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ABSTRACT

In the past decade, the stumfygeophysical anisotropy has gained increasing attention due
to its significance in unconventional rockaracterization and production. Anisotropy can be
characterized as (a) intrinsic anisotropy, such as thin laminations, clay layers, and organic matter,
and (b) extrinsic anisotropy, such as induced microfractures due to coring. The spatial distribution
of such features is an essential mechanism affecting streddirectiordependency of elastic
and fluid transport properties. Accuratehgasuring seismic anisotropy and its relationships with
petrophysical properties whilavestigating rock fabrievoluion using highresolution textural
imagesunderreservoir stress conditions is essential to enhance the reservoir development of
unconventional rocks.

In this thesis, ares from multiple formations of the Bakken Petroleum System (BPS) were
analyzed in the laboratory as examples of strongly and weakly anisotropic rocks. First, mineral
compositions and total organic carbon of the rock samples were acquired. The next step was
visually analyzing the rock texture using higdsolution images frommicro-computed
tomography scans and backscattered electrons images. Following these analyses, ultrasonic
velocities (P and Swave) of tight rocks were obtained in multiple directions, that is, 0°, 45°, and
90° with respect to the bedding plane, undevakd confining stress. Finally, the findings were
correlated to stresgependent porosity and permeability to monitor pore structure deformation and
the evolution of elastic and transport fluid properties during stress change.

The results indicate thatelprimary driving mechanism dictating the stress dependency of
velocity and permeability is the compaction of the pore space and compression of aligned
compliant components, such as clay, kerogen, and microcracks that are deposited in the bedding

paralleldirection. Furthermore, the multiphysics measurements performed in this thesis suggest



that anisotropy and stredgpendent elastic properties, especially in orgdoitc mudrocks,
cannot be neglectedlsing isotropic model for anisotropic rocks may affiset accuracy of the
mechanical earth model and horizontal stress calculations.

Obtaining anisotropic elastic properties from the lab are, however; &nteresource
consuming and complicated. On the other hand, seismic and wireline log data of thadedépe
elastic parameters of the rock are rare. Furthermore, due to low resolution, geophysical borehole
tools do not always capture anisotropic features in thinly laminated ongemienudrocks.
Consequently, the prediction of in situ anisotropic seig@rameters is associated with significant
uncertainties. Therefore, an anisotropy template was developed to assess and estimate the expected
anisotropy or a specific elastic modulus from readily available elastic wave data.

The anisotropy template was ctmsted by integrating several rock physics models, such
as the Backus averaging, Hudsonds cr aednd model
layerinduced anisotropy in the effective medium. Wireline log andiabsured elastic data from
the Berea, Bakken, Three Forks, and Mancos formations were analyzed using the anisotropy
template.The anisotropy template allows the user to (a) understand the causal mechanisms for
seismic anisotropy, (b) understand the occurrence oundorm deformatiordue to change in
stress, (c) narrow the range of anisotropic parameters for known mineralogy and texture, and (d)

predict the texture of the rock with known streependent moduli changes.
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CHAPTER 1

INTRODUCTION

1.1Introduction

The study of geophysical anisotropy prominent feature in unconventional rotksas
gained increasing importanae the past decadénisotropyis the direction dependence of any
physical rock properties, such atasticst i f f nesses, Yod lsrisgNsd s ma dau li w
permeability Anisotropy can be found in tight orgarich mudrocks at multiple scales, including
seismic, well logs, cores, or thin section imadesinsic and extrinsic factors are known to
contribute to rock anisotropy significéynt An example of extrinsic anisotropy the presence of
induced fractures due tmring processesrynessor air exposure (Wang 20Q02olt et al. 200
Examples ofntrinsic anisotropyarebedding sequenceslay laminations, layered orgammatter
and pore structures along tfaiation plane (Vernik and Nur 19938ayers 1999; Hornby 1998;
Ou and Prasad 20).6

The spatial distribution dhe anisotropic features mentioned abphag's asignificantrole
in thestressand directiordependence abck physical propertieshe geophysicglarameters of
a particular formatiom a specific directiomay differwhen in situ reservoir net pressure changes
For example, duringhe production period of a reservgopuated with natural horizordl
fractures, the dynamic interactions between overburden stress and pore pressure may cause
deformation of the rock fabrias well aslastic and fluid transport properties dominantly in the
vertical direction.Accurately measimg rock physical properties and seismic anisotropy with
respect to stress is essential because it can impubgirface seismic imagirgf) reservoir geo

model, fracturing design, and production forecasting



Ultrasonic velocity is the most common techrego obtairthe anisotropyof the rockin
the laboratoy. Various studies have reported stresand directiordependent @oustic
measurementsf severabrganicrich unconventional rocks, such as on Bakken shglernik and
Nur 192; Sayers andasgupta 2014Firdaus et al. 202 and middle BakkenMa and Zoback
2016 Firdaus et al. 2@ from North Dakota Millboro and Braillier shales member of the
DevonianMississippian Chattanooga Formation (Johnston and Christensen, 1995), Bazhenov
(westernSiberia); Monterey (California); and North Sea (Vernik and Liu 1997), Jurassic
Kimmeridge Clay shales (North Sea) (Hornby 1998), NSgh shale (Domnesteanu et al., 2002),
Muderong shale (Australigbewhurst and Siggins 2006), Haynesville (SondergetiRa011;
Woodruff et al. 2015 Niobrara(New Mexico) Panfiloff and Prasad 201§u and Prasad018
Kamruzzaman et al. 2019)Jancos shal¢Colorado)(Zhou and Ghassemi 201Suarezet al.
2020),and Eagle Ford chalk (TeXa®©u2018).

The results from the studies mentioned above suggestrisatropyandstressdependent
elastic propertigsespecially inorganicrich mudrocls, cannot be neglected. Processing seismic
data of anisotropic formations using isotropic assumptions can demcdcurateresults. For
example, geophysicists can find errors in normal moveout correction, dip moveout correction, and
amplitude versus offset analysig addition, geomechanical and reservoir engineeen
potentially miscalculatthedirectionalpeme abi | i ty, Youngds modul us,
eventually may impact theccuracy of thenechanical earth modéiorizontal stress calculations,
and reservoir simulatian

To improveour understanding of anisotropy transverse isotropy (Tl) rocks, such as
organicrich mudrocks, we musperform a multscale characterization using laboratory

measurement techniquds. this thesis, Iconduced an integrative and cohesive experimental



approachto reveal thesignificance of stressdependent anisotropiock physicalpropertiesof
rocks from the Bakken Petroleum Syst@aiPS. To attain a comprehensive characterization, |
analyzed varioutayersin theBPS which includeLodgepole (LLP), uppeBakken shale (UBS),
MB, lower Bakken shale (LBS), and thHenree Forks(TF) formationunder in situ reservoir
conditions

Furthermore) developeda novelrock physicdemplate that can be used to assess elastic
moduli changes due to stress and investigate possible textures ofckhé constructed the
template byintegrating theBackus averaging method (Backus 196&)h crack compliance
modek (Hudson 1981; Schoenberg and Sayers 19BB¢ template application catsohelp users
to understand the relevance of crack density and orientation and improve seismic anisotropy

characterization isedimentaryocks.

1.2Research Objectives
The main objectives of this research are to:

1 Characterize stressand directiordependent rock physicalrgperties of cores from
multiple formations in the Bakken Petroleum Syst@RS) Such characterization is a
means to reveal the driving mechanisms that can impact pore structure and anisotropy
evolution. In addition, the investigatetdharacteristics can be related to fluid flow and
production optimization in fractured tight reservoirs. The properties under investigation
include:

a) Geological attributes, such as mineralogy and total organic carbon (TOC),
b) Textural anisotropy of theock fabric, such as the presence of microcracks,
preferentially aligned clay platelets, kerogen veins, and the structure of stiff

minerals,



c) Stress and directiordependent elastic properties, such asil Swave elastic
sti ffnesses anopypdraneters,andds ani sotr
d) Petrophysical properties, such as porosity and permeability.

1 Construct a novel rock physics anisotropy template for an improved interpretation of elastic
anisotropy data and better characterization of anisotropic behavior in unconaénti
rocks.

To achieve these objectives, | compietiee following tasks:
1 Perform laboratory measurements to obtaefollowing

a) Mineralogy, by using the Quantitative Evaluation of Minerals by Scanning Electron
Microscopy (QEMSCAN),

b) TOC, by using the Soce Rock Analyzer (SRA),

c) High-resolution rock images, by using micro Computed Tomography (CT) and
Scanning Electron Microscopy (SEM),

d) Multi-directional ultrasonic measurement, by using the siogte anisotropic
dynamic acquisition technique, and

e) Porosiy and permeability, by using the core measurement system-ZINIS
equipment.

1 Integrate various rock physics models that consider eeaklayefinduced anisotropy in
the effective medium, and

1 Perform well log analysis to obtain:

a) Mineralogy using QuantiEfamodule in Techlog logging suite software,
b) P-and Swave elastic stiffnesses, and

c) P-and Swave anisotropy parameters.



The details of the experimental equipment and core samples are explaieapter 2.

The thesis chapter contents are described below.

1.3Thesis Overview

This thesis is comprised of six chapters. Chaptes 4n introductiorto the study, which
elaborate®n the motivation and background, research objectives, thesis overview, and my list of
publications.In Chapter 2, | discuss the geoloditackground of the BPS and the laboratory
measurements used to characterize the anisotropic featortdee best of my knowledge, multi
physics measurementsuch as mineralogymage analysis, porosity, permeabilignd P and S
wave velocitiego characterizéhe BPS as a wholédave never been done

Chapter 3 presentke results ofhe stressdependent measurements of elastic moduli and
petrophysical propertie§.e., porosity and permeabilityHigh-resolution rock images are also
shownto explainthecontrolling factors ofheanisotropic evolution of various formations in BPS.
This chapter has been publishedSiaeophysics.

In Chapter 4, | showhe construction and featuresabhovelanisotropy templatéhat can
assess rock anisotropy, texture, and deformation behavior based on mineralogy and acoustic data.
This chapter has been submitted for publication in Nature Scientific Reports.

Chaptel5 elaborate®nthe application of the anisotropy template, vetedastic stiffnesses
from the well logs and laboratory measurementthefBakken shaléormations arecompared
The anisotropy template can b&luablefor geoscientists and enginedoshelp determine the
symmetry of the rockidentify locations for hlgh crack densityandimprove horizontal stress
calculations This chapter will be submitted for publication InterpretationFinally, chapter6

presents the conclusions and propdésiafuture studies



In Appendix A, | presentlab-measured data of tHeé and Swave velocity of the core

samples as functions of pressure and directikppendix B presents porosity and permeability

measurement results at elevated confining stresses. Finally, in Appendix C, the mineral

compositions bthe rock samples are shown.

1.4 List of Publications

Below is a list ofmy manuscripts that were submitted to pemrewed journals and

conference proceedingsalso published my dataset in PANGAEA, which is a data publisher for

earth and environmental science.

1.4.1 Published in or Submitted to PeeReviewed Journals:

1 Firdaus, G., Behura, J., and Prasad, M. 2022. Predependent elastic anisotropy: A
Bakken petroleum system case stud@eophysics 87 (3): MR139 MR150.
https://doi.org/10.1190/ge0200B50.1.

1 Firdaus, G., Behura, J., and Prasad, M.32@2 Novel Anisotropy Template for an
Improved Interpretation of Elastic Anisotropy Data (SubmittedNetture Scientific
Reports).

1.4.2 In Preparation for PeerReviewed Journal:

1 Firdaus, G., Behura, J., and PrasadFMId and Laboratory Data Interpretation using
the Anisotropy Templatéwill be submitted to Interpretation).

1.4.3 Conference Proceedis and Abstracts:
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CHAPTER 2

SAMPLE CHARACTERIZATION AND LABORATORY MEASUREMENTS

This chapter provides the characteristics of the samples studiezh include the origin
of the rock samples, mineralogy, textural anisotropy, and stegssndent petrophysical and
elastic propertiesThe cores measured in this reseamtiginat from various formations in the
Bakken Petroleum System (BPS). | categorized the samples into two grougbe r{ajrshale
group, which includes Lodgepole (LLP), Middle Bakken (MB), and Three Forks &n)(b)the
shale group, which includes Upper Bakken Shale (UBS) and Lower Bakken Shale (LBS). All
samples were obtained from a vertical well in McKenzie County, North Dakota.

This chapter also describes various measurement methods, laboratory equipment, and
experimatal setup used in this research. The laboratory measurements include mineral content
analysis, micro Computed Tomography (CT), Scanning Electron Microscope (SEM), porosity,

permeability, and ultrasonic.

2.1Bakken Petroleum System History

The BPS is onef the most prolific tight oil plays in the United States and Caflaeleever
andHelms 2006) Thediscovery started in 1953 by Stanolind Oil and Gas Corporatiaigther
companies began developing moréhe 1970s(LeFever 1991)In the latel980s, BPS producers
started using the horizontal drilling technique. Since then, field discovery and production have
been continuously increasinBeans et al. (19913howed how horizontal wells increased the
production rates significantly in the BakkiEmmation andvere responsible for the October 1990
production of more than 23 million barrels of oil froéneMontana and North Dakota argdansen
and Long 1991) In 2007, the multstage hydraulic fracturing stimulation technique was

10



implemented in Brshall Field Nordeng and Lefever 2011As a resultpil production increased
substantially from less than 600,000 barrels per day (BPD) in 2012 to 1,500,000 BPD in 2019
(EIA 2023).

Recently,Theloy et al. (2019redicted that the P95 recoverable reserves from the Bakken
Petroleum System in North Dakota are approximately 2 billion bldmll 2.5 tcf gasor a high
porosity scenarioln the same studyi,heloy et al. (2019predicted that the P50 recoverable oil
reserves from the Middle Bakken, Pronghorn, and Three Forks format&sh4 billion bbl, while
the gas reserve approximately 2.6 tcf of gatn the most recerdssessment by USGS (202hg
oil and gas estimageare4.3 billion bbl oil and 4.9tcf gasfrom the Bakken and Three Forks
formatiors. Despite its very low permeability valugsptentiallyas low as 0.001 micro darcies
(Burruset al. 1996) BPS is considered world-class unconventional resource due to the high
TOC, ranging from 8 to 20 wt¥schmoker and Hester 1983)o economically tap the potential,
producers rely heavily upon utilizing hydraulracturing(Phillips et al.2007)

In 2016, 6800 horizontal wellseredrilled through theviB formation and 3600 in theF
formation(Lolon et al. 2016)Due to their high TOC, the industry has increased interest in drilling
and producing shale membekowever, he micropore fabric and organic texture complexity
the BPSoften cause difficulties characterizing physical rock propertreaddition, hese rocks
demonstratestressdependent anisotropic features that may affect the evolutioelasttic
properties andirectional permeability durinthe pressure depletion period.

To refine our understanding of thkaracteristics aight unconventional formationsuch
as the BPSye needo conductmeasurements @bck physical properties and seismic anisotropy
under in situ reservogonditionswhile investigating minedacompositions and rock texturi@ock

sample descriptioandcharacterization methods atescribed in the following sections.
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2.2 Sample Description
TheBPSis deposited in the DevoniaMississippian chronostratigraphic boundérgble
2.1). The following subsections elaboratethe geological attributes of LLP, UBS, MB, LBS, and

TF formations

Table2.1: Lithology descriptiorof the Bakken Petroleum Systelbased oMeissner (184).

Formation Description
5 Limestone, medium gray, amorphous, cherty, with light gray
@
'g Lodgepole brown shalgartings.
k)
2 Upper Bakken Shale, black, fissile, slightly calcareous.
3 Shale
=

. Mixed carbonatssiliciclastic, very finegrained, muddy

Middle Bakken calcareous, interbedded with minor cryptocrystalline limesto

c
o Lower Bakken _ :
§ Shale Shale black, fissile, very slightly calcareous.
3 Dolomite, brown and gray, very finely crystalline, interbedde

Three Forks with green silty claystone and micropeloidal
dolopack/grainstone

2.2.1 Lodgepole Formation

The availabld.LP samplesn this researchan be suigrouped into the clapoor and clay
rich samples. For the clgyoor LLP samples, carbonates dominate the mineral content (above 80
vol%), where calcite takes more than 90% of the quafiigure 21). The rock fabric of the cla
poor LLP samples is shown in the upper row of Figure 2.2, wiraia sizes are very fingend
homogeneoysand clay is hard teee These features match the findingd\bster (1984)where
Lodgepole formation is described as tight, consolidated,hantogeneous, which dominantly
consists of calciteOn the other handhé mineralogy ofclay-rich LLP sampless composed
chiefly of quartz, feldspar, plagioclase, illite, and calcke(re 21). In addition, he grain sizes

are observed to be bigger ththe claypoor sample, with interbedded cl&gyers (Figure 2,
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lower row). Suchfeaturesare often associated with the False Bakken interval, where thin black

shale and clayich limestone occur several feet above the Upper Bakken Shale m@nbaz

1963).
Formation Depth Modal Mineralogy
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Figure 21: Modal mineralogy(vol%) of each sample from the Bakken datas®hined from
Quantitative Evaluation of Minerals by SCANning electron microscopy (QEMS@ghNipment
couresy of Whiting LLP, UBS, MB, LBS, andl'F stand for Lodgepole, Upper Bakken Shale,
Middle Bakken, Lower Bakken Shale, and Three Forks, respectively.

2.2.2 Upper and Lower Bakken Shale Formations

The mineralogy of Upper and Lower Bakken Shale corsisngar, where quaz, feldspar,
andpyrite dominate (Figure 2.1)The carbonate volume is lowangingfrom 1.7 to 9.5 vol%. A
prominent feature of these shales is their organic richn@bsT@C rangingfrom 16 to 20 vol%.

Figure 23 showstextural variations othe UBS sample (upper row) and LBS sample (lower row).



Clay-poor
Lodgepole

Clay-rich
Lodgepole

Figure 22: High-resolution images of Lodgepole sam@esultiple scalesThe upper rovghows
amicro-CT image SEM image at 0.2 mm scale, and SEM image at 0.05 mm aictie clay
poorLodgepole sampléhelower row showsSEM image of the clayrich Lodgepole sample at
the 0.2 mm scale and 0.05 mmIsc&EM images courtesy of Rocky Mountain Imaging

The micreCT images revean intermediate amount of fracturing, possibly induced during
the coring process, witheavy mineral deposits along the bedding planes iaigmediate
amounts of homogenously distributed heavy mineral content. fir®@®EM images Figure 23,
both UBS and LBShowa continuous network of lenticular clay (grey), layers of kerogen veins
(dark grey), and randomly distributed pyrite frambdailkiat contain intrgarticle pores (bright
white). Interparticle pore structure in the organic matter network is not observableladBhem
scale.The result of the Hydrogen Index (HI) and the Oxygen Index (OIl) from source rock analysis

plottedin a malified Van Krevelen diagrar(Figure 24) indicate the Bakken shales to be within

Type Il marine oHproneregion.
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Lower Bakken
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Figure 23: High-resolution images ahe Bakken shalenembers at multiple scaleEhe upper
row showsa micro-CT image SEM image a0.2 mm scale, and SEM image at 0.05 mm schle
theUpper Bakken Shale (upper row) and Lower Bakken Shale (lowersawpls. SEM images
courtesy of Rocky Mountain Imaging.

2.2.3 Middle Bakken Formation

The mineralogy ofthe MB formation is dominated by wartz, feldspar, calcite, and
dolomite. The mineral compositiord MB in Figure 2.1are similar to thashown byLeFever
(1991) All, except one of the five MBamplesanalyzed in this study, contamoderate amoust
of clay, betweerb.3and7.5 vol% One sample categorized as clagorhastotal clay <3 vol%A
set of highresolution images in Figure 2.5 show textural variations in MB formation. The-micro
CT image showsmsall amounts of homogeneously distributed heavy misarad no fractung.
The SEM image at 0.05 mm scaleows finegrained quartz, thin illite/smectite laminations, and
randomlyoriented intesparticle pores that reside in the graivhich may indicate heterogeneity

but weak anisotropy
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Figure 24: Modified van Kreveleriagram of UBS and LBS samples measured in this research,
including additional data from the same well, courtesy of Whiting.

Figure 25: High-resolution images d¥liddle Bakkensampleat multiple scalesTheleft, middle,
and right images amaicro-CT image SEM image at 0.2 mm scale, and SEM imag6.05 mm
respectively SEM images courtesy of Rocky Mountain Imaging.
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2.2.4 Three Forks Formation

Three ForkgTF) samples studied here are generally ¢lal (> 19 vol%), except faone
sample with a clay content of 8.8 vol%idure2.1).Carbonate mineraontentvareswidely from
less tharB0 to 68 vol%.Micro-CT image & typical image displayed iRigure 26, left) shows
induced factures along the bedding plane and dispersed pyrite nodules. The interlateixtated
of TF samplesvith clay minerals interbedded horizontally with dolomitic bedsbiserved in SEM
image at 0.5 mm sca(€igure 26, middle), whichmay indicate strong anisotrogyinally, widely
varyinggrain sizes and angutahaped intercrystalline poress shown in the SEM image at 0.05

mm scale (Figure 2.6, right), provigeominentheterogeneityo the TF formation rocks

pyrite

B @ 7 T ERCRN
SR '-‘d‘

« | -
ores
P S
, ;
.

Figure 26: High-resolution images dfhree Forksampleat multiple scalesTheleft, middle, and
right images arenicro-CT image SEM image at 0.5 mm scale, and SEM image at 0.05 mm,
respectively SEM images courtesy of Rocky Mountain Imaging.

2.3Laboratory Measurements

Here | elaboratenthe methods to perform rock sample characterization. Mineralogy was
obtained fromthe Quantitative Evaluation of Minerals by SCANning electron microscopy
(QEMSCAN) and Total Organic Carbon (TOC) da®Rnck sampleheterogeneity and textural
anisotropyare obtainedrbm microeCT and SEM image$tressdependent measurements include

porosity,permeabilty, andultrasonc.
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2.3.1 Mineralogy

Quantitative mineral compositions of the rock samples were obtained using QEMSCAN
equipment by FEI. Before performing mineral analysisrto& samples were trimmed teitich
plugs, dried, and embedded in gpoThe epoxy plugs were then polished using-mi&on
diamond suspension and carbayated for SEM imaging. The QEMSCAN was operated using an
accelerating voltage of 20 keV and a beam current of 5 nA. Mineralogy was determined using the
FEI Quanta 650 wih FEI NanoMin softwareFigure 2.1 presents the distribution of minerals
(vol%) for each sample. TOC of Upper and Lower Bakken Shale samples was obtained using a
pyrolysis technique in a source rock analyzer. | integrated the mineral data (wt%) from
QEMSCAN with TOC values (wt%) from source rock analysis, then normalizethto vol%.
Finally, | categorized the samples based ornirthatal clay content asclay-poor (< 3 vol%),
moderate clay3-10 vol%9, and clayrich (> 10 vol%. Samples with TOC > 15 vol%reclassified

as organigich.

2.3.2 Textural Characterization

Multi-scale textural characterization of the cores wasde using microscale X-ray
Computed Tomographymicro-CT) andbackscatteredScanning Electron Microscope (SEM
imaging. The micro-CT imagesprovided informé&on on the internal structurepresence and
orientationof cracks apparentinclination of the foliation plane, and qualitatiassessmeruf
heavy mineral presenceh@& micreCT imageswere acquireavith anXRadia MicroXCT400 on
selected samples from each formatioith animage resolutiorof 25 micrors andscans taken
every 0.1°.

Backscattered SEM imagegenerated information abotite micropore structure, spatial

distribution of mirerals, interconnected clay layers, and preferential alignment of kerogen veins
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and microcrackdmages were acquired fave resolutions: 1 mmQ.5 mm 0.2 mm 0.1 mm and
0.05 mm Representativeicro-CT and SEMmages from each formation in the BPS arspnted

in Figures 2.2, 2.3,2.5, and 2.6

2.3.3 Stressdependent Porosity and Permeability

During the production cycle, the pore pressure in the reservoir decrdaséeigto an
increase in nestress This increase in net stress caignificantly affect the petrophysical
properties, such as porosity and permeabilitys,impacing hydrocarbon recoverfCipolla et al.

2010; An et al. 2017)To simulate in sitstresschanges and investigate the evolution of reservoir
rock propertis, | perforned porosity andpermeabilitymeasurements undetevated stresen
cylindrical coresoriginatingfrom multiple formations in the Bakken Petroleum System.

In total, there werel7 core samplesneasuredrom various formations: four cordsom
LLP formation, one core from UBS formation, five cores from MB formation, two cores from LBS
formation, and five cores from TF formation. The cylinder plugs were in an unpreserved condition
hereinaftercalled fiasreceived. In preparation for porosity and permeability measuremémss,
asreceived coreweretrimmed to approximately 1.5 inches in diameter and 1.9 inches in length
under dry conditions using a carbide blade attached to a rotaryDsaimng the core trimming
processtapwater was used to cool théade. | assume that the water will affiect he saturaion
of the sampledue to their very low permeability.

After trimming the cores to sizé¢he end sidesverelevded using 46grit and 100grit
sandpaperThe sandpaper improved the flatness and smoothness of the end sides of the core
sanples. The trimmed cores are showirigure 27. Note that slvent cleaning was not performed
on the samplet® avoid alteration of the chemical integrity of the clay and organic n{@tegari

et al. 2016)
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Figure 27: Trimmed core samples frothe Bakken Petroleum System formatiopsovided by
Whiting. LLP, UBS, MB, LBS, and TF stand for Lodgepole, UppakBen Shale, Middle Bakken,
Lower Bakken Shale, and Three Forks, respectively.

Figure 28 shows the permeameter and porosimeter, Core Measurement System (CMS
300), which was used to obtaime porosity and permeability of the-asceived cores at multiple
confining stresseqKeelan 1986) CMS-300 uses an unsteadiate pressure decay approach,
where the upstream pressure is approximately 1.7 MPa,tt@ndlownstream pressure is
atmospheric. CMS00 was chosen because it has the ability to apply confatiagsand perform
measurements on intact, cylindrical, and low permeability cores (from >15 Darcies to <0.05
microdarcies). This equipment has three tanks of known volumes at known pre$eiasno
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and nitrogergas.The equipmenthen automatically activates the cg@s mode to choose between
helium or nitrogen usage for the measurement gas, depending on sample permeability. islitrogen
selectedor permeability less than 0.Gficrodarcies As the gas flows into the core sample, the
equipment records the pressure and flow rate change as functions of time. Finally, the pressure

decay curve with respect to time is used to desaraplepermeability

Figure 28: CMS-300 equipment used to measure porosity\argl low permeability at multiple
confining pressures.

To measure porosity, CM$00 wuses the gas expansion met
confining pressure point, helium gas is set to expand from a known chamber into a core sample
that was initially filled with helium at atmosphepcessure The porevolume o porosity of the
core is obtained by measuring grain volume at atmospheric pressure and the known chamber
volume at indicated confining pressure.

Porosity and permeability were measured at pressurse st8pt MPa, 6.9 MPa, 10.3 MPa,

13.8 MPa, 17.2 MP&0.7 MPa, 24.1 MPa, and 27.6 MP&hese pressure stepapturel the

evolution of porosity and permeability upon hydrostatic load, which can be associated with pore
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structure deformation and increasing contact of the grain interfaetsiled results andnalysis
of the porosity and permeability measurements of the BPS samplpseaemtedn Chapter 3

along with the diving mechanisms causing the evolution of fluid transport properties

2.3.4Ultrasonic Acquisition System

Ultrasonic velocity measuremerdre commony usedto assess thelastic properties of
anisotrojc rocksin the laboratoryThe followingsubsectioadescribe theesign of theore jacket
and the experimental setup usedthis studyDetailed results and analysis of thelti-directional

ultrasonicmeasurements of the BPS samples are availal@bapter3.

2.3.4.1 Core Jacket Design

| performedultrasonic veloity measurementfP and $ using an iFhouse developed
anisotropic core jackemodified fromOu (2018) The corejacket an f it a 1. 50 di
length core sample (Figure92.and canrecordP- and Swave velocities at elevated confining
stressesAs shown in Figure 20, theultrasonic transducers ateMHz Lead Zirconate Titanate
(PZT) goldplated piezoelectric crystathat transmit and receivecoustic wavesBoth P and S
transducersare attached radially on the outside wall of the core jacket, positioned at 0° (parallel to
the bedding plane), 45°, and 90° (perpendiculahtbedding plane). The core jacket's primary
material ispolyethylene terephthalaffET), whereas the end cag® made of stainless ste€he
currentelectrodeshat are attached to the end capd potential electrodéisat areattachedo the
core jacketcan be used to measute complex conductivity(real and imaginarydf the rock
samples. Howevetthis researchdoes not discusthe results fronthe complex conductivity

measurementdue to thevarying fluid content of thasreceived cores
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Acoustic crystals (P and S)

Potential electrode
Pore pressure port

Potential electrod
Pore pressure port

Figure 29: The schematic and parts of timehiouse developed singt®re anisotropy core jacket,
modified fromOu (2018), for ultrasonic velocity measuremertselevated confining pressures

Detailed steps to install the ultrasonic transducergpeentedn Ou (2018).The core
jacketused in this thesi@Figure 210) is an improved version of Ou (20189)he core jacket is
significantly more durable in this latest desmmd can withstand more th&m pressure cycles.
The acoustic wave signal for atansducerss also generallystronger.n addition,the wires are
less likely to snapandfluid leaksrarelyoccur.To achevethis stateseveral substantial procedures

need to be performed whemaking the core jacket:

1. Before attachinghetransducerslean the core jacket thoroughitgm oil and fingerprird

2. When attaching thransducesto the core jackeyseaclamp after applying silver epoxy
and leavat overnight(Figure 2.1). This step must be done on each crystansure good
attachment andvoid air pockets between the crystal and the jacke

3. Use thermafesistant and flexible wires

4. After attaching and waiting overnighgachtransducemust be covered with soft epoxy
(Figure 2.2). The epoxy cover of eactransducermust nottouch its neighboring

transducer(Figure 210). The main advantage of using soft epoxy, as opposdartb
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epoxy or k20 epoxy is the durability, flexibility upon pressurization, and ea$ peel

when needed.

Figure 210: P- and Swave crystalgcovered by epoxyare attachedo the core jacket in the
direction of0° (parallel tahebedding plane), 45°, and 90° (perpendiculah&bedding plane).

24



Figure 211: Clamping the transducers to the core jadkeachieve optimum attachment upon
installation

Figure 212: EP1121 Cleasoft epoxyfrom Resinlab
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2.3.4.2 Acquisition System

The ultrasonic wavedata acquisition system is shown in Figure32 Ror the acoustic
measurements, the ultrasonic wave transmitter triggers a pulse sigie@ Roand S source
transducersThe generatedaves travel through the coaed are recorded by tleerresponding P
and S receiverransducerst the opposite side of the core jaclket.oscilloscop&Tektronix TDX
3014Q records and digitizes the waveform with 10,000 points. The seismogqgused and
processed usingn inhousesoftware(JSeislab)n the computestation The velocity of each core
sample at each measurement direction is calculated as v = d/t (km/s), where d and t are the
measured core diameter and travel time between the source and receiver transducers, respectively.
Next, hecorejacket is put in the pressure vesseapply hydrostatidoad onto the coreTo this
end,the ISCO pump pushes hydraulic oil into the pressure védseP- and Swavevelocities
are recordedt 3.4 MPa, 6.9 MPa, 10.3 MPa, 13.8 MPa, 17.2 MPa, 20.7 MPBMPa, and 27.6

MPa while pore pressure was not applied

Singlecore anisotropy
core jacket

PW. LEVEL REP.RATH

0°00 0 ||

POWER EXT

o[©=0]0
-

Transmitter

Data acquisition ISCO Pumyp
station Pressure vessel

Figure 2.B: Experimental setup for the ultrasoniglocity measurements at increasing confining
stresses
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2.4Summary

This chapter presents tB#S coresample description andboratory measurements used
to characterizanisotropic rock propertie¥he production history, stratigraphy, and mineralogy
of LLP, UBS, MB, LBS, and TF formatiaiare presentedlo gain a robust understanding of
geophysical anisotropy and pore structure evolupenforming stressand directiordependent
multi-physical rock properties is crucidlhe laboratorymeasurements performed in thiesis
include(a) mineralogyanalyss, (b) textural anisotropgnalysis(c) stressdependenporosityand
permeability, and(d) directiordependentacoustic measurementsin addition, nultiphysics
measurements are essential to understand the relationship between rock physical propérties of
rocks such as the Bakken.
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CHAPTER 3
PRESSUREDEPENDENT ELASTIC ANISOTROPY: A BAKKEN PETROLEUM SYSTEM

CASE STUDY
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manusript isdescribed in Appendix E.

Gama Firdaus, Jyoti Behura, and Manika Prasad

3.1 Abstract

The complexity of the micropore fabric and organic texture in tight unconventional
reservoirs often complicates their correlations with physical rock property parandetisotropy,
which is a common physical property of tight oil reservoirs, can affect directional deformation and
permeability during the reservoir development and pressure depletion period. Thus, accurately
measuring seismic anisotropy and its relatimps with petrophysical properties can refine our
understanding of vertical transverse isotropy rocks and ultimately improve fracturing design as
well as production forecasting. We have developed a measurement technique of ultrasonic
velocities (P and Sydm multiple directions, that is, beddupgrallel, beddingperpendicular, and
at 45° to bedding under simulated in situ reservoir pressure. Following these measurements, we
also correlate these findings to pressiependent porosity and permeability, addition to
geologic attributes and textural anisotropy. The samples that we investigate are tight carbonaceous
siltstone and organidch mudrock cores originating from the Bakken petroleum system, which
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include Lodgepole, upper Bakken shale, middle Bakkawer Bakken shale, and Three Forks.
Depending on the rock fabric and mineral constituents, each formation exhibits distinctive
anisotropic behavior in response to pressure changes. The results indicate that the elastic
parameters and petrophysical pedpes are inversely related under pressure for all samples. We
also find that Rvave anisotropy and Sttave anisotropy parameters decrease gradually with
increasing confining pressure. The anisotropic behavior can be related to volumetric concentration

ard directional connectivity of clay layers, kerogen veins, and subparallel microfractures

3.2Introduction

The Bakken petroleum system (BPS) is currently one of the most significant
unconventional hydrocarbon resources in North America. Theloy et al. (2019) predict that the
probable recoverable reserves from the BPS in North Dakota is 3.4 billion barrelsuod @16
trillion cubic feet of gas. However, due to its tight and thinly bedded features, geoscientists and
engineers continue to experience challenges in tapping its full potential. The complexity of
micropore fabric and organic texture in tight uncori@ral formations often causes difficulties
in characterizing physical rock properties (Prasad et al. 2009).

The formations in BPS demonstrate anisotropic features that may affect the evolution of
directional permeability during the reservoir developnamd pressure depletion period. Shale
samples tend to have a realignment of clay particles and pore structures along the foliation plane
(Sayers 1999; Hornby 1998), causing shale anisotropy parameters to exceed 60% (Wang 2002;
Sondergeld and Rai 2011). Fugtmore, the anisotropic pore structure and physical properties of
minerals evolve alongside the changes in pressure, ultimately affecting the evolution of directional
fluid transport properties. Anisotropy and heterogeneity also can be found in mudéjge, $or

example, seismic, log, core, and scanning electron microscopy scale, as reported by Kamruzzaman
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et al. (2019). Accurately measuring rock physical properties and seismic anisotropy throughout
the heterogeneous layers in BPS is essential bedaces improve the 3D reservoir gawodel,
fracturing design, and production forecasting. To improve the 3D reservoir geomodel and
fracturing design, we need to know the stress directions, which require the knowledge of tensorial
stiffnesses. Furthermoreyeto stress changes that occur during the production period, preferential
compaction may occur depending on the relative compliance of the components and texture of the
rock, which will impact the fluid flow and production forecasting (Zeng et al. 20h#) progress

in refining our understanding of anisotropy in unconventional resources requires more controlled
measurements.

Numerous laboratorgcale geophysical measurements have been performed to measure
pore deformation and anisotropic features of umeational rocks. For example, Vernik and Nur
(1990, 1992), Vernik and Liu (1997), and Firdaus et al. (2020) perform acoustic measurements at
different measurement angles of Bakken shale samples (North Dakota). Pressure dependency of
P- and Swave velocitis of middle Bakken (MB) samples is investigated by Havens (2012) and
Ma and Zoback (2016). Acoustic measurements and calculated tensorial stiffnesses of other
organicrich unconventional rocks also have been performed, such as on Millboro and Braillier
shdes member of the Devoniavlississippian Chattanooga Formation (Johnston and Christensen
1995), Bazhenov (western Siberia); Monterey (California); Niobrara Formation (New Mexico);
and North Sea (Vernik and Liu 1997), Jurassic and Kimmeridge Clay shaktis 8¢a) (Hornby
1998), North Sea shale (Domnesteanu et al. 2002), Muderong shale (Australia) (Dewhurst and
Siggins 2006), Haynesville (Sondergeld and Rai 2011; Woodruff et al. 2015), and Whitby
mudstone (Whitby, UK) (Zhubayev et al. 2016; Douma et al0R0=zr Eagle Ford chalk (Texas),

Ni obrara chal k, and upper Bakken samples, Ou
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and stiffness coefficients exhibit distinctive results under loading. The geophysical parameters of
a particular formation mayliffer when in situ reservoir net pressure changes, and it can be
influenced by many factors, which include, but they are not limited to, volumetric concentration
and spatial distribution of clay (Minear 1982; Han et al. 1986; Vernik and Liu 1997; Bhetiyan

al. 2010; Gong et al. 2017) and organic matter, stiffness of minerals, and pore compliance (Mapeli
et al. 2018).

The pressurglependent geophysical properties need to be incorporated in hydraulic
fracturing models, which may lead to the change of geome@& ni c a | properties,
modul us and Poissonds ratio. Meyer and -Jacot
dependent modulus affects formation stress models and fracture geometry. Similarly, pressure
dependent porosity and permedpialso can substantially impact hydrocarbon recovery (Cipolla
et al. 2010; Miller et al. 2010; An et al. 2017). Zeng et al. (2014) perform an experimental study
to measure the exponential decrease of permeability of a mudstone sample from Jianghan Basin,
as a function of increasing confining pressure. The permeability decrease can vary to several orders
of magnitude, as studied in the Three Forks (TF) Formation by Boualam et al. (2020). Zeng et al.
(2014) and Xu et al. (2018) state that the prominent ameésim that causes dramatic permeability
evolution is the closure of microcracks, pore throats, and fractures in the rock.

Linking rock physics, petrophysical properties, geologic attributes, and textural image
analysis of the rock can help us understanal dhisotropy, pore structure, and rock fabric
evolution, which is vital to reservoir evaluation. Furthermore, laboratory data can be used to
confirm and calibrate geophysical borehole tools, although borehole tools do not always capture

anisotropic featurein BPS due to their low resolution.
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This study has performed an integrative experimental approach to characterize pore
structure evolution in the BPS. We investigate a range of samples that originate from the
Lodgepole (LLP), upper Bakken shale (UBS), MBwer Bakken shale (LBS), and the TF
Formation. First, we identify mineral constituents and total organic carbon (TOC) using
guantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) and-source
rock analyzer equipment, respectively. dbtain a visual characterization of the core samples, we
perform micrecomputed tomography (mici@T) scans and higtresolution backscattered
electrons (BSEs) images. The next step is to measure porosity, permeability, and uliraseinic
time by increasing load up to 27.6 MPa. The porosity and permeability measurements are only
measured in one direction. During the acoustic measurements, we usbausencore jacket
modified from Woodruff et al. (2015). This method allows us to meastardPSwavevelocities
from 0°, 45°, and 90° with respect to the bedding plane, with only a single core. Acoustic results
provide us data to calculate seismic stiffnesses and dynamic data to derive geomechanical
properties. In this study, we evaluate rock physics @etdbphysical measurements to monitor
pore structure deformation and the evolution of transport fluid properties during pressure change.
The results can provide a better understanding of the productive members (LLP, MB, and TF) and
the shale members in tlBPS. To the best of our knowledge, pressigpendent measurements
coupled with multiscale visualization to characterize a full petroleum system are rare; thus, the
results presented here can be precious for the BPS producers, and they can potemtiaty opt

completion techniques and fluid drawdown management.

3.3Rock Sample Description
In total, 19 horizontal core samples were obtained from a vertical well in North Dakota.

The samples originated from different formations in the lower Mississippian and Depenian
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age, including four cores from LLP, one core from UBS, five cores from MB, four cores from
LBS, and five cores from TF. The cylinder plugs were shelved for approximately four years in an
unpreserved condition, and hereinafter we indicate this s aseceived.

The mineral constituents of the rock samples were obtained using QEMSCAN equipment
by Field Electron and lon Company (FEI). Prior to performing mineral analysis, the samples were
trimmed to 1 in. plugs, dried, and embedded in epoxyn;Tihe epoxy plugs were polished using
a threemicron diamond suspension and carooated for BSE imaging. The QEMSCAN was
operated using an accelerating voltage of 20 keV and a beam current of 5 nA. Mineralogy was
determined using the FEI Quanta 650 viAEl NanoMin software. Furthermore, the samples were
pyrolyzed using a source rock analyzer equipment to obtain TOC. Table 3.1 shows the distribution
of minerals (vol%) for each sample and the characteristics based on clay richness. We used the
amount of @y to qualitatively group the neshale samples as ckppor (<3 vol%), moderate
clay (3 vol % 10 vol%), and clayich (>10 vol%). Shale samples examined here were rich in
organic matter (TOC > 15 vol%). The mineralogy of LLP samplesswbgroupednto day-poor
and clayrich. UBS and LBS had a similar mineralogy represented by the dominance of quartz,
feldspar, plagioclase, and pyrite (QFPP) and low carbonate (1.7 90&#%6) volume. High TOC
in the shale members (>16 vol%) created a significant patdatihydrocarbon generation in the
BPS. In the MB members, the mineralogy was dominated by quartz, feldspar, calcite, and
dolomite. Barring one sample, the MB samples had a moderate amount of clay, whereas TF
samples were generally clagh.

Texturaldé ai | s of selected core samples were st
CT i mages and O0.098 e&m r &3 imhgest(kigora3.1Bchtainedwithg e s .

XRadia MicroXCT-400 were reconstructed from scans taken every 0.1°, whereas BSEsim
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(Figure 3.2) were obtained with backscattered scanning electron microscopy. Bedding plane was
observed in the micr€T images, indicating that the samples have a vertical transverse isotropy
symmetry. In the following sections, we will discuss howuweétric concentration and texture of
minerals, organic matter, and microcracks in each formation contribute to acoustic anisotropy and

its pressure dependence.

Table 3.1 Rock physical properties of each sample, including bulk density, volumetric fraction
of the minerals, and TO(ourtesy of Rocky Mountain Imaging)

Mineralogy
Sample Characteristicc Bulk Density TOC QFPP Carbonate Clay
(glcn?) (vol%)  (vol%) (vol%) (vol%)

LLP
1-10 Clay-poor 2.79 12.3 86.1 1.0
1-26 Clay-rich 2.66 39.5 38.9 19.2
2-1 Clay-rich 2.66 44.2 40.5 13.1
2-11 Clay-poor 2.52 11 84.2 1.1
UBS
2-15 Organicrich 2.34 18.44 67.6 5.1 7.2
MB
2-44  Moderate clay 2.55 49.2 37.7 7.4
2-48  Moderate clay 2.52 59.7 26.2 7.5
2-52 Clay-poor 2.64 35.3 59.9 2.8
2-68  Moderate clay 2.56 51.2 40.4 5.8
2-77  Moderate clay 2.56 53.9 37.6 5.3
LBS
2-81-A  Organierich 2.29 18.49 69.9 3.2 7.0
2-85 Organierich 2.31 17.68 65.1 9.0 6.4
2-96 Organicrich 2.26 16.43 76.2 1.7 4.7
2-105  Organierich 2.27 19.35 72.1 1.9 5.7
2-107  Organierich 2.33 20.59 63.6 4.3 9.3
TF
2-110 Clay-rich 2.48 64.5 5.0 24.3
2-114 Clay-rich 2.57 41.9 33.8 21.2
2-117 Clay-rich 2.54 41.0 30.0 25.7
2-120 Moderate clay 2.56 324 53.0 8.8
2-129 Clay-rich 2.67 39.2 36.1 19.9

Note: QFPP denotes quartz + feldspar + plagioclase + pyrite. Carbonates consist of calcite + dolomite +
magnesite. Clay combines muscovite + glauconite + kaolinite + illite + chlorite +sHliectite. Data
reproduced from Firdaus and Prasad (2021).
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fracture

fracture

pyrite

. fracture

Figure 3.1: MicreCT images of (a) clapoor LLP, (b) UBS, (c) clayoor MB, (d) LBS, and (e)
moderateclay TF. In all except (a) and (c), pyrite and cracks are subparallel to the foliation plane
as detected in the mic©T images.
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Figure 3.2: BSEmages of (a) clayoor LLP, (b) UBS, (c) claypoor MB, (d) LBS, and (e)
moderateclay TF courtesy of Rocky Mountain Imagind@he images in the right column are
magnified 4x from the red outlined area in the images in the left column. Py, Ca, I/S, @Mand
denote pyrite, calcite, illite/smectite, quartz, and organic matter, respectively.
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3.4Laboratory Measurements
Prior to the acoustic, porosity, and permeability measurements -theeaged cores were
trimmed to approximately 3.8 cm in diameter and #8rclength, and the end faces were flattened

to a tolerance not to exceed 0.00254 cm.

3.4.1 Singlecore Ultrasonic Anisotropy

We performed multidirectional ultrasonic pulse transmission experiments under drained
conditions with pore lines exposed to airhydrostatic confining pressure up to 27.6 MPa on the
asreceived cores using the core jacket modified from Woodruff et al. (2015) shown in Figure 3.3.
The exterior wall of the core jacket was instrumented with 1 MHz piezoeleetindScrystals,
where the transmitters are located at angles of 0°, 45°, 90°, and receivers at 180°, 225°, and 270°
along the circumference. We determined the direction of the bedding plane (0° measurement
angle) of the sample by measuring the fastestafl Swave arrival tmes on benchtop
measurements.

The singlecore measurement technique eliminates several drawbacks carried by the
traditional three plug method. (1) Measurements on a single core, instead of a core in each
direction, significantly reduces experimental preypian and measurement time. (2) Core sample
availability is increased because orgamat unconventional samples are scarce due to irreversible
damage during coring. (3) We avoid errors and reduce the uncertainty of measurement caused by

the complexity ad heterogeneity of organiich tight rock samples.
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— 1 Acoustic crystals (P and S)

Potential electrodv—’ '

[— Potential electrode

Pore pressure port Pore pressure port

Figure 3.3: Iahouse developed core jacket, modified from Woodruff et al. (2015), for
simultaneous measurement of acoustic and complex conductivity at elevated confining pressures.

The data acquisition system is shown in Figure 3.4. The pulser sendsvehage pulse
to the source transducers (P and S), which are attached on the core jacket. Acoustic waves travel
through the core and the receiver transducer that is locatedagipbsite side of the core jacket.
A Tektronix TDX 3014C oscilloscope records and digitizes the waveform with 256 data points
per microsecond, which are recorded and interpreted using Spec4Win software. The velocity of
each core sample in each measuremigatiibn is calculated as= d/t (km/s), whered andt are
the measured core diameter and measured timebetween the source and receiver transducers,
respectively. The Pand Swave velocities are recorded at confining pressure intervals of 3.4 MPa
up to 27.6 MPa, with a pressure gradient of 0.1 MPa/min. The measurements are made after the
pumpoés fl ow rate drops unde and8walVeloniteg areil¥h. The

and 2%, respectively.
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Figure 3.4: Data acquisition setup for thdfrasonic measurement at increasing confining
pressures.

3.4.2 Pressuredependent Porosity and Permeability

We measured porosity and permeability using an unsteady state pressure decay
permeameter and porosimeter (core measurement s{Std®]-300). The pore volume of the
cores was measured using Boylebs | aw. The per
bedding, which corresponds to the 0° measurement. Depending on the tightness of the
microstructure of each rock, the presstaege of porosity and permeability measurements may
vary. For lowpermeability rocks, the instrument used nitrogen flow to measure pore volume.
Details of porosity and permeability measurements using -GMBequipment can be found in
Teklu et al. (2018).

The porosity and permeability measurements were not measured simultaneously with the
ultrasonic measurements; however, similar pressure control and sample state were implemented.
The measurements were performed under drained conditions, and the confessgre was

increased by 3.4 MPa up to a maximum pressure of 27.6 MPa.
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3.5Experimental Results

3.5.1 Porosity and Permeability

Pressuralependent porosity and permeability results are shown in Figure 3.5, respectively (see
data in Firdaus and Prasad [202T]e claypoor LLP, UBS, claypoor MB, LBS, and moderate
clay TF correspond to sampleslQ, 215, 252, 285, and 2120, respectively, as indicated in
Table 3.1. The results in Figure 3.5 show that the porosity of LBS and TF samples experiences a
monotonicdecline until 27.6 MPa. However, the porosity of LLP, UBS, and MB shows a sharp
decline with increasing confining pressure. For the permeability measurements, each sample
exhibits various reduction rates. The biggest loss of permeability occurs for IBS,dnd MB,

possibly related to microcracks closure.
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Figure 3.5: Pressw@ependent porosity and permeability of selected core samples from each
formation studied in this paper.

42



3.5.2 Acoustic Properties

The R and Swave velocity response to hydrostatonfining pressure for each formation
(Figures 3.6 and 3.7, respectively) were typical for the formation (data from Firdaus and Prasad
[2021]). Thenon-shalecores, that is, LLP, MB, and TF, showed little velocity response at elevated
loading pressurd-or example, when confining pressure is increased up to 27.6 MPa, the LLP
sample almost experienced no velocity increase, whereas the velocities of MB and TF samples
increased approximately 0.15 and .23 km/s, respectively. The similarity inr\&nd inV's of
nonshale cores measured in beddpagallel, 45°, and beddiagerpendicular directions
demonstrated their weak anisotropy along with a lack of hysteresis between loading and unloading
cycles. In contrast, the UBS and LBS were strongly anisotropity Mk and \s varying
considerably in the three directions with respect to the bedding. When confining pressure is
increased up to 10 MPa, we observed that thand \s in the beddingperpendicular direction
(90°) increased 0i3 and 0.5 km/s, respectively, exceps data for the UBS sample. Pressure
sensitive \é 90° data for the UBS sample (Figure 3.7) might have been visible below 4 MPa;

however, poor signal quality did not allow us to gather these data.
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Figure 3.6: The ¥ measurements with respect to the confinmmessure of five cores: clgppor

LLP, UBS, claypoor MB, LBS, and moderate clay TF. The measurement is taken at 0° (the blue
circle), 45° (the red square), and 90° (the green triangle) to the bedding plane. Velocity magnitudes
for all samples are gendisahigher upon unloading with respect to the loading step, likely due to
irreversible mechanical deformation.
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3.6 Discussion and Analysis

3.6.1 Elasic Anisotropy

We have calcul ated Th o m8Ewadesanisotropysand(-opy pa
wave anisotropy) using the stiffness tensors (Thomsen, 1986). The reference frame of tensorial
parameters used in this paper is described in Appendix A.eFB)8rshows the-Rand Swave
anisotropy of selected samples from each formation as functions of confining pressure. Anisotropy
is strongly related to clay content and organic richness; thus, theabay LP and MB exhibit
weak anisotropylfanda< 0.1) The moderate clay TF has slightly higher anisotropy, wianel
dare 0.2 and 0.1, respectively, at the highest tested confining pressure, whereas the shales (UBS

and LBS) have high anisotropW¢p to 0.46 and up to 0.44 at the highest tested confining

pressure).
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Figure 3.8: The Pand Swave anisotropy with respect to the confining pressure of selected core
samples from each formation studied in this paper. Filled and unfilled symbols correspond to
loading and unloading paths, respectively
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Figure 3.9 presents the correlation betweemalke anisotropy and-@ave anisotropy at
different confining pressures. In this plot, samples with weak anisotropy, thpatay LP and
clay-poor MB, lie close tofhe point of origin and exhibit loyressure sensitivity. Strongly
anisotropic rocks, UBS, LBS, and the clagh TF have higitJando values, which can be greater
than 0.5, especially for low confining pressures. Howeldemd o of these samples decrease
substantially upon load increase up to 10 MPa.

The increasing presence of clay and/or kerogen content increases the anisotropy.
Conversely, the increase of confining pressure leads to a significant decréasd®fThis result
shows a good agreemenitthvfindings by Bhuiyan et al. (2010) and Sondergeld and Rai (2011).
The distinctiveU and 92 anisotropy response to pressure can be interpreted by their textural
differences. In the following subsections, we discuss in detail the pretsjpeadent anisaipic

features for each formation.

3.6.1.1 LLP Formation

The claypoor LLP (Figure 3.9) has loWandowith minimal pressure dependence due to
the tight, consolidated, and homogeneous nature typical of the LLP Formation (Figure 3.1)
consisting predominantly of calcite (Webster 1984), as depicted in Figure 3.2. The low compliance
of the claypoor rocks alsgan be related to the high grdmgrain contact in the framework. With
increasing clay content in the LLBando and their pressure dependence increase substantially.
This anisotropic behavior can be due to the mechanical compaction of complianueotsst
oriented parallel to bedding. Such clagh samples often are associated with the False Bakken
interval (Kume 1963), wherein thin black shales and-alety limestones occur several feet above
the UBS member (Webster 1984). Figure 3.10 shows ffeeteof increasing volumetric

concentration of clay and organic matter on anisotropy parameters at the highest tested confining
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pressure (27.6 MPa). With greater than 13% clay and kerogen cdigeds,of the clayrich LLP

samples are at least 0.25 d@ndl4 higher, respectively, as compared to the-ptayr LLP.
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of increasing load. Calculations have been made for all studied samples. LLP, UBS, MB, LBS,
andTF denote Lodgepole, upper Bakken shale, middle Bakken, lower Bakken shale, and Three
Forks, respectively. Each sample is indicated by the different colors of the outlines. For example,
blue, red, and purple outlines each indicate three different samphedHe LBS Formation (the
black diamonds)

3.6.1.2 UBS and LBS Formation

The shale members, UBS and LBS, show high anisotropy that is strongly pressure
dependent. At low confining pressure, below 3.4 MPamdo can be as high as 82% and 65%,
respectivey. Intrinsic and extrinsic factors of the rock are known to significantly contribute to the
measured anisotropy (Allan et al. 2015). Several sources of intrinsic anisotropy in these shales can
include thin layers (Backus 1962), clay platelets, and keregjes (Vernik and Nur 1992; Hornby

1998; Sayers 1999; Ou and Prasad 2016), which can be observed in Figure 3.2. Extrinsic
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anisotropy sources, such as induced microfractures due to coring (Johnston and Christensen 1996)
and poor core preservation (Wang 2))G@2so are expected given the unpreserved samples used in
this study. In unpreserved cores, dehydration can lead to the development of microfractures. In
general, core damage is associated with velocity changes at low pressures. Together, intrinsic and
extrinsic anisotropy properties of Bakken shales can explain their pressure sensitivity.

As previously noted in Figure 3.8ando of shale cores substantially decrease when the
pressure is increased at low confining pressures18.MPa). This behavior iorganic and clay
rich shales can be explained by the closure of pore throats and high strain of the extrinsic factors,
in which mechanical deformation of corimduced damage occurred (Holt et al. 2004). In this
low-pressure regime, we observe hyster@sithe anisotropy between the loading and unloading
path (Figure 3.8); therefore, the anisotropy data are overestimated and probably not suitable to be
implemented in reservoir modeling.

At higher confining pressure (greater than 10 MPa), the anisai@mys that are observed
in Figure 3.8 are repeatable; thus, they can be relevant for subsurface modeling scenarios.
FurthermorelJando remain higher than the neshale samples. Assuming that microcracks close
at such high confining pressure, in this letain region, the intrinsic factors, such as clay
platelets, microcracks, and connected kerogen (Figure 3.1b and 3.1d) that are realigning toward
the foliation plane (Vernik 1993; Sayers 1999; Wang 2002; Ou and Prasad 2016), play a more
significant rolein producing the measured anisotropy. In addition, at higher pressure regime, it is
noticeable that the U an ddependentthan BES. Thisbelaliee s ar
can be attributed to the higher presence of cracks in the LBS, as obsdfipd@3.1. The spatial
distribution of compliant components also plays a significant role in dictating pressure

dependency. Although the clay and organic matter content in UBS and LBS samples are
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comparable (Table 3.1), the connectivity of minerals ghéi in the latter sample and present at
multiple scales (Figures 3.2 and 3.11).

Similar trends have been observed in acoustic measurement studies of not only Bakken
shales (Vernik and Nur 1990, Vernik and Nur 1992; Vernik 1993; Vernik and Liu 1997; Ou and
Prasad 2016; Firdaus et al. 2020), but also other org@hicshales (Johnston and Christensen
1995; Hornby 1998; Domnesteanu et al. 2002; Dewhurst and Siggins 2006; Sondergeld and Rai
2011; Zhubayev et al. 2016). Thus, in Figure 3.10, samples with rhidae and kerogen

concentrations exhibit higher anisotropy.

3.6.1.3 MB Formation

With the similarity of P and Swave velocities in all measured directions (Figures 3.6 and
3.7),Uando have low values, except for the presence of fractures (e.g., the fractured MB sample
in Figure 3.9). The lovanisotropy values can be attributed to the geologic structure and
composition of MB: a tight and fingrained argillaceous and highly fossilifesogalcareous
siltstone (Sonnenberg 2017), which typically exhibits isotropic behavior (Guedez et al. 2018)
(Figures 3.1 and 3.2). Due to its high concentration of stiff materials such as quartz and carbonates
(Table 3.1), MB samples show low response upgdrostatic loading. For the fractured MB
sample, th&dandovalues are 0.18 and 0.46, respectively, at the highest tested confining pressure

(27.6 MPa). Such high anisotropy values are attributed to the presence of open fractures (Figure

3.11d), whichad o | eads to 9 values higher than U (Ja

Siggins 2006).
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3.6.1.4 TF Formation

In contrast to the MB sampleBland o values of TF samples vary significantly, with
distinctive pressure dependence (Figure 3.9) related to the volumetric concentration of clay and
kerogen (Figure 3.10). The main reason for the spreddand o values lies in the highly
heterogeneous natuséthe TF Formation, with a medium grade of bioturbation, fossil inclusions,
and thin horizontal layers of clay that alternate with the dominating calcite/dolomite matrix (Kume
1963). In Figure 3.10, one TF sample with 25.7% of clay and kerogen contevd sleak
anisotropy at the highest tested confining pressure, vidado are 0.09 and 0.05, respectively.

The low anisotropy of this sample is possibly due to the continuous phase of the clay mineral in

the sample and presence of angular shaped cratksievpreferential alignment (Figure 3.11).
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Figure 3.10: The relationship between the volumetric concentration of clay and organic matter and
P- and Swave anisotropy. Each data point reported in this figure represents each core and is
measured at PC27.6 MPa. LLP, UBS, MB, LBS, and TF denote Lodgepole, upper Bakken shale,
middle Bakken, lower Bakken shale, and Three Forks, respectively.

The elastic anisotropy values of other etagh TF samples (indicated in Figure 3.9) can

approach the shales. Susdmples are pressusensitive; however, anisotropy remains relatively
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high at the highest testing pressure, which is possibly due to the intrinsic anisotropy features, such
as clay laminations, preferentially aligned carbonate minerals, and highly ceohnmatte

framboids.

Figure 3.11: BSE images of the (a) UBS, (b) LBS, and (c) TF sample, and@Tidroage of the
(d) fractured MB samplecourtesy of Rocky Mountain Imaging

3.6.2 Effect of Microstructural Deformation

Figure 3.12 shows relative changaisstifinesses G, Czz, Cas, Cee, porosity {), and
permeability k) during loading normalized at the respectives values at a confining pressure of 3.4
MPa. Comparing the relative changes of elastic parameters with changes in porosity and
permeability provides an understanding of the controls of rock structure and pore framework

deformations for each formation on elastic properties.
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As shown in Figure 3.12, porosity and permeability show a systematic inverse relationship
to the stiffness coefficients with an increasing hgthiic load. Furthermore, we observe that
pressure sensitivity of porosity and permeability is accompanied by the sensitivity of elastic
stiffnesses in the beddifmerpendicular direction for the shale samples. Such behavior is contrary
to sandstone samlein which relative changes in porosity and permeability are significantly less
responsive to pressure than &d Swave velocities (Mapeli et al. 2018). Under confining
pressure, compliant pores, which may include microfractures and pore throats, réefdifyn As
a result, flow paths close and disrupt gas movement in the pore system, causing porosity and
permeability measurements to drop significantly.

For example, the porosity of the UBS decreases notably by 59%, and the permeability
decreases exportadly with pressure by 95%. The instrument is not able to acquire any
measurements beyond 13.8 MPa. Microfracture closure heavily influences the sensitive changes
of petrophysical properties (Zeng et al. 2014). The bedd@rgendicular elastic stiffnesséGs
and Gyg) of the UBS and LBS cores are susceptible to hydrostatic loading. A significant increase
in the stiffnesses occurs up to a critical confining pressure of approximately 10 MPa. For example,
as shown in Figure 3.12, as confining pressure as@® both beddingarallel stiffness coeffi
cients (G1 and Ge) for the LBS increase by approximately 7%, whereas both bedding
perpendicular stiffness coefficientssGnd Ga) increase significantly by 70%. Firdaus et al.
(2020) argue that the drivingnechanism in this hightrain regime is due to the closure of
microfractures, cracks, clay platelets, and kerogen veins aligned parallel to the foliation plane.
Beyond the critical confining pressure, there is a monotonic increaseantiFSwave velocites,
which can be attributed to homogeneous azimuthal deformation of compliant microcracks or

randomly oriented pores.
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In contrast to the shale samples, the elastic parameters of thgoodlayLP, MB, and
moderate clay TF rocks have lgwessure sensitiwit The claypoor LLP sample is possibly at a
mineral point, in which almost no pressure sensitivity of the velocity (Figures 3.6 and 3.7) and
stiffnesses (Figure 3.12) is observed. It is important to note that the measured permeability of this
sample is ithe naneDar cy regi on, which is at or <c¢l ose
consider these loypermeability values to be unreliable. Similarly, the reliability of the measured
porosity also is compromised. CM8BO0 is not able to acquire any me@suents beyond 6.9 MPa.

The permeability and porosity measurements of theptay MB sample also are very
low. Such low values contain high error and may lead to an incorrect characterization of the
sample. Therefore, we must take caution upon desctibngjgnificant drop of the relative change
of porosity and permeability shown in Figure 3.12. Regarding the elastic properties of the clay
poorMB sample, the elastic stiffnesses (P and S) in all directions have minor pressure sensitivity.
However, unlile the claypoor LLP sample, we observe that the elastic stiffnesses of thpabay
MB sample have yet to reach a constant value. Therefore, we conclude that this sample has not
reached the mineral point. Similar behavior also has been observed by 2B4&)sand Ma and
Zoback (2016).

The changes of various properties due to pressure change also can lead to the evolution of
geomechani cal properties during producti on,
we choose to neglect heterogeneitypmgysical anisotropy, and the change of petrophysical
properties in BPS, it could lead to:

1 erroneous calculation of stress models
1 inaccurate construction of the fracture geometry

1 incorrect prediction of production in reservoir simulations
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The characterization of textural anisotropy in BPS rocks can still be improved by
simultaneously acquiring micif@T images with ultrasonic-Rind Swave velocities under in situ
reservoir pressure. It may reveal the evolution of graigrain contact and miopore structure

when pressure changes.

3.7Conclusion

We correlate laboratorgcale geophysical acquisition to presstdependent petrophysical
data and geologic attributes while investigating rock fabric usingtegblution textural images.

Such measurementand relationships are essential for robust multiscale characterization,
stimulation design, and reservoir management in tight laminated rocks containing microcracks
such as the BPS.

The results show that stiffness coefficientsi1(QCss, Cas, and Gg) and anisotropy
parametersando) behave differently for each formation. The stiffness and anisotropy of clay
poor LLP, claypoor MB, and moderate clay TF samples exhibit small pressure dependency, which
is the opposite behavior of claich samples (clayich LLP and clayich TF) and organicich
samples (UBS and LBS). Several parameters that lead to pressure dependency of the elastic
properties are texture, mineralogy, and spatial distribution of minerals. The primary driving
mechanism that dictates peeire dependency is arguably the connectivity of compliant
components that are deposited in the bedgengllel direction, which may exist at multiple scales.
Nevertheless, the elastic anisotropy response to pressure of all studied samples indicates that
extrinsic and intrinsic factors play substantial roles. However, porosity and permeability change
are drastic with pressure for most samples, regardless of the clay and organic matter content. This
behavior is associated with the collapse of microcracid@amaspectratio pores residing in the

sample
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3.11 Appendix A: Anisotropy Parameters
We have calculated the stiffness coefficients and anisotropy parameters of the cores as a
function of pressure. The reference frame used in this paper is 90° to what is mentioned by

Thomsen (1986). Each parametedénoted in Figure A and defined in equations K A-6:

# 0" (A1)
# "o U (A-2)
# "o U (A-3)
#Ge (A-4)


https://doi.org/10.1594/PANGAEA.933121

- (A-5)
M — (A-6)

where G:1 and Gg are stiffness coefficients of-Rnd Swave, respectively, measured at
beddingparallel 1); Csz and G4 are stiffness coefficients of-RPand Swave, respectively,
measured at beddiggerpendiculary); j, U ando are density and-Pand S wave anisotropy

parameter, respectively.
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Figure3.13 The reference frame of stiffness tensors used in this study.
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CHAPTER 4
A NOVEL ANISOTROPY TEMPLATE FOR AN IMPROVED INTERPRETATION OF

ELASTIC ANISOTROPY DATA

A paper submittetb Scientific Reports

Gama Firdaus, Manika Prasad, and Jyoti Behura

4.1 Abstract

Tight unconventional rocks are characterized by the presence of laminations, preferentially
oriented cracks, and an interconnected network of compliant nen&ath anisotropic features
can mechanically deform due to pressure depletion during production, leading to aihdnczal
change of elastic and fluid transport properties. Rock physics models allow us to better predict and
assess stresand directiordependent elastic moduli of the rock, useful for horizontal stress
estimates. However, elastic anisotropy can be challenging to measure and interpret. We have
developed an anisotropy template that can be used to assessegpasdent changes in elastic
moduli and investigate rock textures. We present here the template construction using an effective
medium model consisting of stiff and compliant layers and crack inclusions and evaluate the origin
of stressdependent stiffness changes in acoustic data Bemea, Bakken, Three Forks, and

Mancos formations.

4.2 Introduction
In tight unconventional formations, seismic anisotropy is due to intrinsic and extrinsic

components, which can be found at multiple scales (Allan et al. 2015). The intrinsic anisotropy
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can include sequences of thin layers (Backus 1962; Thomsen 1986; \ardiklur 1992),
lenticular clay sheets (CandPrasad 2016; Sayers 1999; Schoenbad)Sayers 1995) that are
deposited subparallel to the bedding plane (Firdaus et al. 2022; Hornby d8@8rgeldandRai

2011; VernikandNur 1990), and aligned organic matter, pores, and cracks (Sayers 2013; Vernik
andNur 1992). The extrinsic anisotropy of the rock can originate from aligndikslitracks and
fractures (Holt et al. 2004; Johnstand Christensen 1995; Sayers 2005; Vernik 1993; Wang
2002), which are due to drilling or coring operations (Firdaus et al. 2022).

The spatial distribution, volumetric concentration, and stiffness of anisotropic components
in rocks control the stress dependeint elastic properties (Dewhui@hd Siggins 2006; Sayers
1999; VernikandLiu 1997). During the production period, the dynamic interactions between pore
pressure and overburden stress can cause compression of aligned compliant components and crack
closue, leading to fluid flow path evolution. Rock fabric deformations have been characterized
using anisotropic textural features in effective medium models for quantitative seismic
interpretation (Anderson et al. 1974; Backus 1962; Budiansky 1965; EshellyHi@fson 1981;

Liu et al. 2000; Schoenberg 1980; SchoenladSayers 1995).

For example, the anisotropy parameters can be obtained from image logs, thin sections,
computed tomography (CT) and scanning electron microscopy (SEM) images, and laboratory co
measurements. However, such laboratory measurements areticheesourceonsuming and
complicated. Field measurements of the complete elastic stiffness tensors of the rock are also rare
(Mavko and Bandyopadhyay 2009). Consequently, despite the raeahdlti-directional elastic
stiffness required to model the seismic response, stiffness in only one direction is commonly
available. Without constraints on the choice of parameters in rock physics models, the prediction

of in situ seismic parameters issasiated with significant uncertainties. We present a solution

64



using an anisotropy template to assess rock anisotropy, texture, and deformation behavior based
on mineralogy and acoustic data.

The anisotropy template is constructed by integrating seveck physics models,
including Thomsen's anisotropy (Thomsen 1986), Backus averaging (Backus 1962), and Hudson's
crack model (Hudson 1981), which consider crauid layefinduced anisotropy in the effective
medium. These models were selected based orsthsticity, reliability, and common use. Note
that the template can be used with any model relevant to the application.

The anisotropy template allows the user to understand the natural anisotropy of the medium
and assess elastic moduli evolution aloiifecent directions due to changes in stress. Such
insights into the texture or symmetry of the rock are essential to select the suitable matrix model
and optimizing the hydraulic fracturing design. We show the application of the anisotropy template

on laloratorymeasured elastic data of the Berea, Bakken, Three Forks, and Mancos formations.

4.3 Constructing the Anisotropy Template

The effective elastic stiffness is controlled by the volumetric concentration and spatial
distribution of stiff and compliant compents in the rock. Stiff components are typically inorganic
minerals, while clay minerals, organic matter, bedgiacallel cracks, and low aspect ratio pores
comprise compliant components. Any alignment of the components leads to a directional
dependencef physical properties, and changes in stress lead tamiéorm deformation. Thus,
understanding the causal mechanisms for anisotropy and rock fabric deformation allows
predictions of stresdependent changes (e.g., during production). Anisotropic esxamd rock
deformation behavior can also dictate the initiation and propagation fractures and directional fluid
transport. In the next sections, we discuss the construction and features of the anisotropy template

and use it to assess elastic propertiesp@nce of sedimentary rocks. Note that henceforth in this
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paper, we use the subscripsndU denote beddingarallel and beddirgerpendicular directions,

respectively.

4.3.1 Textural Anisotropy

Figure 4.1 shows a schematic of various rock fabricstlaei effect on a cross plot of
beddingparallel (C) and beddingperpendicular () stiffnesses. The elastic stiffnesses of each
direction are calculated in the form ofsC= } %xx, Mwhere |} i sorBwamesi t vy,
velocity, andxx represents andU directions. Also included in Figure 4.1 are anisotropy lines

(blue dashed lines) to reflect the effect of texture in the rock. We use Thomsen anisotropy

paramet er s iyamsotpyin transversely igotrdpic medium (Thomsen 1986).
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Figure 4.1: Schematic rock samples with various features and their respective location in the elastic
stiffness cross plot. The rdicie marks the isotropy line, while the dashed lines mark increasing
amounts of anisotropy.
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For the isotropic case, variations in mineral composition and porosity move the stiffness
along the diagonal, called the isotropy line. For the anisotropic case, the hagiffeless is lager
than theU direction (C > Cy); therefore, the stiffness data points are distributed away from the

isotropy line

4.3.2 Effective Medium Model

Two concepts used in the anisotropy template help understand textural controls or predict
anisotropy with known texture and mineralo¢g) the mineral components or the framework can
be anisotropic, and (b) fractures or aligned pores can cause anisotropy. Since, as mentioned above,
the anisotropy template can be used with any model, here

Both models assume that the textural features, layer thickness for Backus average and
inclusion size and their separation distance for Hudson model, are smaller than the dominant
seismic wavelengths. With ultrasonic frequency data, with wavelengths af Zb@imm, the
anisotropy template is sensitive to cg@le layers, mineral alignments, and cracks. Using the
anisotropy template with lower frequency data allows the user to assess anisotropic features at
different measurement scales. We used the Baakarage and the Hudson models based on their
common usage, simplicity, and readily accessible inputs (Berryman et al. 1999; Cheng 1993;
Kumar 2013; Linerand Fei 2006). Alternative models can be used to construct the anisotropy,
such as the displacemedtscontinuity method (Schoenbeand Sayers 1995), differential
effective medium (DEM) (Shengnd Callegari 1984), sel€onsistent approximation (SCA)
(Budiansky 1965), and crack models, including Eshelby (1957), Anderson et al. (1974), and Cheng
(1993).

Note that there are several pitfalls related to theuroqueness in the models propagating

into the anisotropy template. First, rock physics models may yielduinimue solutions because

67



crack density, aperture dimension, and saturation can be combinedtiple ways to give the

same answer. For example, the models might not distinguish between the presence of a single long
fracture and the distribution of small fractu
inability to assess the moduli treae not parallel nor perpendicular to the bedding plane. However,

we emphasize that such errors are common to all rock physics modeling applications and not

specific to the template.

4.3.2.1 Backus averaging

We built frame properties for the anisotropsnigate with the Backus averaging technique
(Backus 1962), where the effective medium of thickness, Z, consists of a stack of horizontal stiff
and compliant layers with thickness, (Bigure 4.2). As a first approximation, individual layer
properties, callé the end member properties, are assumed isotropic and lie on the isotropy line in

Figure 4.1.

‘ z Cf/ef'f Ciegr

Figure 4.2: Elastic stiffness coefficients of individual layers are averaged to obtain an equivalent
medium of thickness Z, where Zi is the thickness oftthé@arizontal layer. G and QJi are the

andU elastic stiffnesses of the ith layer in the layered medium, respectivedif. &hd Qeff are

the  andU elastic stiffnesses of the effective medium calculated using Backus average.

4. 3.2.2 Hunomsdelnds crack

To account for layeparallel partings common in shales, we includefiblgd penny

shaped ellipsoidal cracks in the layered medium (Figure 4.3) and calculate the elastic stiffnesses
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using Hudson's crack model (Hudson 1981). The effective elasfiiess is calculated as;€ =
Ci® + Cj* + Cj2, where G is the effective elastic stiffness of the isotropic background rock, and

Cijt and G2 are the first and secoratder corrections, respectively.

Layers Ellipsoidal cracks

Figure 4.3: Cracknduced anisotropy due to the presence of ellipsoidehcks.

The Hudson crack model has a limited crack density range, less than 0.19, for very small
aspect ratio values. For crack density values greater than the limitation, the modeled elastic
stiffnessesncrease, which is not physical (Cheng 1993). For the application presented here, a

crack density below 0.16 adequately explained the data.

4.3.3 Anisotropy Template Constuction Workflow

To facilitate the use of the template, we present the workflow (Figure 4.4) along with
numerical examples for each step. The data needed to create the template are mineralogy, which
can be estimated from muhiineral log analysis or measud in the lab, density, and velocity of

each mineral.
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Figure 4.4: Workflow of the construction of the anisotropy template 0, and EMM are the
stiffness,U stiffness, and effective medium model, respectively.

1. Create a cross plot with ©n the xaxis and @G on the yaxis.

2. Add isotropy and anisotropy lines between 0 and 0.9 (Figure 4.5a).

3. Calculate € and G of the stiff and the compliant end members based on formation
mineralogy. In the example shown in Figure 4.5a, we used the-ReiggsHill (VRH)
average (Hill 1952) of the elastic stiffnesses and marked them as "stiff" and "compliant”.
Henceforth, in theontext of the background medium, we use the term end member to
denote both the stiff and the compliant components of the formation.

The choice of end members is not restricted to single minerals. End member moduli may
be calculated as averages of mihereduli with similar stiffnesses. Table 4.1 shows
possible compositions and properties of the stiff and compliant end members used to build
Figure 4.5a. For the organich shales considered here, the compliant end member is an
organeclay composite wherthe clay and organic matter are mixed isotropically (Chang

et al. 2022; Zargari et al. 2016), whereas the stiff end member is a mix of quartz, calcite,
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and dolomite. Both end members are assumed isotropic, and the stiffnesses are calculated
using VRH. Aternatively, instead of partitioning minerals into stiff and compliant
components, the Reuss average may represent the compliant end member and the Voigt
average the stiff end member. Similarly, the Has$timkman upper and lower bounds
model also allowsalculating end member moduli. The properties of each mineral include

noncrack porosity and are shown in Table 4.2.

Table 4.1: Composition and average properties of the stiff and compliant end members.

End _ _ Avera_ge Ve Vs
Case member Mineral  Fraction Density (VRH) (VRH)
(g/cc) (km/s) (km/s)
Quartz 15%
. Stiff Calcite 80% 2.71 6.57 3.55
T, cr)iréqr?nle Dolomite 5%
Compliant Clay 60% 2.15 3.15 1.88
Kerogen 40%
Quartz 55%
TI, clay-rich Stiff Calcite 40% 2.69 6.32 3.8
and organie Dolomite 5%
lean Compliant C'& ~ 90% 2.47 35 2.08

Kerogen 10%

Table4.2: Density and velocity of minerals used in this paper to construct the anisotropy
template.

Density  Vp Vs
(g/cc)  (km/s) (km/s)
Quartz 2.65 6.05 4.09 Carmichael (1989)
Calcite 2.71 6.64 3.44 Simmons (1965)

Dolomite  2.87 7.34 3.96 Mavko et al. (2020)

Clay 2.55 3.81 1.88 Han et al. (1986)

Kerogen 1.5 2.54 1.53 Yan andHan (2013)

Mineral References

Note that anisotropic clay minerals can also be incorporated into the end member. In this

case, the preferred orientation of clay minerals can increase the magnitude of the anisotropy
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(Sengupta et al. 2015). Consequently, the compliantesrdber and the model lines in
the template would deviate from the isotropy line.

4. Create a layered solid composed of parallel stiff and compliant layers using an effective
medium model. For example, in Figure 4.5b, we used the Backus average for varying
proportions of stiff and compliant layers, as represented in Table 4.3.

Table 4.3: Volumetric concentration and moduli (compressional) of stiff and compliant layers in
mixtures AE.

Points Stiff Compliant C
(Figure 5b) cc\)/r(r:lpl)ﬁnn:nt component volume (GPa) Cy (GPa)
A 100% 0% 117.3 117.3
B 75% 25% 87.4 57.2
C 50% 50% 64.4 37.9
D 25% 75% 43.2 28.3
E 0% 100% 22.6 22.6

5. Add" cracks to the effective medium solid using a crack model. For example, in Figure
4.5¢, we used Hudson's crack model up to the second order to introdiiltedairpenny
shaped cracks with crack density = 0.05 and crack porosity = 0.2%.

6. Use Backus averagagain to mix end members that contain inclusions (cracks).

7. Repeat Step 5 by varying the crack density. For example, Figure 4.5¢c shows end member
values for crack density 0.05

8. Create a layered solid using Backus average with the cracked end membersnmixed
different proportions. In Figure 4.5d, the curved model lines represent crack densities =
0.02, 0.05, 0.08, and 0.16. The neartical isecvolume lines are where the volumetric
concentration of the stiff and compliant layers is the same between eutiqpdeled

curves.
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Figure 4.5: (a) Elastic stiffness cross plot that shows isotropy (red) and anisotropy lines (blue).
Stiff and compliant end members lie on the isotropy line. (b) Elastic stiffnesses of the effective
medium calculated using Backus avengg The model line represents the cumulative
concentrations of stiff and compliant layers shown in Table 4.3. (c) Addition of cracks to the
layered medium modeled using Hudson's crack model. Here, the layered medium has crack density
= 0.05 and crack posity = 0.2%. (d) Anisotropy template with different compositions and crack
densities (cd). Volume concentrations of the stiff layer (S) and the compliant layer (C) are shown
below isevolume lines.
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4.3.4 Stress Sensitivity

Changes in stress increase gitaigrain contacts and compress compliant components
(Sayers 1999). In addition to the compression of layered kerogen and clay, crack closure is a
dominant force that leads to directional deformation of the rock. In theotasrented stress or
aligned textures, the deformations iandU directions are not equal: thédirection experiences
higher compaction than thedirection. This section discusses using the anisotropy template to
assess the causes of streand diretion-dependent stiffness changes. Figure 4.6 presents

schematic illustrations of the effect of stress on cracks oriented along and across bedding planes.

Coro
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Isotropic deformation \I;gglfl?ll(;r?irsotropic
120 4 scrascy Ho.1
7
Dominant deformation 7
f in bedding L s
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7 e - 7
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80 B e ’/ /// /_ 04
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O s /// g /////// 0.6
60 - P e - < - /// = 07
A - -os
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Figure 4.6: Typical deformations that occur in the anisotropy template due to stress change,
causing various effective medium with different textures to follow the trend of to the red, green,
or blue arrow. The arrows represent deformation slopes createeldtive changes iBC and

DCU, whereDC andDCU denote the stresdependent increment of elastic stiffness coefficient in
the” andU direction, respectively.
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4.3.4.1 Isotropic or weakly anisotropic medium

The increase in stiffness with stress in an isotropiweakly anisotropic medium depends
on the volume and the orientation of the compliant component. In porous media, a lack of
anisotropy implies the presence of selnnded micropores that experience isotropic deformation
with increasing hydrostatic loa@hus, deformations in andU directions will be approximately
equal and>C & DCy, whereDC andDCy denote the change in elastic stiffness with stress in the
" andU direction, respectively. In rocks composed of stiff components with low porosity, stress

sensitivity will be low, andC andDCuy will be negligible.

4.3.4.2Transverse isotropy(Tl) medium

For rocks withTl symmetry, the compression ofcompliant compoents significantly
increases @ leading toDC < DCy with increasing stress. Consequently, the crack density and the

anisotropy decrease in such "high strain regimes" (Firdaus et al. 2020).

4.3.4.3 Orthorhombic medium

The deformation behavior of rocks depends heavily on their texture. In the case of
orthorhombic symmetry, changes in stiffness with stress depend on the most compliant
components. If the compression ofomponents, such as clay and kerogen layers, isndmi
increasing the confining stress leadD® < DCu. If the deformation of compliant components,
such as fractures, aligned orthogonal to the bedding plane is more significant, the dominant
deformation will be in thé direction, producindC > DCy. Of course, in nature, rocks often
experience a combination of directional deformations and moduli changes and might yield a

cumulativeDC & DCy. The anisotropic template can be used to investigate possible textures with
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known stresgslependent moduli chaag. Similarly, with known textures, the anisotropy template

can be used to assess and constrain the range of modulus changes due to stress.

4.4 Data Analysis

We now present the usage of the anisotropy template. Here we use laboradsuyred
elastic moduli toassess textures and strdependent changes at the core scale. Subsurface
phenomena explained with the template will depend on the scale of the data used. For example,
overburden compression and pore pressure depletion acting upon a producing foramelié@al
to pore structure deformation of the rock. Similarly, sensitivity to crack closure, mineral
compression, or compliant textural alignments can be detected from elastic stiffnesses in seismic
data or earthquake seismology.

Figure 4.7 and Figure 4.8 present the elastic stiffness coefficients of cores from Berea,
Upper Bakken Shale (UBS), Lower Bakken Shale (LBS), Three Forks, and Mancos formations.
The multidirectional ultrasonic-Rand S wave velocities were measured at elevated hydrostatic
confining stress up to 27.6 MPa (Firdaus et al. 2022). Elastic praparnttemineralogy data are
available in Firdaus and Prasad (2021). In Figure 4.9, we show evidence of layering and
heterogeneity of the rocks analyzed in the anisotropy template. Although, as expected, elastic
stiffnesses increase and anisotropy decreasethe increase of hydrostatic load, representative
samples from each formation exhibit unique behavior in the anisotropy template based on their
textural differences. The lab data provides an example of how to apply the template if there is
similar information available for geophysical borehole logs.

Note that for the scope of this paper, the analysisigfdélta, and ofxis measurements

are not presented. Here, the anisotropy template is limited to analyaingU moduli. Thus,
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using offaxis dataobtained from deviated wells in the template may lead to the erroneous

computation of the anisotropy and underestimating the crack density in the formation.

4.4.1 Case: Isotropic
The Berea formation is categorized as isotropic with-a@ited subroundedquartz grains
and a homogeneous microstructure (Bera et al. 2011; Menéndez et al. 1996). The compressional
and shear stiffnesses, &dDCy, lie on the isotropy line, and the moduli experience a similar rate
of change with pressur®C & DCy) (Figure 4.7a and Figure 4.7b). The load increase leads to an

increase in the contact interface between grains and homogeneous deformation of microcracks.

4.4.2 Case: TI, organierich

In Figure 4.7a and Figure 4.7b, the Upper Bakken Shale (UBS) and Bakken Shale
(LBS) formations are denoted by yellow and magenta diamonds. The stiffnesses of the UBS and
LBS are low due to the high presence of compliant components, such as kerogen, which can be as
high as 21 vol% (Firdaus et al. 2022). As a resué#t,shale samples exhibit high sensitivity to
pressure, especially in tHg direction ODC < DCy). Based on this deformation behavior, the
Bakken shales can be categorized as TI rocks.

At |l ow tested confining pressurend{(0%, 4 MPa
respectively. Since the rock samples are unpreserved, ¢odaged cracks may have developed
and increased the anisotropy (Wang 2002). At
and o9 values remain abovyy Tha 0igh sehsitiwity to pressuret r i n s
behavior has also been reported in other Bakken shale measurements (Firdaus et al. 2@22; Ou
Prasad 2016; Verniland Liu 1997; Vernikand Nur 1990; Vernikand Nur 1992), which is

primarily due to the closure low aspeatio microcracks that reside in the clay bodies (Figure 4.8),
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as well as the compression of compliant components (e.g., kerogen assribitdte laminations)

that are oriented parallel to the bedding plane (Hornby 1998; Sayers 1999; Vernik 1993; Wan

2002).
0
140 T T T T T T 40 T T T °
*  Berea: [sotropic a E
¢ UBS: VTI, Organic-rich
120 ®  LBS: VTI, Organic-rich T 01 35F — o1
. cd = 0.02
// 30 . cd/;O/.OS_
100 cd=002 -4 0.2 ¢=008]0.2
) // 0.3 25 ) /// gd’:l).l{_ 0.3
Increasing Py // /c,d/= 0.05_ -~ Increasing P - d s
80 | . -7 Toa 0.4
— / w008 o5 ook / "1os
o e 7 ' /7 ///’// los Q /// - ///8/2/1/00%// 0.6
60 Ry 2/ P LX ) e or
. // / // cd/;/e:l4 //: - 09 15F ’ Pl —03%
40t RS & £
o ” -/~ -5 =100% B .
= 7 Coo% 10
. sk i
S =50% 7
1 €= 50|% 1 1 0 e IC = 100% 1 |
60 80 100 120 140 0 10 20 30 40

| C||

Figure 4.7: The developed anisotropy template for (a) compressional wave and (b) shear wave
stiffness data for Bakken, Upper Bakken Shale (UBS), ekt Bakken Shale (LBS). Acoustic

data are available in Firdaus and Prasad (2021). Each point represents the calculated elastic
stiffness coefficient at a pressure step of the respective sample. S, C, celaamthE volumetric
concentration of the sfifayer, the volumetric concentration of the compliant layer, crack density,

and confining pressure, respectively.

4.4.3 Case: TI, clayrich and organic-lean

Three Forks and Mancos formations depicted in Figure 4.9a and Figure 4.9b have a
moderate concentration of clay (>20%) and very low organic content (<2%). The main observable
features ar€ > Cy and significant presswgependent stiffness changes in thdirection OC
< DCy) for both compressional and shear waves. Based on the data distribution in the template, we
conclude that both Three Forks and Mancos have Tl symmetry. Additionally, the increase of
confining pressuraecaesse tHlye 10%yawher eas th

significant change, approximately up to 30% decrease. Figure 4.8 shows evidence of horizontal
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layers of clay that alternate with the dominating calcite/dolomite matrix at multiple scales. The
contribution ofclay compression to the change of elastic moduli, however, is relatively small
compared to the role of crack closure that are aligned to the bedding plane.

We notice, however, that the P and S elastic moduli for a given sample do not fall on the
same posibn on the template crack density grid in Figure 4.7 and 4.9. The misfit may result from
the assumption of a crack orientation parallel to the bedding plane, while cracks orthogonal to the
bedding plane might exist in the rock. Additionally, the ambigoityy be due to the incomplete

fluid removal in the coré fluid effects are not modeled in the template.

Figure 4.8: (a) Three Forks lilch core, (b) micraCT image of Mancos, baedcattered SEM
images of (c) Three Forks, and (d) Lower Bakken Shale sampléscatteredSEM images
courtesy of Rocky Mountain Imaging.
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Figure 4.9: The developeahisotropy template for (a) compressional wave and (b) shear wave of
Three Forks and Mancos formations. S, C, cd, arar®the volumetric concentration of the stiff
layer, the volumetric concentration of the compliant layer, crack density, and cordiesgure,
respectively.

4.5Conclusions

We have developed an anisotropy template that can be utilized to assess elastic moduli
along different directions and evaluabe fpressure dependency of the rock fabric. We show how
the anisotropy template can be utilized to capture the texture or symmetry of the rock with known
stressdependent moduli changes. The anisotropy template used with geophysical data from
Bakken shalesThree Forks, and Mancos formations reveals that the increase of hydrostatic stress
leads to a significant increase of elastic moduli inttirection, which indicates that such rocks
have Tl symmetry. The template application can benefit geoscientistsenagineers in
understanding the relevance of cracks and improving the characterization of anisotropic rocks.
Capturing the right texture or symmetry of the rock can lead to a more accurate matrix model and

ultimately optimize hydraulic fracturing design.
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CHAPTER 5
FIELD AND LABORATORY DATA INTERPRETATION USING THE ANISOTROPY

TEMPLATE

A paper with intended submissionltderpretation

5.1 Abstract

The presence of aligned minerals and cracks is known to @ausetropy in rocks.
Consequentially, the isotropic assumption cannot be used to process seismicatiéatropic
rocks It is, therefore, essential to capture the proper symmetry of the rock by obtaining the full
elastic constants. Because such data are expensive and complicated to acquire, they are rare in the
field where fast and slow-®ave velocities are available, toiB-wave anisotropy information is
often lacking. In this paper, we present the use of our newly developed anisotropy template to
obtain a range fo€11 values when €3, C44, and Ge data are availabld.o this end, we assess the
impact of crack density a@nvolumetric composition of minerals on elastic moduli in the effective
medium. Geophysical borehole and laboratmgasured data from Upper Bakken Shale and
Lower Bakken Shale are shown. The results presented in this paper may potentially improve the
interpretation of elastic anisotropy measurements at depth, choose the correct matrix model, and

optimize hydraulic fracturing design

5.2Introduction
Clay lamination, aligned kerogen, and microcracks that are aligned to the bedding plane
are known to cause motropy in sedimentary rocks (Sayers 1999; SondergelRai 2011; Wang

2002). Such features cause a directional dependence on the elastic properties of the rock.
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Therefore, assessing the elastic anisotropy in these rocks is crucial because it carisififéct
data interpretation as well as optimization of hydraulic fracturing operations, which include
choosing the proper matrix model, improving horizontal stress calculations, and enhancing the
mechanical earth model.

In the Bakken shale formations,cbuas Upper Bakken Shale (UBS) and Lower Bakken
Shale (LBS), the elastic anisotropy is mainly due to the presence of preferentially aligned minerals,
pores, and crackd/érnik andLiu 1997 Ou 2018;Firdaus et al. 2092 Vernik and Nur (1992)
reported that the Bakken shales are described as transversely isotropic (T1), basé€l QiCihe
Cas, Css, and Gz measurements in the laborato@ther methods can also directly obtain
anisotropy, for example, from correlations, image Jéigi® sections, computed tomography (CT),
and scanning electron microscopy (SEM) images. However, such measurements are tedious,
complicated, and timeonsuming

In addition, while multidirectional elastic stiffnesses are needed to describe the symmetry
of the rock, the data are often unavailable. For example, field data from well logs can peavide C
Cas, and Ge but not Gi1. In the case of seismic imagingzzds commonly determined, and
Thomsew@®se Pani sotropy (U) i dermippe d x Timavtne e n & s
ani sotr opyicanahen be ddived fOm thessand ( 0) val ues, whi
considerable uncertainty in the data. Thereforgjuiming reliable @i values is critical to
improving the quality of the seismic imaging processes

In this work, we present how the anisotropy template can be used to assess and estimate
the expected anisotropy or a specific elastic modulus from easilglaeaelastic wave data. For
example, the anisotropy template allows the user to estimate the rahgeaties when €3, Cas,

and Ge values from well log data are available
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We first analyze well log and core measurement elastic wave data from $handB_BS
formations in the anisotropy template. We use the mineralogy and elastic propfeti®S and
LBS formationsfrom Firdaus et al. (2022) to construct the models to be used in the anisotropy
template. Then, we present the anisotropy template-fand Swaves that provide the best fit
for Bakken shales. Plotting elastic moduli on the anisotropy template with a crack compliance
model (Hudson 1981; Schoenberg and Sayers 1995) and Backus averaging method (Backus 1962)
can help assess the crack dgnand the volumetric composition of the effective medium. Finally,
weevaluatahevalidity of the predicted G range. This study aids in characterizing the anisotropic

behavior and evaluating the elastic stiffnesses in anisotropic. rocks

5.3Well Logs and Laboratory Data

The well log data studied in this paper include gamma ray, mineralogy, neutron porosity,
bulk dengy, slowness, elastic moduli processed from sonic logs, and acoustic borehole image
(provided by courtesy of Whiting). The elastic stiffness in the beedplamgllel () direction are
denoted as § for S'wave, respectively. The elastic stiffnesses inUhdirection are denoted as
Cszand G4 for P- and Swave, respectively.

The core data include mineralogy, multidirectional ultrasonic velocity, and textural images,
such as micrCT and SEM images from Vernik and Liu (1997), Ou (2018) and Firdaus et al.
(2022). Figure 1 shows the well log data from a well located in McKenzie County, North Dakota.
The elastic properties and mineralogy data of the core samples are available in Firdaus and Prasad

(2021)
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5.3.1 Well Logs
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Figure5.1: Well log data of th&akken petroleum system, which include the Upper Bakken Shale
(UBS), Middle Bakken (MB), and Lower Bakken Shale (LB&)urtesy of WhitingThe data set
include gamma ray (GR) (track 1), mineralogy (track 2), neutron porosity (NPHI) and bulk density
(RHOB) (track 3), Pwave slowness (DTCO),-®ave slowness (DTSM), and stoneleyw&ve
slowness (DTSH_Stoneley) (track 4), slownvBve elastic stiffness ), slow Swave elastic
stiffness (G4), and fast Svave elastic stiffness ) (track 5), and acoustic ehole image (track

6).
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In this paper, we assess the UBS and LBS formations as examples of Tl rocks (Firdaus et
al. 2022). UBS and LBS formatioinshereafter denoted as Bakken shéalase described as black
organicrich shales, thinly laminated, with éhpresence of horizontal microcracks and pyrite
nodules or lenses (LeFever et al. 2011). The Bakken shales are predominesidgdiduartz and
clay (illite and chlorite) rich with minor amounts (below 5.5 vol%) of dolomite and calcite (Firdaus
and Praad 2021). A prominent feature of these shales is their organic richness, where kerogen
content can be as high as 27 vol%.

The well logs in Figure 1 show that UBS and LBS formations can be identified by their
high gamma ray, low bulk density, high neutpmrosity, and lower elastic stiffnesses. In addition,
thin laminations can also be observed in the shale members from the acoustic borehole image. The
elastic stiffness logs 45, Css4, and Gs were derived from the sonic logs. The separation between

Cas andCes logs in Figure 1 shows the anisotropic nature of Bakken shales

5.3.2Textural Imaging

We inspect the rock fabric and texture of the rock samples at multiple scales by using
micro-CT and baclkscattered SEM images. The Bakken shale formations are categorized as TI
rocks with a high concentration of organic matter and cracks aligned withrtiveakion (Vernik
andNur 1992). Figure 2 shows textural variatidnene of the most prominent causes of elastic
anisotropyi of UBS and LBS samples. The black color of the core samples is due to the high
amount of total organic carbon (TOC), generallpxa20%vol (Table 1). VerniandNur (1992)
reported that the kerogen content could be as high as 44.5 vol%.

Micro-CT images in Figure 2 reveal the presence of fractures, possibly induced during the
coring process (Holt et al. 2004), as well as laminpigde deposits that are oriented along the

bedding plane. SEM images at a 1 mm scale indicate that the kerogen veins are preferentially
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aligned towards the bedding plane. At the resolution of 0.05 mm, both UBS and LBS samples
show a continuous network itiite -smectite and kerogen in the horizontal direction and randomly
distributed pyrite framboids. Additionally, horizontal microcracks are present in the clay phase or

kerogen body

Core Micro CT BSE SEM BSE SEM

fracture

Figure 5.2: Multiscale images of selected core samples from Upper Bakkale (UBS) and
Lower Bakken Shale (LBS) formations. The images from left to right are: core, micro Computed
Tomography (CT), and bagdcattered (BSE) scanning electron microscopy (SEM). The condition
of the core samples is unpreserved and exposed.t83 SEM images courtesy of Rocky
Mountain Imaging.

5.3.3Relationship of the Elastic Stiffnesses

Physical properties such as Gamma ray (GR), porosity, and organic content can affect
elastic stiffness. Figure 3a illustrates the &d Ge data with respect to GR values obtained from
the well logs of the Bakken shale formations. The color code by GR indicates that higher shale
content is related to lowersCand Ge values. This behavior has also been reported by previous
studies of Bakkes hal es (Verni k and Liu 1997; Ownave2018;

ani s ot irsbqwy as ploe)dashed lines in Figuré 3anges from 0.1 to 0.6.
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In Figure 3b, we illustrate the impact of neutron porosity (NPHI) and TOG9IC4, and
Ces. As expected, elastic stiffness is inversely related to porosity. Howessds i@sensitive to
porosity as compared toz£and Ga. This behavior indicates the presence of aligned pores along
the bedding direction, making porosity a ficstler effect othe beddingperpendicular stiffnesses
for P- and Swaves, which can be attributed to the dominant presence of low aspect ratio pores or
slit-like cracks in the core samples, as shown in Figure 2. In addition to porosity, TOC also
influences elastic stifiesses higher TOC decreases{-Cas, and to a lesser degreess(Figure
3b). The high volume and alignment of organic matter are essential in lowering the elastic

stiffnesses in the beddiferpendicular direction, which can lead to a higher anisoiroplales

(Sayers 2013)
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Figure5.3 (a) The relationship between thesCss, and gamma ray (GR) values. The blue dash
|l ines are-whlvemsemn&ot3opy (92). (b) The i mpact
(TOC) on Gs, Cas, and Ge.

The calculated elastic stiffnesses of the well logs and core data are shown in Figure 4. The
Bakken shale core data (Firdaus et al. 2022) and the well log data originated from the same well
studied here. In general, the elastic stiffnesses measuredlabthes only slightly greater than

the well logs. Unfortunately, core data are often not available or limited, leading to a restricted

92



assessment of anisotropy data. Furthermorec&@inot be shown in Figure 4 because the dataset
is unavailable from wellogs or seismic. While {2 is needed to help describe Tl symmetry of
rocks and enhance seismic inmagprocesses, it is challenging to attain the data because it is not
practical to measure the full elastic tensor in the field. Therefore, we incorpayatatéoand use

the anisotropy template to predict:@ the field. The methods to predict the range ofv@lues

are presented in the analysis and discussion section
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Figure5.4: Cross plot between elastic stiffnessess(Cas, and Ge) from welllog and core data

5.4 Analysis and Discussion
We now present how to use the anisotropy template to predict the rangevwathOCss,
Cas4, and Ge data from well logs and core data using the Bakken shales as an example. Figure 5

and Figure 6 present the lahtorymeasured core data (from Vernik and Liu 1997; Ou 2018;
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Firdaus et al. 2022) and well log data (provided by courtesy of Whiting) on the developed
anisotropy template for Bakken shale formations.

The effective medium in the template considers laysté#fland compliant components
modeled using Backus averaging (Backus 1962) and -ndcked anisotropy models (Hudson
1981; Schoenberg and Sayers 1995). The crack density shown on the template is from 0% to 14%,
where the cracks are assumed to bdikéd, aligned to the bedding, and isolated. The steps to
construct the Pand Swave anisotropy templates are shown in the appendix.

The following subsections demonstrate three methods to compute the ranggalti€s.
Note that for the scope of this apwe only assess beddipgrallel and beddingerpendicular
moduli and obtain the maximum range of anisotropy of the formation. Hereafter, we use the

subscripts andU to denote beddingarallel and beddingerpendicular directions, respectively

5.4.1Core and Well Log Elastic Stiffnesses

To further analyze the controlling factors of the elastic stiffnesses and anisotropy of the
Bakken shales, we plot the laboratomgasured core and well log data on the developed anisotropy
template (Figuré.5 and Figures.6). The elastic moduli of the Bakken shale cores are obtained
from VernikandLiu (1997), Ou (2018), and Firdaus et al. (2022). The elastic stiffnesses of each
direction arecalculated in the form dxx =} X V%«, Whergy is density, V iP- or S-wave velocity,
and the subscripix represents andU directions. The elastic stiffnesses in thdirection are
denoted as & and Ge for P- and Swave, respectively. The elastic stiffnesses inUhdrection
are denoted assgand G4 for P- and Swave, respectively.

As shown in Figur® 5a, the elastic moduli of the cores have a wide range, wikeen@

Casaspan from 13 to 22 GPa and 6 to 16 GPa, respectively. On the other hand, the elastic stiffnesses

from well logs have a narrower ranges @nd G range from 12 to 15 GPa and 7 to 12 GPa,
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respectively, where the highest o2 is 40%. The
data, especially that of Ou (2018) and Firdaus and Prasad (2021).

The el astic st i f inthe®resamples extibita mareekpansiveeadgef r o
than the well log data, especially that of Ou (2018) and Firdaus and Prasad (2021). This condition
is possibly due to the different conditions and origin of the heterogeneous Bakken shale cores
reported fron various studies. The presence of induced cracks due to coring processes and poor
preservation of the core samples that originate from different locations within the Williston basin
can lead to an increased anisotropy (Wang 2002). In contrast, the gvéitowere measured in
situ and originated from the same well. Another reason for such discrepancy is the resolution

difference between the wireline logging and the laboratory measurement tools.

5.4.2Predicting C11 Range

5.4.2.1Derivation from S-wave anisotropy template

Since Gi log data is absent, we predict the range afv@lues by assessing the elastic
stiffnesses on the-®ave anisotropy template. Based on the &hd Ge data from the well logs
plotted on the template, two constrainirgygmeters are applicable, which include (i) the crack
density that ranges from 0 to 14% and (ii) the composition of the compliant components that is
approximately 79 to 92%. For better clarity, the elastic constants are shown in a higher resolution
plot (Fgure 5.5b), which denotes the constraints in the-shdded area. The-#ave elastic
stiffnesses data plotted on the template suggests that the crack density for most of the Bakken

shales lie between 7 to 14%.
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Figure5.5: (a) Swave elasticstiffnesses, € and Gs, of log and core data of the Bakken shales
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plotted on the developedave anisotropy template. The well log data of the UBS and LBS

sections are denoted in the blue and red circles, respectively. Labarstasyred elastic

stiffnesses are obtained fro@u (2018), Vernik and Liu (1997), and UBS and LBS cores from
FirdausandPrasad (2021) are denoted in the green triangle, magenta triangle, cyan square, and

yellow diamond, respectively. (b) Higher resolution plot of Figuba. The shaded area is defined
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The developed anisotropy template fewBve elastic stiffnesses is shown in Fighi@a.

t he

The laboratorymeasured G and Gz range from 32 to 63 GPa and 19 to 45 GPa, respectively.

The smal | est

parameters from the-8ave anisotropy template, the range af €xpected of the log data for

Bakken shales is from 32 to 43.4 GPa (Figuéa).

5.4.2.2 Empirical Correlation
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In this framework, we investigate the relationship between the calculated elastic stiffnesses.

Performing correlation analysis can be beneficial in assessing elastic parameéefslisetastic

stiffness data is rarely obtained from the field. The empirical correlation between the elastic moduli

of the Bakken shale cores is documented in Fi§ile. We use multivariate linear regression to
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correlate @ with Css, Ca4, and Ge. It is found that a strong correlation exists betweera@d the

other elastic moduli, where theé Ralue of the correlation is 0.91.
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Figure5.6: (a) P-wave elastic stiffnesses and Gs, of the Bakken shale cores plotted on the
developed Rvave anisotropy template. The shaded area is defined by et¥¢0nd C = 77
91%. (b) Empirical correlation betwee@11 and Gz, Ca4, and Ge Of the core samplesvhich is
obtained using multivariaténear regressian(c) The comparison between linear slip theory
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For the well log data (black circle);Gralues are obtained from the empirical correlation,@gad
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We then use this empirical correlation to obtain fftom the log data plotted on the

developed Rvave anisotropy templat as shown in Figug6c. The range of £ values obtained
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from the empirical correlation is from 36 to 44 GPa, which lies within the boundary of the
constraining parameters denoted by thestealded area in Figure 6c¢. Furthermore, theakRe
elastic stifnesses obtained from empirical correlation suggest that the crack density for most of

the Bakken shales lies between 7 to 11%.

5423Comparison to Hudsondéds Crack Model

Other effective medium models can also be used to construct the anisotropy tefepigte.
we show the application of secendr der expansi on of Hudsonds cr e
the template to assess the impact of crack density and the concentration of compliant components
of the Bakken shal es. T h e cooehgand thdinsaostip theeyt we e n
(Schoenberg and Sayers, 19853hown in Figur&.6c¢.

The constraining parameters obtained from the aforementioned effective medium models
are similar, where the crack density and composition of the compbamponents are from O to
14% and 79 to 92%, respectively. This leads to similar results in the range & l@s (32 to
43.4 GPa). The zrange obtained from the empirical approach falls in the range of both models,
i ndicating t hatlineari stiphtleeorymdtlel ¢an dba ohesenots construct the
anisotropy template effectively
5.4.3Significance

Applying the anisotropy template can be significant for users in the oil and gas industry
from various backgrounds to evaluate directional elastauthand understand the possible causes
for elastic anisotropy of the rock. For example, the template allows for better reservoir
characterization by detecting the presence of horizontal microcracks and compliant minerals such
as clay and kerogen in thefexftive medium. In the case of Bakken shales, the crack density can

be as high as 14% (Figused), which can be a good indicator of good horizontal permeability or
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a possible candidate for hydraulic fracturing. An essential benefit of the anisotropgttefopl
geologists, geophysicists, rock physicists, and geomechanics scientists is its ability to capture the
proper symmetry of the rock, which is essential to choose the correct matrix model, building a
better velocity model and improving horizontal sgealculations and the mechanical earth model.

If textural anisotropy and elastic moduli are known, one can utilize the anisotropy template
to predict anisotropy or ranges of elastic moduli. Such a feature can be helpful for seismic imagers
in determining the location of the well by obtaining the range of reflectors at a particular location
in space on the seismic image. Furthermore, the anisotropy template is not restricted to using a
specific type of elastic data. Both geophysical boreholdabatatorymeasured data can be used

in the template to understand subsurface phenomena

5.5Conclusions

We show how the anisotropy template can be utilized to narrow the range of anisotropic
parameters for known mineralogy and texture by assessing tensorial elastic moduli, crack density,
and volumetric concentration of compliant components in the effectacéum. We present the
anisotropy template for-Rand Swaves for UBS and LBS formations, which integrates various
rock physics models that consider heterogeneity, texture, and material compliance. Based on the
elastic stiffnesses of the Bakken shales ctiaek density and the concentration of the compliant
components range from 0 to 14% and 79 to 92%, respectively. From these constraints, we
successfully provide a range ofiiCvalues of 32 to 43.4 GPa in the absence of the full
multidirectional acousticdaa f r om t he fi el d. Both Hudsonds al
model showa similar range of @. An empirical correlation was also employed to obtain C

values from the logs, which range from 36 to 44 GPa.
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Applying the anisotropy template to smis field data can help users understand the
relevance of crack density and orientation and improve seismic anisotropy characterization in
organicrich rocks. In addition, constraining the anisotropy or elastic moduli can improve reservoir

characterizatiomnd potentially optimize well location determination from seismic images
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5.8 Appendix: Anisotropy Template for Bakken Shales

This section presents stép-step procedures and numerical examples to construct the P
and Swave anisotropy templates for Bakken shale rocks. In constructing the anisotropy template,
it is vital to understand the causal mechanisms for anisotropy imeetdiry rocks. Several
controlling components that impact elastic anisotropy are elastic stiffness, mineralogy, and texture
(Vernik andLiu 1997).

The elastic stiffness, C, is a tensorial parameter that depends on the mineral composition
and spatial distbution of stiff and compliant components in an effective medium. Vernik (1993)
and Sayers (2013) pointed out that clay layers, microcracks, and kerogen preferentially aligned to
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the bedding plane play a substantial role in producing the anisotropy ofssinaides. Recent
studies show that the aforementioned anisotropic features could be observed from the Bakken shale
cores (Firdaus et al. 2022; @ndPrasad 2016). Therefore, it is essential to choose the appropriate
effective medium model for UBS and LBrmations to assess the relevance of cracks and
effectively model layeinduced anisotropy in the effective medium.

Note that the anisotropy template can be constructed by using any effective medium model,
such as Hudsondés cracksmadalc k( Hodlsed n -TdR90ZE In)g, 10OF
model (KustelandToks6z 1974), differential effective medium (ShemgiCallegari 1984), self
consistent approximation (Budiansky 1965), displacement discontinuity (Schoenberg 1980), and
many other models. In thpaper, we first modeled the layers in the anisotropic effective medium
using Backus average (Backus 196®F then introduce air-filled cracks using the formulation
derived by Liu et al. (2000) for the linear slip theory developed by Schoenberg ard @£95).

In this study, we assess only thendU elastic stiffnesses. The elastic stiffnesses in tfieection
are denoted asiCand Ggfor P- and Swave, respectively. The elastic stiffnesses irLtligection
are marked as4gand Gafor P- and Swave, respectively

5.7.1 Anisotropy Template Construction

1. Create a cross plot with the following features
a. For Swave plot, Ge is on the xaxis, and G4 is on the yaxis (Figure Ala). For P
wave plot, Gz is on the xaxis, and @z is on the yaxis (Figure Alb)
b. Add the diagnal line, which represents the isotropy line. On this lhdas equal to
Cu.
c. Add anisotropy lines between 0 and 0.9 by using Thomsen anisotropy formula, where

o

U or ~-oCYRCG( C
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2. Create stiff and compliant effective medium end members using-ReigssHill (VRH)
as the mineral mixing mod@Hill 1952). The composition and properties of the stiff and
compliant end members are shown in Table Figures Ala (Swave) and Alb(P-wave)
show the end members' values ofa@d G.

Table5.2: Composition and average properties of the stiff and compliant end members used in
this study

Average Vp Vs

End Density  Vp Vs Density (VRH) (VRH)

Mineral Fraction
member
(g/cc) (km/s) (km/s) (g/cc) (km/s) (km/s)

Quartz 2.65 6.05 4.09 15%
Stiff Calcite 2.71 6.64 3.44 80% 2.71 6.27 3.82
Dolomite  2.87 7.34 3.96 5%

Clay 2.55 3.81 1.88 60%
Compliant 2.13 3.38 201
Kerogen 15 254 153 40%

3. Create dayered effective medium that is comprised of stiff and compliant end members
by using Backus averaging

4. Add" cracks to the end member using linear slip theorySchoenberg and Sayers, 1995)
where the cracks are dilled and isolated. Vary the cradensity to 0%, 3%, 7%, 11%
and 14%.

5. Repeat Backus average to the end members that contain cracks. The final results are shown

in Figure Alc and Figure Ald
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Thisthesis aimed to explain better the driving mechanisms for the anisotropic deformation
and the evolution of physical properties of tight unconventional rocks due to the change of stress.
Previous chapters presented a multidisciplinary apgrto correlate multidirectional laboratery
scale elastic moduli to stredependent petrophysical data and geologic attributes while
investigating rock fabric using higtesolution textural images. In addition to lab measurements,
geophysical fieldacqusition of elastic properties was evaluated using rock physics models to
explain the relevance of horizontal cracks anét material compositiom the rock. It is found
that the presence of microcracks, mineral composition, and mineral arrangemat#l &aetors
that can impact stresand directiordependency of elastic and fluid transport properties

The results of this thesis were obtainmed multistep process. First, the rock samples were
characterized using muphysical laboratory measurementsuch as mineral composition,
petrophysical, and elastic properties. The experimental results revealed the relationship between
various physical properties, such as clay and kerogen content, porosity, permeability, and elastic
stiffnesses.

In the secondstep, theoretical models were used to explain the staeskdirectional
dependence of elastic properties of sedimentary rocks. To this end, a novel rock physics anisotropy
template was developed by integrating several rock physics models that corssikeaarat layer
induced anisotropy in the effective medium.

Finally, the third step combines laboratory data and theoretical models to analyze core and

wireline log elastic data with the newly developed anisotropy template. The application of the
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anisotrofy template shows the relevance of microcraekal volumetric concentration of
compliant components in the effective mediurhe key findings that can be drawn from each

chapter and recommendations for future studies are elaborated below

6.1.1Sample Chaiacterization and Laboratory Measurements(Chapter 2)

1 Five formations from the Bakken Petroleum System (BR8)e studied in this thesis,
namely Lodgepole (LLP), Upper Bakken Shale (UBS), Middle Bakken (MB), Lower
Bakken Shale (LBS), and Three Forks (TFhey are described by their mineralogy,
texture, and rock physics properties

1 Mineralogy: Of the norshale formations, LLP hdsgh calcite content and very fine grain
sizes. Themineralogy ofMB is quartz, feldspar, calcite, and dolomite. For the TF
formation, the clay content is generally above 19 vaJ®&S and LBS formations havew
carbonateontentand TOC ranges from 16 20 vol%.

1 Texture: Highresolution images of LLP and MB show thia¢ {pores and clay bodies have
no preferential orientation, indicating weak anisotropfy.may exhibit strong anisotropy
due to thdayered feature of clay on top of the carbonate minefalgural images of UBS
and LBS sampleseveal that clay and kerogen are laminated along the bedding plane.

1 Stressdependent measurementd& comprehensive study of stresand direction
dependent of various rock properties were performed to examinethrggdnechanisms
that lead to anisotropic rock deformation. To this end, | measured porosity and permeability
using CMS300, and multidirectional ultrasonic velocity usithg improved model of the
core jacketThe pressure steps of the measurements&MPa, 6.9 MPa, 10.3 MPa, 13.8

MPa, 17.2 MPa, 20.7 MPa, 24.1 MPa, and 27.6 MiPde pore pressure was not applied.
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6.12 PressureDependent Elastic Anisotropy: A Bakken Petroleum System Case Study
(Chapter 3)

1 The experimental data of rock physical strdependent measurements coupled with
multi-scale visualization can improve the characterization of elastic and petrophysical
properties of BPS rocks

1 The multidirectional ultrasonic velocity measurement techniguea single coréhas
several advantage&) simplifying experimental preparatiorib) reducingmeasurement
time, () increasingcore sample availability, andd)( reducing the uncertainty of
measurement caused tmck heterogeneity

1 Porosity. The measurementsf LBS and TF samples show a monatodecline when
confining stress is increase@n the other handhe porosity for LLP, UBS, and MB
sampleshows a sharp decline.

1 Permeability The most considerablpermeability reductioroccurs for LLP, UBS, and
MB, possibly related to the closuremfcrofractures and pore throatpon increasing the
confining stress

1 Velocity: The measurements bEP, MB, and TF samples showed low stress dependency,
weak anisotropy, and lack of hysteresis between loading and unloading cycles. On the
other handthevelocity UBS and LBS samples atess sensitive and highly anisotropic.

T Anisotropy: UBS and LBS sampl edronglkrélatedi t hi
to thin bed laminations angreferred orientationfalay, kerogen, and microcracks.

1 Volumetic concentration and spatial distributiohcompliant components, such @ay,
kerogen,and microcracks, play a significant role in dictating stress dependehecgck

physical properties
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6.13 A Novel Anisotropy Template for an Improved Interpretation of Elastic Anisotropy
Data (Chapter 4)

1 The newly developed anisotropy template can be used to understand the causal
mechanisms for anisotropy and assessotropicelastic moduli evolution due to changes
in stress.

1 Effective medium models were useddonstruct the template: (8ackus averaging to
model layefinduced anisotropy ar({®) Hudson's crack model scount focrackinduced
anisotropy.

1 Role of texture on elastic stiffness: For isotropic rocks, such as Berea, the increase of
confining stresgeads to an equaise of elastic stiffness in andU directions.TI rocks,
such as UBS and LB&xperience more significant deformatiorthe U direction than the
- direction. Consequently, whethe hydrostatic loads applied, thel elastic stiffness
increases faster than that adirection.

1 High sensitivity to stressf elastic properties attributed to the closure of microcracks and

the compression of layered kerogen and clay that are oriented parallel to the bedding plane.

6.14 Field and Laboratory Data Interpretation using the Anisotropy Template (Chapter 5)

1 Plotting tensorialelastic moduli on the anisotropy template can help assess the crack
density anccomposition of compliant components of the rock

1 Ciidatais ofterunavailable from wellogs or seismic, despite its importance in describing
transverse isotropy (TI) symmetry of rocks and enhancing seismic imaging. With the
anisotropy template, the range ofi@as obtained whendg; Cs4, and Ge were available

by using rock physics modeladempirical correlation
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T

Rock physics models: The effective medium models used to construct the anisotropy
template were Backus averaging and linear slip theory. Based on the elastic moduli of UBS
and LBS samples plotted on thev@ve anisotropy templateyo constraining parameters
were obtained: (a) the crack density that ranges from 0 to 14% and (b) the composition of
the compliant components that ranges from 79 to 92%. As a result, the prediattb€

of the field datas from 32 to 43.4 GPa.

Empircal correlation: The empirical correlation betwean &hdother elastic moduli&ss,

Cas, and Ge) of the core datavas obtained using multivariate linear regressitire R

value of the correlation is 0.91, indicating a strong relationskipveen @ and other

elastic moduliThe predicted & range of the field data is from 36 to 44 GPa.

Applying the anisotropy template chalpnarrow the range afnknown elastic properties,
determine the appropriate matrix model, detect the presenceeddingparallel

microcracks, and improve horizontal stress calculations.

6.2 Recommendations

The results and analysis presented in this thesis posed new quiestiondthe scope of

this researchlherefore, recommendations to expand this studglavern below.

T

| suggest addingcoustic transducers on the core jackedther angles of measurement

for example at the 30° and 60° angleCapturing more velocity measurements in the
oblique direction can provide a comprehensive anisotcbpyacterization of the rock

To investigate the driving mechanisms of anisotropy and directional rock deformation
based on measured rock property dagforming the joint measurement of ultrasonic
velocity and complex conductivity using the improvedegaicket under in situ conditions

is recommendedHowever this thesis did not analyze complex conductivity resdite to
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thepartial saturation of the core samples. To achieve reliable results, the rock samples must
be fully saturated. Note that the bagj challenge is to achieve full saturation of the tight
organicrich mudrocks.

Suppose the anisotropic acoustic measurements of the fully saturated cores were
successful. In that casé is beneficial to examine the accuracy of the anisotropic
Gassmannlfiid substitution by comparing the lab data to the model.

More investigation on static measurements can be helpful for better comprehertb®n of
anisotropic elastic properties @fl rocks. | recommendneasuringstrain changes at
multiple angles under smiated reservoir stresses. From here, directional static Young's
modulus andPoisson's ratio can be obtained

The multiphysics laboratory measurements can be expanded to perfaimuydaneous
permeability, static/dynamic, and electrical conductivity sseamentsising the Autolab
1500and (b)a CT scanperformedsimultaneously with the acoustic measurement, both
under increased confining stress.

The research value can be improved for the anisotropy templatefwoelanalysis of &

and Thomsen's amiopy delta is included. & and delta areritical parameters for
assessing anisotropgmplitude versus offset analysisnd the prediction of minimum
horizontal stress.

The developed anisotropy template for Bakken shalethignthesisuses an isotropi
compliant end member. However, this may not always be the case, especially with aligned
clay minerals, which in and of themselves have anisotropic properties. Therefore, |
recommend constructing a template using anisotropic end membemdsent Tl roks

better
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1 The anisotropy templateight providemore significanbenefisif other physical property
models were implemented. For example, reservoir engimeergock physicistsnight
benefit moreif the templateutilizes directional permeabilityor complex conductivity
models

1 For this research to be of greater utility to the practitioners, | recommend applying other
effective medium models that uBeid-filled pores.

1 Itis also beneficial to extend the applicationtw# fanisotropy template by analyzing field
and core datasefrom other major unconventional formations, such as the Marcellus,

Haynesville, Eagle Ford, Niobrara, etc.
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APPENDIX A

ANISOTROPICULTRASONICVELOCITY MEASUREMENT RESULTS

This appendixshows theP- and Swave velocityof the core samples from the Bakken
Petroleum Systeras functionof pressure andirection.
TableA.1: The Ve and Vs measurements with respect to the confining pressujeofRhe £10

Lodgepole core sampleThe measurement is taken at parallel to bedding 45°, and
perpendicular to beddindJ direction

Pc Ve Vpd5 VpU Vs~ Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (kmis) (kmis) (kmis)
0.1
07 613 607 6.06 332 327 327
17 615 604 608 333 33 328
34 613 601 604 333 33 327
52 616 605 605 333 331 327
69 616 606 604 333 33 327
103 6.2 6.06 607 335 327 327
13.8 614 605 6.08 333 331 3.27
172 619 6.06 6.07 334 332 3.28
207 618 607 606 335 332 3.29
L1 241 616 606 606 335 333 328
276 617 606 606 334 333 3.29
Lodgepole

241 614 605 604 334 333 329
207 6.18 6.07 6.05 334 332 329
172 618 6.03 6.04 335 332 329
138 6.17 6.04 6.05 334 332 328
103 6.19 6.06 6.04 335 328 3.27
6.9 6.17 605 6.03 334 331 327
5.2 6.13 604 603 334 331 326
3.4 6.11 603 6.04 334 331 327
1.7 6.13 6.04 605 333 329 3.26
0.7 6.13 6 6.01 332 329 3.2
0.1
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Table A2: The W and Vs measurements with respect to the confining pressujeofRhe 126
Lodgepole core sample. The measurement is taken at parallel to bedfing5{, and
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
010 542 404 366 330 278 259
0.7 544 421 366 331 28 262
17 546 418 368 33 28 263
34 546 418 368 33 281 264
5.2
69 547 43 375 333 284 266
103 549 432 38 333 285 266
13.8 548 436 387 336 286 268
172 549 442 391 337 287 27
207 549 448 4 338 287 27
Log 241 551 449 402 339 287 271
276 552 453 41 339 288 273
Lodgepole

241 548 4.39 397 3.32 2.86 99

20.7 548 4.36 392 331 2.87 2.7
172 547 435 387 331 2.87 2.7
13.8 547 432 3.85 3.3 2.86 2.68
103 546  4.27 382 3.29 2.85 2.67
6.9 546  4.17 3.72 3.3 2.85 2.66
5.2 546 4.14 3.7 3.3 284  2.66
3.4 548 4.08 364 331 2.83 2.65
1.7 543 4.05 3.58 3.3 2.81 2.63
0.7 548  3.98 3.55 3.32 2.8 2.62
0.1 543  3.96 3.46  3.28 2.79 2.59
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Table A.3: The ¥ and \5 measurements with respect to the confining pressuj)eoffthe 21
Lodgepole core sample. The measurement is taken at parallel to bedfing5{, and
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)

01 542 49 4 313 306 2.7

07 542 481 398 316 307 268

17 545 483 404 316 307 27

34 547 489 414 317 308 271

52 547 486 415 3.18 308 272

69 549 484 419 318 309 274

103 551 491 422 318 31 277

138 551 493 427 319 312 274

172 551 501 436 32 313 275

207 553 504 442 321 315 279

- 241 555 504 449 321 316 28

276 557 507 452 322 316 283
Lodgepole

241 553 509 447 321 3.16 2.82
207 553 506 444 321 3.16 2.81
172 551 504 444 3.2 3.15 2.8
138 551 496 435 3.8 3.13 2.77
103 549 491 429 3.18 3.13 2.75
6.9 5.47 4.9 424  3.16 3.11 2.74
5.2 549 489 419 3.16 3.11 2.72
3.4 544 484 414 3.16 3.1 2.71
1.7 545 481 3.98 3.16 3.08 2.69
0.7 545 4.78 3.89 3.16 3.08 2.67
0.1
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Table A4: The Wb and Vs measurements with respect to the confining pressujeofRhe 2-11
Lodgepole core sample The measurement is taken at parallel to bedding 45°, and
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
01 551 549 328 3.3

07 598 562 557 328 314 3.04

17 6 576 56 331 318 3.16

34 602 576 565 332 322 317

52 601 579 574 331 32 3.8

6.9 6 58 576 329 322 32

103 6 587 58 33 324 323

138 6.02 589 586 331 325 3.24

172 604 596 592 331 327 3.26

207 6.07 596 595 331 327 325

.1y 241 607 598 6 332 329 327

Lodgepole 276 609 6 6 334 329 328

241 606 6 6 333 33 328

20.7 6.08 5.97 597 3.33 3.29 3.28
172 6.06 5.95 595 3.32 3.28 3.27
138 6.06 5.86 586 3.32 3.27 3.26
10.3 6.06 5.9 5.9 3.3 3.26 3.27
6.9 6 5.86 5.71 3.3 3.23 3.27
5.2 6.03 5381 5.56 3.29 3.23 3.27
3.4 6.05 5381 5.6 3.29 3.22 3.24
1.7 6.05 5.68 549  3.27 3.19 3.19
0.7 599 5.62 547 324 313 3.16
0.1
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Table A.5: The ¥ and \s measurements with respect to the confining pressugjeoffhe 215
Upper Bakken Shale core sample. Tingasurement is taken at parallel to bedding4s°, and
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
0.1
07 452 2.68
17 453 32 274 269
34 455 344 29 273 235 1093
52 458 358 309 274 238 195
69 461 363 317 275 239 197
103 462 371 326 276 241 2
13.8 465 375 331 277 242 202
172 465 377 333 278 243 202
20.7 466 379 336 279 243 202
lﬁzr 241 466 381 338 2.8 244 203
G276 47 383 339 281 244 204
chale 241 467 382 339 28 245 202

20.7 467 381 3.37 244  2.02
172 464 381 3.35 2.79 244  2.03
13.8 4.65 3.8 3.34 2.78 2.43 2.01
103 464 3.78 3.33 2.77 2.42 2.02
6.9 463 3.75 3.32 2.77 241 2
5.2 461 3.72 3.3 2.76 2.41 2
3.4 4.6 3.71 3.26 2.76 2.39 1.99
1.7 452 3.36 274 273

0.7

0.1
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Table A.6: The ¥ and \k measurements with respect to the confining pressujeofRhe 244
Middle Bakken core sample. The measurement is takgrarailel to bedding (, 45°, and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 487 437 9999 3.07 2.9 2.98
0.7
1.7 491 457 432 306 294 297
3.4 491 457 432 306 295 298
5.2 4.91 4.6 434 306 294 299
6.9 491 459 434 306 295 299
103 493 463 438 3.06 296 3.01
138 496 466 443 3.07 297 3.01
172 488 453 4.5 3.06 293 297
20.7 5 473 452 3.09 299 3.05
2-44 241 501 475 454 3.09 297 303
Middle 276 504 477 459 311 3.01 3.06
Bakken 241 503 477 457 311 3.01 3.05
20.7 5.01 478 456 3.1 3 3.03
172 501 473 453 3.09 3 3.02
138 498 472 444 3.08 299 3.01
103 496 468 443 3.07 297 3.01
6.9 494 464 438 3.07 296 3
5.2 492 462 434 306 295 299
3.4 4.91 4.6 4.3 3.07 295 2098
1.7 491 459 426 306 294 297
0.7 4.9 456 423 3.06 294 296
0.1 491 454 424 3.07 292 295

Sample
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Table A.7: The ¥ and Vs measurements with respect to the confining pressujeofRhe 248
Middle Bakken core sample. The measurement is taken at parallel to beddid®°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 4.1 403 3.15 3 256  2.03
0.7 495 411 376 302 276 207
1.7 495 433 372 303 279 208
3.4 99 443 381 3.05 279 2.1
5.2 497 445 401 3.02 2.8 2.11
6.9 497 444 4.1 3.01 283 213
10.3 499 447 412 3 285 2.16
138 501 459 414 301 288 218
17.2 5.03 4.6 425 3.03 2.89 2.2
20.7 5.15 4.6 427 305 292 222
2-48 24.1 5.14 4.6 438 307 295 221
Middle 276 516 461 441 3.09 297 223
Bakken 241 518 464 439 308 296 2.23
20.7 517 461 428 3.07 293 222
172 515 461 426 3.04 291 222
13.8 511 459 4.2 3.03 2.9 2.2
10.3 5.07 455 416 3.02 287 219
6.9 502 451 415 3.02 283 215
5.2 501 449 403 301 281 213
3.4 496 445 398 3.01 2.8 2.11
1.7 493 437 397 301 277 209
0.7 494 431 3.86 3 276  2.07
0.1

Sample
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Table A.8: The ¥ and Vs measurements with respect to the confining pressujeofRhe 252
Middle Bakken core sample. The measurement is taken at parallel to beddid®°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 5.05 5 4.72 3.03 3.01
0.7 507 503 476 305 314 3.02
1.7 508 504 478 305 315 3.01
3.4 5.1 505 479 3.09 316 3.02
5.2 511 504 477 3.1 3.17 3.04
6.9 5.12 504 483 311 3.17 3.05
10.3 514 5.06 4.8 3.14 319 3.06
138 515 508 483 3.16 3.2 3.08
17.2 5.16 5.1 487 3.18 3.2 3.1
20.7 517 512 489 3.19 3.2 3.11
2-52 241 518 514 491 319 322 312
Middle 27.6 5.2 517 493 319 322 313
Bakken 241 519 516 4.92 3.2 3.22 311
207 519 513 491 319 322 311
17.2 5.8 5.1 489 319 321 3.1
138 516 508 486 3.18 319 3.08
103 515 508 483 316 319 3.06
6.9 514 505 482 314 3.18 3.05
5.2 5.14 504 478 312 317 3.04
3.4 513 503 474 311 317 3.04
1.7 513 501 4.73 3.1 3.16 3.03
0.7 508 499 473 309 317 3.03
0.1

Sample
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Table A.9: The ¥ and Vs measurements with respect to the confining pressujeofRhe 268
Middle Bakken core sample. The measurement is taken at parallel to beddid&°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 5.03 4.8 461 303 299 3.02
0.7 507 485 464 304 3.01 3.03
1.7 508 486 464 3.04 3.01 3.04
3.4 505 489 466 3.05 3.02 3.04
5.2 507 488 468 3.05 3.02 3.04
6.9 505 489 471 306 3.03 3.06
103 5.08 491 471 3.06 3.04 3.07
138 507 494 475 3.08 3.05 3.07
17.2 5.1 498 4.79 3.1 3.07 3.09
20.7 5.11 5 479 311 3.08 3.1
2-68 241 5.4 483 3.3 3.11
Middle 276 517 507 486 314 311 3.12
Bakken 241 516 5.03 483 3.12 3.1 3.11
20.7 5.14 5 482 312 3.09 311
172 514 498 479 311 3.09 3.1
138 511 497 477 3.09 3.07 3.09
103 5,09 494 474 3.08 3.06 3.08
6.9 505 492 469 3.07 3.04 3.06
5.2 5.02 4.9 468 3.06 3.04 3.06
3.4 503 489 467 3.05 3.03 3.05
1.7 5 487 465 3.04 3.02 3.04
0.7 485 466 3.04 3.02 3.03
0.1 494 483 461 303 298 3.02

Sample
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Table A.10: The ¥ and \s measurements with respect to the confining pressujeotRhe 277
Middle Bakken core sample. The measurement is taken at parallel to beddid®°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 5.05 4.85 4.6 3.07 3.06 3.07
0.7 505 488 463 3.09 3.07 3.07
1.7 507 489 463 3.09 3.07 3.08
3.4 5.08 4.9 4.65 3.1 3.07 3.08
5.2 5.09 4.9 466 311 3.07 3.09
6.9 509 491 466 3.11 3.07 3.1
10.3 5.1 493 467 313 3.09 311
13.8 512 494 4.7 3.13 3.09 3.13
172 513 495 472 3.13 3.1 3.13
20.7 514 497 475 314 311 3.14
2-77 24.1 516 499 477 315 311 314
Middle 276 518 501 482 317 312 3.15
Bakken 241 518 5.02 4.8 3.15 312 315
20.7 516 501 479 315 311 3.13
17.2 5.16 5 475 314 3.1 3.13
138 515 498 474 3.13 3.1 3.12
103 512 495 471 312 3.09 3.12
6.9 5.12 4.93 4.7 3.11 308 311
5.2 511 492 468 311 3.07 3.1
3.4 5.09 4.9 465 311  3.07 3.1
1.7 5.09 4.9 4.63 3.1 3.07 3.1
0.7 5.09 4.9 465 3.09 3.06 3.09
0.1 502 487 455 3.07 3.04 3.06

Sample
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Table A.11: The ¥and s measurements with respect to the confining pressyje{fhe 281A
Lower Bakken Shale core sample. The measurement is taken at parallel to begdigg, @nd
perpendicular to beddingdJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
0.1 2.6
07 353 263 221 226 167
17 411 279 246 254 198 1.72
3.4 416 284 262 256 212 187
52 417 318 282 258 217 194
69 419 321 292 258 219 195
103 421 333 305 259 222 1.99
13.8 422 338 307 259 223 201
172 425 343 312 26 223 202
207 426 35 322 261 226 204
Efv&eAr 241 427 351 323 261 226 205
Soan 276 428 353 327 262 228 207
chale 241 428 354 328 261 227 207

207 425 353 3.26 2.61 2.27 2.06
172 425 351 3.23 2.61 2.26 2.05
13.8 424 3.49 3.21 2.6 2.25 2.04
103 421  3.47 3.19 2.59 224 204
6.9 422 344  3.17 2.58 2.23 2.02
5.2 422  3.43 3.18 2.58 2.23 2.02
3.4 421 341 3.16 2.56 2.22 2
1.7 4.07 264 248 2.52 2.13 1.89
0.7 3.67 2.59 2.21 1.85

0.1
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Table A.12: The ¥ and \s measurements with respect to the confining pressujeotRhe 285
Lower Bakken Shale core sample. The measurement is taken at paradidtitog (), 45°, and
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
0.1 2.12 1.52
07 267 32 225 263 161
17 381 324 22 264 197 168
34 419 327 258 265 22 175
52 423 33 275 266 229 1091
6.9 424 335 292 266 232 2
103 428 342 313 269 236 2.09
13.8 352 316 271 241 22
172 43 356 324 271 243 223
207 432 366 33 273 247 225
LZO'V?’Z 241 434 367 335 275 246 227
Bocan 276 433 369 339 275 247 228
chale 241 431 369 337 275 246 2.27

20.7 4.3 3.66 334 274 246 2.27
172 432 3.63 3.32 274 245 2.26
138 431 3.6 3.25 2.72 2.43 2.24
103 428 3.53 3.18 2.71 2.41 2.2
6.9 428  3.48 3.11 2.68 2.36 2.08
5.2 423  3.42 3.08 2.67 234 2.02
3.4 419 334 296 2.66 2.3 191
1.7 3.83 3.29 2.8 2.64 2.1 1.7
0.7

0.1
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Table A.13: The ¥ and \s measurements with respect to the confining pressujeotRhe 296
Lower Bakken Shale core sample. The measurement is tabanatiel to bedding (, 45°, and
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
01 389 245 201
0.7 404 248 205 259 181 167
17 408 259 232 266 203 1.82
34 413 292 25 268 222 186
52 414 305 276 268 23 192
69 415 316 283 269 232 197
103 417 328 295 271 236 205
13.8 418 337 307 272 238 211
172 419 344 318 274 239 221
20.7 422 35 324 274 244 224
Lzo-v?/gr 241 425 358 331 274 247 2.26
Boan 276 426 359 334 275 248 228
chale 241 426 357 332 274 246 2.27

20.7 423 353 3.3 274 244  2.27
172 424 351 3.26 274 245 2.24
13.8 422 349 3.23 2.73 2.43 2.23
103 421 344 3.15 2.73 2.41 2.22
6.9 4.2 3.38 3.04 271 2.37 2.07
5.2 418 3.29 2.95 2.7 2.36 2.02
3.4 416  3.22 2.81 2.68 2.29 1.92
1.7 409 3.19 2.73 2.68 2.05 1.81
0.7

0.1
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Table A.14: The ¥and \s measurements with respect to the confining pressyje{fhe 2105
Lower Bakken Shale core sample. The measurement is taken at parallel to begdigg, @nd
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
0.1
0.7
17 417 304 277 25 192 17
34 421 307 28 253 213 192
52 421 32 286 254 22 199
69 421 329 293 255 224 205
10.3 424 338 304 256 229 2.08
13.8 424 351 324 257 231 211
172 424 358 331 257 234 213
20.7 427 365 343 257 237 217
Eoﬁ_’r 241 428 367 345 258 238 2.18
Sokan 276 428 369 347 258 239 22
chale 241 428 367 347 258 239 219

20.7 427  3.67 3.46 2.58 2.37 2.17
172 427 3.65 3.44 257 2.37 2.15
138 426 3.64 342 2.56 2.36 2.14
103 427 3.62 3.41 255 2.36 2.12
6.9 425 3.59 3.4 254 235 2.09
5.2 425  3.57 3.38 254 235 2.08
3.4 425 3.55 3.35 254 219 2
1.7

0.7

0.1
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Table A.15: The ¥and \s measurements with respect to the confining pressyje{fhe 2110
Three Forks core sample. The measurement is taken at parallel to beddiddp°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 4.91 3.5 299 3.06 2.3 2.05
0.7 499 353 3.03 307 238 2.2
1.7 5 361 304 3.08 248 221
3.4 501 368 3.08 309 251 225
5.2 500 371 3.09 309 255 226
6.9 499 374 3.1 3.09 257 227
103 497 377 312 3.09 259 229
13.8 5 379 315 3.09 259 231
172 501 384 318 3.09 259 232
20.7 5 385 319 3.09 261 233
2-110 241 501 388 322 309 261 234
Three 276 502 392 323 3.1 262 2.36
Forks 24.1  5.02 3.9 3.23 3.1 261 235
20.7 501 388 322 3.09 2.6 2.35
172 501 384 319 3.09 2.6 2.34
13.8 5.01 3.8 3.15 3.09 2.6 2.33
103 499 376 311 3.09 257 233
6.9 5 3.72 3.1 3.08 255 229
5.2 5 371 309 308 253 229
3.4 5 364 309 308 251 224
1.7 501 362 3.04 308 249 223
0.7 496 359 3.04 307 238 2.1
0.1

Sample

127



Table A.16: The ¥and \s measurements with respect to the confining pressyje{fhe 2114
Three Forks core sample. The measurement is taken at parallel to beddiddp°( and
perpendicular to beddindJ) direction.

Pc Vp- Ved5 VeU Vs Vs45 VsU

Sample  \ibay (kmis) (kmis) (kmis) (km/s) (kmis) (kmis)
0.1
07 504 3.93 313 274 2.09
17 504 3.94 313 278 2.28

3.4 5.06 3.99 397 3.12 2.85 2.42
5.2 507 404 402 3.13 2.86 2.45
6.9 506 409 403 3.13 2.9 2.47
103 509 415 403 3.13 2.93 2.52
13.8 5.1 418 4.07 3.12 2.92 2.54
172 512 4.26 4.1 3.12 2.93 2.56
207 512 432 416  3.13 2.95 2.59

2-114 241 514 439 419 3.13 294 262

Three 276 515 442 426 314 296 2.62

Forks 241 514 439 421 314 296 2.62
207 514 437 418 3.13 2.95 2.61
172 513 433 415 3.12 2.95 2.6
138 511 428 409 3.12 294 257
10.3 5.1 428 408 311 2.92 2.54
6.9 508 423 405 311 291 2.47
5.2 506 416 404 311 2.9 2.42
3.4 5.04 4.09 399 311 2.89 2.4
1.7 5.02 404 392 3.1 2.87 2.37
0.7 499 4.02 3.98 3.08 2.86 2.24
0.1
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Table A.17: The ¥and \s measurements with respect to the confining pressgje{fhe 2117
Three Forks core sample. The measurement is taken at parallel to beddiddp°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 482 472 446  3.07 2.9 2.88
0.7 4.83 4.7 447 3.08 2.89 2.9
1.7 485 464 441 308 291 292
3.4 486 466 443 3.08 291 292
5.2 486 467 443 3.08 291 292
6.9 488 467 445 308 292 292
10.3 488 467 447 3.08 292 292
13.8 4.88 4.7 445 3.08 292 294
17.2 4.9 4.7 448 3.09 293 2093
20.7 491 471 448 3.1 294 293
2-117 24.1 491 472 451 3.1 294 294
Three 276 492 472 453 311 294 295
Forks 24.1 493 472 451 3.1 294 294
20.7 4.9 4.72 4.5 3.09 294 294
17.2 4.9 472 449 3.08 293 294
13.8 4.9 4.7 447 3.07 294 293
103 488 469 446 3.07 293 2093
6.9 488 468 446 3.07 293 292
5.2 486 466 444 307 293 292
3.4 487 466 442 307 293 292
1.7 487 466 442 307 292 291
0.7 486 463 448 307 292 291
0.1

Sample
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Table A.18: The ¥and \s measurements with respect to the confining pressyje{fhe 2120
Three Forks core sample. The measurement is taken at parallel to beddiddp°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 488  4.37 299 3.01 276
0.7 488 4.27 4.1 299 292 275
1.7 4.91 4.3 412 301 294 276
3.4 4.93 4.3 412 302 295 276
5.2 493 431 414 304 295 276
6.9 495 434 416 3.06 296 279
103 499 434 425 3.07 298 279
13.8 5.03 438 4.27 3.1 299 282
172 509 441 428 311 302 286
20.7 5.17  4.47 4.4 3.14 3.03 2.89
2-120 24.1 517 449 443 314 3.05 289
Three 276 519 452 443 317 3.07 2.9
Forks 24.1 519 451 443 317 3.06 292
20.7 517 451 441 316 3.05 2.9
17.2 517 447 4.4 3.15 3.05 2.89
13.8 513 443 4.3 3.13 3.03 287
10.3 5.09 4.4 426 311 3.01 285
6.9 501 4.34 4.2 3.09 298 282
5.2 499 432 412 306 296 2.8
3.4 495 431 413 305 296 278
1.7 488 4.25 4.1 3.03 294 276
0.7 488 4.24 4.1 3.01 292 274
0.1

Sample
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Table A.19: The ¥and \s measurements with respect to the confining pressgje{fhe 2129
Three Forks core sample. The measurement is taken at parallel to beddiddp°( and
perpendicular to beddindJ) direction.

Pc Ve Vpd5 VpU Vs~ Vs45 VsU
(MPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
0.1 5.22 455 3.15 3 2.74
0.7 525 458 451 322 3.03 275
1.7 525 4.56 4.5 322 304 274
3.4 5.27 4.6 451 323 3.03 274
5.2 5.29 4.6 451 322 3.04 275
6.9 5.3 4.6 453 323 3.05 275
10.3 5.3 461 453 324 306 276
138 531 463 455 325 3.06 277
172 533 464 455 325 3.07 277
20.7 533 464 455 326 3.08 277
2-129 241 537 468 456 326 3.08 278
Three 27.6  5.35 4.7 456 326 3.09 279
Forks 24.1 534 468 4.6 326 3.09 278
207 535 468 456 326 3.09 278
172 535 466 456 326 3.08 277
138 532 463 455 326 3.07 276
103 532 461 453 324 306 276
6.9 5.3 4.6 451 324 3.05 276
5.2 529 458 451 324 3.04 275
3.4 528 458 451 323 3.03 275
1.7 525 455 451 323 3.01 274
0.7 5.24 455 4.5 3.21 3 2.73
0.1

Sample

131



APPENDIXB

POROSITY AND PERMEABILITYMEASUREMENT RESULTS

This appendix shows thaorosity and permeabilitgf the core samples from the Bakken
Petroleum System asfunction of pressureThe measurement was performed using Gloee
Measurement System (CM&0).

TableB.1: Theporosity and permeabilityneasurements with respect to the confining pressure
(Pc) of theBakken Petroleum System as a function of pressure

Pc Porosity Permeaility
(MPa) (%) (mD)
3.4 0.96 3.91E04
6.9 0.51 1.05E04
10.3
1-10 13.8
Lodgepole 17.2
20.7
24.1
27.6
3.4 0.97 1.54E03
6.9
10.3
1-26 13.8
Lodgepole 17.2
20.7
24.1
27.6
3.4 0.81 5.53E04
6.9 0.59 1.86E04
10.3
2-1 13.8
Lodgepole 17.2
20.7
24.1
27.6
Continued on the next page
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Table B.1: Continued.

Pc Porosity Permeability

Sample wmpay (%) (mD)
3.4 1.08 8.27E03
6.9 1.02 3.78E03
10.3 0.97 2.69E03
2-11 13.8 0.92 2.20E03
Lodgepole 17.2 0.90 1.92E03
20.7 0.87 2.23E03
24.1 0.84 1.97E03
27.6 0.81 1.73E03
3.4 1.33 1.94E03
6.9 1.10 4.96E04
2-15 10.3 0.93 1.9604
Upper 13.8 0.54 8.81E05
Bakken 17.2
Shale 20.7
24.1
27.6
3.4 6.39 1.30E02
6.9 6.27 6.51E03
.44 10.3 6.13 4.35E03
Middle 13.8 6.11 3.66E03
Bakken 17.2 6.03 3.40E03
20.7 5.91 3.10E03
24.1 5.87 4.23E03
27.6 5.83 2.80E03
3.4 7.35 1.42E+00
6.9 6.98 6.41E01
.48 10.3 6.88 5.02E01
Middle 13.8 6.82 4.46E01
Bakken 17.2 6.76 3.73E01
20.7 6.71 2.13E01
24.1 6.72 1.83E01
27.6 6.69 1.03E01

Continued on the next page
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Table B.1: Continued.

Pc Porosity Permeability

Sample  (vpa) (%) (mD)
34 2.72 7.65E04
6.9 2.27 2.08E04
.52 10.3 1.78 9.31E05
Middle 13.8 1.26 5.45E05
Bakken 17.2 0.61 3.80E05
20.7 0.17 3.01E05
24.1
27.6
34 4.65 1.01E03
6.9 3.97 2.51E04
.68 10.3 3.40 1.25E04
Middle 13.8 2.77 9.04E05
Bakken 17.2 2.29 7.01E05
20.7 1.86 6.10E05
24.1 1.62 5.32E05
27.6 1.34 4.74E05
34 5.29 1.78E03
6.9 4.78 49904
.7, 103 398  267E04
Middle 13.8 3.62 1.84E04
Bakken 17.2 3.31 1.30Ee04
20.7 2.78 1.17E04
24.1 2.50 8.98E05
27.6 2.25 6.53E05
3.4 0.69 2.25E02
6.9 0.58 1.09E02
2-81A 10.3 0.60 7.65E03
Upper 13.8 0.56 4.54E03
Bakken 17.2 0.56 3.11E03
Shale 20.7 0.52 1.92E03
24.1 0.41 1.21E03
27.6 0.31 7.17E04

Continued on the next page
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Table B.1: Continued.

Pc Porosity Permeability

Sample  mpa) (%) (mD)
34 3.60 1.70E01
69  3.02 1.03E01
285 103  2.82 3.04E02
Lower 138 271 4.70E02
Bakken 172 261 1.60E02
Shale 207  2.46 1.15E02
241 236 8.49E03
276 221 6.65E03
34 687  4.19E+00
69 632 2. 71E+00
103 6.17 1.64E+00
%‘hlé‘é 138 611 1.18E+00
LS 172 6.05 8.58E01
207 601 5.41E01
241 597 5.40E01
276 5095 4.35E01
34 722 4.28E03
69  7.28 1.59E03
103 727 1.08E03
%‘hlrlez 138 7.19 8.67E04
LS 172 692 5.20E04
207  6.56 4.43E04
241  6.48 3.83E04
276  6.45 3.44E04
34 7.32 3.56E03
69  7.37 1.80E03
103 7.33 1.34E03
%#rzeg 138  7.20 1.13E03
e 172 707 1.01E03
207 711 1.28E03
241  7.04 1.23E03
276  7.10 1.17E03

Continued on the next page
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TableB.1: Continued.

Pc Porosity Permeability

Sample  \vipay (%) (mD)
34 203 2.18E03
69 275 9.67E04
103  2.58 6.07E04
%‘hlrii 13.8  2.49 4.36E04
Lee 172 2.29 2.85E04
207  2.05 2.02E04
241 171 1.45E04
276  1.50 1.08E04
34 4.90 8 56E+01
69 476 8.70E+01
103 4.73 7 42E+01
%’hlrzege 13.8 4.72 6.45E+01
Lse 172 456 6.06E+01

20.7 4.46 5.78E+01
24.1 4.36 5.41E+01
27.6 4.37 4.75E+01
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APPENDIXC

MINERALOGY

This appendix shows thmaineralogyof the core samples from the Bakken Petroleum System. The measurement was performed

using the Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCaNjesy of Rocky Mountain Imaging

TableC.1: Themineral composition (vol%0)f thecore samples from tigakken Petroleum Syste; i s t he bul k
Sample | Qz Afs Pl Ms GIt KIn It Chl I/IS Cal Dol Ank Ap Py Anh HI Rt TOC
Lodgepole
1-10 28 93 12 16 0.0 00 00O 05 02 03 8.3 09 04 00 0.2 00 01 01 00
1-14 144 138 11.2 0.1 0.7 0.0 103 0.7 112 293 35 26 00 14 03 0.2 0.2 0.0
1-26 2.7 144 132 103 0.1 08 0.0 83 06 93 369 20 1.7 0.0 16 03 0.2 0.2 0.0

21 27 17.2 150 11.3 00 0.7 00 64 04 55 386 19 17 02 07 02 0.0 0.1 0.0
211 25 51 39 14 00 00 00 10 00 00 767 74 36 00 0.7 0.1 0.0 0.0 0.0
UpperBakken Shale

2-15 2.3 165 27.3 186 0.0 0.7 0.0 3.7 02 25 00 51 12 02 53 0.0 0.0 0.1 184
2-19 13.8 274 146 00 05 00 52 03 35 52 54 18 04 15 0.0 0.0 0.1 204
Middle Bakken

2-44 25 305 11.7 60 0.1 04 01 43 07 19 92 285 46 0.1 09 0.0 0.7 03 0.0
2-48 25 399 124 65 0.1 03 01 43 05 23 6.2 199 37 01 1.0 0.0 25 0.2 0.0
2-52 26 243 63 40 00 02 00 16 02 07 538 61 10 0.1 06 0.1 0.7 01 0.0
2-68 26 326 103 63 0.1 02 0.1 32 05 1.7 293 111 19 0.1 20 0.1 0.3 0.2 0.0
2-77 2.6 332 119 69 0.1 05 00 24 05 19 286 90 21 00 20 0.1 0.6 0.2 0.0

Continued to the next page
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TableC.1: Continued.

Sample } Qz Afs Pl Ms Glt Kin It Chl I/S Cal Dol Ank Ap Py Anh HI Rt TOC

Lower BakkenShale

2-81 26.1 23.7 146 00 05 0.0 42 02 22 03 23 04 02 37 00 03 0.2 210
2-81-A 2.3 27.4 237 145 0.0 0.7 00 43 02 18 04 28 05 0.2 43 00 05 0.1 185
2-85 2.3 356 16.5 10.2 0.0 0.7 0O 46 00O 121 14 75 13 01 28 0.0 0.2 01 17.7
296 2.3 53.1 139 75 00 02 00 34 00 10 02 16 02 01 1.7 0.0 05 0.1 164
2-105 2.3 46.0 154 89 00 03 00 42 00 11 02 18 03 0.1 19 0.0 05 0.1 193
2-107 2.3 144 304 145 0.0 04 00 48 03 38 00 43 06 03 45 00 1.0 0.2 20.6

Three Foks

2-110 2.5 145 34.7 13.7 0.2 0.2 00 188 04 47 00 50 08 00 16 00 0.1 0.2 51
2-114 2.6 13.7 189 86 0.1 03 0.1 141 11 55 06 332 29 0.1 0.7 00 0.0 0.2 0.0
2-117 25 116 196 84 0.1 06 00 188 15 46 11 289 29 0.1 15 0.0 0.1 0.2 0.0
2-120 2.6 134 119 64 01 05 00 46 07 29 06 524 52 01 06 00 04 01 0.0
2-126 202 49 13 00 0.0 0.0 03 00 00 0.1 679 51 01 0.1 0.0 00 0.1 0.
2-129 2.7 128 16.7 74 03 05 01 145 16 28 06 355 36 0.1 23 00 0.8 0.2 0.0

Note: Qz, Afs, PI, Ms, Glt, Kin, IIt, Chl, I/S, Cal, Dol, Ank, Ap, Py, Anh, HI, Rt, and TOC stand forzjadiali feldspar, plagioclase
muscovite, glauconite, kaolinite, illite, chlorite, interstratified illite/smectite, caldamite, ankerite, apatite, pyrite, anhydrite, hal
rutile, and total organic content, respectively.
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APPENDIXD

ANISOTROPY TEMPLATE MATLAB CODE

This appendixcontainsMatlab codesfor the construction ofhe anisotropy templat&he
Matlab codes include the master cod€ijj_base function, hudsondry functidst function, and

backusavg function.

D.1 Master code

% Written by Gama Firdaus 01/10/2021
% Edited by Gama Firdaus 02/22/2023

% Thisisa  master code to construct the Anisotropy Template, by using the
% combination of Backus averaging and Hudson crack model or Linear Slip Theory (LST)

% The major steps are as follows:

% Step 1. Create Stiff end member and Compliant end member. The user may choose
% the composition of each end member and the method to mix the minerals.

% Step 2. Calculate Cij of the background medium (base case).

% Step 3. Apply Effective Medium Model: Hudson or LST or others

% Step 4. Apply Backus averaging

% Step 5. Gen erate Plot of the Anisotropy Template

% Step 6. Plot data on the generated Anisotropy Template

%% Step 1. Create Stiff end member and Compliant end member. Here, | use VRH to do

%he mineral mixing.

% The user may use any other mineral mixing technique (e.g., Voigt, Reuss,

% Hashin- Strikman)

clc, close all ,clear all

% rhoc, density of compliant r ock (g/cc)

% rhos, density of stiff rock (g/cc)

% vpcO or vscO, compressional or shear velocity in BEDDING - PARALLEL direction, for
%eompliant rock (km/s)

% vpc90 or vsc90, compressional or shear velocity in BEDDING - PERPENDICULAR
%lirection, for compl iant rock (km/s)

% vpsO0 or vss0O, compressional or shear velocity in BEDDING - PARALLEL direction, for
Ustiff rock (km/s)

% vps90 or vss90, compressional or shear velocity in BEDDING - PERPENDICULAR
%lirection, for stiff rock (km/s)

%enter mineral composit  ion below
ca=0.38; dol=0.02; gz=0.6; %composition
cl=0.8; k=0.2; %composition

if catdol+qz ~=1
msg = 'stiff end member composition not equal to 1' ;
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error(msg)

end

if cl+k~=1
msg = ‘compliant end member composition not equal to 1' ;
error(msg)

end

%calculations

rho_ca=2.71; rho_dol=2.87; rho_qz=2.65; rho_cl=2.58; rho_k=1.5;
K_ca=76.8; K_dol=94.9; K_gz=37; K_cl=18; K_k=5;

G_ca=32; G_dol=45; G_gz=44; G_cl=12; G_k=3.5;

rhos = (rho_ca*ca + rho_dol*dol + rho_qz*qz); %stiff end member
rhoc = (rho_cl*cl + rho_k*k); %compliant end member

% velocity inverted from K and G

vp_ca=6.64; vp_dol=7.35; vp_qz=6.01; vp_cl=3.63; vp_k=2.54;

vs_ca=3.44; vs_dol=3.96; vs_qz=4.07; vs_cl=2.16 ; vs_k=1.53;

vpcO = (1/(clivp_cl+kivp_k)+(cl*vp_cl+k*vp_k))/2; %km/s VRH method

vpc45 = vpcO;

vpc90 = vpcO;

vscO = (1/(clivs_cl+kivs_K)+(cl*vs_cl+k*vs_Kk))/2; %km/s VRH method

vsc90 = vscO;

vpsO0 = (1/(calvp_ca+dol/vp_dol+gz/vp_qgz)+(ca*vp_ca+dol*vp_dol+ qz*vp_qgz))/2; %km/s VRH
% method

vps45 =vps0;  %km/s

vps90 = vps0' %km/s

vssO = (1/(calvs_ca+dol/vs_dol+qz/vs_qz)+(ca*vs_ca+dol*vs_dol+qz*vs_qz))/2; %km/s VRH
% method

vss90 =vss0;  %km/s

%% Step 2. Calculate Cij of the end members.

[Clicbase, Cllsbase, C33cbase, C33sbase, C66cbase, C66sbase, C44cbase, C44sbase,
C13cbase, Cl3sbase] = Cij_base (rhoc, rhos, vpc0, vpca5, vpc90, vps0, vps4s, vps9o,
vscO0, vsc90, vss0, vss90); % see Cij_base function in Appendix D.2

%% Step 3. Apply Effective Medium Model. Here you can choose to use Hudson Crack
%\Model or Linear Slip Theory. Or any other effective medium models

% Run this section of the code to use only Hudson Crack Model (2nd order correction).

%n Hudson, we add cra  cks on end members (uncracked medium) only. If the user wants

%o apply Linear Slip Theory, then disregard this section. Run the section below

%nstead (Step 3 for Linear slip %heory).

lamc=rhoc*(vpc0"2 - 2*vsc0”2); lams=rhos*(vps0"2 - 2*vss072);  %see Hudson (1981)
muc=rhoc*vsc0”"2; mus=rhos*vss0"2; %see Hudson (1981)

porcr = 0.002; %crack porosity

ar = [0.02 0.009 0.006 0.0035]; %aspect ratio. based on the literature, the smallest

%r that we can use is 0.0028, even for the Hudson 2nd correction. If we use sm aller

%r, the Cij effective will be higher, which physically does not make sense. This is

%he limitation of Hudson

%these ar values correspond to crack density = [0 0.03 0.07 0.011 0.14]

[Clic, C11s, C33c, C33s, C66¢, C66s, Cd4c, C44s, C13c, C13s] = huds ondry
(rhoc,rhos,lamc,lams,muc,mus,ar,porcr,C1l1cbase,C1l1sbase,C33cbase,C33sbase,C66cbase,C6
6sbase,C44cbase,C44sbase,C13cbase,C13sbase); % see hudsondry function in Appendix D.3
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%% Step 3. Apply Effective Medium Model. Here you can choose to use Hudson or Linear
YBlip Theory. Or any other effective medium models

% Run this section of the code to use Linear slip theory. For this model, compliance

%f inclusions is added into the end members

% Use linear slip theory to add compliance to the end members only. If the user wants

%o apply Hudson crack model, then disregard this section. Run the section in Step 3

%udson.

cd =[00.03 0.07 0.011 0.14]" % cd, crack density. these cd values can be set
Yarbitrarily by the user
[C11cDD,C33cDbD,C11sDD,C33sDD,C66cDD,C66sDD,C44cDD,C44sDD,C13cDD,C13sDD] = Ist
(cd,rhoc,rhos, vpcO, vpsO0, vscO, vss0); % see Ist function in Appendix D. 4

%% Step 4. Backus averaging. Use this code to mix end members that con tain cracks (if
%ou choose Hudson) or that contains compliant inclusions (if you choose DDM)

% turn on below to activate backus when using hudson. Both Hudson and LST can be
%urned on at the same time (to show model lines for both at the same time). Check
%he outputs in the Workspace in Matlab

% [Clleff, C33eff, C66eff, C44eff, C13eff, rhoeff] = backusavg (rhoc, rhos, Cllc,
Cl1s, C33c, C33s, C66¢c, C66s, C44c, C44s, C13c, C13s);

% turn o n below to activate backus when using DDM. Both Hudson and LST can be turned

%on at

% the same time (to show model lines for both at the same time). Check the outputs in

the Workspace in Matlab

[Clieffdd, C33effdd, C66effdd, C44effdd, C13effdd, rhoeff] = b ackusavg (rhoc, rhos,
C11cDD, C11sDD, C33cDD, C33sDD, C66cDD, C66sDD, C44cDD, C44sDD, C13cDD, C13sDD);
% see backusavg function in Appendix D.5

%% Step 5. Plot Anisotropy Template for S - wave elastic moduli. This include the
%emplate itself (the curves), the isotropy line (diagonaly line), and the anisotropy
%ines

figure()
h = axes( 'FontSize' ,18, 'FontName' , Times New Roman' );
for i=1:numel(C66cDD) %i is the variability of the crack density. i=1 is for the end
%mnember medium.
%i=2 is for the first crack density number.etc. You can also change C66c to other
Yvariable.
%for example, C66eff or C66effDD, or other. Change to C6 6c for Hudson.
%C66¢cDD for DDM. If the matrix size of C66¢ and C66¢DD is the same,
%then it doesn't matter what you use.

% turn on below to show hudson lines. You can turn one or the other, or turn

% on both
% plot(C66eff(:,i),C44eff(:,i), ' -k','LineWidth',1.5)
% hold on

% turn on below to show LST lines. You can turn one or the other, or turn

% on both
plot(C66effdd(:,i),C44effdd(:,i), '-K', 'LineWidth' 1)
hold on
%creating lines to connect 0%, 25%, 50%, 75%, 100% between each curve (each
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%curve is represented by different crack density)

if (i+1)<(numel(C66cDD)+1) %Change to C66c¢ for Hudson. C66¢DD for LST. If the
%natrix size of C66¢ and C66¢DD is the same,

%then it doesn't matter what you use.

% turn on below  to show Hudson lines

%  Al(i,:)=[C66eff(1,i) C66eff(1,i+1)]; %C|| points, stiff 100% - compliant 0%
%  A2(i,:)=[C44eff(1,i) C44eff(1,i+1)]; %Cperp points, stiff 100% - compliant 0%
% BI(i,:)=[C66eff(26,i) C66eff(26,i+1)]; %C|| points, stiff 75% - compliant 25%
%  B2(i,:)=[C44eff(26,i) C44eff(26,i+1)]; %Cperp points, stiff 75% - compliant 25%
%  CI1(i,:)=[C66eff(51,i) C66eff(51,i+1)]; %C]| points, stiff 50% - compliant 50%
% C2(i,:)=[C44eff(51,i) C44eff(51,i+1)]; %Cperp points, stiff 50% - compliant 50%
% D1(i,:)=[C66eff(76,i)) C66eff(76,i+1)]; %C|| points, stiff 25% - compliant 75%
% D2(i,:)=[C44eff(76,i) C44eff(76,i+1)]; %Cperp points, stiff 25% - compliant 75%
% E1(i,:)=[C66eff(101,i) C66eff(101,i+1)]; %C|| points, stiff 0% - compliant 100%
% E2(i,:)=[C44eff(101,i) C44eff(101,i+1)]; %Cperp points, stiff 0% - compliant
%4.00%
% line(ALl(i,:),A2(i,:),'Color','’k','LineStyle",’ -','LineWidth',1.5) %connecting
%he line, stiff 100% - compliant 0%
% | ine(B1(i,:),B2(i,}),'Color''k','LineStyle",’ - ''LineWidth',1.5) %connecting
%he line, stiff 75% - compliant 25%
% line(C1(i,:),C2(i,}),'Color','’k','LineStyle',’ - ''LineWidth',1.5) %connecting
%he line, stiff 50% - compliant 50%
% line(D1(i,:),D2 (i,),'Color','k','LineStyle',’ -','LineWidth',1.5) %connecting
%he line, stiff 25% - compliant 75%
% line(EL(i,:),E2(i,}),'Color''K','LineStyle', - ''LineWidth',1.5) %connecting
%he line, stiff 0% - compliant 100%
% end

%  turn on bel ow to show LST lines

AAL(i,:)=[C66effdd(1,i) C66effdd(1,i+1)]; %C]|| points, stiff 100% - compliant 0%

AA2(i,:)=[C44effdd(1,i) C44effdd(1,i+1)]; %Cperp points, stiff 100% - compliant
%0%

BB1(i,:)=[C66effdd(26,i) C66effdd(26,i+1)]; %C]|| points, s tiff 75% - compliant
%25%

BB2(i,:)=[C44effdd(26,i) C44effdd(26,i+1)]; %Cperp points, stiff 75% - compliant
%25%

CCA1(i,:)=[C66effdd(51,i) C66effdd(51,i+1)]; %C]|| points, stiff 50% - compliant
Y%50%

CC2(i,:)=[C44effdd(51,i)) C44effdd(51,i+1)]; %Cpep points, stiff 50% - compliant
Y%50%

DD1(i,:)=[C66effdd(76,i) C66effdd(76,i+1)]; %C]|| points, stiff 25% - compliant
%'5%

DD2(i,:)=[C44effdd(76,i) C44effdd(76,i+1)]; %Cperp points, stiff 25% - compliant
%5%

EE1(i,:)=[C66effdd(101,i) C66effdd(1 01,i+1)]; %C]|| points, stiff 0% - compliant
9%4.00%

EE2(i,:)=[C44effdd(101,i) C44effdd(101,i+1)]; %Cperp points, stiff 0% - compliant
%4.00%

line(AAL(i,)),AA2(i,), 'Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %connecting
%he line, stiff 100% - compliant 0%

line(BB1(i,:),BB2(i,:), '‘Color' ,'k' ,'LineStyle’ ,'-','LineWidth' ,0.3) %connecting
%he line, stiff 75% - compliant 25%

line(CC1(i,:),CC2(i,:), 'Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %connecting
%he line, stiff 50% - compliant 50%
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line(DD1(i,:),DD2(i,:), 'Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %connecting

%he line, stiff 25% - compliant 75%

line(EEL1(i,)),EE2(i,"), '‘Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %connecting
%he line, stiff 0% - compliant 100%

end
end

%plotting isotropy line

x = [0 120];

y = [0 120];

line(x,y, 'Color' ,'red" ,'LineStyle’ ,'-")

%plot anisotropy lines (S - wave Thomsen anisotropy, gamma)

y= x/1.2; line(x,y, '‘Color' ,'b' ,'LineStyle’ ,'--") %gamma=10%

y=x/1.4; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %gamma=20%

y=x/1.6; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %gamma=30%

y= x/1.8; line(x,y, '‘Color' ,'b" ,'LineStyle’ ,'--") %gamma=40%

y= x/2; line(x,y, 'Color' ,'b" ,'LineStyle’ ,'--") %gamma=50%

y=x/2.2; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %gamma=60%

y=x/2.4; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--') %gamma=70%

y=X/2.6; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %gamma=80%

y= x/2.8; line(x,y, '‘Color' ,'b' ,'LineStyle’ ,'--") %gamma=80%

xlabel( 'C_{||} (GPa)' , 'FontWeight' , 'bold" , 'FontSize' ,20, 'FontName', 'Times New Roman' )
ylabel( 'C_{ \ perp} (GPa)' ,'FontWeight' ,'bold" ,'FontSize' ,20, 'FontName', 'Times New
Roman)

set(h, 'LineWidth' ,2, 'TickLength' ,[0.02 0.025], 'FontSize' ,18, 'FontName' , 'Times New
Roman)

set(gcf, 'Position’ ,[80 80 620 620])

axis([050 0 50])

box on

pbaspect([1 1 1])

hold on

%% Step 5. Plot Anisotropy Template for P - wave elastic moduli. This include the
%template itself (the curves), the isotorpy line (diagonaly line), and the anisotropy
%lines

figure()
h = axes( 'FontSize' ,18, 'FontName' , Times New Roman' );
for i=1:numel(C11cDD) %i is the variability of the crack density. i=1 is for the end
%member medium.
%i=2 is for the first crack density number.etc. You can also change C1l1c to other
Y%variable.
%for example, C11eff or C11effDD , or other. Change to C11c for Hudson.
%C11cDD for LST. If the matrix size of C11c and C11cDD is the same,
%then it doesn't matter what you use.

% turn on below to show Hudson lines
% plot(C66eff(:,i),C44eff(:,i), - k','LineWwidth',1.5)
% hold on

% turn on below to show LST lines
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plot(C11effdd(:,i),C33effdd(:,i), '-K', 'Linewidth* ,1)
hold on

%creating lines to connect 0%, 25%, 50%, 75%, 100% between each curve (each
%curve is represented by different crack density)

if (i+1)<(humel(C11cDD)+1) %Change to Cllc for Hudson. C11cDD for LST. If the
%matrix size of C11c and C11cDD is the same,

%then it doesn't matter what you use.

% turn on below to show Hudson lines

% Al(i,:)=[C1l1eff(1,i) C1leff(1,i+1)]; %C]|| points, stiff 100% - compliant 0%

%  A2(i,:)=[C33eff(1,i) C33eff(1,i+1)]; %Cperp points, stiff 100% - compliant 0%
%  B1(i,:)=[Cl1eff(26,i) Cl1eff(26,i+1)]; %C|| points, stiff 75% - compliant 25%
% B2( i,))=[C33eff(26,i) C33eff(26,i+1)]; %Cperp points, stiff 75% - compliant 25%
% C1(i,:)=[Cl1leff(51,i) C1leff(51,i+1)]; %C|| points, stiff 50% - compliant 50%
%  C2(i,:)=[C33eff(51,i) C33eff(51,i+1)]; %Cperp points, stiff 50% - compliant 50%
% DI1( i,:)=[Clleff(76,i) C11leff(76,i+1)]; %C]|| points, stiff 25% - compliant 75%
% D2(i,:)=[C33eff(76,i) C33eff(76,i+1)]; %Cperp points, stiff 25% - compliant 75%
% E1(i,:)=[C11eff(101,i) C11eff(101,i+1)]; %C]|| points, stiff 0% - compliant 100%
% E2( i,:)=[C33eff(101,i) C33eff(101,i+1)]; %Cperp points, stiff 0% - compliant
%100%

%

% line(Al(i,:),A2(i,:),'Color','’k','LineStyle",’ -','LineWidth',1.5) %connecting

%the line, stiff 100% - compliant 0%

% line(B1(i,:),B2(i,:),'Color','k',’ LineStyle',' - ''LineWidth',1.5) %connecting

%the line, stiff 75% - compliant 25%

% line(C1(i,:),C2(i,}),'Color','’k','LineStyle',’ - ' 'LineWidth',1.5) %connecting

%the line, stiff 50% - compliant 50%

% line(D1(i,:),D2(i,:),'Color','’k','LineStyle’,' -' 'LineWidth',1.5) %connecting

%the line, stiff 25% - compliant 75%

% line(EL(i,:),E2(i,:),'Color''K','LineStyle', - ' 'LineWidth',1.5) %connecting

%the line, stiff 0% - compliant 100%

% end

%  turn on below to show LST lines

AAL(i,’)=[C 11effdd(1,i) Clieffdd(1,i+1)]; %C]|| points, stiff 100% - compliant 0%

AA2(i,:)=[C33effdd(1,i) C33effdd(1,i+1)]; %Cperp points, stiff 100% - compliant
%0%

BB1(i,:)=[C11effdd(26,i) C11leffdd(26,i+1)]; %C]|| points, stiff 75% - compliant
%25%

BB2(i,:)=[C33effdd(26,i) C33effdd(26,i+1)]; %Cperp points, stiff 75% - compliant
%25%

CC1(i,:)=[C11effdd(51,i)) Clleffdd(51,i+1)]; %C]|| points, stiff 50% - compliant
%50%

CC2(i,:)=[C33effdd(51,i) C33effdd(51,i+1)]; %Cperp points, stiff 50% - compliant
%50%

DD1(i,:)=[C11effdd(76,i) C11effdd(76,i+1)]; %C]|| points, stiff 25% - compliant
%75%

DD2(i,:)=[C33effdd(76,i) C33effdd(76,i+1)]; %Cperp points, stiff 25% - conpliant
%75%

EE1(i,:)=[C1leffdd(101,i) C11leffdd(101,i+1)]; %C]|| points, stiff 0% - compliant
%100%

EE2(i,:)=[C33effdd(101,i) C33effdd(101,i+1)]; %Cperp points, stiff 0% - compliant
%100%
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line(AAL(i,)),AA2(i,), 'Color' ,'k' ,'LineStyle’ ,'-','LineWi dth' ,0.3) %connecting

%the line, stiff 100% - compliant 0%

line(BB1(i,:),BB2(i,:), '‘Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %connecting
%the line, stiff 75% - compliant 25%

line(CC1(i,:),CC2(i,:), 'Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %comecting
%the line, stiff 50% - compliant 50%

line(DD1(i,:),DD2(i,:), '‘Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %connecting
%the line, stiff 25% - compliant 75%

line(EEL(i,:),EE2(i,), 'Color' ,'k' ,'LineStyle' ,'-','LineWidth' ,0.3) %connecting
%the line, stiff 0% - compliant 100%

end
end

%plotting isotropy line

x = [0 120];

y = [0 120];

line(x,y, 'Color' ,'red" ,'LineStyle’ ,'-")

% plot anisotropy lines (P - wave Thomsen anisotropy, epsilon)

y=x/1.2; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--") %epsilon=10%

y=x/1.4; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %epsilon=20%

y=x/1.6; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %epsilon=30%

y= x/1.8; line(x,y, '‘Color' ,'b' ,'LineStyle’ ,'--") %epsilon=40%

y= x/2; line(x,y, 'Color' ,'b' ,'LineStyle’ ,'--") %epsilon=50%

y=x/2.2; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %epsilon=60%

y=x/2.4; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--"') %epsilon=70%

y=X/2.6; line(x,y, ‘Color' ,'b' ,'LineStyle’ ,'--") %epsilon=80%

y= x/2.8; line(x,y, '‘Color' ,'b' ,'LineStyle’ ,'--") %epsilon=90%

xlabel( 'C_{||} (GPa)' , 'FontWeight' , 'bold" , 'FontSize' ,20, 'FontName' , 'Times New Roman' )
ylabel( 'C { \perp} (GPa)'" ,'FontWeight ,'bold' ,'FontSize' ,20, 'FontName' , 'Times New
Roman)

set(h, ‘'Linewidth" ,2, 'TickLength' ,[0.02 0.025], 'FontSize' ,18, 'FontName' , 'Times New
Roman)

set(gcf, 'Position' ,[80 80 620 620])
axis([0 120 0 120])

box on

pbaspect([1 1 1])

hold on

%% Step 6. Plot elastic moduli data on the generated anisotropy template . Below is an
%example of plotting P - wave elastic stiffnesses from Lower Bakken Shale cores onto

%he P - wave anisotropy template

Cl1LBS core = [41.538, 43.1745, 40.2042, 41.3003];
C33LBS_core = [24.3255, 25.1934, 23.6994, 26.6493];

scatter(C11LBS_core(:,:),C33LBS_core(:,:), filled' , 'sk' , 'Linewidth' ,1, 'MarkerEdgeColo
r,'flatt )
% see Appendix D. 6 for the generated P - wave anisotropy template along with elastic

%stiffnesses from the LBS cores
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D.2 Cij_base function

function [Cllcbase, Cllsbase, C33cbase, C33shase, C66cbase, C66sbase, C44chase,
C44sbase, C13cbase, C13sbase] = Cij_base (rhoc, rhos, vpc0, vpc45, vpc90, vpsO,
vps45, vps90, vscO, vsc90, vssO, vss90)

% Written by Gama Firdaus, 12/8/2020

% Edited by Gama Firdaus 02/22/2023

% This function calculates the Cij base, for the end member, an uncracked/unfractured
%isotropic rock.

% The calculation is using the calculated Vp, Vs, and density from mineral

% mixing

% There are two end members, which are "c" and "s". ¢ stands for compliant rock. s

%stands for stiff rock

% The assumed co nstituent of ¢c and s rock will affect its vp, vs, and density

% values

% Inputs:

% rhoc, density of compliant rock (g/cc)

% rhos, density of stiff rock (g/cc)

% vpcO or vscO, compressional or shear velocity in bedding parallel direction, for
%compliant rock (km/s)

% vpc45, compressional velocity in 45deg direction (km/s)

% vpc90 or vscO, compressional or shear velocity in bedding perpendicular
%direction, for compliant rock (km/s)

% vpsO0 or vssO, compressional or shear velocity in bedding paral lel direction, for
%stiff rock (km/s)

% vps45, shear velocity in 45deg direction (km/s)

% vps90 or vss90, compressional or shear velocity in bedding perpendicular
%direction, for stiff rock (km/s)

% Outputs:

% C1llcbase or Cllsbase, compressional stif fness tensor in bedding parallel
%(direction, for uncracked compliant or stiff rock (GPa)

% C33cbase or C33shase, compressional stiffness tensor in bedding perpendicular
%direction, for uncrackedcompliant or stiff rock (GPa)

% Cb66cbase or C66shase, she  ar stiffness tensor in bedding parallel direction, for ¢
%uncrackedompliant or stiff rock (GPa)

% Cd4cbase or C44sbase, shear stiffness tensor in bedding perpendicular direction,
%for uncrackedcompliant or stiff rock (GPa)

% C1l3cbase or C13shase, stif fness tensor in 1 - 3 direction, for uncracked compliant
%or stiff rock (GPa)

for i=l:numel(vpcO)  %iis the pressure steps, if available
%step 1: calculate C stiffness coefficients for all confining pressures, if available

Clilcbase(i,:) = rhoc*vpcO(i,:)2; Cllsbase(i,:) = rhos*vps0(i,:)"2;

C33cbase(i,:) = rhoc*vpc90(i,:)"2; C33sbase(i,:) = rhos*vps90(i,:)"2;

C66cbase(i,:) = rhoc*vsc0(i,:)"2; C66sbase(i,:) = rhos*vss0(i,:)"2;

C44cbase(i,:) = rhoc*vsc90(i,:)*2; C44sbase(i,:) = rhos*vss90(i,:)"2;

C13cbase(i,)) = - C44cbase(i,’)+s  grt((4*rhoc”2*vpca5(i,:)"4) -
(2*rhoc*vpcd5(i,:)*2*(Clicbase(i,:)+C33cbase(i,:)+2*C44cbase(i,:)))+(Cllcbase(i,:)+C4
4cbase(i,:))*(C33cbase(i,:)+C44cbase(i,:)));

Cl3sbhase(i,)) = - C44sbase(i,:)+sqrt((4*rhos*2*vps45(i,:)"4) -
(2*rhos*vps45(i,:)*2*(C1l1sbase(i,: )+C33sbase(i,:)+2*C44sbase(i,:)))+(Cllsbase(i,:)+C4
4sbase(i,:))*(C33sbase(i,:)+C44sbase(i,:)));
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end

end

D.3 Hudsondry function

function [Cllc, Cl1s, C33c, C33s, C66¢c, C66s, C44c, C44s, C13c, C13s] = hudsondry
(rhoc,rhos,lamc,lams,muc,mus,ar,porcr,C11cbas e,Cllsbase,C33cbase,C33sbase,C66chase,C6
6sbase,C44cbase,C44shase,C13chase,C13sbase)

% Written by Gama Firdaus, 12/8/2020

% Edited by Gama Firdaus 02/22/2023

% This function calculates teh effective elastic stiffness, Cij, for cracked rock

% (rock with i nclusions) for dry cracks,

% using Hudson (1981) 1st and 2nd order inclusion theory valid for small crack
%density and aspect ratios.

% Assumes a single crack set with all normals aligned along 1 or 3 - axis.
% The cracks or inclusions in the rock are added to the host rock only (the

% uncracked "c" or "s" isotropic rock, or the end members. See function: Cij_base),
%causing Cij with inclusions to be lower with respect to Cij base.

% c is compliant. s is stiff.

% See also function: Cij_base

% Inputs:

% ar, aspect ratio of inclusions

% porcr, crack porosity

% lamc and lams, lambda for "c" and "s" rock. Equation in Hudson (1981)

% muc and mus, mu for "c" and "s" rock. Equation in Hudson (1981)

% see function: Cij_base for other inputs

% Outputs:

% Cllc or Cl1ls, compressional stiffness tensor in bedding parallel direction, for
%compliant or stiff rock (GPa)

% C33c or C33s, compressional stiffness tensor in bedding perpendicular direction,
%for compliant or stiff rock (GPa)

% C66c 0 r C66s, shear stiffness tensor in bedding parallel direction, for compliant
%or stiff rock (GPa)

% C44c or C44s, shear stiffness tensor in bedding perpendicular direction, for
%compliant or stiff rock (GPa)

% C13c or C13s, stiffness tensor in 1 - 3 direc tion, for compliant or stiff rock
% (GPa)

% example: C1l1c(1,) is the Cl1lc of the host (uncracked rock). C11c(2,:) is the
C11c of rock with inclusions of small aspect ratio

u3c=4/3.*(lamc+2.*muc)./(lamc+muc); u3s=4/3.*(lams+2.*mus)./(lams+mus);
ulc=16/3.*(lamc+2.*muc)./(3.*lamc+4.*muc); uls=16/3.*(lams+2.*mus)./(3.*lams+4.*mus);

%Allocating Cijbase in Cij(k,:)

Cllc(1,:))=Clicbase(1,:); C11s(1,:)=Cllshase(1,:); C33c(1,:)=C33cbase(1,));
C33s(1,:)=C33shase(1,:);

C66¢c(1,:)=C66cbase(1,:); C66s(1 ,-)=C66sbase(1,:); C44c(1,:)=C44cbase(1,});
C44s(1,:)=C44sbase(1,:);

C13c(1,:)=C13cbhase(1,:); C13s(1,:)=C13sbase(1,:);
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for k=l:numel(ar) %K is the aspect ratio. as k increases, we change the aspect ratio
cd(k,:)=3*porcr/(4*pi()*ar(k,:)); %crack de nsity Equation in Hudson (1981),
%lenoted as small epsilon

%21st order correction

Clicone(k,:)= -lamc.”2.*cd(k,1).*u3c./muc; Cllsone(k,:)= -
lams.”2.*cd(k,1).*u3s./mus;

C13cone(k,:)= -lamc.*(lamc+2.*muc).*cd(k,1).*u3c./muc; C13sone(k,:)= -
lams.*(lams+2.*mus).*cd(k,1).*u3s./mus;

C33cone(k,:)= - (lamc+2.*muc).”2.*cd(k,1).*u3c./muc; C33sone(k,:)= -
(lams+2.*mus).”2.*cd(k,1).*u3s./mus;

C44cone(k,:)= - muc.*cd(k,1).*ulc; C 44sone(k,:)= - mus.*cd(k,1).*uls;

C66cone(k,:)=0; C66sone(k,:)=0;

%2nd order correction
gc=(15*lamc.*2./(muc.”2))+(15*lamc./muc)+28;

gs=(15*lams.”2./(mus.”2))+(15*lams./mus)+28;
Clictwo(k,:)=qc.*(lamc.”2).*((cd(k,1).*u3c).”2)./(15.*(lamc+2.*muc) );

Clistwo(k,:)=gs.*(lams.*2).*((cd(k,1).*u3s).n2)./(15.*(lams+2.*mus));
C13ctwo(k,:)=qc.*lamc.*((cd(k,1).*u3c)."2)./15;

C13stwo(k,:)=gs.*lams.*((cd(k,1).*u3s).*2)./15;
C33ctwo(k,:)=qc.*(lamc+2.*muc).*((cd(k,1).*u3c).”2)./15;

C33stwo(k,:)=gs.*(lams  +2.*mus).*((cd(k,1).*u3s).”2)./15;
C44ctwo(k,:)=2.*muc.*(3.*lamc+8.*muc).*((cd(k,1).*ulc).*2)./(15.*(lamc+2.*muc));

C4a4stwo(k,:)=2.*mus.*(3.*lams+8.*mus).*((cd(k,1).*uls).”2)./(15.*(lams+2.*mus));
C66ctwo(k,:)=0; Ce6stwo(k,:)=0;

%Cij effecti  ve = Cij base + Cij 1st correction + Cij 2nd correction. the
%correction is always added from the base rock (Cij base)
Clic(k+1,:)=Clicbase(1,:)+Cllcone(k,:)+Cl1ictwo(k,:);
C11s(k+1,:)=Cl1lsbase(l,:)+Cllsone(k,:)+Cllistwo(k,:);
C33c(k+1,:)=C33chase(1,:)+C33cone(k,:)+C33ctwo(k,:);
C33s(k+1,:)=C33sbase(1,:)+C33sone(k,:)+C33stwo(k,:);
C66¢c(k+1,:)=C66cbase(1,:)+C66con  e(k,:)+C66ctwo(k,:);
C66s(k+1,:)=C66sbase(1,:)+C66sone(k,:)+C66stwo(k,:);
C44c(k+1,:)=C44cbase(1,:)+C4d4cone(k,:)+C4a4ctwo(k,:);
C44s(k+1,:)=C44sbase(1,:)+C4a4sone(k,:)+C44stwo(k,:);
C13c(k+1,:)=C13cbase(1,:)+C13cone(k,:)+C13ctwo(k,:);
C13s(k+1,:) =C13sbase(1,:)+C13sone(k,:)+C13stwo(k,:);
end
end

D.4 Lst function

function [C11cDD,C33cDD,C11sDD,C33sDD,C66cDD,C66sDD,C44cDD,C44sDD,C13cDD,C13sDD] =
Ist (cd,rhoc,rhos, vpcO0, vps0, vscO, vss0)

% Written by Gama Firdaus, 12/9/2020

% Edited by Gama Firdaus 02/22/2023

% This function calculates effective Cij using Linear Slip Theory (LST).

% following Liu et al (2000): "Equivalent medium representation of
% fractured rock".
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% Cracks are modeled following Model 1: Fracture Modeled as a Planar

% Dist ribution of Small Isolated Areas of Slip or Cracks,

% for higher order (2nd order).

% LST uses Compliance to model cracks. However, the equations here

% are already inverted to stiffness (Cij), and the variables are similar to

% that in Hudson (1981).

% IMPORTANT NOTE. In Liu et al (2000), C33 and C44 is bedding parallel, and C11 and
%C66 are bedding perpendicular. This convention is the opposite to what we have in
%this code.

% See outputs below for details

% See also function:

% Inputs:

% cd,crac k density

% rhoc, density of compliant rock (g/cc)

% rhos, density of stiff rock (g/cc)

% vpcO or vscO, compressional or shear velocity in bedding parallel direction, for
%eompliant rock (km/s)

% vpc90 or vscO, compressional or shear velocity in b edding perpendicular
%lirection, for compliant rock (km/s)

% vpsO or vssO, compressional or shear velocity in bedding parallel direction, for
stiff rock (km/s)

% vps90 or vss90, compressional or shear velocity in bedding perpendicular
%lirection, for stiff rock (km/s)

% see function: Cij_base for other inputs

% Outputs:

% C11cDD or C11sDD, compressional stiffness tensor in bedding parallel direction,
%or compliant or stiff rock (GPa)

% C33cDD or C33sDD, compressional stiffness tensor in bedding perpendicular
%lirection, for compliant or stiff rock (GPa)

% C66¢cDD or C66sDD, shear stiffness tensor in bedding parallel direction, for
%eompliant or stiff rock (GPa)

% C44cDD or C44sDD, shear stiffness tensor in bedding perpendicular direction, for
%eompliant or stiff rock (GPa)

% C13cDD or C13sDD, stiffness tensor in 1 - 3 direction, for compliant or stiff rock
% (GPa)
% example: C11cDD(1,)) is the effective C11c of the host (uncracke d rock).

%211cDD(2,:) is the effective C11c of rock with cracks of small aspect ratio

% porcr = 0.002; %crack porosity

cdc = ¢d./0.5; %cdc is NOT crack density (cd). It is cdc = epsilon ¢ = (gamma_c X

%c”2) see Liu et al (2000) the paragraph above eqn 1 8a. Decreasing cdc corresponds
%o increasing level of clustering of cracks in a fracture plane. Here we assume

%c/Hf=0.5. and ac/Hf=cd/cdc. this means that the mean space between frac planes is

%wice the radius of the crack

%Hf is the mean space between frac planes. If Hf is smaller, then we will

%have more cracks in a unit volume. Therefore, we are increasing cra ck

%density.

lamc=rhoc*(vpc0"2 - 2*vsc0”2); lams=rhos*(vps0"2 - 2*vss0”2); % lamc and lams, lambda

%or "c" and "s" rock. Equation in Hudson (1981)

muc=rhoc*vsc0”2; mus=rhos*vss0"2; % muc and mus, mu for "c" and "s" rock. Equation

%n Hudson (1981)

u3c=4/3. *(lamc+2.*muc)./(lamc+muc); u3s=4/3.*(lams+2.*mus)./(lams+mus); %see Hudson
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% (1981) or Cheng (1992)
ulc=16/3.*(lamc+2.*muc)./(3.*lamc+4.*muc); uls=16/3.*(lams+2.*mus)./(3.*lams+4.*mus);
%see Hudson (1981) or Cheng (1992)

for k=1:numel(cd)

atc(k,:) = ulc.*(1+(cdc(k,:))."1.5.*ulc.*pi()./4.%(3 - 2.*vsc0./2./vpc0./2)); %Liu
%t al 2000 eq 14a

ats(k,:) = uls.*(1+(cdc(k,:)).*1.5.*uls.*pi()./4.*(3 - 2.*vss0.12./vps0.42)); %Liu
%t al 2000 eq 14a

anc(k,:) = u3c.*(1+(cdc(k,:)).*1.5.*u3c.*pi().*(1 - vsc0./2./vpc0.72)); %Liu et al
%2000 eq 14b

Ans(k,:) = u3s.*(1+(cdc(k,:)). 1.5.*u3s.*pi().*(1 -vss0.42./vps0./2)); %Liu et al
%2000 eq 14b. A in Ans is capital to avoid conflict with the word "ans" in matlab

ATc(k,:) =
atc(k,:)./(1+3.*pi()./16 *cdce(k,:).*0.1.*atc(k,:).*((3.*lamc+4.*muc)./(lamc+2.*muc)))
; %Liu et al 2000 eq 16b

ATs(k,:) =

ats(k,:)./(1+3.*pi()./16.*cdc(k,:).*0.1.*ats(k,:).*((3.*lams+4.*mus)./(lams+2.*mus)))
;  %Lliu et al 2000 eq 16b

ANc(Kk,)) =
anc(k,))./(1+3.*pi()./4.*cdc(k,:).*0.1.*anc(k,:).*((lamc+muc)./(lamc+2.*muc))); %Liu
%t al 2000 eq 16a

ANs(Kk,)) =
Ans(k,:)./(1+3.*pi()./4.*cdc(k,:).*0.1.*Ans(k,:).*((lams+mus)./(lams+2.*mus))); %Liu

%t al 2000 eq 16a

%Cij effective calculated to the 2nd order. Substituting U11 and U33 with A'T and
%A'N (see Liu et al 2000, the paragrpah right above eq 18a)

C33cDD(k,:) = (lamc+2.*muc)./(1+(lamc+2.*muc)./muc.*cd(k,:).*ANc(k,:)); %Liu et
%l 2000 eq 18a

C33sDD(k,:) = (lams+2.*mus)./(1+(lams+2.*mus)./mus.*cd(k,:).*ANs(K,:)); %Liu et
%l 2000 eq 18a

C11cDD(k,) =

((lamc+2.*muc)+4.*(lamc+muc).*cd(k,:).*ANc(k,:))/(1+(lamc+2.*muc)./muc.*cd(k,:).*ANc(
k,:)); %Liu et al 2000 eq 18b

C11sDD(k,}) =
((lams+2.*mus)+4.*  (lams+mus).*cd(k,:).*ANs(k,:))/(1+(lams+2.*mus)./mus.*cd(k,:).*ANs(
K,)); %Liu et al 2000 eq 18b

C22cDD(k,:) = C11cDD(k,:); C22sDD(k,:) = C11sDD(k,:);

C13cDD(k,:) = lamc./(1+(lamc+2.*muc)./muc.*cd(k,:).*ANc(K,:)); %Liu et al 2000 eq
%8c

C13sDIk,:) = lams./(1+(lams+2.*mus)./mus.*cd(k,:).*ANs(K,:)); %Liu et al 2000 eq
%48c

C44cDD(k,)) = muc./(1+cd(k,:).*ATc(k,:)); %Liu et al 2000 eq 18e

C44sDD(k,:) = mus./(1+cd(k,:).*ATs(k,:)); %Liu et al 2000 eq 18e

C66¢cDD(k,:) = muc; %see Liueta 12000 in the paragraph equation right below 18e
C66sDD(k,:) = mus; %see Liu et al 2000 in the paragraph equation right below 18e

end
end
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D.5 Backusavg function

function [Clleff, C33eff, C66eff, C44eff, C13eff, rhoeff] = backusavg (rhoc, rhos,
Cl1ic, Cl1s, C33c, C33s, C66¢, C66s, C44c, C44s, C13c, C13s)

% Written by Gama Firdaus, 12/8/2020

% Edited by Gama Firdaus 02/22/2023

% This function performs Backus averaging to calculate effective Cij of layered

%medium made of thin isotropic layer S.

% The calculation is using Cij base values that are calculated using function:

%Cij_base.

% It mixes volumetric concentration of each end members: "c" and "s" (from 100% to

%0%, and vice versa. It is basically a volumetric average), causing Cij eff to vary.

% See also function: Cij_base

% Inputs:

% rhoc, density of compliant rock (g/cc)

% rhos, density of stiff rock (g/cc)

% Cllc or Clls, compressional stiffness tensor in bedding parallel direction, for
%compliant or stiff rock (GPa)

% C33c or C33s, compressional stiffness tensor in bedding perpendicular direction,
%for compliant or stiff rock (GPa)

% C66¢c or C66s, shear stiffness tensor in bedding parallel direction, for compliant
%or stiff rock (GPa)

% C44c or C44s, shear stiffness ten sor in bedding perpendicular direction, for
%compliant or stiff rock (GPa)

% C13c or C13s, stiffness tensor in 1 - 3 direction, for compliant or stiff rock
% (GPa)

% Outputs:

% Clleff, effective compressional stiffness tensor in bedding parallel directi on
% (GPa)

% C33eff, effective compressional stiffness tensor in bedding perpendicular
%direction (GPa)

% Co6eff, effective shear stiffness tensor in bedding parallel direction (GPa)

% C44eff, effective shear stiffness tensor in bedding perpendicula r direction (GPa)
% C13eff, effective stiffness tensor in 1 - 3 direction (GPa)

% rhoeff, effective density (g/cc)

for I=1:numel(Cl1ic)
for j=1:101 %jis the velocity array and the Cij array. Cijeff (j,:) is the | -th
%point of the calculated effe ctive Cij. So 101 is the total number of points
vol=( -1)/100;
Cl1eff(j,l) = (C1llc(l,:)*vol+C11s(l,:)*(1 -
vol))+((C13c(l,:)/C33c(l,:))*vol+(C13s(l,:)./C33s(l,:))*(1 -

vol))"2*(1/((1/C33c(l,:))*vol+(1/C33s(l,:))*(1 -vol))) -
((C13c(l,:)*2./C33c( [,)))*vol+(C13s(l,:)2/C33s(l,:))*(1 -vol));
C33eff(j,l) = 1/((1/C33c(l,:))*vol+(1/C33s(l,:))*(1 - vol));
C66eff(j,I) = C66¢(l,:)*vol+C66s(l,:)*(1 - vol);
Ca4efi(j,l) = 1/((1/C44c(l,:))*vol+(1/C44s(l,:))*(1 - vol));

C55eff(j,l) = C44eff(j,l);

C13eff(j,l) = ((C13c(l,:)/C33c(l,:))*vol+(C13s(l,:)/C33s(l,:))*(1 -
vol))*(1/((2/C33c(l,:))*vol+(1/C33s(l,:))*(1 -vol)));

rhoeff(j,l) = rhoc* vol+rhos*(1 - vol);
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end
end
end

D.6 Generated P and Swave Anisotropy Template

The figure below shows thB- and Swave anisotropy templatebat are generated by
applying the Matlab codes in Appendix D.2, D.3, D.4, and D.5. Figure D.1a shothke

example of LBS core elastic stiffnesses data.

120 @ T T T T T 50 E

100

C_L (GPa)

80 100 120

FigureD.1: The anisotropy template for (edmpressionalvave and (b) shear wagenerated by
applying the Matlab codes in Appendix D.1, D.2, D.3, D.4, and D.5
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