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ABSTRACT

Wattenberg Field has been producing hydrocarbons since 1970. Over the past 20 years,
evolution of horizontal drilling and hydraulic fracturing allowed for the expansion of
unconventional gas and oil production from Niobrara chalk and marl intervals across the
Greater Wattenberg Area (GWA). The Niobrara carbonate system in the Desirec@#ains
a TOC range of 1-8 wt.%. Additionally, GWA is associated with a geothemaahaly. This
study investigates the effects of TOC, clay content and kerogen maturitydavéks acoustic
properties of Niobrara chalk and marl intervals. Core samples from Gill Land Asso@iaied
Berthoud State 3 wells were analyzed for total organic content richness atndtyn
Compressional and shear ultrasonic velocities were measured under variablengonfini
pressures up to 4000 psi. Lab measurements were integrated with source rogk andlys
XRD mineralogy to establish significant correlations between acoustic pespari organic
maturity. A Oblind testO was performed in which the correlation modelsisesl to predict
organic carbon richness and source rock maturity indices using wireline logs fraocratis
PC H11-07 well with measured mineralogy and organic carbon richness. Correlations wi
statistical significance are presented in this stédgignificant correlation was established
between core-calibrated porosity anghV spratio. Results show that B and C intervals within
the Smoky Hill Member generally have higher stiffness than A and D intawmdl&t. Hays
limestone. Higher illite clay content decreases the 45; and 90; vebaignificantly. In
contrast higher carbonate volume shows a reverse effect. Samples rich ind @diteably
lower C33 and C12 stiffness coefficients. Existing hydrocarbons in the sample intrease
rigidity of the sample. Higher S2 content seem to increase the shear Waaigyve the 45j
and 90; directions while slowing down the overall compressional wave velodmy. T
previously introduced uranium spectral gamma ray method for TOC prediction by (EIGhonimy,
2015) show closer pattern to the core measured TOC. In contrast, the method preseisted
study is a function of shear and compressional wireline acoustic log respdd€agtediction
from C12 provides qualitativ€OC richness assessment. The introduced model results show
moderate accuracy in clay-rich zones. Accuracy of estimated TOC richasssbgerved to
be higher specifically in the C marl interval compared to a higher accur#ioy B marl when

using the uranium method.
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CHAPTER 1INTRODUCTION

The Niobrara Formation was deposited in the Western Interior Seaway basig duri
Middle to Late Cretaceous. The formation spans northeastern Colorado, eastern Wyoming,
northwestern Nebraska and western part of South Dakota. The study area, Wattelthexg fi
located in the central part of the Denver Basin, Colorado (Figure 1.1). The fietliscagered
in 1970 when the J sandstone reservoir unit was completed in gas welleldlceritinued to
expand rapidly until 2006 when it became the 7th largest US gas producer fieliel@he
currently produces from more than 20,000 active wells targeting multiple Cretaceous
reservoirs: Dakota, J Sandstone, Codell, Niobrara Shale/Greenhorn shale anoh&mest
Sussex and Shannon formations. Two distinctive members can be recognized wibinameN
Formation Ft. Hays limestone and Smoky Hill Member which consists of high frequency
thinly interbedded chalk and marl intervals. Organic richness of the Smibk§ éiber varies
between 1-&vt.%.

Horizontal drilling and hydraulic fracturing activity targeting Niobrara Formation has
been increasing for the past four years in the Denver Basin area. This stusygie®
complete cores of the Niobrara Formation from Wattenberg field, Denver Basmc@&eis
are studied for maturity using source rock analysis, mineralogy using X-ray diffranotion a
multidirectional ultrasonic velocity measurements. Ultrasonic measurgraemi@cquired in
benchtop conditions and under multi-stage confining pressure up to 4000 psi at 500 psi
intervals. Lab measurements are collected independently from each otler aords. Lab
resuls were integrated into a model to observe the effect of maturity levels andartent
on acoustic velocities, stiffnesoefficients and Thomson anisotropies. Established models are

used to predict wireline logs with measured source rock maturity from core samples.

1.1 Objectives and Purpose
Sonic measurements are acquired for numerous wells drilled in the DenverdBasi
to demand for porosity and geomechanical characterization. Additionally, both opeartiole
casedhole wireline compressional (and less frequently shear) sonic measurements are
commonly available either due to cement quality control (i.e. environmentaaass) and/or
the low cost involved. Additionally, the scarcity of core data due to the highotasring
wells presents a challenge that can only be solved using existing wiogjgher another form
of low cost data. Therefore, the objective of this stwdgto examine elastic and mechanical

properties represented by ultrasonic responses of the Niobrara organic-rich chalk and marl
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intervals in the Denver Basin and establish: (1) a relationship to clagntptdgtal organic
content TOC) richness and maturity levels, and (2) velocity to porosity relationship.
Measurements were acquired in the lab usong plug samples representing variable maturity
zones within the Greater Wattenberg Ar€d\(A). The main output of this study acoustt
properties correlated to TOC and maturity properties, whiely be used qualitativelyo
improve placement of future wells based on previously drilled offset wells. Addily, once

the relationship is established, TOC and other reservoir properties of Niobraraltntan be
modelled from sonic properties and can later be calibrated by core datia aeWelopment
progresses in the future.

1.2 Project Overview and Dataset

This study investigates acoustic properties variability in response to orgarient,
clay content and maturation levels. Two complete cores of the Niobrara Forara used for
core sampling andneasurementsGill Land Associates 2 and Berthoud State 3 cores
(Figure 1.1). Nineteen cylindrical plugs have been sampled for this study. A third core
Aristocrat PC H11-07, is used for verification of established correlation models.
Geomechanical parameters response to confining pressure is also invesiigéted plug
samples from the Berthoud State 3 core. Intra-core and inter-core pattern vawatiersdso
examined. Established correlations allow for a qualitative assessin@C content and
maturation levels in non-cored, new and previously drilled wells using dipole @dogst To
examine elastic properties of the Niobrara Formation, this study integrédteserdi
experimental lab results from core samples from Greater Wattenberg angdesSitom each
core have been collected in the form of cylindrical plugs (length * diamét€y*%.0 inch for
Gill Land Associates 2 core and 1.5 * inBhes for Berthoud State 3 core) parallel to bedding.
Horizontally plugged samples allowed for the measurements to be collefied %t and 90
to bedding planes. At least one plwgssampled from each sub-member within the Smoky
Hill and Fort Hays members. Lab measurements were carried out td to#iéallowing data:
(a) compressional and shesatic (19 samples) and dynamic (4 samples) ultrasonic velocity
measurements and (b) source rock analysis (SRA) for 10 samples was alsehé&dkerever
applicable, mineralogy (XRD) and SRA data from previous studies on the sameaveoges
integrated in this study to reduce overall cost and time required.



1.3 Study Area

Wattenberg field is located in the central part of the Denver Basin, Colorado
(Figure 1.1). The field was discovered in 1970 when the J sandstone reservoir unit was
completed in gas wells. The field continued to expand rapidly until it betren® largest US
gas producer field in 2006. The field currently produces from more than 20,000 active wells
targeting multiple Cretaceous reservoirs: Dakota, J Sandstone, Codell, Niobrara
Shale/Greenhorn shale and limestone, Sussex and Shannon formations. As of March 2008,

daily productiorwas1.2 billion cubic feet of gas per day (Encana, 2008).
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Figure 1.1 Location map of Denver Basin and Wattenberg field (Nelson and Santus, 2011).
Location of the main cores used field in the study from Wattenberg are mar&edtioh of
cross section A&’ (Figure 1.2) is also marked.

The Niobrara Formation represents a major transgression within the Wesgegior Int
Cretaceous Basin. Stratigraphy of Niobrara Formation in the Denver Basin cohdists
members (Figure 1.3): Fort Hays limestone overlain by the Smoky Hill Mermherlatter
include three transgressive and regressive cycles of chalk and organic-rich oraren{&rg,
2011). Thickness of the chalk beds range from zero to 80 ft. (Figure 1.2) while the organic-rich
marls range from 20-150 ft. across Wattenberg field (Weimer et al., 1986).
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Figure 1.2EastWest cross section of Denver Basin. Niobrara is in the generation window on
the western flank but thermally immature on the eastern flank (Sonnenberg, 2011). For
location: see Figure 1.1
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Figure 1.3 Stratigraphic column of the Denver Basin showing Niobrara stratigraphy
(Sonnenberg, 2011).



1.3.1 Regional Structural Setting

The Niobrara Formation was deposited in the the Western Interior Seawayb@sis)
which is an asymmetric foreland basin (Figure 1.2) which characteristgtadlys steeper
dipping stratigraphic units on the western flank compared to the eastern flamkgiétial.,
1986). The WIS basin was bounded by a fold-thrust belt from the west and the Nortbaame
craton on the east (Figure 1.4). Sediments were deposited above thick contnesttal
(Weimer, 1983).

SUBDUCTION ARC-TRENCH BATHOLITH FOLD-THRUST FORELAND
COMPLEX‘ GAP , BELT BELT -~ BASIN

&, == v

OCEANIC
CRUST

Figure 1.4 Tectonic elements affecting the formation of Western Interior @dsimer, 1983).

Deformation during the Laramide orogeny resulted in the present-day basins as well a
controlling much of the uplifts and arches in the Western Interior basin. Aslg tee Denver
Basin, the focus of this study, axis is aligned north-south parallel to the tréved/obnt Range
uplift. Most of the structural fields in the basin formed as folds responding tméas&ults.
Additionally, during deposition of the Pierre shale, Wattenberg area wasa fpgh as
inferred from thinning of Niobrara Formation (Figure 1.5) (Weimer et al., 1986).

1.3.2 Stratigraphy
The Niobrara Formation represents one of the most widespread carbonate deep
cabonate systems within the Western Interior Cretaceous Basin. Niobrara ahdlksarls

are believed to be a depositional response to paleoclimatic and/oredezpterols. In general,



chalk intervals are linked to warmer sea currents influx combined witlivedyahigher sea
level. In contrast, organic-rich marls are product of shallower water level, |avedidetrital
clays and limited vertical water cycling (anoxic conditions), resulting in ocg&h marls
(Figure 1.6). Sandstone facies equivalent to the Niobrara Formation exist\Wesken side
of the basin. Regionally, Niobrara changes laterally toward the east from csendest
calcareous shale and finally to chalk and marl facies (Sonnenberg, 2011).
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Figure 1.5 Niobrara Isopach map showing thinning of sediments toward the center of
Wattenberg structure (Weimer et al., 1986).
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Figure 1.6 Schematic Niobrara depositional model (Sonnenberg, 2011). Paleoclimates and
paleohighs played a major role in facies distribution.

While siltstone and shale facies were derived from highlands on the wasbegfines,
limestone facies of the Niobrara are composed of coccolith-rich fecatispigltecermaidand
oyster shell fragments, planktonic foraminifera tests, micritic mud arndarid silt-sized
guartz grains (Sonnenberg, 2011). In general, carbonate content increases toward thé southeas
caused by warmer paleoclimates. Total organic carbon (TOC) increasesaiglyiftoward
the eastern side reaching a maximum value of 8 wt.% and ranging between 1-8nwt.%.

contrast, clay and sand content increase toward west (Figure 1.7) (Longman et al., 1998).

1.4 Previous Work

(Vernik and Nur, 1992) recognized the dynamic elastic properties variance in response
to their kerogen levels, maturation states and structurally-induced natunaldsadthe strong
velocity anisotropy in organic-rich shales arises from the presence of organic layering
addition to their complex nano-pore system geometry. Those characters providegitthale
high contrast in comparison to layers of relatively lower or organic-free contergtrohgest
velocity anisotropy is present in the bedding-normal direction (Vernik and Nur, 1992). The



authors also noted that anisotropy may be elevated by high pore pressures, liquefaction
kerogen through elevated temperatures, or in certain locations, larger scale layering.
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Figure 1.7 Lithological trends within the Western Interior Seaway Cretaceoms(Baisgman
et al., 1998).

Vernik and Liu (1997) conducted lab experiments on multiple shale plugs with eariabl
clay, kerogen content and different porosities. Their findings indicated that mwraiscity
anisotropy does respond to degree of compaction, kerogen concentration and porosity levels.
Rock diagenesis plays a very important role due to sméctilide transformation. Vernik
and Milovac (2011) compiled a large dataset of organic-rich shales and theictikespe
compressional and shear velocities, some of which are from the Bossier, WoodBeakked
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shales. They were able to derive bedding-normal matrix compressional stifhgss
equation (equations 1.1 and 1.2) based on volume of clay, kerogen and volume of silt. Their
conclusions indicated that bedding-normal elasticity, represented by matrpressional
stiffness (Gsm), is primarily related to the kerogen concentration (Figure 1.8) but can also be
secondarily correlated to the clay content of the samples (Vernik and Milovac, 2011).
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Figure 1.8 Matrix compressional stiffness related to kerogen volume. Twaootatmgscontent
are indicated (Vernik and Milovac, 2011).

Similarly, sonic velocity responds variably based on pore volume and interconnectivity
(i.e. permeability) of the examined sampMam etal. (2011) concluded, based on samples
from the Ekofisk and Tor formations, that if grain specific surfageqfSchalk is known, then
velocity-porosity and velocity-permeability relationship can be establisheahlieg the
prediction for subsurface chalks porosity and permeability. Although, pore volume magnitude
within the Niobrara formation is believed to be much lower when comparedEkaofisk and
Tor formations, porosity effect is still expected to be comparable. Mogtaaegredictions

were achieved by calculating porosity from velocity first and then predict pbkiiihebased



on obtained porosity. Grain specific surfacg) (8 flow zone indicator (FZI) can be calculated
using the following equations (Alam et al., 2011):

"% $ M\F (1.3)
- $- 01 2324 (1.4)
-$56789- (1.5)

- $f— (1.6)

Where:FZI is flow zone indicatork is liquid permeability! is porosity* is the void
ratio, - is specific surface of graiR,y; is the nitrogen adsorption technique measurement
introduced by Brunauer et al. (1938);is grain density; is the bulk specific surface andis
the specific surface with respect to pore volume.

Tensile strength measurements on the Niobrara lower chalk/marl ard. tHays
Member using the Brazilian test method show that tensile strength ieenéh increasing
clay content (Maldonado, 2011). The same study measured elastic properties usiagdhe
test method on the same interval. Results indicated that YoungOs modulasedeuwii¢h
higher gamma readings, responding mainly to the mineralogy of the Niobrara Formation. In
contrast, PoissonOs ratio was constant throughout the formation. Results shexihttzat
constant differential pressure, compressional velocity increases lineathe asonfining
pressure increases. The same property increases logarithmically if the psteeis held
constant while increasing the confining pressure. In addition, specific to tiee toarl test
interval, the compressional velocity was evidently higher compared to theal/eglocity
(Figure 1.9 Figure 1.10).
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Figure 1.9 Vertical and horizontal compressional velocity as a function of vaciaii@ing
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CHAPTER 2METHODS

A combination of lab measurements and detailed core description were used to
investigate the effects of mineralogy and organic richness and maturity oastie goperties
of Niobrara Formation. The studied cores (Table 2.1) have been previously anfalyzed
different purposes. Some of the data include previously acquired x-ray diffraction and source
rock analysis; where applicable, existing data were incorporated. However, nbegsotores
have been studied for acoustic purposes. This section will demonstrate theprgaetlres
for eachexperimental measurement carried out on the samples. For each expermatntal
used for this study, see Table 2.2.

2.1 Core Description and Samping

Three cores were selected within GWA to represent contrasting mastaitys
(Table 2.1). Prior to samplingyo cores (Gill Land Associates 2 and Berthoud State 3) were
described in detail with half foot resolution, Aristocrat PC H11-07 core hams de=eribed
previously by EIGhonimy (2015) aneasincorporated in this study. The primary objective for
core description was to capture vertical variability in facies, lithologyes, degree of
bioturbation, clay content, frequency and presence of natural fractures. Results of the core
description were used during sampling to capture texture, facies and reservoitecharfac
each core plug. Alignment of fabric, lamination or presence of macro fossilt expected

to affect the acoustic velocity in each plug sample.

Table 2.1 Cores used for this study and their respective vitrinite reflectaiacasda measure
of maturity levels. For location see Figure 1.1.

Vitrinite
Core Source of Tst
Reflectance R

Average calculated RJsing Tmax (USGS

Berthoud State 3 0.72 CRC database, 2016)

136 Average MeasuredUSGS CRC database,
Gill Land Associates 2 ' 2016)

0.92 Average calculated Rusing Tmax
Aristocrat PC H11-07 >1.0 Log-derived vitrinite reflectance contour mag

of Denver Basin (Smagala et al., 1984)

The focus of this study is to investigate the effects of organic content presmhce

maturity as well as clay mineralogy on the acoustic response of Niobrara intervals.
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Table 2.2 Summary table of samples acquired in this study and types of messsrddata acquired during this study are marked with OxO.
Previously acquired data were mainly accessed through U.S. Geological Survey SeaeciR€enter - Well Catalog online database (U.S.

Geological Survey, 2016).

Ultrasonic Velocity
Compressional (P) and Shear (

Source Rock

Core Zone Depth at 0j, 45, 90j _ X-Ray Diffraction (XRD) Analysis (SRA)
Benchtop Confined
Pressure
A-Chalk 6661.92 X Tanck (1997 Tanck (1997
A-Marl 6698.23 X Tanck (1997 Tanck (1997
B Chalk 6736.25 X Tanck (1997 X
B Marl 6776.25 X Tanck (1997 Tanck (1997
Gill Land Associates 2B Marl 6791.05 X Tanck (1997 Tanck (1997
C chalk 6816.67 X Tanck (1997 X
C marl 6851.50 X Tanck (1997 Tanck (1997
C marl 6855.08 X Tanck (1997 X
D chalk/marl 6880.00 X Tanck (1997 Tanck (1997
Ft. Hays 6890.47 X Tanck (1997 Tanck (1997
A-Chalk 2936.50 X Keel (2015 X
A-Marl 2984.70 X Keel (2015) X
B Chalk 3013.10 X Keel (2015) Keel (2015)
B Chalk 3013.75 X X Dean and Arthur, (1998) X
Berthoud State 3 B Marl 3054.10 X X Keel (2015) X
C chalk 3077.40 X X Keel (2015) X
C marl 3101.90 X X Keel (2015) Keel (2015)
D chalk/marl 3164.50 X Keel (2015) X
Ft. Hays 3193.05 X Dean and Arthur, (1998) X
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Therefore, plug samples were selected carefully from each core to repressighthe
different zones within the Smoky Hill and Ft. Hays members (Table 2.2). Aualty,
sampling depths were selected based on representativity of the descrilesd faever
frequency interstratification was preferentially chosen to reduce uncertaintouste to
facies association. Visually identifiable fractured depths were avoided t@f@@mccessful
plugging. Samples were plugged using an air-cooled drill bit. To enhance the ourtadbt
of the results, previously studied XRD and TOC analysis results, available tif8ohgbl of
Mines or USGS datasets, were integrated during core sampling to ensure enotagt cont
TOC and total clays volumes between samples.

2.2 Source Rock Analysis (SRA)

To understand the organic richness and maturity of the samples, core samples we
analyzed using in-house source rock amaly(Model: Weatherford SRAPH/TOQ
(Figure 2.1). Prior to testing,sample is prepared by grinding a core chip representative of the
same depth of the core plug to powder size using a grinding bowl (Mortar and pestiple S
powder is measured to an average of 75+10 milligrams (mg) using an enclosedtalseate.

The sample is then loaded into a vessel. The weight measurement exegiglet of vessel.
Samples are loaded on a rotating tray where they can be indexed and refereacadsample
location and weight. The instrument is connected to a computer software throoigipater

network to capture and interpret data.

The following is the pyrolysis test theory adopted from Tissot and Welte (2013). The
sample is heated progressively at a rate of 25;C/minute to 550;C. The fgst citdhe
pyrolysis measures the pre-existing free hydrocarbons in the sample (noted: S1 @/gng H
rock). The intermediate thermal stage measures the volume of hydrocarbons formiag due t
thermal pyrolysis (noted: S2 in mg Hc/g rock). The third stage captures the ddz2lyog the
thermal cracking of kerogen (noted: S3 in mg CO2/g rock). TOC is calculated from the
combination of the residual organic carbon and the pyrolyzed organic carbon. The temperature
at which maximum evolution of S2 hydrocarbons occur (Tmax) is also recorded based on the

time and heating rate.

2.3 X-Ray Diffraction Analysis (XRD)

XRD data presented in this study was previously measured by different authors (Dean
and Arthur, 1998; Keel, 2015; Tanck, 1997). The following provides an overview of the
analysis, adopted from (Cullity, 1956). XRD provides a quantitative analysis ofrieeahoigy
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of the tested sample. Sample must be prepared in powder size. Theisarptsed to an X-

Ray generated from a source with a known fixed wavelength such as copper x-raBatibes.

the incident angle of the diffraction and the intensity are recorded. The meastg@&an be
compared to a table of standard minerals for interpretation (Figure 2.2). XRD regpanse
function of the internal structure of the minerals, therefore, hydrocarbons and other non
minerals cannot be quantified using this method.
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Figure 2.1 Source rock analyzer used for samples analysis
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Figure 2.2 (A) schematic diagram for XRD analysis, (B) shows an example analysits
(Cullity, 1956).

2.4 Ultrasonic Measurements

Ultrasonic velocitywasmeasured using the pulse transmission method. In this method,
two piezoelectric transducers are used to send and receive an edasgtisignal. The signal is
generated by an electric-powered pulser which is connected to the sending santdec
receiving transducer receives the wave and transforms it to an elesigiial that is recorded
by a digital oscilloscope. The digital oscilloscope plots the arriving lsega wavelet. The
oscillator is connected to a computer which facilitates permanent stirtngerecorded signal.
Two types of wave velocities are measured along three directions. Compregsivag|P)
and shar-wave (S) velocities are measured along bedding plane direction (0j), normal to
bedding direction (90j) and at 45; to bedding. The total of six measurementslicsaaple
are measured in two settings. First, at benchtop conditions without any gppksdre, and
second, at confining pressure of up to 4000 psi to simulate subsurface conditions. In both
techniques, an ultrasonic couplant is applied to ensure efficient transnassiomnd energy

from transducer to tested sample.
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2.4.1 Sample Preparation

Both cores (Gill Land Associates 2 and Berthoud State 3) have been aled#zhds
prior to this study as part of core handelling. Both cores were fully describediis geibr to
selection of sampling depths. Botlell cores were plugged horizontally parallel to bedding.
the Gill Land Associates 2 core plugs were provided by USGS Core Reseateh &eng
with core chips (Table 2.2). However, due to logistic limitations, dianoéfgugs was limited
to 1 inch for the Gill core limiting the acoustic measurements to bedaut in benchtop
settings only. The Berthoud State 3 well core slab was available &otbeado School of
Mines Core center. Core plugs were drilled using in-house plugging machine. Thesdiamet
Berthoud core plugs was 1.5 inches. However, due to the nature of the slab, plugs flegre not
on one side (Figure 2.3). This was resolved by applying hardened metal epoxy on the bottom
of the plug creating a perfect cylindrical plug. This step was crucialadtiee sample jacket
design limitation which will be demonstrated in section 2.4.3 in d&tad.exact dimensions
of the plugs are recorded for volumetric and velocity calculation!later.

2.4.2 Benchtop

Core plug surfaces are carefully assessed for any abnormal features that may induc
unrepresentative measurement. Direction of bedding is carefully noted during the coring
process to ensure accurate marking of bedding plane and other corresponding planes of
measurements. Benchtop panametric transducers are aligned at both ends asfetlaxipl
(Figure 2.4).Test is repeated along the three directions. First arrival yetocking was
performed using the final recorded signal on a computer using Spectrum Divisioof2\Gges
Eachsample wavelet response is stored on a digital memory for further analyaily, &rrival
time along with length of tested sample, the distance between trans@uzedsameter of
measured core sample), are used to calculate each respective velogtyhasfollowing

equation:
n T 1'-/ O)X )
"#$%&Y(! ) * ﬁ (2.1)

2.4.3 Confined PressureTest
The purpose to acquire ultrasonic measurements under confined pressure is te simula
subsurface conditions. For example, naturally occurring fractures tend to have mueh smal

effect on the final acoustic response under confining pressure when compared to surface
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conditions. Therefore, pressurized ultrasonic measurements can be used for several

applications such as: core to log correlation and hydraulic fracturing simulations.

Figure 2.3 shape and dimensions of core slab and plug samples acquired for Berthd@id State
(Not to scale).
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Figure 2.4 Benchtop velocity measurement setup (panametric transducers imagestesy
of Olympus Corporation). Experiment is repeated for each direction. Diagram is not to scale.
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In this experiment, the same velocity measurements are acquired whskentpée is
inside a pressure vessel which provides a controllable confining pressure getsmgple
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jacket is prepared to hold the plug within the vessel (Figure 2.5). The sgokét was
designed originally by Panfiloff (2016). The sample jacket is fitted with 12 traesslu® P-
wave senders, 3 S-wave senders and on the opposite side a similar cownwedahecsignals
(i.e. 6 receiving transducers). The jacket is used in order to preserve the, sdimplate the
need to install new transducers for each sample, but more importantly, to @nssistency
in running the test and shorten the experiment time significantly.

Thissection will explain the confined pressure velocity measurement procedure. Before
the core can be measured, the sample jacket is calibrated by conductmgatheements on
a cylindrical aluminum sample (1.5 inches long and 1.5 inches in diameter)luhhialan
sample has known velocities that are measured at benchtop conditions. Atiglitdu@inum
velocity changavith respect to increasing pressure is minimal, therefore, when velocity of the
aluminum sample is measured at different pressure conditions, system ioheagah be
calculated for each pressure stage which will be applied later whegtesre plug samples
(Table 2.3). The system delay time, measured in nanoseconds, accountsifoe teday of
the signal. Delagyime s a function of the gap between transducer crystal and measured sample
(i.e. jacket wall thickness) and the efficiency of the sending and receivinglsryBhis step
also allows to test the jacket up to the desired pressure, which wagst@@Ghis study. Once
calibration is recorded, the jacket is disassembled for cleaning followextayling the core
sample. Each core sample is tested at benchtop conditions prior to plaoepnessure vessel.
Once the sample is inside the pressure vessel, velocities angreakeaisthe following pressure
points: 0, 250, 500, 1000, 1500, 2000, 2500, 3000, 3500 and 4000 psi. The same measurements
are repeated while pressuring down in reverse order in order to capture any charigegyn ve
behavior (i.e. pressure vs. velocity hysteresis). The pressure in the vessdlofied by a
mechanical pressure pump with a digital controller. Automotive oil is usedpaessurizing
fluid and supplied through confining pressure line. The pressuring rate was controlled at 15
psi/minute during this experiment. This ensures enough time for the samplelatdgaeact
naturally to the increasing pressure. When replacing a sample, the jacketpected
thoroughly for any oil leaks from the pressure vessel into the sample jacketaifitee
procedure is repeated for the next sample. After testing the first two sampleil leak was
found between transducer and jacket wall which resulted in poor signal quEhiey
transducing crystals were replaced completely and a new epoxy was appheditany future

leakage. A new calibration was measured prior to proceeding with the rest of samples.
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Figure 2.5 Sample jacket design, courtesy of (Panfiloff, 2016), used for confined pressure
velocity measurements. Due to limitations on core plug sample sizgjuwigsimeasurments
were not collected. Pore pressure line was isolated using a screw plug.

Table 2.3 Delay times measured using calibration aluminum sample witmkrelocities.
Delays are presented in nanoseconds. Sample jacket 1 was used for 3a6ip&and 3077.4,
sample jacket 2 was used for samples 3054.1 and 3013.75.

Sample Jacket 1 Sample Jacket 2 Aluminum

Direction 0 psi 250-4000 psi 0 psi 250-4000 psi \fgrggg
Delay times in nanoseconds (ns) (km/s)

VpOj 1019 979 1070 970 6.392
Vp45;j 1032 1024 1070 1010 6.388
Vp90;j 1039 995 1055 1050 6.379
Vs0j 2010 1963 2370 2300 3.121
Vs45j 2110 2065 2360 2310 3.124
Vs90j 2185 2110 2375 2320 3.092

2.5 Statistical Analysis

In order to determine possible correlation between the measured velocitekted
mechanical parameters and core analysis data (orgamtent and maturity, and mineralogy),
PearsonOs product-moment correlation coefficient (Pearson et al., 1929) isedalculat
PearsonOs correlation coefficient (R-value) is the covariance of two variableddeity. ard
porosity) divided by the product of their standard deviations. R is calculated usetytteon:
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356 7829:82;:
4* —= = (2.2)
Nes7E)(ze7E5)

Where: X and Y are the examined variables, n is the number of samples.

To establish the correlation significance, a probability (P-vatug)tained usingtest
statisticaltables. P value rely on the degrees of freedom and the t-statistichatluef which
are calculated according to the following equations:

degrees of Freedo))))ip?) * @ AB (2.3)
t StatistiC))))))))))))))))))))))))))gﬁzC * (2.4)

where: n is number of samplédis sample mean,; is the populatiomeanandK is
the sample standard deviation. Once the p-value is calculated, liecased to test the
correlation for significance by comparing p value to an established significaetéakpha).
For this study and the most widely used alpha value in scientific rasgeal®5. This means
if p value is less than 0.05 then the null hypothesis is rejected anortB&aton has a certain
level of significance. Alternatively, if p is more than 0.05, then the null hypsthas not be
rejected and therefore, the correlation is not significant. Additionally, if>0i$ then the
correlation is considered not significant, if p<0.1 then the correlation is considered
marginal significance, if p<0.05 then the correlation has fair significance, p<0.0Xhthen
correlation has good significance and finally if p<0.001 the correlaionerpreted to have
an excellent significance. PearsonOs R-value thresholds based on variablgiganipisher
and Yates, 1953) can be found in Table 2.4.

22



Table 2.4 Correlation coefficient threshold for confidence level 0.05 based on differerg sampl
sizes (Fisher and Yates, 1953). R-value threshold can be used to determine if thé@oisela
significant or not (i.e. correlation coefficient must exceed the threshold to besognifecant
based on the specified significance level).

Number of R threshold if Number of R threshold if
Samples confidence level=0.05 Samples confidence level=0.05
2 0.9 17 0.4821
3 0.99692 18 0.4683
4 0.95 20 0.4438
5 0.8783 22 0.4227
6 0.8114 27 0.3809
7 0.7545 32 0.3494
8 0.7067 37 0.3246
9 0.6664 42 0.3044
10 0.6319 47 0.2875
11 0.6021 52 0.2732
12 0.576 62 0.250
13 0.5529 72 0.2319
14 0.5324 82 0.2172
15 0.5139 92 0.205
16 0.4973 102 0.1946
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CHAPTER 3RESULTS

This chapter will present the results from the core description, experinmestsis
from ultrasonic velocity measurements and source rock analysis in dethild&a category

below was acquired independently. Observations will be discussed in the following chapter.

3.1 Cores Sedimentology

Two cores were described in detail. The Berthoud State 3 core captures the full
Niobrara section, 283 ft thick, from Berthoud Field and includes 3.5 ft from the underlying
Codell Sandstone Member of the Carlile Formation and 4 ft from the overlying ShanogsSpri
Member of the Pierre Shale (Figure 3.1). The Gill Land Associates 2 coré, 8%, was
missing the base of Ft.Hays Limestone Member and the top of A-chalk sub-Membe
(Figure 3.2). Due to lack of macro sedimentary structures, facies within the Ssibky
Member within the Niobrara Formation were classified mainly based gnayscalevisual
analysis of clay vs. chalk content (Figure 3.3). Other descriptive parameters drem c
description such as pellet index and bioturbation index were also recorded usinmédance
scale with range of 0-5, with 5 representing most abundant and O representiagdetae.

SEM and thin sections were studied to identify micro-bioclasts.

3.1.1 Facies Analysis

Types and distribution of sedimentary facies in each core was investiggietfaEies
were recognized while describing the cores:

Bioturbated Sandstonefine to medium sandstone with muddy matrix. Mostly
horizontally and vertically bioturbated with bioclastic fragments. This fasiésiited to the
Codell Sandstone Member of the Carlile Formation and exists only in the Bertladad3St
core. Preserved sedimentary structures include low angle cross stratifenadidrorizontal
laminations. Estimated core porosity range is 5-17%. Clay content is variablesbaily
estimated at 5-10%. This facies is interpreted to be of a marine shelf origin.

Bioclastic Limestonebioclastic wackestone to mud-lean packstone, mainly vertically
burrowed. Preserved sedimentary structures include very fine mud drapes. Clay coptgnt is
low. Bioclasts include inoceramid and oyster shell fragments and other undifiezdnti
biofragments that are up to 2 inches in size. Pyrite inclusions are moteredenmon.
Horizontal stylolites are very common at bed boundaries and within individual Dleids.
facies is only observed within the Ft. Hays Member.
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Figure 3.3 Facies samples from Gill Land Associates 2 core. (A) Wbeaklyrbated marl
(depth: 6707 ft). (B) Horizontally stratified pelletal chalky marl (depth: 6739 ft). (C)
Moderately bioturbated marly chalk (depth: 6851ft). (D) Highly bioturbated biocletsid
(depth: 6845 ft). (E) Bioturbated bioclastic limestone (Depth: 6890.4 ft). For locsd®n
Figure 1.1.

Marl: mudstone to foram, pellet wackestoRdlets size range between 0.01-@ngn.
This facies is characterized by very high clay content with none to veryhalk content. It
can be described as silt to very fine chalk with pellets floating inxftdlay-rich carbonates.

27



Where bioturbation is absent, planar stratificatgiaintly observed by a horizontal alignment
of chalk pellets. Bioclastic fragments are very rare to moderate. Biodlashsde
undifferentiated uniserial and biserfaraminiferas(Figure 3.4) that are less than 0.5mm in
size.

Chalky Marl:low to moderate chalk content. Commoriy;ontains higher pellet index,
1-3 using the abundance scale, and increased bioclastic fragments with pogablece of
macroinoceramidshell fragments (Figure 3.5) and low abundance of undifferentiated uniserial
foraminifera.Average size oforaminiferais 0.05mm. Pyrite may be present as replacement
or framboids.

Marly Chalk: bioclastic mud-rich packstone to wackestone. Moderate to high chalk
content. Moderately bioturbated. Semi abundance of chalk pellets (2-4). Biotriagthents
are very common. Bioclasts include: madnoceramid shell fragments, undifferentiated
uniserial and biseridbraminiferas Size offoraminiferasrange between 0.04-0.5mm in size.
Larger vertical fractures seem to be commonly associated with this facies.

Chalk bioclastic pelletal packstone/wackestone with very low clay content,
characterized by very light grey color. Bioclasts incladecospheresocolith fragments and
large undifferentiated biserifdraminiferasthat are up to 0.9mm in size (Figure 3.4). Moderate
to very high pellet index. Extensive bioturbation leading to rarely preserved horizontal
stratifications.

Bentonite clay to silt size volcanic ash beds. Modified diagenatically by pyrite
replacement (Figure 3.5). Characteristically greenish yellow in color and thedged.
Thickness range between 0.1-1.75 inches.

Shale clay to mud size shale. Parallel lamination is abundant with high fiegue
Bioturbation is rare to absent. Clay content is very high. This facies tedirto the Sharon
Springs Member of the Pierre Shale Formation.

Facies distribution (Figure 3.6) across Niobrara members revealed the follgWing:
both cores show high frequency cycles of interstratified chalks and marls wableachalk
and clay content; (2) expected pattern of increasing chalk dominated fadws efialk
members whereas marl members show higher percentage of marl dominated3puiksak
correlation between chalk content and bioturbation; (4) Chalk pellets densityoamdbation
index can be very useful in distinguishing facies. Although high heterogeneity exists a

different cores, geomechanical, acoustic behavior and petrophysical logs are still correlatable.
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Figure 3.4 Scanning electron microscopy images (SEM) of four samples from Gil2 lcanel.

(A) clay rich marly chalk sample from the C-chalk showirgag-lined pyrite framboid (Py),
cocolith fragments (CF) and abundant interlayered illite and smectite clays (I/S).e(B) w
preserved Coccosphere surrounded by cocolith fragments and interlayered illite/sig@ctite
undifferentiated uniserial foraminifera, chambers display multiple patternsnoéntation:
calcitecrystals (Ct) and micrite (Mi). (D) chalky marl sample showing microfractcasite
crystal, cocolith fragments and pyrite framboid.
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Figure 3.5 Core sample from Gill Land Associates 2 core. Black arrows marfo ma
inoceramidfragments. Red arrows highlight pyritized ash beds (Bentonites). For well location
seeFigure 1.1
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3.2 Ultrasonic Velocity Measurements

Multidirectional compressional (P-wave) and shear (S-wave) velocities vearguned
for 19 cylindrical core plug samples. Benchtop velocity (i.e. benchtop pressure conditisns) wa
measured on all 19 samples whereas velocity under confined pressure, up to 40@8 psi, w
measured for 4 samples only from the Berthoud State 3 core. The four samplesitéprese
chalk, B marl, C chalk and C marl. Source rock analysis and XRD mineralogy meastgem
were conducted independently using powdered core chips. Velocity was picked usirsg-the
arrival method on the acquired wavelets in three directions (Figures 2.4 anpaBallgl to
bedding (VpOj and VsO0j), 45; to bedding (Vp45j and Vs45j) and normal to bedding (Vp90;j
and Vs90j). The ultrasonic velocities results will be presented in the following sub-sections.

3.2.1 Benchtop Velocity

Benchtop velocities were measured for all the samples from both cores.tibeday
were measured for this experiment. The measured delay times are: 172 nanokecBnds
wave velocity and 268 nanoseconds for S-wave velocity. Benchtop results are prasented i
Table 3.1. Velocity varied between 0.674-5.528 km/s. The average velocity was 3.174 km/s
Both compressional and shear wave velocities were highest at the dipecaidal to bedding,
lower at 45j to bedding and lowest at normal to bedding angle. The shear eguivdlee
compressional velocity was on average twice as slow\(i=2*V). A clear slowness was
observed in the 45; and 90; directions compared to the bedding plane parallel/\eloait
the samples in general. However, sample 3077 shows much lower contrastnb#étevee
different directions.

3.2.2 Confined Pressure Velocity

The same measurements were recorded for four samples from the Berthoud@tate 3 ¢
under confined pressure. The four samples tested represent B chalk, B marl, Ghdhalk a
marl from the Smoky Hill Member within Niobrara Formation in Berthoud S8atore
Multidirectional compressional and shear wave velocities were measungteancreasing
pressure stages between 0-4000 psi in increments of 0, 250, 500, 1000, 1500, 2000, 2500, 3000,
3500 and 4000 psi. The same measurements were collected in reverse orderessiigng
down to capture any changes in rock acoustic behavior due to pressuring. Deldgrtzaeh
jacket used were measured and are presented in (Table 2.3). Results ategireségure 3.8-
Figure 3.11. All tested samples revealed a consistent increase inittraslocity as the

confined pressure increases. Additionally, all samples showed maximumiy@hocease



occurring between 0 and 250 psi except for sample 3077 ft from Berthoud State 3 core (Figure
3.10) which showed rather minor change in velocity throughout the experiment.

3.2.3 Anisotropy Analysis

This section will present calculated results for three main groups titglasameters:
(1) Stiffness tensor: provides a descriptive and quantifiable measure of the cyomalesnd
shear Stiffnesses in three dimensional reference; (2) Thomsen anisotropy paramete
summarize P and S wave anisotropies; and (3) anisotropy of dynamic geomechanical
parameters as measured by dynamic YoungOs modulus, PoissonOs ratio, bulk modulus and she

modulus.

3.2.3.1 Stiffness Coefficients
Stress|(' applied to any object can be related to the stdisreated through HookeOs
Law:
I'$ % g (# (3.1)
where:%,(is the stiffness tensor. The stiffness of any given object can be described by

the stiffness matrix derived from HookOs law for three dimensional objects:

11 C12 C13 C14 C15 C16"

a1 G G Gy G Cy
Ly $ a1 G Gy Gy Gy Gy
s Ca Cis Cu Cps Cye
s1 Cso Cos Cop GCos G

61 Coo Coz Coy GCs C66‘_ (3.2)

In transversely isotropic medium (Figure 3.12), the stiffness téggoan be reduced

to:
y4
Ci1 Ci1#2Cs Ci3 O 0 0
Ci1# 2C46 Cu1 Csz O 0 0
Cis Cis Cyz O 0 0
Ly $
0 0 0 Cu O 0
0

0 0 0 C4u O

0 0 O 0 0 C
%0 (3.3)

33



Table 3.1 Benchtop measured velocities, sorted primarily by core and secondarilyrograepgpe of wave velocity measured. Velocities are
reported in km/s. Facies and internal structure of each sample is described in the third column.

Core (subzl\j)gr?\ber) S?_Tlp_)geml_ilr:g?elzgy (Sam[pzlzp:lljmber) Wpd || Vizte || a0 el | ke | WEsl
B=Bioturbated ft. km/s
Gill Land 2 A-Chalk Marly Chalk (L) 6661.92 475 | 223 | 1.73 | 272 | 0.74 0.67
Gill Land 2 A-Marl Chalky Marl (B) 6698.23 454 | 291 | 1.60 | 2.66 | 1.50 1.09
Gill Land 2 B Chalk Marl (L) 6736.25 508 | 383 | 3.07 | 280 | 151 1.00
Gill Land 2 B Marl Marly Chalk (B) 6776.25 512 | 410 | 394 | 293 | 2.16 2.05
Gill Land 2 B Marl Marly Chalk (B) 6791.05 491 | 3.29 | 2.10 | 2.78 | 1.49 1.07
Gill Land 2 C chalk Chalky Marl (L) 6816.67 5.09 | 444 | 398 | 287 | 1.73 1.08
Gill Land 2 C marl Marl (L) 6851.5 460 | 2.82 170 | 254 | 1.38 0.78
Gill Land 2 C marl Chalk (B) 6855.08 495 | 388 | 281 | 277 | 1.84 1.47
Gill Land 2 D chalk/marl Marl (L) 6880 496 | 352 | 244 | 264 | 1.02 0.80
Gill Land 2 Ft. Hays Limestone (B) 6890.47 553 | 5.48 498 | 2.67 | 2.68 1.91
Berthoud State 3 A-Chdk Chalky Marl (B) 2936.5 514 | 5.15 | 4.99 | 2.87 | 2.89 2.83
Berthoud State 3 A-Marl Marl (L) 2984.7 484 | 328 | 2.81 | 2.83 | 1.80 1.63
Berthoud State 3 B Chalk Marly Chalk (B) 3013.1 445 | 442 | 3.76 | 2.77 | 2.63 2.44
Berthoud State 3 B Chalk Chalky Marl (B) 3013.75 493 | 428 | 3.83 | 286 | 2.04 1.95
Berthoud State 3 B Marl Chalky Marl (B) 3054.1 489 | 401 | 3.77 | 287 | 1.98 1.94
Berthoud State 3 C chalk Marly Chalk (B) 3077.4 534 | 510 | 497 | 299 | 291 2.86
Berthoud State 3 C marl Marl (L) 3101.9 483 | 413 | 383 | 283 | 2.71 2.53
Berthoud State 3 D chalk/marl Marly Chalk (B) 3164.5 480 | 453 | 437 | 287 | 2.85 2.71
Berthoud State 3 Ft. Hays Limestone (B) 3193.05 538 | 535 | 535 | 2.03 | 3.00 3.01
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Figure 3.7 Compressional and shear wavelets examples from the acquired Basisies are from the parallel to bedding measurements for
sample 3101.9 ft from Berthoud State3 core. The top waveforms were captured at 4@0@iusg pressure. Lower two waveforms represent
benchtop O psi conditions. Vertical scale is amplitude. Horizontal scélme. Arrow symbols demonstrate first arrival velocity picking. The
vertical scale was modified for benchtop results to enhance the waveform.
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Figure 3.8 Velocity measurements under confined pressure for sample 3013.75 ft from
Berthoud State 3 core. Horizontal axis is pressure; it shows the continuousfranggsures

at which the samples were tested (i.e. pressuring up to 4000 psi followguidssaring down

to O psi in a single continuous experiment). Vertical scale is velonitkm/s. Both
compressional and shear velocities show modified velocity pattern during pressmsing
stages. Velocities measured along the 90; exhibit the highest changeditywvel response to
pressure change.
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Figure 3.9 Velocity measurements under confined pressure for sample 3054.1 ft from Berthoud
State 3 core. Both compressional and shear velocities show modified veltgtyppduring
pressuring down stages.
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Figure 3.10 Velocity measurements under confined pressure for sample 3077.4 ft. from
Berthoud State 3 core. Velocity change in response to pressure for this sampthikess
pronounced when compared to the other tesa@aibes.
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Figure 3.11 Velocity measurements under confined pressure for sample 3101.9 ft from
Berthoud State 3 core. Both compressional and shear velocities show modifiedy veloci
patterns during pressuring down stages.
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The Smoky Hill Member of the Niobrara Formation consists of highly cyclic
interstratified marl and chalk beds. This formed a horizontally laminated eeing deposit,
that locally can be bioturbated observed during facies analysis (Figure 3.33ali$iies the
transversely-isotropic objects definition. Therefore, the stiffness tensor matrixHomkOs
law for transversely isotropic becomes applicable. Six independent stifioefficients for
can be calculated and used to describe three dimensional objects. Glengpéquations were
used to calculate the stiffness coefficients (King, 1969):

Parallel to bedding compressional:

Lo # $% (3.4)
Normal to bedding compressional:

Yoo 4, Gl / / (3.5)
Normal to bedding shear:

Yoo #+, £ 11 / / (3.6Y
Parallel to bedding shear:

Yoo #+, LI / / 3.7y

Parallel to bedding translational:
Yo #) o 34) pll

Normal to bedding translational:
) #3) 005 y/6)m 5) 0o 3 4+, §;86)w 5) oo 3 4+, §;8/ (3.9Y

where:$/is density in kg/my Ve and Vs denote compressional and shear velocities

~
~

(3.8Y

respectively. Number subscripts associated with each velocity denotirébBon of the
measurement (Figure 3.12). Mechanically, stiffness coefficients can be usestribelé¢he
rigidity or resistance against applied stresses. Moreover, each coeffie@esents the
stiffness of the tested sample in a specific direction and while bebjgcsed to a specific
stress type, e.g. compressional, shear or translational. Results of thetexdlstifness
coefficients are presented in Figure 3.13 and Figure 3.14. Confined pressure results for all
samples suggest that compressional stiffness coefficients (i.e. C11 and G38)saderably
higher, ranging 38-72 Gpa, in comparison to shear and translational stiffnesses (rarge of 15
30 Gpa). Specifically, results of sample 3077.4 ft (a C chalk sample) from Berttaiad3S

core indicate much higher overall stiffness. Although shear and translatidfredssees are
closely clustered, the transverse translational ssfnoefficient (C13) was consistently the

lowest except for sample 3077.4.
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Figure 3.12 Schematic illustration of principal axes of rotation, orientation ofurexh
velocities and orientation of stiffness coefficients discussed in any traglgvésstropic
medium. Note: both X1 and X2 are parallel to bedding axes whereas X3 isgieybe to
bedding plane.

Stiffnesses calculated from benchtop velocities (Figure 3.14) also shovixe thakng
parallel compressional stiffness (Cig)he highest. Transverse compressional fffnwas
lower than translational and transverse shear stiffnesses in three moaolseachalk samples
from the Gill Land 2 core. In both cores, Ft. Hays samples yielded the higteeall stiffness.

41



Additionally, noticeable increase in stiffness was observed in samplestedlform the B and
C intervals when compared to samples from the A interval within the Smidkvid#nber. In
general, translational and shear stiffness coefficients are consistestyycatanged in both
cores. This may suggest that orientation of tested velocity does not hgreatasffect on the
resultant shear and translational particle moveneasitseir compressional counterparts.

3.2.3.2 Thomsen Anisotropy Parameters
In addition to the stiffness coefficients, Thomson anisotropy parameters were
calculated using the equations below:

<! ==

9 # == / / (3.10)
> #t o / / 3.11
¢ @@ ( )i
6: = B: @&<6: __<: @@C
A o< os | / (3.12y

Where epsilor6D) is the P wave anisotropy factor, gamra8ié the S wave anisotropy
factor and deltaK8is a parameter controlled by the P wave shape and S wave surfaces.
Thomsen anisotropy parameters for benchtop and confined pressure results are presented in
Figure 3.15 and Figure 3.16 respectively. Anisotropy seems to decrease sigypifideertla
confining pressure is applied up to 500 psi, reduction in anisotropy beyond 500 psi is very
subtle. The 3077 sample from the Berthoud State 3 core represents an excépsioovasan
increase in delta and epsilon anisotropies at 2500 psi. It also yidldddwest anisotropy
parameters from the confined pressure tested samples. The overall magnitusietafigy for
Gill Land 2 core samples is much greater than the Berthoud Statesaogkes. All anisotropy
parameters reduce to zero in Ft. Hays limestone samples in both corestisgggetropic
behavior. Sample 6776.25 from t@dl Land 2 core and samples 3013.1 and 3077.4 from the
Berthoud State 3 core also show similar behavior.

3.2.3.3 Elastic Moduli

Bulk modulus(K) measures the resistance of the rock to change its volume in response
to applied compression. It is a factor of the applied pressure and the refainge in volume.
In contrast, shear modulus (G) is a measure of rock resistance to a chahgpets response
to applied shear forces. Shear modulus can also be used to describe theofigidityock.
YoungOs modulus is concerned with the relationship between the stress appiedstrain
or deformation produced.
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Figure 3.13 Crossplots of calculated stiffness coefficients (in giga Pascai§)sfran
measured velocities versus applied confining pressure (in psi). All sampldsom the
Berthoud State 3 core. Samples shown are: (A) B chalk. (B) B marl. (C) C chalk. (&).C m
Generally, stiffness is greater in the three observed directions (i.e. OjpdSPga) in sample
3077. The latter sample particularly shows different behavior when compareatoahthree
samples.
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Figure 3.14 Stiffness coefficients (in Gpa) for benchtop measured velocities pigdgiedt depth (in ft.). Left plot is for Gill Land 2 core samples.
Right plot is for Berthoud State 3 core samples. This plot provides comparabtéreaiibnal stiffness measurements for all Niobrara Formation
interval. Ft. Hays limestone samples shows the highest stiffness imyeffim all directions. A moderate increase in stiffness can be observed i
B and C samples when compared to the other intervals within the Smoky Hill Member.
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Figure 3.15 Thomsen anisotropy parameters from benchtop velocities. Right plot shows Betdak®3dcore samples. Left plot shows Gill Land

2 core samples. Samples are annotated with the origin of sample iritesvatry important to note that Thomsen anisotropy parameters are much
lower in magnitude for Berthoud State 3 core samples. Note the horizontadiffeatnce. Ft. Hays samples anisotropies are very low suggesting
an isotropic acoustic behavior.
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Figure 3.16 Thomsen anisotropy parameters calculated from measured velocities under
different confining pressures. (A) sample from B chalk, (B) B marl, (C) C chalk and (D) C
marl. All sample exhibit major change in all anisotropies at 250 pspeseenple 3077.4 ft.

While all the samples donOt show major changes in their anisotropies beyond3Q30gs
sample shows noticably increasing epsilon and gamma anisotropies beyond 2500psi.
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PoissonOs ratio is the ratio of length or volume change in one axis to anotimealso
be defined as the ratio of the strain in axis a to the strain in axiseeTparameters can be
calculated using the following equations (King, 1969):

Bulk modulus

K #g5 HForokH op ) 0# %S,y + (3.13%
#oook)# s5&H# o (# %s

Vertical shear modulus

TR + + (3.14)
Horizontal shear modulus

v "ttt t + + (3.15¢
Horizontal YoungOs modulus

1, okt (Fokss0f ygtitostiss) | | (3.16)+

Hososs(# 00s
Vertical YoungOs modulus
" ¥ s
15 ". 5—/++ + + 3.17
3 440y ( )ia

PoissonOs Rati®g /X1) *

n HosPHod o9
IAFTAN A "+ + + + 3.18
674 ok ss(# og ( »

PoissonOs Ratio (X1/X3)

n #00
647 W@%-H + + (3.19%

PoissonOs Ratio (X42)

6, " Hoptgs(# 5/0$++ +
) Hopol s (# og

+

(3.20)

*see Figure 3.12 for an illustration of referenced axes.

Bulk, shear and YoungOs moduli results under variable confining pressure are presented
in Figure 3.17. PoissonOs ratios results are presented in Figure 3.18. Both 3013.7 and 3054
samples show notable decrease in compressibility up to 250 psi indicateel ingrease in
bulk modulus, no notable change is observed beyond 250 psi. Horizontal and vertical shear
response of the samples increase when a pressure is applied up to 150apsesiitance
and vertical YoungOs modulus continue to increase beyond 1500 psi but change is gery subtl
Sample 3013.7 exhibits the highest gain in vertical YoungOs modulus as confiningepress
increases.

Samples 3077.4 and 3101.9 show increasing horizontal YoungOs modulus when
confining pressure is applied. The chamgeompressibilityis noticeably lower throughout the
tested pressure interval when compared to the samples from the B intealtihe Smoky
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Hill Member. Overall gain in compressibility, shear and vertical Youngfdsiinin sample
3077.4 is minimalwith increasing pressure when compared to the other samples. Sample
3077.4 also shows isotropic shear resistance behavior (i.e. both vertical and Hostreeta

moduli are the same).
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Figure 3.17 Crossplots of elastic moduli versus confining pressure: Bulk modulus (K),vertical
shear modulus (Go), horizontal shear modulus (Gh), (Ev) and (Eh) are vertical and horizontal
YoungOs modulus respectively. (A) sample from B chalk, (B) B marl, (C) C chalk and (D) C
marl. All samples share similar trend beyond 250 psi in bulk modulus, shear aratiuértical
YoungOs modulus. Sample 3077 shows distenctivly smaller change between 0-250 psi. Bulk
modulus is semi-stable beyond 250 psi in B samples whereas it increases in C samples.
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Figure 3.18 Poisson's ratio as a function of variable confining pressure. v13 is r&iamgé c
X3/X1, v31 is for X1/X3 and v12 is for X1/X2. See Figure 3.12 for illustration of axes
orientation. (A) sample from B chalk, (B) B marl, (C) C chalk and (D) C marl. Spelyfinal
sample 3077.4, the effect of confining pressure on the change in PoissonOs ratio beems

minimal.

Horizontal to vertical (i.e. X1/X3) PoissonOs ratid1) is highest for all samples

suggesting that all samples have higher tendency to deform greater horizontaky X1

direction. All samples show notable gain or loss of all PoissonOs rapamse to the variable

confining pressure except for 3077.4 sample which shows negligible to minimal chdhege i
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vl3andvl2 By definitionv31 andvl3 are reciprocals of each other, therefore they tend to
have an inversely proportional relationship (Figure 3.18).

3.3 Organic Content and Maturity

Core cuttings were analyzed using an in-house source rock analyzer. Results from a
total of 17 samples from both cores were compiled below to obtain organic ricmegss
maturity levels which were used to investigate its effect on ultragelucities. A programmed
pyrolysis was used to measure TOC, S1, S2, S3 and Tmax values (Table 3.2)lovhegfol
equations were used to calculate: hydrogen index (HI), oxygen index (Ol), productivity index
(P1), and calculated vitrinite reflectance (Ro) (Jarvie et al., 2001):

4T+ (%) @ABB (3.21)
Cit " —‘L) @ABB (3.22)
n <7
] (3.23)
E FG+ " 8BBAIB+@KL@9+5 +MN (3.24)

3.3.1 Total Organic Carbon and Kerogen Type

Organic carbon richness in the samples ranged between 0.24 wt.% in the Ft. Hays
limestone and 4.79 wt.% in marls. Samples from chalk intervals show poor organissichne
(1.54 B 2.83 wt. %) compared to marl intervals (2.39 b 4.79 wt.%). Samples from the Ft. Hays
Limestone Member have very low TOC levels (i.e. <0.7) and thus are considereddn-be
source rocks. Samples from C marl intervals were consistently richest iodoesh) exceeding
4 wt.% TOC. Total organic carbon levels variations were visible between diffeoaes,
however, no inter-core variability was observed. To determine kerogen types, pyrclyks re
were plotted using modified Van Krevlen diagram (Figure 3.19). Results show thabbegh
contain a mixture of kerogen types Il and Ill. However, Gill Land 2 core is located i
thermally mature area which lower hydrogen index values. Source rocks with type Il only
kerogen can generate both oil and gas in contrast to type 11l which can be more ga$hmone
Niobrara Formation was deposited in marine environment with variable and rmieireatrial
input from the west. This conforms to the results as type Il can be correlasteelf or marine
settings whereas kerogen type Il form in fluvial or alluvial settings (HantseiteKauerauf,
2009).
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Table 3.2 Summary table for source rock analysis datainsieid study. Note: two samples from Berthoud State 3 were not analyzed by gyrolysi

Depth |TOC| S1 | s2 | s3 | Tmax| HI ol |s2s3 S}ggc P| Ca"F’{“c')atEd
Core Zone m m m m m
ft. V(;//t HCQ/]g HC?g Cog/g (O HCQ/]g Cog/g ratio | "9 Alel ratio i
0 rock Tmax
rock rock rock rock rock
A-Chalk 6661.92| 2.75| 3.27 3.61 0.25 |439.00( 131.00| 9.00 |14.44| 118.91 | 0.48 0.74
A-Marl 6698.23| 3.48 | 2.99 4.27 0.31 |442.00f 123.00| 9.00 |13.77| 85.92 |0.41 0.80
B Chalk 6736.25/ 3.03| 2.84 3.28 0.24 | 449.05| 108.00| 8.00 0.87 93.73 | 0.46 0.92
B Marl 6776.25/ 2.39| 2.58 3.75 0.25 |449.00f 157.00| 10.00 | 15.00| 107.95 | 0.41 0.92
B Marl 6791.05/ 4.13| 1.81 3.29 0.33 |460.10, 80.00 8.00 9.97 43.83 | 0.36 1.12
Gill Land | C chalk 6816.67| 1.54 | 1.83 1.30 0.25 |442.56| 84.00 16.00 | 1.41 | 118.83 | 0.59 0.81
2 C marl 6851.50| 2.57 | 2.02 3.51 0.40 | 449.00f 137.00| 16.00 | 8.78 78.60 | 0.37 0.92
C marl 6855.08| 4.76 | 2.38 4.59 0.26 | 460.49| 96.00 6.00 0.52 50.00 | 0.34 1.13
D
chalk/mar 6880.00| 1.20| 0.66 1.20 0.28 | 447.00| 100.00| 23.00 | 4.29 55.00 | 0.35 0.89
F.t' Hays 6890.47| 0.24 | 0.19 0.22 0.29 |312.00f 92.00 | 121.00| 0.76 79.17 | 0.46 -
Limestone
A-Chalk 2936.50| 2.71| 5.04 5.89 0.33 |432.72| 217.00| 12.00 | 17.85| 185.98 | 0.46 0.63
A-Marl 2984.70| 3.15
B Chalk 3013.10] 1.78
B Chalk 3013.75| 2.83| 2.92 7.03 0.34 | 439.69| 248.00| 12.00 | 20.68| 103.18 | 0.29 0.75
Berthoud B Marl 3054.10| 3.39| 2.45 8.72 0.29 |443.59| 257.00| 8.00 |30.07| 72.27 |0.22 0.82
State 3 C chalk 3077.40| 2.50| 5.41 5.94 0.31 |438.£| 238.00| 13.00 |19.16| 216.40 | 0.48 0.73
C marl 3101.90| 4.79| 1.85 | 14.42 0.55 |442.00| 301.04| 11.48 |26.22| 38.62 |0.11 0.80
D 3164.50| 0.64 | 0.22 0.19 0.41 | 349.65| 30.00 | 64.00 | 0.46 34.38 | 0.53 -
chalk/marl
F.t' Hays 3193.05| 0.28 | 0.12 0.08 0.20 |416.83| 30.00 71.00 | 0.40 42.86 | 0.60 -
Limestone
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Figure 3.19a Plots of source rock analysis data: (A) maturity plot using Tmax andtmigduc
index (PI), (B) kerogen typing from S2 versus TOC values, (C) maturation levels from Tmax
and hydrogen index (HI), (D) kerogen typing from HI and oxygen index (Ol). Two different
levels of maturity can be observed. Although both cores contain mixture of kerogen types Il
and 11, kerogen from Gill Land 2 core appears to contain more type lll by comparison. It is
important to note that the higher maturity of Gill Land 2 samples supptbsdesrogen types

in B and D above. Plots reference grids are modified from (Finn and Johnson, 2005).
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3.3.2 Source Rock Maturity

Maturation results obtained from the samples indicate variable levabstofity within
the samples. Production index and hydrogen index values were plotted against Tumax val
(Figure 3.19). Samples with TOC < 1.0 wt.% were included in the plots but were msmbgni
as non-source rock samples. These plots are commonly used to establish skumeeunaty.
Results show both cores are within the oil window, however, Gill Land 2 odmbite
noticeably higher maximum temperatures (i.e. Tmax) and, higher level of matuility
samples falling in the condensate/wet-gas window. The average S2 valuesnfaéing
hydrocarbons potential) for Berthoud State 3 samples are higher (Table 3.3), possibly due to
the maximum burial depth exhibited by this core in comparison to Gill Lamde2samples.
Vitrinite reflectance (Ro) values were not measured during this study, howevelatsd
values are presented in (Table 3.2). Average calculated Ro for Gill Land @4R¢ indicate
early peak of wet gas generation (Table 3.3). In contrast, Berthoud State 3tedIBddi.e.
0.75) suggest maximum oil generation state (Figure 3.20).

Table 3.3 Average source rock analysis values for the samples sorted by corage Aves
obtained for samples with TOC valued of.0 wt%

S1/TOC

Depth | TOC S1 S2 S3 Tmax HI Ol ¥100 Pl
Core Wt mg mg mg mg mg mg
ft. (y' HCl/g HC/g | CO2/g | (iC) HC/g | CO2/g| HClg ratio
0
rock rock rock rock rock rock
?_fr:lc; 6785.22| 2.87 2.26 3.20 0.29 448.69 | 112.89| 11.67 83.64 0.42
Benthoud| 3025.92| 3.02 | 353 | 840 | 0.36 | 439.29| 252.21| 1130 | 123.20 | 031

3.4 X-Ray Diffraction Mineralogy

Smoky Hill Member of the Niobrara Formation consists mainly of highly cysgds
of chalk and marls. XRD mineralogy results for the 19 samples were compilegreoraus
studies (Table 2.2). Carbonates in the form of calcite and minimal dolomitétuenthe
majority of the rock samples examined (Figure 3.21 and Figure 3.22). Total clay solame
highly variable with a range of (5-36%). Clay types were mainly illite and miasgdr |
illite/smectite. Chlorite and kaolinite were present only in two sasnpled one sample
respectively. A positive relationship was observed between total clay and goatent

(Figure 3.23). The samples can be interpreted, based on their XRD mineralogy, @s mixe
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carbonate mudstones and carbonate-dominated litro{¥Amrire 3.24) following the organic

mudstone classifications scheme of Gamero-Diaz et al. (2013).
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Figure 3.20 Vitrinite reflectance levels in reference to hydrocarbons generatiorsémidtoten
windows. Range of calculated Ro for studied samples are noted with yellow lualisiet¥

from (Cardott, 2014).
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Figure 3.21 Summary of the XRD mineralogy for Gill Land 2 core samples. Saargles
generally rich in carbonates with variable clay and quartz content.
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Figure 3.22 Summary of the XRD mineralogy for Berthoud State 3 core samples. Mineralogy
variation is highly correlatable to Gill Land 2 core samples.
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Figure 3.23 Crossplot of total clay versus quartz content. Positive excellentiionres
observed. Significance level is 0.05, calculated probability is 0.000018.
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Figure 3.24 Ternary plot diagram of the XRD data. Reference grid is following the organic
mudstone classification scheme (Gamero-Diaz et al., 2013). Plottechdab@ interpreted as
mixed carbonate mudstone and carbonate-dominated lithotype.
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CHAPTER 4DISCUSSION

The main objective of this project was to investigate the major pananadfecting the
acoustic properties of Niobrara Formation. This chapter will discuss theseffeporosity,
organic matter (richness and maturity) and mineralogy variation on the multoiacti
velocity and anisotropy results presented in the previous chapter.

4.1 Porosity Effect

Porosity is an important controlling factor on ultrasound velocity. Effect of porosity on
the sonic velocity of conventional rocks have been well documented in theutée(@astagna
et al., 1985; Fabricius et al., 2005; Jones and Wang, 1981; Wyllie et al., 195@)iJdssfrom
the fundamental physics of waves travelling at higher speeds in closely paekadn and
decreasing speed as voids are introduced.

Porosity for the Gill Land 2 core was acquired by Tanck (1997). Both helium add flui
core porosities were measured on 1-foot interval samples between (6719.5 - 6897.5 ft). Core
porosity showed rather complex relationship when plotted against compressiongyyedm
well log (Figure 4.1). Although a trend can be observed, significance of correlanangmal.

A higher significance may arise with selective sampling. This sugget&tstially more factors
are controlling sonic velocity for examined samples.

Uncertainty in estimating core true porosity in organic and clay-rich formatiass w
investigated by Saidian et al. (2015) for multiple mudrocks. By comparing multipfedset
porosity in shales cannot be determined by using a single method. Howevernwagesion
porosimetry (WIP) was reliable for thermally mature samples with low expandalglcontent
whereas nitrogen adsorption yielded appropriate results for samples rich in orgdarc-mat
porosity. Therefore, WIP and nitrogen adsorption porosity measurements are recommended to
obtain a quantitative analysis for the Niobrara formation porosity. For the purposesititty
a qualitative porosity indicator is sufficient to assess the velocity-ppnedationship. To
facilitate a more accurate porosity data points for each sample, densititypouorge was
calculated using the density porosity equation below:

1 4 - 2l " ] 1
| oygo &' Lz o 4.1y
(y+- I 4215

Where:67g9.. is density of rock matrix-.,g is the bulk density of the sample and
67> Is the fluid density in the pores. Matrix densities assumed for the Niobwaraton

are 2.67g/cc for chalk intervals and 2.70 g/cc for marls based on core analyss result
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(EIGhonimy, 2015). Fluid density was assumed as 0.9 g/cc for wet gas windows &his
estimation compared to 0.7 g/cc used for gas wells in previous studies (EIGhonimy, 2015).
Calculated density porosity curve (Figure 4.2) indicates 1-6% higher porosity when
compared to core WIP porosity. This could be an effect of the inaccessible karmbelay
hosted pore or due to measurements precession and accuracy. Density porosig log w
calibrated to core WIP porosity by applying a multiplier of 0.7. Core-calibrated density
porosity results are presented in Figure 4.2. Average error of calibration is +7%oAaltti
regression of the calibrated density porosity versus actual core porosity @gumdicates
very high significance with p-value of 6.28ésignificance level for the correlation is 0.05).
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Figure 4.1 Compressional velocity from well log compared to core porosity for Gill 2and
core. Number of samples is 164. P-value is 0.09, therefore correlation has maggifieasce
when compared to a significance level of 0.05.

Core-calibrated porosity values, when compared to measured velocities andexlcula
elastic parameters, suggest fair significance negative correlation wheareoito C12 (i.e.
parallelto-bedding translational stiffness coefficient) values and good significance negative
correlation when compared to pke&to-bedding compressional to shear velocity ratio (i.e.
VpO/VsO0).
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Figure 4.2 Calculated density porosity curve for the Gill Land 2 core Core. A cdoeatial

shift was achieved by applying a multiplier value of 0.7 to match the measweegorosity.
Both types of core measured porosities are displayed for reference. Dphi \Wweatedlio WIP
porosity specifically as helium is known to underestimate pore volume in tight samples.
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Figure 4.3 Crossplot of measured (horizontal axis) vs. calculated porosity (vert&alRaxi
value of the regression indicate an excellent significance (significance level is 0.05).

It is important to note that C12 coefficient is dependent on Vp0, VsO and s@engiey
(Figure 4.4). Core-calibrated porosity showed unexpectedly weak correlation to velocity and
stiffness in the transverse direction. A significance level of 0.05 was tosddtermine
significant correlations which equate to correlation coefficieft ¢Blue of 0.63 or higher for
a sample size of 10. Correlation to other velocities and stiffness coefigiefded R-values
less than the above threshold and were subsequently discarded (Table A.1).

4.2 Mineralogy Effect

Measured velocities, when compared to XRD mineralogy, show correlation
coefficients of 0.49-0.62. Sample size is 19, therefore, the threshold for a correlafiarnent
to be significant is 0.4683 (Table 2.4). A total of 66 statistically sigmficarrelations exist
(i.,e. with R value higher than 0.4683) with ultrasonic measurements and wireline
compressional slowness (DTCO). All the possible correlations are listethble A.2.
Significant correlations with measured velocities exist for the 45 and 9Qiaireshear and
compressional velocities. Carbonate content show positive relationship wpgrgasand
clays are inversely proportional to the compared velocities. Transverse caonakefS33)
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and parallel shear (C44) stiffness coefficients show stronger correlation toatheatbonate

volume and clay content with R value range 0.52-0.62. A positive correlation (i.e. R=0.52)

exists between pyrite content and de@@agnisotropy. A similar but negative correlation exists

for pyrite when compared to bulk modulus (K). Pyrite also seems to correlaterésploases

of vertical YoungOs modulus and the parallel to bedding plane, v12 PoissonOs ré&io. Final

guartz volume seems to correlate to the Vp45/Vs45 ratio with R=0.55 (Figure 4.5C).
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Figure 4.4 Crossplots showing core calibrated porosity for Gill Land 2 core samgdas:ve
(A) Parallel to bedding compressional to shear velocity ratio, correlation piadioate good
significance. (B) Transverse compressional (C33) stiffness coefficient Both crogsgilcase
inverse relationship with porosity. C33 shows weak correlation significancedecalibrated
porosity. C33 coeffecient is dependant on Vp90 and sample denisty.

In summary, volume of illite present in the sample seem to cause aoadadhe 45

and transverse velocities. Total carbonate volume has the opposite effecfféti is more

observable on C33 and C44 stiffres@-igure 4.5A and B). As pyrite content increases, bulk

modulus decrease, (i.e. compressibilisy promoted by the presence of pyrite). Pyrite

correlation content may be linked to an increased anoxic conditions. Anoxic conditéens

necessary for the preservation of kerogen. Therefore, the increase of compressipiithera

by caused by higher kerogen content which is masked by the increase of pyrite volume.

Samples tested under variable confining pressure can be grouped in two groups:
samples (3013.7, 3054.1 and 3101.9) have high clay content (average 20%), high carbonate

content (average 53%) and relatively high quartz content (i.e. >14%) (Figure 3.22). In contrast,

sample 3077.4 have low clay (5%), high total carbonates (88%) and low quartz content (4%).
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Figure4.5 Crossplots showing samples of established mineralogy and ultrgsyameterselationshipswith significant correlationgA) and

(B) show correlation with very good significance between C33 and calcite volumetalncays vs. C33 respectively. (C) and (D) show lower
significance correlation for C44 vs calcite content, and total clays vs Cddcte®ly. Four datapoints measured at 3000 psi are presented for
reference but were not included in the regression. Pressure effect is obsarvettesase in the C33 and C44 for each sample. Numbered samples
are as follows: (1) B Chalk- 3013.75 ft, (2) B Marl-3054.1 ft, (3) C Chalk-3077.4 ft and (4) C Marl-3101.9 ft.
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The observed responses when a pressure was applied are as follows: 3077.4 have
overall higher velocities (Figure 3.10), no major velocity change in response toirpress
increase, higher overall stiffness (Figure 3.13C) and much lower thomesen anisotropy value
(i.e. 0.01-0.06 compared to a range of 0.1-0.4 for the other three samples), samples (3013.7,
3054.1 and 3101.9) show decrease in anisotropy with increasing applied pressure while 3077.4
sample showed overall stable values against variable confining pressuree sd@pl9
compressibility dramatically decreased with pressure (Figure 3.17) whichfarimable with
the results obtained from the larger dataset above as this sample cthmdnghest pyrite
content (i.e. 5%) in the confined pressure dataset and finally, 3077.4 sample Poig&onOs ra
showed very subtle response to pressure increase (Figure 3.18). By comparison, other sample
indicated noticeable variation in their respective PoissonOs ratios.

In comparison, (Maldonado, 2011) tested three outcrop samples representing lower
marl, D chalk and Ft. Hays limestone. The aforementioned study samplesniyeneeasured
for compressional velocity, pressure range was different (i.e. 1740-8000 psi) and the chalk
sample was only tested for vertical velocity. Regardless, lower marl samgllts are
conformable with the velocities measurements in this study in genehalugii the D chalk
sample yielded much higher rate of velocity change in response to pressureeincreas
(Figure 1.9 Figure 1.10). D chalk was not measured under confining pressure for this study,
however, D chalk sample from (Maldonado, 2011) indicate high clay content (22%) and lower

calcite (~48%) which can be compared to the three clay-rich samples in this study.

4.3 Effects of Organic richness and Maturity

TOC and maturity data for the samples were compared to all the measioatiege
and their respective elastic parameters. Total number of samples batmsasurements and
total organic content (TOC) is 19 samples, therefore the threshold for a sigrabcaaiation
is R=0.4683 or R=0.2193. All samples with TOC less than 1 wt.%, their respective source
rock analysis (SRA) data were eliminated. This resulted in a smalldranwhsamples with
valid SRA data to 14 samples. Consequently, this has restricted the blecepteelation value
to R=0.5324 or R=0.2834. Established number of significant correlations is 64 with lab
ultrasonic data and 4 significant correlations with wireline logs (Figure 4.6; Table A.3).

Total organic contenthigher organic content seems to coincide with a decrease in the
transverse compressional (C33) and parallel translational (C12) stiffness costfiCiéat
decrease is exponential in response to change in TOC wt.% (Figure 4.7). C33 respobge m
caused by a combination of two factors: (a) the characteristic lower Sifffidserogen in
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comparison to the rock matrix stiffness and (b) kerogen form in horizontal lamineerae s
rocks. Although C12 is function of both C11 and C66, none of the later showed significant
correlation within this dataset. For the same TOC level, C33 seemséase as pressure is
applied. Clay content showed similar relationship to C33 and C44. TOC did not renadidl a
correlation with C44 for this dataset. However, this could be an effect of the nahslaenples
tested. The similarity in C33 response to both clay content and TOC ricluggests that
most likely both factors affect the transverse stiffness as they both haee dt¥iness
compared to the rock matrix stiffness. Furthermore, the observed relationship is cbidorma
with results obtained from a larger dataset combining samples from msdipiee rocks from
various basins (Prasad et al., 2011). The aforementioned study combined kerogen lwith tota
porosity (Figure 4.8). C12 correlation to TOC shows fair to good significance (i.e. P-value
=0.016).
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Figure 4.6 Histogram analysis of the established correlations between SR#ndaibserved
ultrasonic properties. Any correlation with R value between 0.5 and -0.5 was &hidhthee
to insignificancy.

Existing producible hydrocarbons (SMalues of S1 from SRA varied between 0.6 B
5.4 mg HC/g rock. Correlations of S1 with major significance exist with: sheagityein the
45 direction (Vs45), transverse compressional (C33) and transverse shear (C44) stiffness
coefficients. C44 versus S1 yielded the highest significance correlafiof.48).
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Figure 4.7 TOC effect on C33 (A) and C12 (B) stiffness coefficients. Number of samples= 19.
Samples measured under 3000 psi confining pressure are presented. Numbered saasples are
follows: (1) B Chalk- 3013.75 ft, (2) B Marl-3054.1 ft, (3) C Chalk-3077.4 ft and (4) C Matrl-
3101.9 ft.

67



150
® BAKKEN OBAZHENOV
A NIOBRARA OWOODFORD
+ AllOthers
100 A
<
a
=3
(40)]
™
@)
50 A
+
+
L T +
O 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Porosity+ Kerogen Content

Figure 4.8 C33 vs. (porosity and kerogen content) for multiple source rocks (Prasad et al.,
2011). Data for Niobrara from this study are presented in Figure 4.7.

Change in respect to Vs45 is linear compared to polynomial for C33 and C44. In
contrast to kerogen, presence of hydrocarbons seems to increase the transverse stiffne
coefficients. When compared to C33, C44 shows much higher relative increase whetedubje
to 3000psi pressure (Figure 4.9).

Potential hydrocarbons (S2This SRA parameter measures the potentially producible
hydrocarbons upon thermal cracking. S2 was observed to have significant correlations with
Vs/Vp45 ratio, Vs90 and the wireline measured compressional slowness (DT CGi@iprisaip
with compressional slowness has the highest correlation significanc&%vitalue of 0.56
(Figure 4.10) . Higher S2 (i.e. lower maturity) content seem to promote the sheayveloc
the 45 and 90 while slowing down the overall compressional wave velocitgsatinethe O
and 45 directions.

CO2 produced due to thermal cracking (S8xmples with higher S3 values were
associated with slower compressional velocity, faster shear velocite iA% direction and
higherv31 PoissonOs ratio (X1/X3). Both S3 and S2 are comparable when each are correlated
to Vs/Vp45 and DTCO.
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Figure 4.9 Vs45 (A), C33 (B) and C44 (B) correlation to S1 values. S1 vs. C44 yielded the
highest correlation coefficient. Number of samples is 14. Numbered samplél &€halk-
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Figure 4.10 Vs/Vp45, Vs90 and DTCO correlation with S2 values. S2 vs. DTCO shows an
excellent correlation significance. Number of samples is 14. Numbered saanpkes follows:
(1) B Chalk- 3013.75 ft, (2) B Marl-3054.1 ft, (3) C Chalk-3077.4 ft and (4) C Marl-3101.9 ft.
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This is caused by the diagenetic link in the process of pyrolysis, as thmiaoi CO2
produced during pyrolysis is related to the thermally cracked hydrogens during S2 pyrolysis
phase (Figure 4.11).

Hydrogen index (HI)in general, lower HI values may suggest lower maturity of the
analyzed sample. Hydrogen index shows significant linear correlations to twimevicgs
and three acoustic benchtop velocities. Both compressional slowness andsagiepyéogs
show increased values in response to a higher hydrogen index. Slower compressiahal veloc
in response to increasing hydrogen index pattern has been previously documented in a larger
source rock dataset (Prasad et al., 2011). Although a marked increase in VpOemasdoibs
the larger dataset when HI<200, this was not observed in this datasetl\é&wtiar, 45 degrees
shear and vertical compressional velocities also show positive signitcarglation to
hydrogen index (Figure 4.12)\ll correlations indicate moderate significance except Vs90
which yielded R of 0.64. Hydrogen index is dependent on the S2 and TOC values, thus the
increase in wireline compressional slowness as well as veratmdity and Vs45 was also
observed with higher S2 values (Figure 4.10). When a confining pressure is applied, vertica
shear velocity increases whereas vertical compressional velocity decreases.

Oxygen Index (OI)Vp/VsO ratio has a fairly significant proportional correlation when
compared to measured Ol (Figure 4.13). This parameter is diagenetically bn&8dat the
oxygen measured is a function of the CO2 released by thermal cracking. Vp/VsO ratio
decreases for B chalk and marl samples when a pressure is applied. In,cOnttegk and
marl samples showed an increase in their respective Vp/VsO ratio.

Tmax and calculated vitrinite reflectance Kitrinite reflectance is calculated for this
dataset and thereforné is dependent on Tmax. Tmax revealed a correlation with C33

(Figure 4.14) with weak marginal significance (i.8.5R0.286).

4.4 Estimating Organic Richness and Maturity

One of the main objectives for this study is to assess any potentiatiadscof source
rock richness and maturity using acoustic wireline measurements. Selarahséips have
been established based on lab measurements and documented accordingly indhe previ
section. Modelled equations with highest significance (FigureFgire 4.10Q Figure 4.12
Figure 4.13) have been used to calculate TOC, S2, hydrogen index and oxygen index for the
Aristocrat PC H11-07 core. Shear and compressional wireline velocitieslaswiensity log

are available for this well and were used to calculate C11, C66 and C12 moredatficients.
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Figure 4.11 DTCO, Vs/Vp45 aneB1 correlations to S3 content. Numbered samples are as
follows: (1) B Chalk- 3013.75 ft, (2) B Marl-3054.1 ft, (3) C Chalk-3077.4 ft and (4) C Matrl-
3101.9 ft. Correlation results are comparable to S2 crossplots in Figure 4.10.
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Figure 4.12 DTCO, Vs90, Vp90, deep resistivity and Vs45 linear correlations with hydrogen
index (HI). Numbered samples are as follows: (1) B Chalk- 3013.75 ft, (2) B Marl-3054.1 ft,
(3) C Chalk-3077.4 ft and (4) C Marl-3101.9 ft. Number of samples=14.

73



34"BA"?@97A1
%.&111 =
%%&11:1
@ Hi&lt "#"$%&" ()* +%&
e "#'3%&" ()" +%&,-.
; +&111 [0"#"1&-.+"
S (&111 e o -
8 ,.&111
l-\ 0 .’..'....>
_L(‘% ,%&111 oty e .
< ,1&111 )
™ = o "o
+&111 <8 ° °
(&111 ,n" .
&111
&$11 &(11 ,&211 &+11 &'11 %&111
?@97A1

* HDI<JG;@"51"@AEG"-111"@AE

Figure 4.13 Oxygen index compared to Vp/VsO ratio. The correlation has fair significance
based on number of samples=14. Numbered samples are as follows: (1) B Chalk- 3013.75 ft,
(2) B Marl-3054.1 ft, (3) C Chalk-3077.4 ft and (4) C Marl-3101.9 ft. Number of samples=14.
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Figure 4.14 Tmax correlation with C33. Correlation shows weak marginal significance.
Numbered samples are as follows: (1) B Chalk- 3013.75 ft, (2) B Marl-3054.1 ft, (3) C Chalk-
3077.4 ft and (4) C Marl-3101.9 ft.
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The core has been studied previously and source rock analysis data points were
acquired on a 2-4 ft. resolution (EIGhonimy, 2015). Actual measured datapoints eene us
verify accuracy and validity of the prediction models (Figure 4.15). The modelled@tuati

used to calculate TOC, S2, HI and Ol are as follows:

"# S % $Q*+ 0 12 (4.2)
56$ % $B)& 194" : ;) .88 4.3)
<=$ %8'7)6 1O $:9(6 '(* (4.4)
"= $ %I'&) 1?@-/,_,A $: 96> (4.5)

These models were calculated based on significant correlations of labreaaource
rock analysis data compared to ultrasonic lab measurements. Results frphassaith
TOC<1 wt.%, including the Ft. Hays limestone samples, were eliminatedtodingh
uncertainty in analysis results. Models prediction results can be summarized as follows:

Total organic content (TOC)predicted TOC closely follows the trend of the lab
measured TOC levels. Estimated values have an error average ot0@@Figure 4.16).
Lower error values are observed in marly or clay-rich intervals across thiey $till Member
(Figure 4.15). Overall, predictive model may be used for qualitative assessnm@stvals
within the Smoky Hill Member.

Patential hydrocarbons (S2)predicted S2 values results show overpredicted values
when compared to measured S2 values. Error in prediction range between +0.1 to &h2 with
average value of +3.862 mg HC/g rock (Figure 4.16). Predicted values error in chalk-
dominated zones is much lower: +0.2 to +1.7. Modeled values can be used onlylitagvgua
assessment within low-clay zones with high speculation.

Hydrogen Index (HI)hydrogen index is a function of S2 and TOC values. Prediction
values are noticeably more representative in chalk-dominated zones (Figure #dt5arife
is -50 to +250 with an average of +105.9 mg HC/g rock. Model is interpreted to be erroneous
based on the current dataset. Larger dataset may be needed before areaisséssinlity
can be made.

Oxygen Index (Ol)Predicted values generally under-estimate the true oxygen index
across zones with relatively lower TOC levels. Error range varies bet@®ém+23 with an
average value of -10.64 mg CO2/g rock (Figure 4.17). Model may be used to assess the oxygen
index in relatively organic-rich zones across the Smoky Hill Member.

Previous work to estimate TOC from logs by EIGhonimy (2015) concluded the

following:

75



¥ Schmoker method (Schmoker, 1983) over-estimated TOC in marls while
overestimating TOC in chalks.

¥ Delta log R (Passey et al., 1990) showed very poor match (Figure 4.18) due to high
uncertainty in level of organic maturity. Additionally, resistivity in chalkasw
responding to lithological changes rather than maturity.

¥ Uranium method: in which a regression was established between core md@a3re
gamma ray and spectral uranium logs. Although the calculated regressionswyeejded
low correlation coefficients (Figure 4.19), it was concluded to be the bestesbDf

TOC as it showed overall similar trend to measured TOC.

Equations presented in Figure 4.19 were used to calculate the predicted TQGdfom
gamma ray and spectral uranium logs. This was done to replicate the ofgaited by
(EIGhonimy, 2015). A comparison between the TOC predicted by the method proposed in this
study and the uranium/GR method is presented in Figure 4.20. TOC predicted by theregress
between spectral uranium log and actual TOC measurements showed fair tatenbtiéo
actual core TOC. Calculated TOC was overpredicted in chalk intervals andpradeted in
marl intervals. Additionally, this method relies completely on the avétialof core TOC
measurements for the subject well or core. In contrast, the method presémtestudy shows
moderately qualitative TOC prediction based on wireline shear and compréssoustic
logs. Finally, the uranium method can generate higher accuracy TOC predictioddari B
sub-member whereas the method presented in this study yield better sston#dte C Marl

sub-member.
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Figure 4.15 Measured vs. predicted source rock richness (TOC) and maturity: (S2, hydrogen
index HI and oxygen index OI) based on lab generated prediction models. Data displayed for
Aristocrat PC H11-07 core. Measured data points and core description are cadirtesy
ElGhonimy (2015).
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Figure 4.16 Error distribution for predicted TOC and S2 values.
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Figure 4.17 Error distributions for predicted HI and Ol values.
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$

Figure 4.18 Predicted TOC by delta log R method compared to core TOC (EIGhonimy, 201&)ade® were calculated using three different
resistivity baselines.
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Figure 4.19 core TOC vs spectral uranium and total GR logs. Regressions aalvelaeised to predict TOC from uranium and total GR logs in
EIGhonimy (2015)
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Figure 4.20 comparison of TOC prediction for Aristocrat PC H11-07 core using: this study
method (trackl), EIGhonimy (2015) regressions based on core TOC, GR and spectral uranium
logs (tracks 2 and 3). The GR estimated TOC is six times higher thaoréh€@C. Uranium
method shows the best fit to core data across the B Marl interval witteeeasthod from this

study provide better accuracy in the C Marl interval.
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CHAPTER 3CONCLUSIONS

Two complete Niobrara cores from Wattenberg field were studied using a atistem
approach. Core description and facies analysis were used to define sedimentaxtuzal
variations. Ultrasonic measurements, source rock analysis and XRD mineraloty wesal
presented for a total of 19 core plug samples. Ultrasonic velocity wasiradaor both S-
wave and P-wave on three principle directions: 0j, 45j and 90j in reference dbsbrred
bedding plane. Velocities presented in this study were measured under twoomaitions:
benchtop conditions, with no applied pressure and under confining pressure. Four of the 19
samples were subjected to a confining pressure from 0 to 4000 psi. The saciteeselere
measured while pressuring up and pressuring down the sample. Several source roek analys
and XRD datapoints from previous studies were incorporated into this study. Data wa
integrated to investigate mineralogy, organic carbon richness and maturity efféitsbrara
Formation acoustic properties.

Facies distribution analysis results from both cores show high frequency cycles of
interstratified chalks and marls with variable carbonate and clay contenk. g&tiak density
and bioturbation index can be very useful in distinguishing facies. A weak corrddativeen
chalk content and bioturbation exists. Although high facies heterogeneitysexists different
cores, geomechanical, acoustic behavior and petrophysical logs are stidltabtesgbanples
with higher illite clay content showed a decrease in 45j and 90; vekbdismbonate content
showed a reverse effect. Carbonate and illite clay content show a sigrabcagation when
compared against C44 and C33 stiffness coefficients. Pyrite content significaméhaie to
increasing compressibility in samples. This is believed to be a pftegst ef the increased
kerogen content. The effect of confining pressure was especially noticeable iaitial
pressure increase stages up to 500 psi in all clay rich samples. Adliticlag-rich samples
showed decreasing anisotropy with pressure increase. Sample 3077.4 from BerthoBd State
core which contains higher chalk content and lower clay volume showed very mreloity
changes and respectively minimal anisotropy changes with increasing pres@sen®s ratio
changes were inconclusive, however, clay-poor sample had much subtle response by
comparison to clay-rich samples. 3077.4 sample may be interpreted as nudinlyicsdue to
its uniform elastic behavior.

Higher organic richness was observed to decrease C33 and C12. In contrast, Pre-
existing hydrocarbons (S1) increased the transverse stiffness of the samplesmadurity

indicated by higher S®as associated with higher shear velocities in the 45; and 90; while
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slowing down the overall compressional velocity. Both S2 and S3 showed comparable
correlations to wireline compressional slowness (DTCO) apd/ Wp4s Hydrogen index
shows possible significant correlation t@gy Vsas Vpoo DTCO and deep resistivity. Oxygen
index and Tmax revealed marginal or weak significance correlations to measaséd
properties of the samples. Overall, maturation seem to enhance stiffnegglioy of the
samples. In contrast, higher kerogen content is possibly associated with aselaor¢he
rigidity of the samples.

The total number of statistically significant correlations generatdddrstudy is 136:
source rock richness and maturity yielded 64 with lab ultrasonic data and daifrcant
correlations with wireline logs, total of 66 statistically significaotrelations exits between
XRD mineralogy and ultrasonic measurements including wireline compresslonaless
(DTCO). Additionally, two significant correlations were established betwessaalibrated
porosity and ultrasonic measurements. Modeled regression equations with high&stiaorre
significance were used to predict TOC, S2, HI and Ol for Aristocrat PC H11-07 thdbte
model predictions for other parameters have been presented but are dependentlowithg fol
velocities: Vs90, Vp45 or Vs45. Lab source rock analysis was studied for thizrgxaously
(EIGhonimy, 2015). A comparison between predicted and measured source rock richness and
maturity indicated the following: (1) predicted TOC can be used as a good tiuelita
assessment with much higher accuracy in marly zones, (2) S2 was overpredicaéduvitbe
lower error in chalk-dominated lithologies, (3) hydrogen index was erroneous and should be
calibrated by a larger dataset, (4) Oxygen index provided better estimates irc-oigani
intervals but can extremely underestimate Ol in organic-poor zones. TOC predioti@h m
presented in this study is a function of shear and compressional acousirevags, therefore,
it can be used to assess TOC richness without core data availdhiltgntrast, uranium
method requires actual TOC core measurements in order to generate a refirefsaested
core or well. Uranium method still provides a better overall estimated &med should be used
when enough core data are available whereas the presented method canrbaekeavith
limited or no core TOC data.

This study provided a pilot attempt to establish a methodology through which a
gualitative assessment of organic richness and maturity can be infetnedadérate to high
significance. Initial results indicate high possibility of significant relatigrsbetween organic
content and resulting acoustic properties of the Niobrara Formation. Howeseryuitial that
the presented correlations must be further investigaigda larger dataset of samples from
other Niobrara cores within the same field. Such dataset enrichnpeatlisted to enhance the
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accuracy of the estimation models. It is also highly recommended to caayrulti-variable
analysis on the dataset to separate the combined effects of mineralogy; aaier@ss and
maturity. X-ray micro computed tomography (CT) is also recommended for the tesfgdsam
in order to understand the textural variations on the plug scale. Micro CT anailysilso

provide a quantifiable measurements of micro-fractures.
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APPENDIX A

Table A.1 All correlation coefficients between all ultrasonic velesitiand stiffness
coefficients (rows) and core calibrated porosity for Gill Land 2 core (column). Diaiddalight
indicates higher R-value.
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Table A.2 All significant correlation coefficients between all ultrasoméasurements (rows)
and all XRD mineralogy (columns). Darker highlight indicates higher R-value.
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Table A.3All possible correlation coefficients between all ultrasonic measurements and
wireline logs (rows) and all source rock analysis measurements (columns)r Digideght
indicates higher R-value.

91



