS of similar FOV to previous image. (E) Euhedral

feldspar silt grains in matrix. (F) EDS of similar FOV to previous image.
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Figure 4.67 SEM SE, BSE, and EDS images from the Tebo core, Middle A Chalk, facies
7,737.1 ft. (A) Complete sparry calcite fill within a foram chamber. (B) Microview of matri:
with intraparticle porosity within framboidal pyrite. (C) Microview of matrix showing abunc
micrite cement. (D) EDS of similar FOV to previous image. (E) Microview of pellets show
interparticle porosity between coccolith fragments with euhedral, syntaxial overgrowths. |
Matrix displaying alignment of clays and intraparticle porosity within framboidal pyrite.
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Microfractures were found to increase in density into detrital-rich facies. The fractures
tend to localize near or around solution seams and microstylolites, but not in all cases (Figure
4.70). Where microfractures are not associated with chemical compaction features, they form
dominantly within the matrix of the peloidal fabric and around rigid grains such as peloids, silt
grains, or calcite-cemented framboidal pyrite. However, in some cases, the fractures can be
found splitting these rigid constituents (Figure 4.71).

Figurer 4.72 shows examples of artificial microfractures encountered in this study. The
artifact microfractures are usually characterized by snafiertures < 0.5 P. The most
common artifact microfractures form ngaM due to the devolatilization of the organic matter.
Desiccation fractures within the clay-rich matrix are also common, paralleling the edges of rigid
grains such as calcite-rich peloids and silt-grains. Where gypsum cement is present, it is
characterized bginabundance of parallel desiccation fractures, a result of water loss from the

chemical structure of gypsum during the argon ion-milling process.

Figure 4.68 (A) BSE image from the Aristocrat H11-07 core, Upper A Marl, facies seven,
6,832.2 ft., showing partial calcium sulfate fractureOO LQ D IUDFWXUH ZLW
Altered margins are apparent where calcium sulfate is absent. (B) BSE image from the V
05-23H core, Upper A Chalk, facies three, 6,034.6 ft., showing partial calcium sulfate frac
fill with inclusions. Fracture apertureis~4-P $OWHUHG PDUJLQV DUH
fracture fill is absent.
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Figure 4.69 SEM BSE images and accompanying EDS maps for selected samples. (A) E
image from the Blach 4-54-9-33 core, Middle A Chalk, facies four, 4,156 ft., showing a g\
filled vein with inclusions (outlined with yellow dashed line). Fracture aperture is ~ 6210
EDS map of similar FOV showing calcite, quartz, feldspar, organic matter, and framboide
inclusions. (C) BSE image from the Aristocrat H11-07 core, Upper A Marl, facies seven,
ft., showing a gypsum-filled fracture absent of inclusions. Fracture aperture is ~ 2P '
EDS map of similar FOV showing calcium sulfate fill within a matrix of quartz, clays, feld:s
framboidal pyrite, and minor dolomite.
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Figure 4.70 SEM BSE and EDS images. (A) BSE image from the Aristocrat H11-07 core
A Marl, facies seven, 6,832.2 ft., showing a gypsum-filled fracture paralleling a solution s
The fracture apertureis~3® % ('6 PDS RI VLPLODU )29 VKRZLQ
solution seam concentrated with insoluble organic matter, quartz, clays, and framboidal |
(C) BSE image from the Windmill 05-23H core, Upper A Chalk, facies three, 6,034.6 ft.,
showing partial gypsum fracture-fill with inclusions. The fractureis~4P ZLGH DQG
parallels the microstylolite above. (D) EDS spot analysis of the vein in previous image sh
the presence of sulfur and calcium.
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Figure 4.71 BSE and EDS images from the Aristocrat H11-07 core, Upper A Marl, facies
6,832.2 ft., showing examples of rigid-grain fracturing. (A) BSE image showing a fracture
calcite-rich pellet. The fracture continues into the matrix on either side of the pellet but is
with gypsum cement through the matrix. (B) EDS image of the previous FOV showing thi
distribution of Al, Si, Ca, and S in the matrix (quartz, clays, calcite and framboidal pyrite),
the pellets consisting dominantly of calcite. A large polyframboidal pyrite can be observe
the lower left. (C) BSE image of a fractured, calcite-cemented framboidal pyrite. The frac
continues on either side of the framboid but is filled with gypsum cement through the mat
BSE image of a fractured, calcite-cemented framboidal pyrite. The fracture also continue
either side of the framboid and is also filled with gypsum cement, which displays parallel
desiccation fractures from the ion-milling process.
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Figure 4.72 BSE image examples of artificial microfractures encountered in this study. (A
core, Middle A Chalk, facies four, 4,156 ft., showing desiccation and devolatilization fract
along the margin of a rigid calcite-rich pellet and clay/OM-rich matrix. (B) Tebo core, Mid
Chalk, facies four, 7,737.1 ft., showing devolatilization fractures around organic matter w
matrix. (C) Aristocrat core, Upper A Marl, facies seven, 6,832.2 ft., showing a desiccatior
fracture along the contact of a pellet and the clay-rich matrix. (D) Bibma core, Middle A C
facies four, 1,438.1 ft., showing desiccation fractures within gypsum cement in a pellet. T
grains are calcite coccolith fragments. (E) Tebo core, Middle A Chalk, facies four, 7,737..
showing desiccation fractures along the contact between a rigid, calcite-rich pellet and th
rich matrix. (F) Increased magnification on the matrix of image E. A larger desiccation fre
is seen towards the top of the image while small shrinkage microfractures are observed :
smaller, rigid grains within the matrix.
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CHAPTER 5 DISCUSSION

This chapter will discuss and integrate the results of the study to develop insights into
deposition and diagenesis. The chapter will commenceandi$cussion on paleoenvironmental
conditions of the Upper Niobrara and Lower Pierre Shale. Following will be a discussion on the
variations in peloids and a peloidal classification system will be proposed. The chapter will then
conclude with a discussion on the origins of calcium sulfate cement in both the shallow and deep
portions of the basin.

5.1 Paleoenvironment and Redox Conditions

The results of XRF analysis show that the bottom waters during Upper Niobrara
deposition experienced varying, but increasingly persistent, periods of anoxic and euxinic
conditions than those attributed to the lower Niobrara. In addition to the XRF indicators, the
reduced bottom-water conditions are exemplified in core and thin section by an abundance of
framboidal pyrite and a lack of inoceramid shell material, benthic foraminifera, and clear
burrowing structures, which are all apparent in lower chalk intervals (Figure 4.1). The presence
of abundant sedimentary iron sulfides in the Upper Niobrara can be closely related to the
biogeochemical cycles of iron, sulfur, carbon, and oxygen (Schieber, 2011).

Large, highly-structured molecules of organic matter exist at atmospheric temperatures
and pressures in a reduced, thermodynamically unstable state (Emerson and Hedges, 2003). The
organic compounds undergo reactions with oxidants to decrease the free energy of the system, a
process which is thermodynamically-favored, and almost always catalyZfedlgeding
bacteria (Emerson and Hedges, 2003). In the process, oxidants accept electrons from the organic
matter during oxidation reactions. The major oxidants available in the marine environment, in

order of the free energy gained, includg ROz, Mn(IV), Fe(lll), SO, and OM by itself
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during end-stage fermentation (methane production) (Emerson and Hedges, 2003). The selection
of electron acceptor use is categorized into oxic diagenesre@@ction), suboxic diagenesis
(NOs and Mn(IV) reduction), and anoxic diagenesis (Fe(lll) and?S$€&duction and methane
formation). Thus, there is an ordered sequence of redox reactions that starts with oxic electron
receptors and depletes oxidants until sulfate becomes the most efficient electron receptor. Once
bacterial sulfate reduction is reached, sulfur can then be liberated for pyrite formation. Most
sedimentary systems with abundant bottom-water oxygen and moderate OM flux run out of
reactive organic carbon before the sulfate reduction process is reached (Emerson and Hedges,
2003). Thus, Upper Niobrara deposition must have experienced abnormally high rates of organic
matter deposition and degradation given that some intervals contain up to 30 wt% pyrite.
According to Schieber (2011), the bulk of sedimentary iron sulfides form in marine
sediments during early diagenesis. To form pyréactive sulfur and iron must be present. In
the presence of oxygen, iron is insoluble. Thus, the iron content of seawater is low, and any iron
present for pyrite formation must be transported into the basin from detrital sediments. Iron in
silicates is not easily accessild®,the iron fraction that is critical in early diagenesis comes in
the form of coatings of iron oxyhydroxides on detrital grains, especially on clays, and
particulate/colloidal iron oxyhydroxides (Schieber, 2011). Since the concentration of iron in
marine waters is low, pelagic-dominated sediments such as chalk are iron-limited with respect to
pyrite formation. However, when sedimentation style transitions from pelagic to hemipelagic
within the formation, as is the case with the third- and fourth-order marl units of the Niobrara,
iron is more accessibla the system. Since iron is insoluble in the presence of oxygen, bottom-

water conditions must first become anoxic for iron to enter a reactive state. Thus, the system
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relies on an abundance of initaM oxidation to deplete oxic and suboxic electron receptors in
the sediments and bottom waters, before iron becomes reactive for pyrite formation.

The source of sulfur comes from sulfate reduction in marine water. The production of
H>S for pyrite formation is carried out by sulfate-reducing microbes that utilize sulfate as an
electron acceptor to oxidiZeM for energy production (Schieber, 2011). THOM) is vital for
the sulfide-forming process; the production efSHsulfide will only occur if food is available for
the microbes. Additionally, the production of pyrite will only occur if there is a source of
reduced iron, which also relies on the presence and oxidation of organic matter. If the conditions
are met, pyrite formation will occur to the extent of the systems limiting factor, which will likely
be iron or organic carbon since sulfur originates from abundant sulfate in marine waters.

Even if pyrite formation is abundant, there is always a limiting factor. Once iron becomes
limited relative to OM, a second sulfur sink is possible during early diagenesis, the incorporation
of reduced sulfur into organic matter (Wemteal, 2003). If reactive iron is readily available,
pyrite formation is believed to be the kinetically favored process compared to sulfurization of
OM (Hartgerset al, 1997). However, if iron becomes limited, the reduced sulfur can bond to
organic matter in the form of organic-sulfur compounds (OSC). The reduced sulfur is derived
primarily from pore-water sulfide, with minor contributions from primary bio-sulfur, such as
proteins derived from algae and bacteria (Wetnal, 2003). The presence of OSC is likely to
impart a dark color in sediments and could be responsible for darker areas in and around OM
within Niobrara thin section samples. The presence and differentiation of dark OSC from dark,
opaque, pyrite grains can be highlightedeflecting light microscopy, where reflective pyrite is

observed as a bright golden color, while OSCs remain dark.

130



The fact that sulfur is liberated from sulfate in marine waters essentially means a limitless
reservoir of sulfur in the system. The sulfur will remain in the system until diffusion into
sediment pore space ceases with increasing burial depth, and the remnant sulfate in the pore
space is depleted. In typical sediments with oxic to suboxic bottom waters, the redox interface is
situated under the sediment-water interface. This would have been characteristic of periods
during calcite-rich deposition, such as in facies five and parts of facies four. Any bioturbation
activity during suboxic to oxic bottom waters would have churned the sediment and delayed pore
spaces from evolving to anoxic conditions with shallow burial, and thus, further limit pyrite
formation.

However, during euxinic periods, the anoxic conditions of the bottom waters promote the
growth of pyrite directly in the water column, as well as in the sediments, if sufficient reactive
iron is present (Schieber, 2011). This aligns with the observation that framboidal pyrite exists
dominantly in the matrix throughout all facies and forms less commonly within peloids. The fact
that framboidal pyrite is mostly concentrated in the matrix around peloids suggests that pyrite
formed in the water column, and/or peloids contained a semi-protective membrane that lasted at
least throughout the early stages of diagenesis. This theory is corroborated with the observation
that pyrite can be found in peloids whose margins have been degraded either through water
column disaggregation, microbial degradation, partial coprophagy, or cryptic bioturbation. With
the presence of a semi-protective membrane, peloids would likely have developed or preserved
their own microredox conditions compared to the more porous and accessible matrix of the
sediments. Additionally, the fact that pyrite framboids are commonly observed growing in foram

chambers also promotes the theory that reactive iron was circulating within the sediment, but
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peloidal pore space was protected during early diagenesis due to the presence of a protective
membrane, when intact.

Once sulfate has been depleted in the pore space and becomes a limiting factor during
burial, further degradation of organic matter produces methang.(GHile the production of
methane is limited near the sediment surface due to the abundance of sulfate in marine water, the
diagenetic process can proceed once the pore fluids have been cut off from the marine waters,
pore-water sulfate has been depleted, and there is still enough unoxidized organic matter present
in the system. The Upper Niobrara clearly reached this degfe® afegradation, given the
abundance of biogenic gas production from the A Chalk in the shallow, immature eastern side of
the Denver Basin (Figure 2.12).

The abundance of organic matter degradation at the sediment surface would have
allowed for the development of an oxygen minimum zone (OMZ) during periods of Upper
Niobrara deposition. To develop an OMZ, and euxinic bottom waters, there must not only be
enough influx of organic matter to the sediment-water surface to reduce bottom-water
conditions, but also low enough vertical mixing of the water column to preserve stratification.
The development of a stagnant water column during the Upper Niobrara was likely enhanced by
an increase of cold Boreal waters and detrital input. This would have decreased surface water
salinity while simultaneously transporting terrigenous nutrients into the system, helping to
maintain primary productivity at the surface while promoting water column stagnation and
stratification (Da Gamat al, 2014).

Additionally, the third-order transgression of the A Chalk was likely reduced in extent
and depth compared to the B Chalk and lower chalk intervals. Shallower and proximal

deposition would have allowed higher sedimentation rates and more organic matter to reach the
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sediment-water surface before oxidation in the water column. However, during calcite-rich
transgressional intervals, such as in facies five and parts of facies four, suboxic to oxic periods
likely prevailed, aligning with the presence of minor, cryptic bioturbation. The transgressions
would have resulted from an increase of warmer, saktieys waters inundating the basin from
the south, which would have enhanced vertical mixing of the water column, decreased the
amount of unoxidized OM at the sediment surface, and repressed the extent of the OMZ.
5.1.1 Organic Matter

Within the Tebo core, the XRF data indicates that conditions in the Upper Niobrara were
anoxic and euxinic except for facies five and parts of facies four, which were likely oxic to
suboxic. The XRF and TOC data for the overlying Lower Pierre Shale also indicates suboxic
bottom waters due to the absence of euxinic indicators coupled with elevated vanadium.
However, concentrated uranium indicates that the sediment remained d@Ridata collected
in this study show an average TOC concentration of approximately 2 wt% in the A Chalk, A
Marl, and Pierre Shale units of the Tebo core (Figure Wihile TOC tends to overall increase
towards the east in the Pierre Shale and the A Marl, TOC in the A Chalk is generally flatter
throughout the basin. The decrease in TOC to the west likely results from increased dilution from
detrital sediments, which are dominantly sourced from the west, and the loss of TOC with the
maturation of organic matter during burial. Consistent TOC concentrations in the A Chalk are
most likely representative of a more even distribution of organic matter deposition during pelagic
sedimentation.

While sedimentary pyrite abundance does not directly represent the amount of preserved
OM present after oxidization, it is a good indicatorifspresence. The average weight percent

of pyrite in the A Chalk, A Marl, and Pierre Shale tends to correlate to averagéRFG@.70,
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p = 0.000085) with a statistically significant p-value (Figure 4.8). This denotes that much of the
variation of pyrite is explained by the variation of organic matter and that the model fits the data
well. Like organic matter, pyrite tends to decrease towards the west. Sincesapstduble
with the burial conditions in the Denver Badime decrease suggests that conditions to the west
were either more depleted in iron, sulfur, or organic matter. Since the west side of thveabasin
closer to sources of iron, and sulfur is present in vast quantities within marine waters, organic
matter was likely more limited compared to the east. This indicates that the OMZ was more
developed to the east side of the Denver Basirtaaédigher concentration of organic matter.

Geochemical analysis indicates that kerogen is predominantly a marine, Type 1l kerogen.
Type Il, or liptinitic kerogen, is rich in hydrogen and low in carbon. It is rich in aliphatic
compounds and has an H:C ratio greater than one (Selley and Sonnenberg, 2015). The Type Il
kerogen in the sampled intervals likely consisted of planktonic detritus, predominantly algae,
bacteria, archaea, and other phyto- and zooplankton. Originally living in the upper oxygen-
bearing waters, agyphotic zone, the organic matteaspreserved and altered after settling as
particulate matteinto the anoxic sediment layer or via inclusion within fecal pellets. This type of
organic matter appears in thin section as thin, brown algal wisp&Q@lld as well as in SEM as
AOM. With maturity, Type Il kerogen tends to generate oil and gas with maturity (McGarthy
al., 2011).

A lesser component of transported, terrigenous-sourced Type lll kerogen is also present.
Type lll, or humic kerogen, has a much lower hydrogen content and higher oxygen content than
Type Il. It is low in aliphatic compounds, rich in aromatic ones, and has an H:C ratio lower than
one (Selley and Sonnenberg, 2015). Humic kerogen is produced from the lignin of the higher

woody plants, such as trees, shrubs, and grasses, which grow on land, in swamps, or nearshore
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environments. This type of organic matter appears as spores and pollen in thin section and as
rigid, structuredOM grains in SEM. Type Il kerogen tends to generate gas and little, if any, oil
(McCarthyet al, 2011).
5.2  Peloid Characterization

This section will discuss the results of peloidal characterization with implications for
deposition and diagenssi
5.2.1 Peloidal Insights

Most peloids analyzed in this study contained abundant coccoliths and coccolith
fragments. However, a small population of peloids, spanning all types and sizes, was observed to
contain concentrated crushed tests of juvenile planktonic forams, cogelét the population
of forams in the matrix. While foram feeding is occasionally observed in ellipsoidal black
peloids, the phenomenasrarer in elongated black peloids, a population that dominantly
containsOM and detrital grains with minor coccolith constituents. The presence of intrapeloidal,
crushed planktonic foram fragments indicates predatory feeding in the euphotic zone, which
ZRXOG VXJIJHVW WKDW SHORLGY DUH RI D ELRIJHQLF RULJLQ
SSHOOHW™ FDQ EH XVHG Whe peléldsHiuthe/NRobnaia Hsirre ®dvuBhied_favamR |
were observed in most types of peloids. The fact that only juvenile foram tests were being
ingested indicates that either there was a size restriction to the predatory mechanism based on the
size of the predatonouths, or that feeding on juvenile foramas favorable due to a larger
ratio of nourishing protoplasm to calcite test material, which is lower in larger forams (Hemleben
et al, 1988).

Towards the west side of the basin, where detrital sediment rates increase, silt grains are

abundant in the matrix. Similarly, silt grains can be observed within all sizes and colors of fecal
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pellets, even in association with crushed juvenile forams. This type of feeding suggests that the
dominant population of predators were not only predatory, but opportunistic, nonselective
feeders as well. Most of the silt grains are interpreted to be euhedral-subhedral sanidine feldspar
and subhedral quartz grains, which suggest origins from a felsic volcanic source.

While it is not likely that silt grains would still be in suspension in the euphotic zone this
far into the basin during calcite-rich transgressions, it is possible for fine-grained sediment to
inundate the aerobic layer through hypopycnal flows, especially during detrital-rich, regressive
intervals. Additionally, the grains could have been deposited directly into the euphotic zone via
windblown sediment or ashfall from sporadic volcanic eruptions in the western highlands. The
presence of the intrapeloidal silt grains is observed to increase with the darkness of the pellet and
detrital content. Intrapeloidal silt grains in lighter fecal pellets were most likely scavenged in the
euphotic zone after ash falls. Silt grains in dark brown pellets correlated to an elevation in clay
content. This minor class of fecal pellets could have been produced from a variety of bottom-
water or sediment scavengers during oxic-suboxic cycles and/or during intervals of high detrital
influx in the water column. The petrographic observation that dark brown pellets with silt
inclusions are usually found well preserved in bioturbated/oxic-suboxic intervals supports this
theory. Usually, lighter peloids are observed in calcite-rich facies while darker pellets are found
in detrital-rich facies. However, most thin section samples contain a spectrum of colors. In
addition to a benthic variety of fauna in some calcite-rich intervals, the variety of colors observed
in the thin section samples could likely be attributed to bottom-water currents, erosion,
resuspension, and subsequedeposition of pellets.

Hattin (1975) observed a concentration of whole and broken coccolithophore in the

Niobrara peloids, which he interpreted as fecal matter of small, herbivorous, selective-feeding
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planktonic organisms. Due to modern analogs and planktonic diets, Hattin hypothesized that the
pellets likely originated from copepods and/or tunicates. The results of this study show that the
fecal matter-producing organisms of the WIS were not selective herbivores, but also show
characteristics of predatory and nonselective feeding. Based on the inclusion of crushed juvenile
forams, tunicates are not a likely candidate. Tunicates are soft-bodied, filter-feeding organisms
without mouths that would not likely have been able to crush the test of the forams. Additionally,
since they are filter feeders|arger size distribution of intrapeloidal forams would be expected
within their pellets. While planktonic foraminifera predation is still poorly understood, copepods
are a more likely source of the pellets. Planktonic foraminifera are more commonly known to
prey on copepods in modern oceans than copepods on foraminifera (Heetlabhel©88).
However, it is possible that copepods could have a predatory advantage over smaller, juvenile
forams. This would suggest that there is a size restriction to the predatory mechanism.
5.2.2 Shape, Size, and Origin

Circularity analysis shows that mechanical compaction of pellets is negligible for the A
Chalk, with burial from the Bibma to Tebo well. However, peloidal circularity, by facies,
decreases with increasing detrital content. This is most likely due to an increase in early
mechanical compaction in the ductile, clay- &id-rich matrix of the Pierre Shale and A Matrl
facies, compared to the rigid calcite-rich matrix of the A Chalk facies. During burial, ductile
grains such as clay and OM can distort and close pore space and pore throats. Additionally,
pressure dissolution of calcite is catalyzed by the presence of clays. Areas with larger clay
fractions will experience enhanced dissolution and will accumulate more residual clays, which
will act to further enhance mechanical compaction and pressure dissolution in that area

(Aharonov and Katsman, 2009).

137



The decreasing circularity trend into detritedh facies also correlates with a decrease in
the average area and length of pellets. This suggests that phytoplankton production in the
euphotic zone is increasingly repressed during detrital-rich intervals, a result of an influx of
sediment ito the layer of productivity and unfavorable surface water conditions. Sediment in the
euphotic zone inhibits photosynthesis, vital for phytoplankton such as coccolithophores, and
reduces food availability for zooplankton and other predators. During periods of high
productivity, such as algal blooms, fecal pellets of modern copepods are larger, a®ths
contain higher organic carbon content. Fecal pellets of modern copepods during starved intervals
or moderate food availability are smaller, less dense, and contain less organic carbon (Dagg and
Walser, 1986; Butler and Dam, 1994). With starvation and a decrease in productivity, an
opportunistic feeder would likely feed on anything in the water columnttban fit in, or crush
with, its mouth.The starvation hypothesis is supported by the petrographic observation of an
increase of foram and silt ingestion in fecal pellets, transitioning into detrital-rich facies, when
the constituents are also present in the matrix.

In Hattin ] 4975) study on the origin of Niobrara fecal pellets in Kansas, he observed
3H O O L saldareau®pellets having an average diameter near @ F20The results of this
study show a remarkable similarity R + DWsahafonhy with a dominant population of
ellipsoidal pellets containing a modal length of 0.117 mm. While Hattin gives a convincing
argument for copepods as a dominant pellet source, tunicates aléalyt origin due to the
lack of a mouth or crushing mechanism.

A modern study, carried out by Poulsen and Kiorboe (2006lyzsthcopepod fecal
pellet sizes in the North Sea. As seen in Figure 5.1, the results show that an average fecal pellet

size of 0.117Mm plots very close to the average pellet size of approximately 0.120 mm for the
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Figure 5.1 Cross plot of fecal pellet size vs copepod prosome length. From Poulsen and
(2006).

marine copepod genus, calanofsthe calanoida order. The fecal pellet size rangalainus also
correlates well to the upper and lower limits of pellet lengths for the dominant population of
pellets in this study. Based on the linear regression provided, the averagd lpaiigh of 0.117
mm correlates to a copepod prosome (body) length of approximatelynhc7

Calanoid copepods have been observed to produce ellpsoidvoidal pellets with
round or pointed ends. Furthermore, they are typically encased by a peritrophic membrane that
likely protects the cells of the midgut and hindgut from abrasive food particles. The membrane
makes the pellets more resistant to microbial degradation and disaggregation via suspension and
settlingin the water column (Gleiber, 2010). This aligns with the evidence for a protective pellet
membrane in peloids of this study. Additionally, a recent study on copepod feeding selectiveness
tested a variety of prey on a calanoid copepod (&tai, 2013). The study concluded that the
calanoid copepod displays a lack of selectively when supplied with a range of food options. The
observation of nonselective feeding in modern copepods further supports the origin and

observations of the pelleits this study. Due to the size, shape, and features of the pellets, in

139



combination with modern analogs and feeding habits, it is likely that the dominate population of
pellets in the Niobrara originated from copepods, potentially of the calanoida order.

With lengths up to 0.9 mm, the minor population of dominate ellipsoidal pellets (AR 1-4)
in the A Chalk most likely represent a small contribution of fecal pellets from juvenile fish,
which also feed on phytoplankton, as well as zooplankton, in the photic zone. These larger
ellipsoidal peloids are more noticeable in facies four and five and usually display rough or
disaggregated margins, likely a result of the absence of a protective membrane and increased
degradation in the water column. The minor population of high aspect ratio, elongated peloids
(AR > 4) plot around a modal peloidal length of 0.164 mm, with a positive skew up to 0.9 mm
(Figure 4.50). The high aspect ratio peloids correlate to darker colors and appear as elongated,
black peloids in thin section. Due to low amounts of coccolith fragments, rough margins, and
lack of evidence for a protective membrane, this population is most likely attributed to organic-
mineral aggregates (OMA). OMAs are a type of marine snow, formed inorganically in the water
column through flocculation and aggradation of organic matter, cliftysared biogenic tests.

This study finds that OMAs are more abundant in detrital-rich facies, where organic matter and
clays are more concentrated in the water column. However, they are also present in the chalk-
rich facies, to a smaller degree.

5.2.3 Peloidal Deposition and Organic Matter Flux

Zooplankton debris can dominate the downward flux of organic matter in the ocean
(Dagget al, 2014). Fecal pellets, such as those from copejpod thought to be important
vehicles for transport of organic material to the deep seafloor, especially when protected by a
peritrophic membrane (Dagyg al.,2014). Zooplankton chemically and physically convert

phytoplankton into rapidly sinking fecal pellets. Organic matter packed within pellets has a much
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higher likelihood of reaching the sediment surface tsan isolated detrital phytoplankton cell.
This type of enhancementto OMO X[ LV FDOOHG WKH 3IHEB@)SIHOOHW H[SU
responsible for a significant part of the Type Il OM flux in pelagic environments.

An additional factoin pellet preservation is sinking velocity. Pellet density plays a key
factor in how long a pellet stays in suspension, with larger, high-density pellets settling more
rapidly than smaller, lower-density pellets. The mtore a pellet stays in suspension decreases
the likdihood it will be preserved due to partial or complete coprophagy (ingestion of fecal
pellets) and mechanical/microbial degradation in the water column. In the presence of a
horizontal transport vehicle, the differendepellet deposition can be likened to the sorting of
siliciclastic grains, with heavier grains (sands) falling out of suspension before lighter grains
(silts). This trend can be observed in the Denver Basin with an average pellet size variance from
the west to the east. Towards the east, the average pellet size gradually decreases, which is the
reverse of what is expected with surface productivity likely stroimgire east. Since the trend
of average size is inverséalproductivity, thissuggests peloidal sorting in an approximately
eastward traveling current, with larger, denser pellets falling out of suspension before smaller,
less dense pellets. This observation partially supports the theory of a counterclockwise gyre of
surface waterwithin the WIS (Steett al.,2012).

Another important contributor to the mass flux of organic matter are organo-mmerall
aggregates, a type of marine snow. The particles that make up marine snow include small
organic matter such as bacteria, protozoa, phytoplankton cells, and inorganic matter, including
biogenic hard parts, silt grains, and clay minerals (Libes, 2009). Both OMAs and fecal pellets
descend more rapidly than individual particles, moving quickly out of the zone of oxic

degradation, mechanical breakup, and chemical dissolution (May, 2013). Additionally, OMAs
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and pellets can develop anoxic microenvironments around them due to surface colonizing
bacteria, which helps preserve the descending organic debris (May, 2013). The development of
an OMZ and anoxic or euxinic conditions further enhances preservation of organic matter
throughout the water column. Because of the increasingly reduced conditions in the Upper
Niobrara, the A Chalk contains higher concentrations of preserved, intrapelletal organic matter
than lower chalk benches.

5.2.4 Color

The results of the color analysis show that pelletal color can be influenced with burial due
to oil staining from the generation of hydrocarbons. Disregarding the effects of oil staining,
pellets in immature cores display a range of colors which have been broken out into five groups:
white, light brown, white- and light brown-mixed, dark brown, and black. The integrative results
of this study show that pelletal color is chiefly influenced by porosity, mineral and organic
constituents, and microredox conditions relating to the presence of pellet membranes and internal
variations in organic matter, iron, and sulfur under reducing conditions.

EMP and SEM analysis show that the whitest pellets dominantly consist of coccoliths
with trace amounts of detrital minerals and little organic matter. They also contain the greatest
porosity. Similarly, light brown pellets consist dominantly of coccoliths with trace amounts of
detrital minerals. However, they contain more organic matter than white pellets and porosity is
slightly reduced in comparison. White- and light brown-mixed pellets share similar
characteristics to the previous. These pellets have variations in porosity and organic matter
distribution within the pellet which cause color variations and the appearance of an intrapelletal
texture. Dark brown pellets typically contain coccoliths and detrital minerals, but little organic

matter. Black pellets generally contain higher amounts of detrital minerals and orgaeic matt
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with either similar or smaller amounts of coccoliths. Porosity in darker peloids is generally
reduced compared to lighter peloids.

The presence of a thin protective membrane on most pellets, and the restriction of
framboidal pyrite to the matrix, suggests that pellets contained microredox environments during
early diagenesis. During early diagenesis, organic matter within the pellets was likely partially
degraded by intrapelletal microbes. White pellets, which are OM and detrital/Fe poor, would not
have been prone to form pyrite due to a limitation of reactive iron and organic matter. Due to a
lack of internal organic matter degradation, they are sulfur-poor, as well. Light brown pellets,
which are detrital/Fe-poor and OM-rich, would have been iron limited, but able to mobilize
sulfur through the degradation of OM. Due to the local limitation of reactive iron, pyrite
formation would have been restricted. However, sulfur mobilized from bacterial sulfate
reduction would likely have formed organic-sulfur compounds in the absence of iron, which
could impart a slightly darker or brownish color in the pellet depending on the OM
concentration. A similar process would occur in white- and light brown-mixed pellets, but would
align with the OM distribution.

Dark brown peloids, which are detrital/Fe-rich and OM-poor, would have been OM
limited. Due to a lack of OM degradation, reactive iron and sulfur would not have been
concentrated in these pellets. With the general absence of sulfur and pyrite, the darker color is
likely due to the presence of clays and detrital minerals, alone. Based on EMP analysis, it would
only takes a dispersed clay content of ~ 2 wt% to cause significant color variation of a calcite-
rich pellet. Finally, black pellets, which are OM and detrital/Fe-rich, would not havahad
initial limit to the pyrite forming process, due to the presence of OM, reactive iron, and reactive

sulfur. However, a semi-permeable membrane, where preserved and present, could have reduced

143



the availability of intrapeloidal sulfur due to restriction from external sulfates in marine water.
Depending on the ratio of intrapelletal iron conten®id, it is likely that black peloids also
contain organic-sulfur compounds as well. With the presence of pyrite, post-coring oxidation of
pyrite can also impart an orange-brownish coigoeloids due to the presence of iron oxides.

Other influences on color include pelletal porosity variations. Even amongst pellets of
similar composition, such as calcite-rich white pellets, pelletal porosity varies greatly. This is
likely due to differing crushing and compaction of coccoliths by the mouths and guts of a
varying size range of predators, under different stress environments. To complicate things
further, some pellets are ingested partially or completely by scavengers (cop)japhbgyoxic-
suboxic water column before they fall out of suspension. When pellets of denser compaction are
ingested by scavengers with lower mouth and gut compaction, intrapelletal porosity variations
can be present upon the next cycle of pellet excretion. With the reduction of porosity, pellets of
similar composition will appear darker, or slightly browner in PPL. Intrapelletal porosity
variations will likely cause distinguishable variations in white, light brown, and white- and light
brown-mixed peloids, but will not be apparent in dark, low porosity pellets.

Table 5.1 presents a peloidal classification system based on the results of this study.
While the peloidal classification system is generalized for five color classes, an entire spectrum
is possible due to variations in the color-linked constituents. Additionally, in areas of maturity
and hydrocarbon generation, oil staining will further darken pellets. Late-stage gypsum cement
will also contribute darker color variations where present in the shallow, eastern Niobrara.
Furthermore, the post-coring oxidation of pyrite will affect the color of some dark, pyrite-rich

peloids. The thickness of the thin section can also cause variations in the color/tint/shade of
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Table 5.1 Peloidal classification system for immature chalks and marls of the Upper Niok

pellets. UtraW KLQ VHFWLRQV ZLOO DS SHDU Wnhileltkivked o stad@&dwW KH FR
thin sections will appear darker, especially vatirabundance of clays in the matrix.
5.3  Fractures and Cement
This section discusses the observation of gypsum cement in the A Chalk of the shallow
subsurface and at depth. The relation of gypsum to bedding parallel-microfractures is explored,
and the origin of microfractures in deeper caseguestioned.
5.3.1 Shallow Fractures
Fracturing in the Upper Niobrara appears to be late-stage at shallow depths. Within the
cores sampled from the shallow part of the basin in eastern Colorado (Bibma and Byrkit),
fractures are restricted to the clay @w-rich A Marl and Pierre Shale. These units display

abundant macro- to microscale, bedding-parallel fractures filled with gypsum (Figure 5.2A). The
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A Chalk is mostly devoid of fractures, with a noticeable decrease in the density of fractures with
increasing calcite content. However, patchy, poikilotopic gypsum cement is observed in the A
Chalk, filling in intrapelletal and matrix porosity (Figure 5.2B). While the patchy gypsum
cement is observed in the A Chalk of the Bibma and Byrkit cores, the bedding-parallel, gypsum-
filled fractures are restricted to the detktich facies of the shallower, Bibma core. This
suggests that the phenomen®related to a near-surface, hydrodynamic weathering process,
with the extents of the phenomenon limited at depth by the permeability of the units.

The growth of gypsum in ae-surface OM- and pyrite-rich mudrockis well
documented in the literature. El Tabadttal. (1998) hypothesized that gypsum-filled fractures
form at shallow depths by unloading and exhumation. Baesurface oxidation of pyrite,
either aerially or through exposure to meteoric fluids in the subsurface, and reaction with local
carbonate, would allow for the generation of gypsum. The gypsum would then nucleate in
fractures and pore space, especially along bedding planes (Gale and Holder, 2010). The near-
surface evaporation of sulfate-rich ground waters can also cause the precipitation of gypsum

cement in arid climates (Hattin, 1982). The formation of fracturesacsystallization pressure

Figure 5.2 PPL images of samples from the Bibma 13-21 core. (A) Sample from the Upp
Marl, facies six, 1,453 ft., showing concentration of gypsum cement in bedding-parallel fr
and neighboring pellets. (B) Sample from the Middle A Chalk, facies four, 1,438 ft., show
dispersed, patchy, poikilotopic gypsum cement within pellets and matrix.
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was proposed by Taber (1918). He concluded that in areas where the vertical and tensile strength
of the rock is low, the displacive growth of cement, such as gypsum, could induce horizontal
fractures along bedding planes, or widen pre-existing fractures.

Hattin (1982) noted that gypsum is abundant in the Niobrara outcrops of eastern Kansas.
He observed that gypsum is present in closely-spaced fractures within beds of dark-colored
chalk, primarily in the upper half composite of the Niobrara Formation (Figure 5.3A). Yellow
and orange coloration is associated with units containing the fractures, but not within the
fractures themselves, presumably the result of pyrite having been oxidized during weathering. He
GHVFULEHVY WKH IUDFWXUHYV DV 3ZLVS\ FULQNOHV WKDW DUH
stratification, and filedZLWK J\SVXP ~ 7KH FULQNOHYV KDYH WKH DSSHDL
the concentration of clay and other insoluble minerals are lacking. Hattin notes that the presence
of gypsum suggests that the fractures are an epigenetic phenomenon that developed through the
near-surface evaporation of sulfate-rich waters.

The correlation of the phenomenon with darker units mirrors the observations in this
study, that the gypsum-filled fractures are abundant in the organic matter and pyrite-rich
intervals (Figure 5.3B) +DWWLQ TV R E VphengrDanoisiamanKib the WgpeHhalf
composite of the Niobrara also aligns with XRF elemental data and core indicators of an
increasingly anoxic/euxinic environment towards the top of the Niobrara. The euxinic intervals
of the Upper Niobrara and overlying Pierre Shale are associated with an abundant concentration
of pyrite, up to of 30 wt% in the detrital-rich intervals of the Byrkit core and up to 21 wt% in the
Bibma core. In an uplifted, oxidizing environment such as the eastern Denver Basin, the
abundance of oxidized pyrite could be a sufficient sulfur source for some or all of the gypsum

cement. The dissolution and upward migration of underlying Permian salts could also be a sulfur
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Figure 5.3 (A) Polished surface of dark chalk sample, cut normal to bedding, showing gy
filled wispy crinkles. From Hattin (1982). Sample from surface exposure in Sec. 20, T. 1£
32 W., Logan County, Kansas. (B) Sample from the Bibma 13-21 core, Upper A Marl, fac
seven, 1,464.8 ft., cut normal to bedding, showing bedding-parallel gypsum-filled fracture
subsurface.

source. However, there are slight i HUHQFHY LQ WKH REVHUYDWildRQV EHWZ
fractures in outcrop and the fractures in the Bibma well of this stidf. OH +DWWLQTV IUDFV
average approximately 1-3 cm in length, the gypsum-filled fractures in the Bibma average 0.1-
0.4 cm. The difference in average lengtmost likely due to the greater tensional strength of the
rock at depth, due tahigher vertical pressure related to the overburden.

+DWWLQ DOVR SRVWXODWHYV WKDW WKH 3ZHEBMWBEHULQJ K\
the surface phenomenon with unweathered chalk from equivalent beds in the nearby subsurface,
ZKHUH WKH FULQNOHV SUH WXhisBteEdy, \the Bhsedvation df gyisiero@swW
wispy crinkles in the subsurface, in combination with XRD-identified jarosite, an iron-oxidation
mineral, at depth, essentially counters the hypothesis that this weathering process is restricted to
the outcrop. The observations in this study essentially extend the weathering-related, gypsum

phenomenomo equivalent units in eastern Colorado, at depths of ~ 3,000 ft. The presence of this
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weathering-related phenomenon at depth is most likely associated with a combination of
downward traveling, oxidizing, meteoric waters from outcropping formations to the east of the
basin, and sulfate-saturated fluids traveling up structural features.

5.3.2 Deeper Fractures

At subsurface depths greater than approximately 1,500 ft., the macroscale, gypsum-filled
fractures are less abundant. Below this depth fractures in the Upper Niobrara are dominantly
horizontal, anastomosing, bedding-parallel microfractures that are either void or partially filled
with gypsum. They appear to increase in density with increasing maturity of organic matter.
Microfractures, as defined for this study, are fractures too small to be seen with the unaided eye,
having lengths of millimeters or less and widths generally less thanP(Anderset al, 2014;

Loucks and Reed, 2016). In resemblance to the shallow subsurface, the microfractures are more
abundant in the organic matter- and pyrite-rich A Marl and Pierre Shale. In some of these
gypsum-filled microfractures, clays, organic matter, and detrital grains of quartz and feldspar
form inclusions within the gypsum. However, in most of the fractures where gypsum cement is
observed, the fill is inclusion free. Gypsum cement is also present in the calcite-rich A Chalk, to
a smalér degree, but microfractures are not as prevalent. While the observation of microfractures
in mudrocks are abundant in the literature, the origins are still debated.

The inclusion of detrital grains in calcium sulfate fracture fill has been discussed by
Murray (1964). He states that bioclastic particles appear to be the most commonly replaced
material and suggests that the phenomenon occurs through the simultaneous dissolution of
carbonate parent rock with the precipitation of calcium sulfate. This could explain the in-situ

distribution of inclusion relicts, as the gypsum would fill in available pore space and continue to
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grow around, and even displace, the more resistant relict noncarbonate clastic grains and organic
matter.

Microfractures have been proposed to form in mudrocks when the fluid pressure exceeds
the minimum principal stress and elastic tensile strength of the rock, creating a narrow opening
displacement (Apliret al, 1999). A fracture usually forms perpendicular to the minimum
principal stress of the rock. At depth, the minimum principal stress is generally horizontal, unless
overpressuring or compressional tectonic forces are present. Microfractures have been invoked
as a way in which the permeability of mudrocks can be enhanced away from fault zones,
potentially serving as an avenue for releasing high fluid pressures and allowing for the primary
migration of hydrocarbons (Apliet al. 1999). Overpressuring may lead to episodically ruptured
mudrocks, creating a microfracture network. In combination with the increased permeability,
increased reactivity due to the surface area on fracture walls, in addition to the mixing of basinal
fluids of different temperature and salinity with connate pore water, could also potentially
promote the precipitation of cement, or alteration of the fracture margins (Nunn and Syrowski,
2004). After fracturing, any subsequent cement fill or fracture closure may once again trap fluids
or gases, which would recharge internal pressures in the cell, until the next failure event (Anders
et al.,2014).

Horizontal microfracture systems can form due to volume changes during hydrocarbon
generation-related overpressuring, through the process of catagenesis, where kerogen is
converted into hydrocarbons (Ahmed and Meehan, 2016). According to Ahmed and Meehan, the
horizontal PLFURIUDFW XUHYV DhardelRuhdgtdrpsirt kbGe ke@pden/bitumen
distribution within an active/paleo hydrocarbon-generated overpressure system that exceeds

RYHUEXUGHQ VWUHVYV ’"natikdable Fertkod & thé [MEcDoirdc@rasd/tid the matrix
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of organic matter-rich units in this study. Ahmed and Meehan (2016) note that expulsion
inefficiency within a high-quality sealed system enhances the extent of horizontal microfracture
fabrics. The thick, overlying Pierre Shale is a very good candidate for a gas-level quality seal as
it seals biogenic gas deposits in the eastern Denver Basin and thermogenic gas deposits in the
western Denver Basin. While the A Marl is not considered a high-quality seal due to the
abundance of calcite and porosity-rich fecal pellets, it displays similar microfracture
characteristics. The microfractures show an affinity to localize near microstylolites and
microstylolite swarms. Similar microfractures are rarer in the A chalk but can be observed in
association with small, intermittent solution seams and microstylolites. This could open a dialog
into whether pre-overpressuring stylolitization creates an avenue for overpressuring-related
microfractures, with aid from concentrat®®! and OM porosity creation along microstylolites

with maturity. As microfractures localize on areas of low tensile stress both authigenically and
during the coring process, it's hard to conclude if they are natural or an artifact.

The smectitélliti zation process is another mechanism that may contribute to
overpressuring and horizontal fracturing. The progressive transformation of smectite to illite via
mixed-layer illite/smectite (I/S) is an important diagenetic clay reaction in the Niobrara
Formation. With increasing temperature and burial, the percentage of expandable layers in I/S
mixed-layer clay decreases while water is expelled (Burtner and Warner, 1986). Water expelled
from smectite during the process of illitization may migrate out of the mudrock and contribute to
high fluid pressure buildup. The illitization process has been considered a type of
geothermometer because of the coincidence between the temperatures for the conversion of
random to ordered I/S and those for the onset of peak oil generation (Pollastro, 1993).

Microfracturing, resulting from increased fluid pressure from hydrocarbon generation and clay
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diagenesis, could be a primary mechanism for flushing fluids from deep basins. The
hydrocarbon/fluid flushing process would be enhanced by late-stage clay diagenesis since water
supplied by smectite would allow the process to extend to greater depths than could be obtained
by original pore water alone.

Geopressured systems can also form in combination with regional compressional
tectonics and differential/mechanical compaction, decreasing the overburden stress relative to the
horizontal stress, leading to horizontal microfractures (Ahmed and Meehan, 2016). Tectonic
compression occurred on the west side of the Denver Basin during the Late Cretaceous to Early
Tertiary Laramide Orogeny. In addition to tectonic compression in the foreland-style Denver
Basin, mechanical and differential compaction of the Niobrara with burial depth would increase
fluid pressure, squeezing formation fluids updip or towards areas of lower pressure. Upward
fluid flow, contributing and responding to a pressure gradient, would increase effective tensile
stress on the rock where permeable structural pathways are more likely (usually along bedding
planes). The fluid pressure would counter the overburden weight of the rock, or even surpass it,
leading to tensile hydraulic fracturing, or dilatant shear failure (Cobbold and Rodrigues, 2007).
Abnormal pressures generated through the maturation of organic matter, clay diagenesis, and
mechanical/differential compaction, in conjunction with Laramide tectonic compression, could
potentially explain the abundance of microfractures observed in m@ireich units in this
study.

In some open areas of the fracture where gypsement is not present, a light alteration
halo appears on the sides of the fracture walls. The presence of such alteration would suggest
high temperature or reactive fluid flow through these microfractures at depth, potentially after

initial cement fill. Capuano (1993) makes a case for an authigenic origin of calcium sulfate-filled
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microfractures, due to the presence of alteration halos on fracture margins, and the fill itself. She
claims that any fracture fill, including calcium sulfate, is representative of diagenesis and that
alteration of fracture margins is not likely to occur post coring. Diagenetic anhydrite fill and
altered fractured margins were also noted in Nunn and Syrowski (2004). In their study, they
noticed advanced alteration of smectite to illite along the edges of microfractures, which would
be consistent with the movement of high-temperature fluids along the microfractures.

However, the authigenic origin of microfractures has been contested. Loucks and Reed
(2016) state that many microfractures described as natural are artifacts related to the coring
process and gas-expansion stress release of the mudrock matrix, especially in mudrocks rich in
clay. In addition, the post-coring dehydration of clay-rich samples or devolatilization of bitumen
can create desiccation and shrinkage microfractures. Consideration should also be taken in
differentiating induced fractures related to sample preparation stresses during thin-sectioning and
ion-milling. Thin sections slabs are exposed to stresses during sawing of the slab, slicing of the
impregnated slab, and grinding/polishing of the thin section itself. Argon ion-milled samples are
also exposed to sawing vibrations in addition to exposure to higher temperatures during the eight
to ten-hour milling process, which transpires under vacuum. The exposure to heat and low
pressure has been noted to create small desiccation microfractures in organic matter and clays
(Loucks and Reed, 2014). Additionally, the argon ion-milled samples are exposed to a vacuum a
second time during SEM analysis.

In this study, the apertures of microfractures with partial gypsum cement fill range from 2
WR P 7KH GLVWULEXWLRQ RI WKHYV Hekdénted hrRiQfducezs DQD VW
appears to be dominantly concentrated in the matrix and around peloids and rigid grains.

Although, the fractures do cross rigid calcite-rich peloids and calcite-cemented pyrite framboids
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in some cases. While fracturing through the clay-rich matrix and around rigid grains is
characteristic of fracturing in a low confining pressure (coring and post-coring), fracturing
through rigid grains and pellets suggests fracturing under higher confining pressure, which is
more indicative of an authigenic origin (Loucks and Reed, 2@63tated earlier, Ahmed and
Meehan (2016) describe horizontal microfractures induced from hydrocarbon overpressuring as
3 E H G pdr&idl/anastomosing to the kerogen/bitumen distribution within an active/paleo
hydrocarbon-generated overpressure system that exceeds overbwdéhHVY =~ % DVHG RQ W
current literature, these types of microfractures can occur in the matrix either authigenically or as
an artifact. While the origin of the microfractures is still inconclusive, the current consensus is
that microfractures barren of non-sulfate cement and solid bitumen must be considered
TXHVWLRQDEOH DV QDW XU D Ghe p&sgilbili hdt mibtéfladui@RHMQ TW U H | X
study ae authigenic. Further work is needed to understand microfracture origins in the Denver
Basin.
5.3.3 Cement Fill

While calcium sulfate has been described in the Niobrara Formation only a handful of
times, it has mainly been observed in the A units, and to a smaller extent, in the B units.
Mineralogical data obtained through XRD analysis by Elghonimy (2015) show less than 2 wt%
gypsum in the A Chalk of the Aristocrat H11-07 core, one of the cores utilized in this study.
Aydin (2017) shows a sequence of SEM images from each Niobrara unit of the Aristocrat H11-
07 core, noting an abundance of what ske\FULEHYV DV 3D X W WhichthgpedsD Q K\G U L W
bladed and feather-like, with occasional radiating structures in some areas. She notes the
GRPLQDQFH RI WKH 3D XW K Luhitsputalsd Qokurebts hWehpfedeQreWwfkhd $

sparse anhydrite cement down into the B Chalk. Hefton (2015) also shows examples of
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SDQRPDORXV DXWKLJHQLF DQK\GULWGa45 fiQ bfthe) TWd DlileW X UHV LQ
Creek core in northeastern Colorado, near the border of Nebraska. Both Aydin and Hefton
invoke framboidal pyrite as the sulfur source of the authigenic anhydrite but provide no evidence
for the authigenic interpretation of the anhydrite, the identification of the anhydrite itself, or the
method of pyrite oxidation at depth, which is needed to liberate sulfur. The interpretations of
DQK\GULWH DUH PDGH DOO WKH PRUH FRQIXVLQJ WKURXJK ;5
study, identifying the calcium sulfate as gypsum.

Loucks and Reed (2016) summarize that while non-sulfate cement in fractures indicates
an authigenic origin, the presence of sulfate cement in microfractures is not enough to exclude
the possibility of post-coring artifacts. Gypsum is considered a suspect mineral in microfractures.
If the microfractures are barren of both non-sulfate cement and solid bitumen, they must be
considered questionable as natural. Loucks and Reed show many examples of what they interpret
to be artifact microfracture fill, and some examples show a patrtial, patchy gypsum fill, which is a
similar fracture-fill texture to the ones observed in this study.

Milliken and Land (1994) also state that gypsum is a suspect mineral in microfractures.
In a drafted response to Capuano (1993), they largely question her interpretation of authigenic
calcium sulfate-filled microfractures based on the presence of the sulfate fill itself. They argue
that while it is possible for calcium sulfate to precipitate in microfractures in the subsurface, the
authigenic calcium sulfate-filled fractures are largely indistinguishable from calcium sulfate
precipitated along breaks during prolonged core storage. Post-coring gypsum precipitation is a
well-known phenomenon associated with the oxidation of unstable iron sulfides in core. Similar
to the process that created the gypsUmO OHG pZLV S\ F blegstér@ Gdloradd) FW XU HV

oxidation of fine-grained pyrite and organic matter yields oxidized iron compounds, dissolved
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sulfate, sulfuric acid, and organic acids. The acids mobilize calcium through the dissolution of
calcite, and upon evaporation or oversaturation, produce a calcium sulfate precipitate,
particularly gypsum (Milliken and Land, 1994). The process can proceed within days, or as little
as a few hours with exposure to humid Additionally, the sometimes-repetitive method of
wetting cores with water to aid in core description can also induce this process (Milliken and
Land, 1994).

Calcium sulfate is principally considered an oxidation mineral. If calcium sulfate
precipitate is due to pyrite oxidation, samples would be accentuated with iron oxides. The iron
oxides would impose an orange-yellow color near fractures and pyrite within the matrix, as is the
case with the shallow eastern Colorado samples. Calcium sulfate-fill at deeper depths presents
more of an issue due to an unlikely exposure to oxygen. If calcium sulfate cement is not a result
of oxidation, sulfate must be saturated in deep basinal fluids or introduced from drilling fluids
(Milliken and Land, 1994). The source of most sulfate in secondary calcium sulfate cement in
deep basins is primarily from dissolved evaporites in neighboring or underlying formations
(Murray, 1964). While Permian evaporites do underlie the Niobrara in some portions of the
Denver basin (mostly north and east), they are largely absent from the west side of the basin
where calcium sulfate was observed at depth, and thus would not be a likely source of the
calcium sulfate. Additionally, no gypsiferous drilling fluids were logged on drilling reports,
meaning it was also not introduced into the subsurface artificially.

Even if sulfates were available in deep basinal fluids, the extent of fluid mixing and
subsequent precipitation of sulfates within the zone of overpressuring would be limited.
Overpressuring primarily expels fluids from the geopressured zone, squeezing fluids outside to a

zone of lower pressuré&he fact that there is a zone of overpressuring in the Wattenberg Field
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(Aristocrat core) near the Front Range Uplift denotes hydraulic isolation and a lack of
communication in the Niobrara to nearby outcripthe west. This is most likely due to non-
fluid-permissive offsets through thrust faulting along the Front Range (Nelson and Santus, 2011;
Figure 5.4). The combination of faulting and lack of fluid flow through overpressuring in the
Niobrara would limit the likelihood that oxidized, meteoric waters were flushed deep down into
the formation, in contrast to what has been proposed in underpressured, permeable zones in the
overlying Hygiene sandstone and the deeper, underlying Lyons sandstone (Bachtiar, 1991; Lee
and Bethke, 1994). While it is possible that meteoric water invasion occurred during thrust
faulting and pre-overpressuring, it is unlikely that this would be the origin of the gypsum in the
Upper Niobrara due to the restriction of the gypsum cetoesyn-overpressuring- or post-
coring-related microfractures.

Additional XRD analysis was conducted on the calcium sulfate in the A Marl at both
shallow and deep burial depths to verify the identity of the sulfate cement as either gypsum or
anhydrite. The clarification of the two is important for the interpretation of the fracture-fill as
authigenic or a post-coring artifact. In general, gypsum is found near or at the surface, whereas
anhydrite is the common form of calcium sulfate in the subsurface (Murray, 1964). MacDonald,
(1953) produced a stability field graph for calcium sulfate showing a transition temperature of
40°C for gypsum to anhydrite in pure water. The transition temperature, as a function of the
concentration of NaCl, decreases with an increased concentration of salts. Thus, gypsum should
generally be the stable mineral at temperatures less th@natal04F, typically associated with
shallow burial depth, while anhydrite should be the stable form at depth with temperatures higher
than 40C. (MacDonald, 1953). That cutoff means that all authigenic calcium sulfate should be

anhydrite at depths greater than ~ 3,000 ft., in this study, based on the geothermal gradient of the
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Figure 5.4 Cross section view of the west margin of the Denver Basin. The section show
faulting along the Front Range Uplift, a result of compressional tectonic forces during the
Laramide Orogeny. The thrust faulting is limiting the flow of meteoric water at depth in sc
formations due to offsetting of permeable units. The Niobrara Formation, labeled and col
tan, is shown to be hydrologically isolated at depth. Modified from Hasse#bat{2017).
sampled wells. Thus, gypsum would be the stable form of calcium sulfate in the Biboma and
Byrkit wells, while anhydrite would be the stable form in all of the deeper wells. In this study,

both calcium cement, shallow and deep, was identified as gypsum through XRD analysis. This

correlates with the observation that the calcium sulfate cement is typically recognized by
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abundant, subparallel desiccation microfractures, the result of dehydration of the be@dad H
gypsum during the argon ion-milling process. Anhydrite would not form desiccation fractures
from dehydration due to the lack of water in the molecular structure. While the shallow gypsum
cement formed authigenically, the deep gypsum cement is most likely an artifact. The
verification of gypsum at depth, with no traces of anhydrite, would essentially counter the theory
that the deep calcium sulfate cements observed in this study, and previous studies, formed in the
subsurface, due to the favored stability of anhydrite over gypsum at reservoir conditions.
However, tK LV G Rriply Q& WWe microfractures themselves are artifacts, but it does imply
that the deep calcium sulfate cement fill is (1) not anhydrite, (2) not authigenic, and (3) most
likely a post-coring artifact related to the oxidation of pyrite during core storage and wetting. The
relation of the partial gypsum fracture fill to areas within the microfractures adjacent to pyrite-
rich matrix also supports the conclusion that the cement is a post-coring, oxidation-related
artifact.
5.3.4 Other Features

Some of the fracture margins display alteration, which appears lighter in SEM BSE
images. Some authors have hypothesized that the alteration is proof of an authigenic origin of the
fracture due to exposure to higher temperature fluids in the subsurface (Capuano, 1993).
However, oxidation processes at the surface could also cause alteration due to the production of
acids from pyrite and organic matter, which would alter low-pH sensitive minerals, such as
calcite, along fracture margins. The alteration appears to be later than the post-coring gypsum
cement due to its absence along the margins where the cement is present in the microfractures.
Additionally, the alteration only affects some of the margins of the open fractures. Given the

irregularity and late-timing of the feature, the altered appearance could be due to redeposition of
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milled material during argon ion-milling. Loucks al, (2012) states that redeposited material in
ion-milling usually appears as anomalous lighter colored areas around the edges of pores and
voids. The redeposited material commonly fills the upflow part of voids and could explain the
irregularity of the altered appearance in the observed microfractures.

5.4 Porosity Trends

The KIP porosity data shows a consistent decrease in porosity with burial depth for all
facies from the Bibma to the Alice Nay. The primary processes affecting the ik in
intermediate stage of diagenesis is dominantly chemical compaction with minor mechanical
compaction. Mechanical compaction decreases the water content of the rock aeslacrush
compacts skeletal grains early on, while chemical compaction dissolves and reprecipitates calcite
along grain margins and withlocalized solution seams and microstylolites. The dissolved
calcite precipitates in the adjacent matrix and pellet porosity, generally as syntaxial overgrowths
on coccolith fragments in pellets, and as micrite cement in the matrix. The redistribution of
calcite during the intermediate stages of diagenggisemplified by the precipitation of sparry
calcite cement in foram chambers in thin sections and SEM, and as calcite overgrowths on
coccolith fragments in SEM.

Porosity within the pellets is dominated by interparticle porosity between coccolith
fragments and other minor mineral constituents, in addition to intraparticle organic matter
porosity. Porosity varies within pellets due to differences in biogenic compaction from the mouth
and guts of zooplankton, and the size of the coccoliths consumed. Additionally, during the late-
early, to intermediate stages of diagenesis, pellet membranes begin to chemically degrade, and
micrite from the matrix starts to invade into pellet margins. This process starts earlier for peloids

with degraded margins resulting from water column disaggregation, microbial degradation,
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partial coprophagy, or bioturbation. Pellet porosity is mainly lost with the progressive

overgrowth of calcite cement on coccoliths and coccolith fragments, a result of cement influx
from chemical compaction. Some coccoliths appear more prone to form overgrowths than others.
Porosity within the matrix is reduced and occluded by the presence and redistribution of micrite
with burial, in addition to the presence of ductile, fine-grained clays and OM. Additionally,
chemical compaction is originally more pronounced in the matrix due tatigzing presence

of clays. However, in some cases, the matrix appears to have higher porosity thampbtets

Chalk of shallow cores. This suggests that the matrix originally had, or still has, higher porosities
than the biogenically-compacted pellets in some chalk-rich facies of shallow burial.

Figure 5.5 compares the average KIP porosity per unit with the maturity of the kerogen,
by the core. From the Bibma to the Alice Naye porosity chart shows that the initial rate of
porosity loss in the chalk and detrital-rich units plots similarly to each other. This suggests that
the amount of calcite that is being dissolved is equal to the amount of calcite being reprecipitated
within the remaining pore space. Kerogen maturity data shows that the Upper Niobrara, in the
Windmill and Tebo wells, lies within the oil-generation window, with the Alice Nay lying just
on the border. Bridge and Demicco (2008) state that most compaction occurs before the initiation
of any significant volume of hydrocarbon generation. As seen in Figure 5.5, the onset of the oil
generation window seems to correlate with a notable dedretiserate of porosity loss.

As touched on earlier, chemical compaction is responsible for the bulk of porosity loss in
the chalks. However, diagenesis also offsets porosity loss at depth and maturity due to
overpressuring- and hydrocarbon saturation-related porosity preservation, the formation of
organic matter porosity, and potentially, with the creation of microfractures. While KIP porosity

data was not collected for the Pierre Shale in the Alice Nay, the Lower Pierre Shale porosity
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shows a slowing in the rate of porosity loss relative to the A Chalk and A Marl, from the Blach

to the Windmill. Since the Pierre Shale has higher TOC than the other units within these cores,
the relative rate of decrease in porosity loss could be due to the forma@dh pérosity with

the transition into the hydrocarbon generation window. With additional kerogen maturation into
the gas window, a net increase in porosity is witnessed in the Aristocrat core. The Niobrara in the
Aristocrat core is overpressured, which could be preserving porosity at a higher rate compared to
similar burial depths outside of the Wattenberg Thermal Anomaly. An increase in the fluid
pressure gradient would serve to slow down porosity loss in the units due to a higher hydrostatic
pressure limiting the effect of compaction. Additionally, hydrocarbon saturation would have a
similar effect.

The transition from the Windmill to the Aristocrat is accentuated by a 1.4-2.4% net
increase in porosity. The transition between wells correlates to an additional 750 ft. of burial
depth anda shift of kerogen maturity into the gas window, which is attributed to a higher
temperature gradient in the Aristocrat well, located within the heart of the Wattdrisengal
Anomaly. Given the similarity of kerogen maturity between the shallower Windmill and deeper
Tebo wells (Tmax: 435-440), a simple linear regression was carried out to find the estimated
porosity of the Aristocrat well, without the effect of the thermal anomaly. The estimated
Aristocrat porosity, with the absence of a thermal anomaly, was then compared to the actual
porosity, showing a porosity increase of 2.2-3.0% higher than the projected porosity.

According to Ahmed and Meehan (2016), microfracture systems themselves do not
exhibit significant hydrocarbon/fluid storage capacity, most often less than 0.5-1%. However,
they are believed to have a larger impact on porosity system interconnectivity in a mudrock

reservoir withanet increase in porosity of 2-6%. While the mechanisms described above could
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Figure 5.5 Porosity by unit vs burial line scatter plot. KIP porosity was averaged for samg
each unit (two samples within Lower Pierre Shale, three samples within A Chalk, two wit|
Upper A Marl). There is no data on the Pierre Shale in the Alice Nay core due to lack of «
coverage. Kerogen maturity is overlain for reference.

lead to such a porosity spike in the Aristocrat area, a porosity increase resulting from the

formation of microfractures could also explain the noticeable increase of porosity observed in

KIP porosity measurements. In ion-milled, mature samples, multiple microfractures are observed

on the small milled face. If the fractures are authigenic, the high chance of sampling

microfractures in small ion-milled sample areas means that the microfractures are able to form an
effective, connected pore network for increased flow capacity. Comparing the KIP data of the A

Chalk from this study with Lockridge andFKROOH TV GLDJHQHVLV VWXG\ V

Chalk generally plots with, or higher than, their Niobrara Chalk average (Figire 5.6
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Figure 5.6 Average Niobrara chalk porosity with burial in comparison to European chalk
averages from the North Sea. From Scholle (1977). The figure is modified with a calibrat
overlay of the porosity trend from the A Chalk in this study, showing higher than average
porosity in most cores.

5.5 Implications of Pelletal Fabric

Interparticle pores are generally more interconnected than intraparticle pores. Thus,
interparticle pores contribute more to the effective pore network than do intraparticle pores
(Louckset al, 2012). The exception to this is when the grains with intraparticle porosity are
grain supported, or iapackstone texture, and have porous edges. This arrangement could be
highly productive for a system of grains with high intraparticle porosity, such as pellets, and a
lower permeability matrix. While porosity within pellets is classified as intraparticle, the
structures are dominantly interparticle within the pellets, with some influence of intraparticle
organic matter porosity. As a result, when pellets are in grain-support, the interparticle porosity

network is extended, and permeability is increased. This is the ideal arrangement for the porosity
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network in chalks. The worst arrangement is when intrapelletal porosity is not present, or pelletal
fabric isin a matrix-supported, wackestone texture. This arrangement decreases interconnectivity
of the pore network when the matrix constituents are clay- and micrite-rich, @r low
permeability. In this case, any bioturbation present would likely aid in the increase of porosity
communication between pellets. Thus, bioturbation could be helpful for pore interconnectivity in
this case. However, in the reverse case, when pellets are in grain-support, any bioturbation would
likely decrease the interconnectivity of the pore network due to the addition of clays and micrite
into the pelletal pores. Thus, bioturbation would hurt the porosity network in this case. From the
results of this study, it is not common to encounter bioturbation in detrital-rich facies, where
pellets are dominantly in matrix support, and likely deposited under anoxic conditions. The
likelier case is that bioturbation is present when pellets are in grain-support. This is usually
associated with intervals of high productivity and vertical mixinthe water column, which
oxidizes bottom waters and encourages benthic life and bioturbation.

Intervals of higher productivity and oxidation are also more likely to support an array of
benthic life that produce aragonite or high-Mg calcite tests, whichaailg dissolved during
early diagenesis (but not preserved for observation in thin section) (Hattin, 1981). The
observation by Hattin (1981) that bioturbated intervals usually contain more calcite cement could
be a consequence of higher aragonite and high-Mg calcite content, which would further reduce
porosity in addition to the effects of the bioturbatién\ G L Q42I7) study indicates a steady
increase of porosity and permeability towards the Upper Niobrara (Figure 5.7; Figure 5.8). This
trend displays an inverse relationship to bioturbation and oxic indicators in the cores of this
study. Thus, in the Niobrara, oxic conditions and bioturbation appear to inhibit the porosity

network more thathey enhance it.
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Figure 5.7 KIP porosity data for all units of the Niobrara Formation in the Aristocrat H11-(
core, which is one of the cores analyzed in this study. From Aydin (2017).
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Figure 5.8 Mercury injection capillary pressure (MICP) porosity and permeability data for
units of the Niobrara Formation in the Aristocrat H11-07 core, which is one of the cores
analyzed in this study. From Aydin (2017).
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The porosity data from this study also supports this observation. While facies five,
deposited at the height of the A Chalk transgression, has the highest peloidal index, it also has
the highest bioturbation index (one out of five). The highest porosity is generally in facies four,
which has a slightly lower peloidal index but does not display as many bioturbation indicators.
Both facies are generally grain-supported and in packstone texture. Since porosity is lower in

facies five, the bioturbation seems to inhibit the interconnectivity of the porosity network.
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CHAPTER 6 CONCLUSIONS

. During the later stages of th&rder Niobrara Cyclothem, a regression caused shallowing
and a higher influx of organic matter (OM) into the WIS.

. In combination with a highanflux of OM, lower vertical mixing of the water column, due

to an increase of colder Boreal waters, promoted water column stagnation/stratification and
the development of a varying, but persistent, oxygen minimum zone (OMZ).

. With the development of an OMZ, increasingly anoxic to euxinic bottom-water conditions
stifled benthic life, with a noticeable decrease in bioturbation and the absence of inoceramids
and benthic forams in the A Chalk/Upper Niobrara Formation.

. Depletion of oxic electron receptors during microbial degradation of organic matter, near the
sediment surface, allowed for the mobilization of iron and sulfur, and the formation of
abundant framboidal pyrite directly in the water column and underlying sediments.

. With burial depth and isolation from marine waters, the depletion of sulfate in pore fluids,
coupled with the presence of unoxidized, preserved OM, allowed for the development of
methane at shallow burial depths. The biogenic gas became trapped in the A Chalk and
accumulated into economic concentrations in the eastern Denver Basin.

. Most peloid types display opportunistic and predatory feeding with the inclusion of silt

grains and crushed juvenile planktonic foramtaus, theXVH Rl WKH WHUPedSHOOHW'
. The concentration of framboidal pyrite in the matrix, as well as lining pellet margins,
suggests pelletal microredox conditions. This is likely due to the presence of a semi-
permeable pellet membrane, which protected intrapelletal organic matter from oxidation in
the water column, and restricted the influx of fluids and micrite cement within peloids during

the early stages of diagenesis, when intact.
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8. There is a dominant population of peloids in the A Chalk which are ellipsoidal in shape and
average 0.117 mm in length. They are fecal in origin and most likely deposited by planktonic
copepods.

9. There is also a minor population of peloids in the A Chalk which are elongate in shape and
average 0.164 mm in length. They are most likely organic-minerallic aggregates, which form
inorganically in the water column through flocculation and aggregation.

10. Pellets are classified into five color groups: white, light brown, white- and light brown-
mixed, dark brown, and black. Pellet colors are chiefly influenced by porosity, mineral and
organic constituents, and microredox conditions relating to the presence of pellet membranes
and internal variations in organic matter, iron, and sulfur, under reducing conditions.

11. Other peloidal color differences are due to oil-staining during the generation of
hydrocarbons, late-stage gypsum cement, and the post-coring oxidation of pyrite.

12. The mechanical compaction of peloids is negligible with burial, within the scope of this
study. Diagenesis of the A Chalk is largely dependent on chemical compaction at grain
contacts, solution seams, and microstylolites. The presence of clays appears to enhance the
dissolution of calcite in the chalk.

13.Porosity is gradually lost with burial due to the dissolution of calcite at localized seams. The
calcite dissolved is balanced by the calcite precipitated in the adjacent pore network,
generally as overgrowths on coccolith fragments in pellets, and as micrite cenment
matrix.

14. Matrix micrite is also distributed into pellets after the degradation of pellet membranes.
Membrane degradation occurs during deposition through water column disaggregation,
microbial degradation, and partial coprophagy, or postdepositionally through bioturbation,

and more commonly, chemical degradation.
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15. Porosity and permeability are preserved at a higher rate through hydrocarbon generation-
related overpressuring and hydrocarbon saturationmiitie Wattenberg Thermal Anomaly,
due to a localized high-temperature gradient.

16.Porosity is also createat depth and maturity through the formation of organic matter
porosity, and potentially, with the formation of microfractures.

17.Shallow, gypsum-filled fractures and gypsum cement in the Bibma and Byrkitisares
result of late-stage uplift and near-surface weathering of pyrite through meteoric water
invasion. There could also beontribution from the dissolution of underlying Permian salts
and near-surface evaporation of formation fluids.

18.Gypsum is also present at depth in bedding-parallel microfractures. There is no evidence for
anhydrite as referenced in previous studies. Due to the instability of gypsum at these depths
and temperatures, the gypsum fill is most likely a post-coring artifact related to the oxidation
of pyrite.

19. Deepmicrofractures in the Windmill, Aristocrat, and Tebo cores show a relation to
microstylolites and zones of hydrocarbon generation and overpressuring, but are questionable
as authigenic.

20. The best reservoir quality, and therefore production, will occur when pelletsaageaim-
supported, packstone texture. Bioturbation inhibits the porosity network when in grain-
support. The worst reservoir quality will occur when pellets are in a matrix-supported,
wackestone texture. Bioturbation would Ikenhance the porosity network in this scenario.

21.The A Chalkis the best-preserved reservoir in the Niobrara based on porosity and
permeability data from Aydin (2017). This is likely due to lower bioturbation and increased
preservation of the pelletal fabric, resulting from the development of anoxic bottom-water

conditions.
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CHAPTER 7 FUTURE WORK

. Peloidal characterization work can be continued into surrounding intermontane basins

where Niobrara deposition was synchronous, such as the San Juan and the Powder River
Basin.

. The overlying stratigraphy of the Lower Pierre Shale Group (Gammon Ferruginous
Formation and Sharon Springs Formation) is complicated and still poorly understood. More
work is needed to characterize the spatial distribution of member units/formations.

. Further work is needed to test the origin of microfractures in zones of overpressuring in the
Niobrara. The work should focus on solution seams and microstylolites, as they are focal
points for microfractures and also contain a estration of organic matter that could serve
aspermeability pathways for hydrocarbons with the creation of interconn@dfiegorosity.

. While it is questionable whether the microfractures are authigenic, well productivity should
be examined within the A Marl of the Wattenberg Field to see if the presence of
microfractures in SEM corresponds to production numbers.

. The extent of gypsum formation in the shallow Niobrara Formation of the eastern Denver
Basin is more extensive than previously thought. More work is needed to characterize this
process. Sulfur isotopes is a useful analytical procedure that could reveal the dominant source
of sulfur in the gypsum cement.

. For any future study involving petrographic work on chalk and marl samples, it is
recommended to prepare chalk and chalky marl thin section samples to a standard thickness
of 30 um, while it is suggested to prepare marl and marly shale samples to an ultra-thin

thickness of 20 um due to the higher abundance of darkening clays.
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APPENDIX

Table A.1 Coefficient of correlation (R) values for XRF elemental data. R is a measure of the strength and direction of a lin
relationship between two variables. Values close to zero display no linear relation. Values close to one display a perfect lin
relationship, while values close to negative one display a perfect inverse, linear relationship.
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Figure A.1 X-ray diffraction peaks of the A Marl, Bibma core, 1,464.8 ft. The sample diffraction spectrum is shown in black
compared with the spectrum for gypsum (purple).
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Figure A.2 X-ray diffraction peaks of the A Marl, Aristocrat core, 6,832.2 ft. The sample diffraction spectrum is shown in blg
compared with the spectrum for gypsum (purple). Slight peak-shifts are observed in the sample but it still closely aligns witl
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