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Abstract

This study focuses on characterizing subsurface rock formations of the Wellington Field,
in Sumner County, Kansas, for both geos=tation of carbon dioxideét (/ ) in the saline
Arbuckle formationand enhanced oil recovery of a depleting Mississippiareservoir. Mult
scale data including roaoreplug sampleslaboratory ultrasonic &S-waves X-ray
diffraction,andwell log data including sonic and dipole songintegraed in an effort to
evaluateexisting rock physics modglwith the objectiveof establishing a model that best
represents our reservoir and/or saline aquifer rock formatesestimated compressioraaid
sheamwave velodies of rock core plugs for lississippiarreservoirand Arbucklesaline
aquifer, based on first arrival tes usinga laboratory setup consisting of dit 100 Ultrasonic
Systema 12ton hydraulic jackand a force gauge; the laboratory setupaated in the
geophysics lab in Thompson Hall at Kansas State Universitydyitemicelastic constants
YoungoOuwl|l uso,d Bul k Modul us, Shear (Rigidity)
calculaed based on the estimatedand Swave velocity dataUltrasonic velocities have been
compared twelocities estimated based sonic and dipole sonic log data from the \ivigiton
1-32 well. Wewere unabléo create a transformation of compressional wave sonic velocities to
shear wave sonic for all wells where congsienal wave sonic is available, due to a lack of
understandable patterns observed from a relatively limagasdtFurthermore, saturated elastic
moduli and velocities based on sonic and dipole sonic well logs, in addition to dry rock moduli
acquired from corelug samplesllowedfor the testing of various rogiysics models. These
modelspredict effects of changing effective (bringt+/ +hydrocarbon) fluid composition on
seismic properties, and wezempared to known values to ensure accuracy, thus revealing

implications for feasibility of seismic monitoring the KGS 132 well vicinity.
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Chapterl-l nt roducti on

Carbon dioxide# / )isontherisavi t hi n Ear t,ansontmuensmgnp her e
large part fromanthropogenic sources and actegti Between the years 1750 &@d.1 nearly
half of all arthropogenid@ U emissions have occurred in tast 40 years (IPCC, 20148rom
1958 to 1972the Mauna Loa Observatory Hawaii recorded aatmospheriét / concentration
increasdérom 315ppm to 326 pprtKeeling,1976, and in2014it recordeda value of 397ppm
(IPCC, 2014. # / is a greenhouse gas; the higher the concentration of greenhouse gasses in the
atmosphere, the warmer the average global temperature becomes. Rising temperatures and the
resulting climate change in tudmsrupts and affets many Earth systems includinige
cryospherepcean, forestgnowpackriver discharge fluctuations, permafrost degradation,
glacial shrinkage, ocean surface warming, ocean circulation changes, hypoxia zone increases,
precipitation changes, increaseul snoisture drought, and increased tree mortality and
decreased tree density (IPCC, 2014). These drastic and widespread changes over such a short
periad of time alsccausedeleterious effects for human populations worldwide. Climate change
warming and prepitation trends are the cause of over 150,000 lostsvorldwide annually
(Patz, 2005), anthany human diseases are attributed to theérsenatic climate fluctuations.

This study focuses parton characterizing subsurface rock formations of the Wghhin
Oil Field in Sumner County, Kansdey geosequestration &f / and# / enhanced oil
recovery, througla robust subsurface lithofacies characterization workffgplicationof this
studywill aid efforts and increase knowledgleenhanced oil recoveig a depleting
Mississippian oil reservoir, and of carbon dioxide sequestration in the underlying less known and

less penetrateshline aquifeArbuckle formatim. Both geosequestration and enhanced oil



recovery requiretaking / f r om poi nt sources on the Earthos
industryrelated activities, and injecting it into the subsurface. Onc# thas in the subsurface,

it will naturally rise due to its buoyant nature inthatvei r on ment ; fsimportanthi s r e a
to monitorwhere the# / plume midit propagate, and be able to provide sequestration

verification or detect leakagto allow forawareness if iinigrates close to the surfadacluding

into fresh water aquifergy escapes back into the atmosyhe

Much efort and many studidsave been conducted in hopes of improving subsurface
characterization for causes apart from and concerning carbon sequestration and enhanced oil
recovery(Lackner, 2003; Herzog, 200Bockphysics fluid replacement modd, including
the Gassmann equations, has been an effective veaiydp the subsurfacghen all assumptions
of the models areonored(Smith, 2003) Althoughuncertainties exist, rock physics continues to
increase our understanding of the subsurface, asthé&come an invaluable tool for many
relatedapplications (Wang, 2001).

As an extension of the fluid replacent modeahg efforts, ando determinethe
feasibilityof # / injections 4D (time lapse}eismic modeling will also bexplored Future
seismic4D modeling, monitoring and verificaticgfforts for# / injectionsat our study site may
benefit subsequently.

Finally, this study explores the ultrasonic frequency domain using laboredlorgity
technique®n coreplug samplesand integrates thaformation collected for use in fluid
replacement modelingnd toshed more light on a persistent problem in the oil and gas industry.
It is well known that dipole sonic well logs and the valuable shear wave velocity information
they produce are scarayje to the high expenseo acquire and thenelatively recent

introduction to industrylf an inexpensive means such as laborasmguiredultrasonicdatais



availableto accuratelyransform compressionalave sonic velocities to determine accuiate
situ shear wave velocitiesnany industryand academiadvances would resullthough
laboratoryacquired ultrasonic frequency data currently holds warrasgaderngGrochau and
Gurevich 2009), this study attempts shed more light on the matter iretcontext of core to
well log compressional and shear wave velocity compariddms.study in part looks to better
understand the effect of frequency dependency on velocity variations.

With dual problems of global climate disruption from increased cadimade emissions
into the atmosphere, and current carti@nal oil and gas reservoirsevitablybecoming
increasinglymoredifficult to find, it is hoped thaknowledge gaineftom this study will benefit

society, academia and industry.

ResearchSignificance

Significance of this work lies in 1) acquiring baseline dry frame rock data to be used as
inputs into various rock physics modelsen comparingnodeled results tm situ values to
determinghe most representative model for subsurface anesof interest in the context of
carbon dioxide sequestration and enhanced oil recovery efforts; 2) applyidgtdrimiinednost
accurae rock physics model to tlseibsurface areas of interéstboth increase formation
characterization knowledge, ang jpredicting 3D seismic observations through better
detemining how effective fluids acgnd thusleterminingthe possibility ofadetailed4D # /
plume prediction and monitorihgalidationprogram forboththe geosequestration and enhanced
oil recoveryefforts 3) shedding more light on the possibilityaidtaining coseffective easy to
obtain,and accurate shear wave velocitie®ughestablishing a calibration betweemive
sonic and Swvave ultrasonic frequency velocititss wells lackng dipole soni@atg eliminating

the necessity ahis scarceand expensivanformation in industrial and academic applications.



Previous Research
Many previous studies have been conducted at the K&5wldl and the Wellington Oil

Field. Ohl and Raef (.4) characterized rock formations for carbon dioxide geosequestration
using 3D seismic anomalies and a statistical lithofacies classification model. Tilley (2014)
performed geochemical analysis of the Mississippian limestone and interpreted sequence
straigraphy. Huff (2014) performed a microbial and geochemical characterization to determine
the possibility of microbial enhanced oil recovery. King (2013) determined fluid flow, thermal
history and diagenesis of the Arbuckle Group and overlying units. 162@h2) attempted

analysis and calibration of situand laboratory velocity measurements for rock formation
characterization. She also provided baseline data applicable to this study, including Vp, density
and bulk modulus estimates, and theoretical Gasarmodeling based solely on theory for both
limestones and sandstones with both-eutical and supercritica# / at varying porosities.

Barker (2012) performed geochemical and mineralogical characterization of the Arbuckle
aquifer and determined implitans for# / sequestration. Scheffer (2012) performed
geochemical and microbiological characterization of the Arbuckle aquifer, determining in part
the integrity of the caprock in#/ storage scenario. Sirazhiev (2012) conducted a seismic
attribute anajsis of the Mississippian chert. Dr. Lynn Watney from the Ka@asogical

Survey has also contributed heavily through published work to the understanding of the area.



Chapter2-Backgr ound

Carbon Dioxide in the Subsurface

# | is commonly found in geological Sgsns, therefore artificiallgngineeringt /
accumulationsn the subsurface mamply be harressly mimicking mother natur€arbon
dioxideis necessary for life to existon Earth,and at ur al 'y exi sts in the
groundwater, riverdakes,ice caps and seawater. It is alsdunally produced by hot springs,
volcanoes, aerobic organisms, and carbonate rocks through dissolution in water and acids.

Carbon dioxides a colorless and odorless gas (at low concentrations), with a Molabfmass

44.01—, andwith varying densities and phadgased orthetemperature and pressure

conditions present. At standard temperature and pregsuns a gas and itdensity is 1.98-,

howeve, it is able to exist in four distinct phasasluding solid, liquid, gas, or supercritical
fluid. Figure 2.1 shows under exactly which pressure and temperature regimes carbon dioxide
exists at whiclstatesVargaftik (1996 alsodescribest / properties in terms of pregre and

temperature variations fourther reference.

Figure 2.1A representation of which phase/ occupies based on the environmental
factars of pressure and temperatureagemodified from

http://catalog.flatworldknowledge.com/bookhub/reader/26669?e=averithlLlD s07
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Relatingthis to subsurface conditions in the KGS82A wellwhere our core plug samples
were extractedwe can expect to need relatively high pressures and temperatures within the
target Mississippian and Arbuckiermations in order fo# / to be at anuch desired
supercritical state. Theupercritical state idesired because under these conditionsnjeeted
# | takes up much less space amdompressedallowing for much greater storage capacities
within the formations. Acaaling to figure 2.2a burial dept of approximate300 meers is
necessaryo reach this goal; our formations of interest are each belaler8eters, thus easily

attainingthis benchmark

Figure 2.2 A diagram depicting the changes in volume and density of a constant quantity
of # / dueto chames in depth below the surface, i.e. dueltanges in pressurienage

modified fromCO2CRC(2008)
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Geosequestration

Geosequestration of carbon dioxidé the subsurfacis being refinedis a remedy for
handlingthe current atmospheric rise#f/ concentrations. Through either dissolution into
brine,in situ precipitation by mineral carbonation, or traps in pore spaces of geological
formations# / is able to be sequestered for milliasfsyears, making the conceghsirable
(Gunter et al., 200). Because of aeed tareduce global atmosphe#ric/ concentrationghe
United States Departmeat Energy has funded various carbon geosequestration projects,
including the Arbuckle saline aquifprojectin south central Kansagamong others (Gunter et
al., 1996).Theoretically, @ep, porous saline aquifers amnsidered good candidates for
geosequestration and poesaurce sequestration efforteptquestion of whethearbon

geosequestration feasible on a commercial scaterealitywas tested during the Sleipner oil



and gas field sequestration project in the North Sea, which was the first commercial trial of such
an dea (Herzog, 2001} / has been injected into the subsurface on sewératoccasiongas

well, includingthose fromEmberley et al.Z005 andRomanak et al.2012, as wellas at

Krechba Algeria (Mathieson et al., 200Ketzin, Germany (Kazemeini et al., 2009), aaddo in
various ChineseCanadaian (Damen et al., 2005) and Texan (Holtz et al., 200liplecat

Despitepromise, efforts to sequester/ underground must be planned withehu

thoroughness; leaking just2- could force generations beyond ours to consider recapture

programs to deal with tHeakage (Lackner, 2003).
Currentsequestriion methodsonsidered modeasible include solubility trapping,
capillary trapping, mineral trappingydrodynamic trappingand stratigraphic trapping (Benson
and Cole, 2008; Gunter et al., 1993dlid phase sequeation, or mineral trapping, can only
occur when reactive Ca and Mg aluminosilicates are present (conditions typically absent in clean
|l i mestones and sandstones, but present in 0di
the system has equililied, sometimes takingore tharhundreds of thousands of years (Baines
et al., 2004 Also, in all scenarios, the injectéd/ may create chemical reactiowkich cause
volume changes, thus potentially fracturing #iffected areas through increasing stess which
can cause enhanced transport offthle through the rocks (Rudge et al., 2010).
Saline aquifer storage capaditgs been calculated at thousands of gigatonnes of
emi ssions, or r o ucutrdntyevelsQBickley 20@0). Qud studiye in Kamsas t
is part of one of the largest saline aquifer systems in North America (Carr et al., 2005) dsnown
the Ozark Plateau aquifer system, comprised of two compoagstsown in figure 2.3he
freshwater Ozark Plateaus aquifer system locatieabpity in Missouri and Arkansas, and the

saline Western Interior Plains aquifer system located primarily in Oklahoma, Kansas, Nebraska



Colorado and Texas. The Western Interioridaiquifer system, the areb# / sequestration
interest, has been estirmdtapable of holding millions of tons of carbon dioxide, according to
the Department of EnerdfpOE). Other DOE site characterization areas of interest for large

scale# /| geosequestration efforts also exist throughout the United States as seen 2. 3gure

Figure 2.3 (Left) The Lower Paleozoic Ozark Plateau aquefgstem and its two
componentsthe saline Western Inten®lains aquifer system whichag interest ta# /
sequestration efforts, and the Ozark Plateaus aquifer system, which is fresmaager
modifiedfrom the Kansas Geological Survey (201Right) DOE site characterization projects
for better large scale / sequestration understanding. Image modified from

http://energy.gov/fe/siteharacterizatioqpromisinggeologicformationsco2-storage
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Certain requirements of thargeted subsurface formaticios geosequestration &f /
must be met in orddor the formation to be determingotential candidate3hese requirements
includel) good seal integrity of the units above the targeted formation, helping to trap the
buoyant# / and keep it from risinggnd ensuring a loRgerm isolation from overlying drinking

water sources and ultimately the atmosph2ythe availability of adequate space within the



formation from pore space to trap significént amounts3) high permeabilities within the
targeted formation to allow for the expansion of the injegétédinto the entirdormation,4)
favorablebrine chenstry to avoid salt precipitation in siliciclastics and other undesirable
occurrencesandb) favorable target formatiomineralogy(Watney and Bhattacharya, 2009p
enable geosequestration efforts to pext at large scales and beysnahllscale tesefforts
evidence of largascale storage capacitigsist existprobable# / plume behaviomust be
understoodand identification oéxcellent overlying seal integrity must be in place. Furthermore,
injected# / should ideally remain in a supercriticabis meaningn situ conditions must

include temperatures above 87 degreswr&nheitatndpressures greater than 1200 pounds per
squardnch (Daneshfar et al., 2009)he Arbuckle saline aquifer in south central Kansas meets
these requirementsspeciallyporosity as enhanced by fractures, karst features, hydrothermal
alteration analolomitization §imo and Smith, 1997; Kupe and Land, 1991; Merriam, 2005)
The Mississippian formation at our study site meets these basic requirements as well.

In order for gosequestration to occur successfully, a unique characterization of the target
subsurface formations is vitfaéchniques used todayill include issuesA large challengés the
necessity of developing highly detailed subsurface lithofacies models eajfabaping subtle
characteristics amaller scalethan isnecessary for traditional hydrocarbon modeling. &xtr
attention is necessary sinsgpercritical / has properties makinghtuoyant and malke when
buried at large depthiiroughdecreasgin surface tension of interactiriigids (Brunner, 2010;
Sundquist et al., 2008). Furthermore, the Atte reservoir is composed of carbonatesking
the challenge greatera@onateseact with acidic groundwaters, aace heterogeneours
mineralogy andexture To offset some of theshfficulties, laboratory techniqudsave been

used and validated from mafigld studies includingemke et al. (2010) and Kaszulz®(5.

10



Following injection,the injectedt / plume migratiormustbe monitored, ensuring no
unexpected upward escape into unwaneeohations Pume migrations a factor of both the
type d subsurface rocks present, and becdbeglume is buoyanegriven.Low permeability
and low porosity rocks do not allow for ea#y plume migration througthem and thus are
ideal seal rock type#t is important to integrate geophysical techniques including rock physics
models to aid in the detailed characterizatiothete and othgrhysicalreservoir propertiefor

time-lapse# / plumemonitoring postinjection, andor modelingpre-injection

Enhanced Oil Recovery

Enhanced oil recoverfEOR)is a hydroarbon production methagbnducted in an
attempt to more effectivelynd totallyextract hylrocarbos from the subsurface. During initial
productionstages a | | quirdd fot hjdsocarbens to be collectedred surfaceand solds
th e r e s edural pressui@ pushing them tpough the borehole. Secondary methods such
as pressurenaintaining water and gas injectiosm® implemented to mainteand increase this
efficiency after thenitial natural method begins to diminisBnhanced oil recovery iaig
technique conducted after botatural and secondary efforts have been deemed insufficrent
profitable economic production. Severahance oil recoverymethods exist; the use of a
particular method in preference to anotdepend onspecific characteristics of the reservoirs in
consideration: miscible gas injection, including the use ©f, water alternating gas injection,
polymer floodng, surfactant use, and polymer gel flow diversion techniques are typically used
for lighter oils, whereas heavy oilsuallyrequire steam and amjection method (Muggeridge
et al.,2014).Typical naturalhydrocarborrecovery factorérom oilfields waldwide is betveen

20-40%, butupwards of 5670% through the use of EOR methods (Muggeridge et al., 2014).
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This providegreat incentive fotheimplementation and improvingf the various techniques
throughout the world.

During extraction, this primarily able to reach the surface because pressure at the
bottom of the production well is greater than that of the hydrostatic head of the oil column in the
well. As reservoir pressures decrease, so too does the rate of oil extracted throwgih the w
pressures continue fallifngo bel ow ltdepodiont puddsugasfrod i ni ti a
within the oil comes out of solution, flows preferentially to the production well due to its higher
viscosity, and thus reducing the viscosity of dilat came out of, further acting to reduce oll
productionrates(Muggeridge et al., 2034Althoughwater flooding a secondary oil recovery
method,is usually conducted before the bubble point is reached to prevent the increase in the
reservoir oil visosity, eventually the water flood effect wears out, and the initial problem occurs
again. Carbon dioxide has amportant effectn this context, as it is a miscible fluid able to both
retain reservoir pressure and decrease the viscosity of the fluasesdn contact with,
including oil. This sudden change in viscosity of the reservoir oil now allows it to more freely
flow to the well, and large production increases occur once dggure 2.4 is a visual
representation of the geosequestration and E@fods using 0, taking place in various

subsurface situations.

Figure 24 This diagram shows ho@ U might be sequestered into nroih bearing
formations for storage, and also into-bdaring formations during EOR methods; in each
hypothetical sitation, extensive previous care should have been taken to ensseape
conduits were identified. Image modified frdrtip://hubpages.com/politics/GaBolberry-on-

EnhanceeDil-Recovery#
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0 0U-EORefforts may be conducted in the MississggpFormaibn at our studySpecific
EOR techniques are known to work best under varying conditbur Mississippian reservoir
target formation is carbonatierefore certain EOR techniques can be initially confidently
screerd out as being less effectiii8% of EOR efforts worldwide from 2000 to 2010 have
occured in sandstone lithologies, witimly 18% in carbonates, and gas injection lle&l
majority of carbonate EOR attempts over thermal and chemietilods (Alvarado et al., 2010).
Statisticallyspeaking, gsinjection is seen as the basenario for effective extracticat our
site Furthermore@ 0-EOR has historicallypeensuccessfullyexecuted in both waterflooded
and mature carbonate reservoirs, both of which apply to our resenit. ffontinues to be
available, and unlessnew more effective EOR strategydiscoveredp U-EOR efforts will

remain the most preferregcovery method for carbonateservoirs (Alvarado et al., 2010).
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Geonechanics

Geomechanics the study of the behavior of saihd rockwhen interactions with
stresses, temperatures and pressaregrsfrom a geologic perspective. Soil mechanics and rock
mechanics & the two mairsub-disciplines, and thistudy makes use tiie rock mechanics
discipline. Rock mechanigs the sudy of the physical characteristics and mechanical behavior
of rock masses and their responses to forces in their environments. Rock mdadmnics
emphasis in rock mass characterizatiincluding the analysis of joints and faults, rock fabrics,
rock-forming minerals, stresses and strains, rock surface friction, failing rock deforntiaitan,
elasticity including ,MWavepgopapationlinaogkgoroelasedy ast i ¢ b
andthermoelasticity (Jaeger et dl969).Geologicalapplicationscanincluderock breakage,
faulting, earthquake mechaniceck drilling, mining, tunnel building, road cu&ndwithin the
petrdeumindustry.

In the petroleum industry, rock meclesis used to redee drilling risk and to optimize
reservoir characterizatioit can be applied to problems suchnal-completion design, well
placementhydraulic fracturing optimizatiorhorehole stability and optimal orientation with
respect to theropagation direction of hydraulic fracturesidto determine modulus of elasticity
andin siturock stressednformation gathered cdre used to evaluatand better understand
various reservoir parameters inding density, velocity, permeability andrpsity, in orderto
help construct various kinag geomechanical models. Rock mechanics is tigbdealisciplines
of geology, petrophysics, geophysics, reservoir engineering and rock playglatrough this
integration, can help to enswwemprehensiveolutiors to various related problemghis study
makesuse ofrock mechanics in the form of elastic moduli and thesociated velocity
derivations asputs into rock physics models appliedta plume modéng in southern

Kansas.
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Elastic Constants

Elastic moduli are a set of constants which define properties of matehials are
subjected to stress asdbsguently deform as a responsehie applied stresglasticity is a
property of matter which allowstib oppose deformation; it is thus a ree@ment of a
speci menokooske dfsf nleesws .expl ains this behavior
deformations, the resulting strain is proportional ®gtress applied.d®os of stress to strain
are usedor their calculation, with strestefinedas a force appdid per unit area, and strain
defined as the fractional distortion resulting due to the acting fergetre 2.5 shows in
graphical form an expected stregtgin relationship in brittle materialdnderstandinglastic
propertiesm carbonges isknown to be especially challenging due to their complicated nature
andmakeup (Gegenhuber and Pupos, 2D1Acquiringelastic property information from

carbonates using laboratory measurements is a focus of this paper.

Figure 2.5 A typical stressstrain relationship for brittle materials, including rocks. Stress

is represented on theaxis, and strain on theaxis. Image modified from Beer et al. (2009).
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Many geologicallydistinct disciplines require elastic constapsaduction engineering
hydraulic fracture design engineers to hghtiraize fracture treatmentggeologists to better
understandhn situ stress regimes in reservoirs whihave been naturally fractured, and
geophysics to improve seismic models, interpret attributes and impnotretc seismograms
(Crain, 1978).

Both static and dynamiechniques arased, an@ble to extracelastic moduli static
techniquesre derived in a laboratory setting from eithen-destructiveri-axial stress strain
tests or from a destructive meatd called the chevon notch teghich usegphysical compreson
or other applied forcasntil the specimen is crusheldynamicelastictechniquesre non
destructive andheasure the ratio of stress to strain under vibratonglitions, including sending
high frequency wavpulses through the rockampleunderin situ overburden pressuend
measuring how long the wavmpulse takes to propagate through ¢beesample Discrepancies
can exist between methods howeveewvbus studiegicluding Cheng and Johnston (1981),
Rzhevsky and Novick (1971), and Fjaer (1999) all state thatyh@micelasticmodulus in dry
rocks is either similar to or higher than the static modulus of the same wattkscreasing
fluid saturation correlatetb higher dynamic valueSaturating effects also tend to reduce rock
strength through either stressrrosion (Atkinson and Meredith, 1987), a reduction of surface
energy Colback and Wild, 1965), and/ or capillary pressure reduction and chemical effects
(Chang et al., 2006T.his study will employthe use of théaboratory high frequency pulse
dynamic elastic moduli techniquas have Jizba (1991), Carmichael (1982), Bradford et al.
(1998), and Horsrud (2001¢alibrationbetweerdynamicto static elasticonstants has been

attempted by past studigbpugh this study W not.
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Elastic modulican alsdhelp predict formation strengthsith strengthphysical property
relationships for subsurface rocks of interest usually developed through a calibration of
laboratory tests on relevant cqieg samples. The gatined elastic moduli informatioran be
applied to well stimulation, borehole and perforation stability, ankl vetocity analysis since
many ofthe same factors affecting the strength of radfksctother properties includingorosity
and velocity In velocity analysis, body wave velocity estimates depend on these elastic constant
values and the density of the rocks they propagate thraughstone and dolomite strength can
vary quite significantlyeven within the same formatidrowever Chang et al. (20086)isplayed
that forlow porosity, high velocity and high dtilessformation conditions, strength can vary by
almost a factor of fouregardless of the method udecestimate strength
Many ebsticconstants exighcludingL ame constant, Biotds const
compressibility, the ffvave modulus (or longitudinal or constrained modulus), and the
brittleness coefficient. fiis study will focus on five specificallyhe bulk modulus, thehear
(rigidity) modulus, Youngdés modul us, Poissono
Bulk Modulus(0) is defined as a homogeneous, isotropic and linearly elaséict e r i al 6 s
ability to resist volumetric stress, which depends on normal and stifé@ess and is the
volumetric stresslivided by volumetric strairit is a strength parameter whimeasures
compressive strength, with a large value indicating the existence of a high resistance to

compressional forcesnd a low value meaning thebstance is more compressidie this

study U ———, wheren is densityw is conpressional wave velocity, anadlis shear

wave velocity.

Bulk Compressibility Modulus is simply the inverse of the bulk modulus. In this study,

the bulk compressibility modulus is, wherev is the bulk modulus.
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Shear (Rigidity) Modulugo) describes the tendency of an object to undergo a
deformation of shape at constamlumewhen opposing forces are acted upponitor an obj ec
resistance tangular distortions/ shear stralhis also defined athe ratio of shearing, or
torsional, stress to shearing strdiarge shear modulus values indicate the existence of a large
resistance to the effects of shearing or torsional foFdagls are noaible to undergo shearirg
shear stress, thus all have a shear modulus of lretfis studyd nw , wherer) is density and
W is shear wave velocity.

Youngo6s (Odesanibesitensilstrengthangé | asti city, which 1is
tendencyto deform along an axis when opposing forces have been applied along thahdxis
can be thought of as a material 6s ability to
resistant it is to extensiondéformation (Watet al., 1976)It is al defined as the ratio of

uniaxial compressive (tensile) stress to the resudtaain, ad is an applied uakial stress

divided by normal straimhi gh Youngo6s mo dahigluresistanedtar e i ndi cat
extensional forces exist® this studyO ———, where is density,w is compressional
wave velocity, andv is shear wave velocittt oungo6s modul us in the petr

used to design mechanisms of hydraulic fracturing, as the more rigid a rockdat{imgdhigher
YoungO6s modul us v thd fnacusey willbe.he narr ower

Poi s s o n(®) meauees theaqgeometric chamgshapeof an objecunder uniaxial
stress, and is the late@l transversstrain divided byongitudinal strain(Hill, 1963).It canbe
thought ofhow much a material will contract in all other directions if a stretching action of the
material in one directionis applied. hi gh Poi ssondés ratio indicate
measured Vp and Vs velocitiddaterialscanAve negative Poissonb6s rat

they expand in transverse directions, due to their molecular structures which arikieinpese
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materials ar&nown as auxetic materialspne will be handleth this study In this work,0

, Wherew is the compressional wave velocity, abds the shear wave velocity.

Poi ssondés ratio will be discussed in greater
The equations of these elastic constants can be interrelated; $@thatwoof the

constantare known, the othersaneasilybe calculated. Thimllowing interrelated equations

comefrom The Rock Physics Handbo@Wavko et al, 1999: Bulk Modulus 0 _—

o] ,whereOi s Y o un g 06sis shearanodulussandi s Poi ssonds r

Shear moduluso oL , whereU is the bulk modulus)i s Poi ssonds 1
andOi s Yo ungo6Yso umogdbusl udso.d—ud ugép L o0 p ¢U ,where
U is the bulk moduls, 6 is the shear modulus,and s Poi ssonds ratio. Poi s

—— — p ——, wherev is the bulk modulus) is the shear modulus ai@ s Youngos

modulus.

Rock Physics

One of the ock physicsmethods strives toharacterizeock properties through the
analysis of the propagation of seiswaves through those rocfthe composition of the rock
dictatedts stressstrain relationshignd subsequently its seismic responi@ims to describe a
subsurface formatiothrough elasticock properties (whichffect how sesmic waves travel
throughthemput t i ng 6 meastd orf ttthe skedelpimgtlieersgismiet at i ons
interpreter to combine rock pr opethtougetee wi t h t
extraction of more rock property information from the seismic wavElgtical rock physics

areas ofnquiry include fluid substitution, fluids and saturation, pore fluidoprties, pressure,
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porosity,clay content, temperature, density, texture, lahgg, Vp and Vs, Vp/Vs ratio, shale

properties and anisotrogg directional or angular velocity dependence of seismic waves

propagating through thearth)(Wang, 2001 Thedisciplinecombines both geophysics and

petrophysicgoften making use of sonic, dipole sonic, and density logs and relating these to their

influencing factors including pressure, elastic moduli, porosity, temperature and pore fluid), and

can serve many significantly important roles in the geosciencesdinglaiding in the

construction of synthetic sonic logs, creating links between rock properties and the amplitude vs

offset responsendproviding connectios between elastic properties (measured eithsitu or

in the laboratory) and thatrinsic prgerties of rocks includingorosity, pore shape, pore

pressure, pore fluids, permeability, stresses, drast viscosity and mineralogy (Mavko et al.,

1998).Throughelastic datadensity and porosityock physics can provide both the theoretical

tools and understandinfpr bettercharacterization of subsurface formatioReck velocities and

rock elastic parameters link physical rock properties to the seismic expré3seoefore, it can

be used to predict subsurface properties, including pore fludistaologies derived from

seismic attributes, includinginareaswhére i | | i ng hasnot ocuwesksrred, wh
Traditional rockphysics modeling generally has three step=ording tBa et al. (2013)

first, the properties of grain mineralse obtained using effective mediunebdries or mixing

laws;second elastic properties dhe dry rock matrix arestimated using either effective

medium theories, experimental measuents, or empirical relationand third, fluid substitution

is conduced, mostly using the Gassm@&s equati ons and the Wood | aw

Bacon (2014) group rock physics models into groups which are most commonly applied, and

include theoretical bounds, empirical model s,

inclusion modelsTheoretical equatiorsttempt to suggest universattprrect relationships
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using unddying assumptions, aneimpiricd relationshipgderive their success in describing
specificsituations through experiments from a specific cékes study will make use of
Gassmannodos equations, which are theoretical

Rock physics models are designed to establish predictive theories and relations between
physical rock propertie@ncluding porosity, compressibilitgnd rigidity)and the observed
seismic response with the ultimabtepe that the physical properties may be detected seismically.
Indeed, theyvere originally developed to legitimize well log information in order to evaluate
subsurfacéormations (Besheli, 1998). Laborateppsed analyta calibration methods, as
conducted in this study, have beegreat help to seismit-rock-property transforms (Jaiswal,
2014).

The rock physics discipline still requires refinement and improveraspgally for
carbonates becauseadmplicated porgeanetries,mineralogyheterogeneitiegnd textural
heterogeneities, and is thus an area of much recent resgavehaissues currently remain,
including the challenge of relating the small to the large gttaéemicro, to thin sectiong core
to wdl log, to seismic scalg). This is a problem because in the caseoofigaring well log to
coredata, well log data would seem to be more accurate because it measures and represents a
much larger volume of the subsurfaééso, the challengef calibrationand the lack of
measuredrue shear wave velocitigersist(Dewar and Pickford, 2001Also, due tolarge
advances in seismic acquisition and processing technigeeshevlast decade, advanaes
seismiceto-rock-property transforms for better mappinigflaids, porosty and lithologymust
now follow, and has been the focus of much rock physssarcl{Avseth et al., 2005 Sayers
(2008) has a more comprehensiggiew of rock physics modelg concernsDespite these

problems, the petroleum industmgs still benefitted greatly from rock physics, and hasrarty

21



applicationanto practiceincluding the crosglotting of both well log and seismic data, fluid
substitution, Svave velocity prediction, and 1.5D and 2D 4stack seismic modelindpewar

and Pickford, 200).

Fluid Substitution Models

Rock physics models greatly increase our comprehension and understanding of
technicaly difficult concepts, includindluid substitutionmodeling, which is a very important
rock physics problenio establishrelationships between physical rock pradjes and the
seismic expressig rock physics needs both elastic propeiiéshe rock frame and pore flyid
and accurate modbefor rockfluid interactions. Fluid replacememtodek require inputgrom a
rock with an initial fluid, and then predicts and models the resulting characteristics of the same
rock with a new, fipothetical substituting fluidValidation of fluid replacement molileg comes
from comparingn situdata, such as th&om well logs andaturatedaboratoryrocks.
Regardless of lithology,iffierent substituting fluig changehe elastic properties of rocks, and
these changesre determined by applyirflyid substitution modejshe accuracy of thesestdts
has recently become more importtin the United Statelsecause of greaterterests in botld 0
storage an@d U enhanced oitecovery(Purnamasari et al., 20L4-luid replacement modeling is
obviously beneficial fodD time lapse seismic reseir modeling and monitoring as well.

A variety of fluid substitution models estj although very few have been developed
specifically forthe application to carbonate rocks, including limestones and dolomites. A
carbonate rock physics model in general is difficult bezalen compared tsiliciclastic rocks,
carbonatgore systems areunh more complex. This fact can cawuséocity-porosity
relationshipgo becomehighly scattere@dnd less predictable, fexample(Xu and Pgne, 2009.

Currently establisheddid substitution models includ@s part, theeffective mediumand elastic
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contact theorieshich canestimate bulk and shear modulus andstRwave and Svave

velocities,the Gassmann theory, the Biot equations which cover a broader frequency range than

the Gassmann theory, the Stiirf®@l modelMa r i on 60 s bagemethodnBypsqairy e

model,the MavkaJizba squirt relations, arathers (Wang and Nur, 1992; Mavko et al., 1998).
An important noteshould be made about a potentially important processentional

fluid replacenent moetls fail to acknowledgespedically thechanges in rock properties

(including porosity, permeability and acoustic wave velogiiieducedby chemical changess a

result ofthe substituting fluidBecausdluid replacement models are purely mechanical,

attention has been paid to the sometimes drareéfects of dissolution and prediation during

a substitution and mixing dluids, in both siliciclastic and carbonasebsurface rocks/anorio

et al., 201} This observation may providaweans forthe questiomg of thevalidity of current

modelsin 4D 0 U plume prediction and monitoring effort@bserved prmanent rock matrix

changes may have an effect on 4D seismic data, especially when precipitation and dissolution

effects are large, and thus addtional model layer may be needed to address and examine the

chemicalphysical effects ofeactve porefluids. The difference betweenaratls component

parts including thenatrix, pore space, grains and cemeah be seen in figui26. As part ¢

their study, Vanorio et al. (201Bxaminedhe response afariousd U-brinerock systems, and

through detailed analysissing high resolution timapse CFscan and SEM imagdsund the

fluid substitution problemat befar from purely mechanical; direobservations ofhanges at the

grain and pore scale were made0 injection into brinefilled formations was found to create

chemical reactions, interphase mass transfer, and mechanical deformatiog tedolimation

damage which includetthe preciftation and deposition of mineral salts cloggipore throats in

sandstones, armhlicite andoore dissolutiorfHovorka, 2009) Becaus¢hese potential effects
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fundamentally change the baseline properties of the rock frame and thus some of the important
inputs for fluid substitution models, this issue should be addressed further in theihduret
continue to be ignored possble silver lining is that, whedolomitizationis present

dissolution of grains can overall increase permeability and pasity, aiding in the validation

of the continuous pore space Gassmassumptior{Adam et al., 2006 andthus potentially

making rocks under these conditiansre applicable to the Gassmann model.

Figure 2.6 The four main components of a sedimentary ypcke space, the matrix,
cement, and the grains. The difference between the matrix and the cement is that the matrix
material is the finer grain sized particles between the coarse grains, and cement is a binding
material often precipitated from solutiowkich move through the formation through time.
Image from

http://lwww.tankonyvtar.hu/en/tartalom/tamop425/0038_foldrajz_mineralogy Da/ch01s12.html
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The main industriahpplicatons of fluid replacement moded arethe interpetation of
seismic signatuseof EOR processes, mddey changes that occur in reflection seism

attributes fronmspatial changes in pore fluid distribution, adO analysis(Mavko et al., 199p

Gassmann

The Gassmann fluid substitution model predicts changes in compressionandave
shea wave velocities afteafluid substitution has taken placnd is a very popular and
commonfluid replacementechnique The model describes rocks through the bulk moduli of a
two phase media, the fluid and minematrix (Simm and Bacon, 20}Awith the most common
purpose of the equatiobhging the calculation of the effect of fluid substitution on seismic
properties through the use of the rock frgmepertiefWang, 2001 Givenan initial set of
density and velocity values for a rock withiartial set of fluids, these equations alléov the
computation of densities and velocities of that same rock with another set gfifleals predict
the bulk modulus of a fluidaturated porous rock with inputs of the bulk moduli of the pore fluid
(gas, oil, water, or a mixturglrame(the rock sample with empty poreanhd solid matrix
(consisting of the rdeforming minerals) The equation can be written generallyfasm Simm

and Bacon (2014)

Wherev s the fluid saturated rock bulk moduluis, is the matrix material bulk

modulus,L is the dry rock frame bulk modulus (the rock frame with all fluid removed)is

the pore fluid bul K(frastiondlydl uisthe fluid satusated rbck sheao r o s i t

modulus, and is the dry rock frame shear modulus.
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Although the equations can be @lbgaically manipulated to eliminate the necessity of the
dry rock modulus as anput, it is nonetheless stitften convenient to gather diname rock
values from core samplasin tests o these core plugs, and theadidate the results by
comparing both velocitis and elstic moduli ofin situwell log values from the well the core
plugwas obtainedFive steg are necessary to complete this prodess) Avseth et al. (2006):
1) Calculate and extract the bulk and shear moduli from the acquired compressional velocity,
shear velocity, and density. 2) Transform the bulk modulus from dry to satthededh the
rock forming minerals bulk modulus, the dry rock bulk modulus, the fluid bulk modulus, and the
rock porosity 3) Becaus¢he shear modulus, agidity, is not affected byluid saturations or
fluid type (pore fill), since shear waves do naivel through fluidskeep the shear modulus
unchanged. 4) Correct the bulk density for the change in fluid. 5) Recalculate the newly fluid
substituted velocitied'he Gassmann equation in step two for saturated bulk modulus is as

follows:

]

Wherels is porosity,0 © is the bulk modulus of the porous rock frame, is the bulk

modulus of the pore fluid) is the bulk modulus of the mineral matrix, and is the saturated
bulk modulus (Mavko tal., 2009).This study will elaborate on these steps further in the
methodology section.

The original Gassmareguations were derived for high porosity, unconsolidated
sediments at low frequencijemndvarious assumptiorare necessary for ifgerfect,ideal
functioning albeit some are impossiblerenlistically satisfy Researchers applying the theory

should make attempts to abide by these assumptions as best as tossitdare the most
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accurateesults possible. The assumptions are as folltns Xu and Payne2009, Wang

(2001), Mavko et al. (2009), Smith et 2003, Adam et al. 2006) Wang and Nur (1992), and
Simm and Bacon2014: 1) The rock matrix ad frame arenacroscopically homogeneous
(monomineralicand isotropic, ensuring the measment wavelength is long compdrto the

pore and grain sizes. &/elengtls from seismic to sonifrequencieg1Hz to 1MHz)generally
meetthesecriteria for most rocks. 2) The pores are all interconnected, implying both high
permeability andhigh porosiy, and ensuring that within the time frame of half of the
measur ement ,oweydeaanpleteeaquilibridm of the flow of the pore fladd

pore pressurereated by that passing wave has time to ocg8arsmic and sonic wavaeated
pressure cinges are generally able to equilibrate because enough time passes for fluid
movement betweepores; if equilibrium does not occur, an increaseoire stiffness and thus an
increase irvelocity is achieved. Therefordye theory may not be applicabteultrasonic

methods due tthe possible resulting veldgiand elastic modullispersion3) Frictionless

fluids, those with viscosities of zerapmpletelyfill the pore spacesnsuring agaiacomplete

pore fluid flow equilibrium. 4) The studied rodkuid system i€lastic anctlosed or sealedand
undrained allowing no fluids to enter or exit through the surface of the rock (if the experiment is
conducted in a laboratory setting).®B)e relative motion between the solid rock and enclosed
fluid is negligibly small when compared to the movement of the entire saturated rock, essentially
requiring the frequency to be zero, or the wavelength to be infditieh is not possible, though
the lower the frequency used the bet&The frame of the rock isot hardened or softened by
interactions between the solid and the pore fithé two are not coupledihis assumption can
never be guaranteed, as fhadlid interactions always interact in some physical way, regardless

of how dramaticallyNeverthelessa requirement of the equations is that porosity stays constant
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and no chemicahteractions occuAlthough these assumptions may seem restrictwtl, best
resultssuited exclusively for clean sandstovegh high to moderate porosity at low frequerscie
a benefitof the method includes simplicitppre ggometry, inclusiomeometry, rock symmetry
and cracldensity are ignored, whereather theoriesnclude these complicated factors as inputs
(Adam et al., 2006).

This study is a mukliscale rock physicstudy, using corplug samples and well log data
by comparing the Gassmann theattrasonic laboratory core plugsults tan situ sonicwell
log datafrom within two carbonate rock formationalthough our study conditions do not fit
every Gassmantimeory assumptionrmany other authors have similarly proceedsth unideal
combinationseither because reputable alternative models were too obscure-existant,
devel oping a new robust model provesaespo di ff
attempts to validate the Gassmann equations in carbonate rocks through introduced biases and
calibrations were made, or the authors were simply curious as to whether the Gassmann model
could work under their conditions, and if dyy, despite the lpaches irmssumptions.
Kahraman (2007punda good correlation between measured-mek compressional wave
velocity and Gassmann weick compressional wave velocity variousrock types Adam et al.
(2006)attempted to better understand the applidabyli of Gassmaabhndés equatio
unconventional seismic and ultrasonic frequen@ed)imestones and dolomites have been
laboratory tested with ultrasortechniques by Wang et al. (1991), Marion and Jizba (1997),
Wang (2000), Baechle et al. (2005), Rogéal. (2005)andGrochauand Gurevici{2009)to
attempt a bettennderstanithg of Gassmanpall reportinggood statistical agreement between

predicted andh situ values
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Ultimately, due tahe complex, poorly understoadrbonatenultiscale poe systems,
heterogeneitiexther complexitiessome authors are compelled to question and doubt the
validity of the traditional Gassmann equations in carbonates, while others have found and claim
it works perfectly welin their specificcasegXu and Page, 2009. Thereforebecause at
present, carbonate rock application of the Gassmann equations is unrasavealy of great
importance to mar fully understand why iwvorks in some instances and not in oth&tss
studyds i nt e n tothatefJaiswainia014andtheistiff sasmgmodethbugh that
model requires isotropic sandstonéit intent was not to shothie Woodford Shale was either
a clean sandstone or isotropic, but instead that their model can be applied to their formation
rocks within acceptable errdndeed, it is evepossible as Wang (20003uggeststhat the rock
fluid system is so complex that virtually every theory for such systemsssitatesiaking
major assurptions to reduce the mathematical complexitidserefoe, at least for theme
being, one way forward ® continueaccumulating laboratory predicted andsitu validated

data to progress the knowledge of such systems.

Ultrasonic To SonicVs Transformation

Limitations of integratingyeophysical methods to model carbonate reservoirs include
transforming various datasets into accurate representations and legitimate versions of other
datasets, allowing for better integration and more widespread use of \@atagsts to solve
problemsn a more coseffective manner. Translating current geophysical information collected
at ultrasonic frequencies to lower frequencies, and vice versa is one such unresolved issue
(Grochau and Gurevigl2009).Despitecostly dipole sonic logs being relatiyeommonly

acquired in wells today, a great need still exists for the derivation of shear fnaves
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compressional waves singeny mature developed fields only have monopole (compressional
wave) logs and lack dipole shear wadata(\WWang, 2001

Many reasonsxistwhy predicting shear wave velocities from compressional wave
velocities is difficult, as there are many factors to consider. Acoustic velocities through rocks
depend on factors of the rock through which the wave propagates, indudingt Imited to
rock type, density, grain size, grain shape, texture, anisotropy, stresses, porosity, temperature, the
presence of joints and bedding planand weatheringonesKahraman, 2007 Fluid type and
saturations in the pores can also have signifietiatts;Wyllie et al. (1958foundthat, in
ultrasonic frequency tests, when saturation is reduced from 100% to nearlg g@8at decrease
in P-wave velocity occurred. Thatudy also concludetthat velocities of fluid saturated rocks as
a whole were deendent on the specific ratio between the velocity of the pore fluid and the
velocity of the rockln addiion, fluid type is a bidgactor; Adam and Batzle (200#gported
observing attenuation (and thdispersionr without modulus dispersion there is atbenuation)
to have greatly increased when brine replaced a light hydrocarbon as the pokédyipdlieir
limestone samples.

This study haattempted to analyze acquired Vp and Vs data frommagesamples
acquired thragh ultrasonic laboratory tesin order to possibly find aemprical relationship
betweerVp and Vs data in order for a robi& prediction method to be appliedfuture

endeavors where similar rock characteristics exist.

Frequency Analysis

Differences in frequencies of the velgciheasurement technique is another problem in
determining accurate Vs where imocsitu Vs measurements exist. Frequencgieined ashe

specific number of times a repeating eveccurs per unit time, with &l unit of hertzand a
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recipracal known aslte period which represertse duration (irSl units of second<f one

cycle.A good way to compare between frequencies of waves of various known sources is by
referencing the electromagnetic spectiigeen in figure 2.7)whichalsogivesa better

perspet i ve t o ohods. Batltthed.250blz ande20MHz frequencies examiméus
study ae considered ultrasonic, meanindh e wnhdve ¢he ability of ahuméns hear i ng
capability, andwvithin the radio wave realm.

Frequency ranges of most interest apglicabilityto industry includel) theseismic
frequency afl-100Hz, usedby surface seismic techniquey the sonic frequenarourd 10kHz,
usedby sonic logsand3) the ultrasonic frequency at 100kkd@MHz, usedy laboratory
measurement techniquesis evident how large the spiea frequencies usad, and much
effort has been spent attempting to equalize themsuremergffects on velocities of acotirs
waves, in order for all three to be used in harmonytandem to help characterize comple

heterogeneous reservoirs, including carbonates.

Figure2.7The el ectromagnetic spectrum compari ng
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Velocity Dispersion

There exist both dispersiand nordispersive mediums. Inonm-dispersive mediums,
such as air withoud U, the speed of sounsd not dependent on frequencyailtsound
frequencies the speed of the sound is the senile propagating through.iThis can be thought
of visually asa beam of white light traveliniprough space unimpedddowever, in dispersive
mediums such as rockke speed of sound is dependent on the sound frequency, much like when
a beam ofight travels through a prism causimglividual rainbow colors to separate due to
changes in speed byhich they propagate through the prism (called opticgdersion)Wang
(2001)states that the true magnitude(@ioduli and velocitydispersim is still not known
making it adaunting issué rock physicsThe problemresults from differences in frequees
used in different measurement techrmigu

This effect does not occur in all kindssaflid materials. &r instance, gypsum is a purely
elastic materialthus havingfrequency indeperaht elastic properties, howeveost rocks
including carbonates awviscoelastiqPimienta et al., 20)4and thuslispersive A viscoelastic
material is one which exhibits both elastic and viscous characteristics; a viscous material like
honey will react differently and resist stress differently than a purely elasciatdn
viscoelastic materials, typicallsdrequency of the measurement increases, so does the velocity
due to the associated dispersion

Assumption 2 of the Gassmann equatidealt with dispersion effectégain, the higher
the frequency of the measurement used, the grmterductionof stiffness in the rock from the
passingvaves causing ammall amount of pore pressuiebuild up without allowing that induced
pressure to equilibratbefore tk next vave passes. This thereates artificialljhigher measured
velocities(Mavko et al., 1995 As anacoustic wave passes through a rock, fluids in the pore

spaces become disturbed and consume part of the energy of that passinthisave. e c ou p |l i n g ¢
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of therock skeleton fronthefluid in the pores causelspersion to only occun watersatuated
rocks with high frequency measurememéegardlessf rock type(Wang and Nur, 199Mavko
and Jizba, 199Winkler, 1985 Batzle et al.2001).Besideghe fluid-skeleton decoupling
mechanism, ther potential factors caalso create an artificially high velocity recordjng
including patchysaturation (Dutta and Ode, 197®)cal fluid flow or squirt (Mavko andizba,
1991), and because ultrasolaboratorytests a usuallyconducted on largely homogeneous, in
tact, competent coisamples with minor fracturing; in comparis@onditions near the wellbore
where sonic measurements take place can be kiglag induced fractures and naturally
occurringheterogeneities within various sections of the measured formations (Lin, 1985).
Interestingly Adam and Batzle (2008urprisinglyfound their dry ultrasonic samples to
exhibit dispersion. Their conclusion was that a small amount of water in pores fraditjum
the air was the cause, as tharecsamples were not oven dri€bntradictory observations to
this rule have been described in literature: Mavko et al. (199%)sofound the effect of
dispersion to be less when measurements weréucted ahigher pressures, thus here atbe,

difference in measurements of differifrgquencymeasurement technigukbscame less.

Poi ssonds Ratio

A possible remedy to tHeequency and dispersion issues when attemptiragquire
accurate Vs data witho in situ measurements is to develap empirical or theoretical
relationship whichAe mox plyai iPeod sisro nédar Iriadr os ect
ratio of Vp to Vs velocities. It is seen as a possible solutidhe dispersion probleftherefore
enabling the tying of ultrasanto sonic frequency velocity measuremgihise c aus e Poi sson
Ratio values are less susceptible to the large potential variations between measurements of

velocities between different frequency measurement techniques, beitig @nd not direct
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measurement&dam et al. (20063tated thabecause the dispersion in their Vp and Vs
measurements were similar for their sampl es,
negligible, allowing for a correction to be appliedviaeen their low and high frequency data.

Randi (2012) showedr omi si ng results in thiamlthisespect
study has acquirecbmplimentary data in an attempt to increase the confidence of those results.
Mavko et al. (1998), Han (2004Romenico (1984), and Asseda al. (2003)plsomeasured
carbonates through ultrasonic methods aedted empirical relations for Vs and .Vp

Many factors can af f e cirgeverthesvayad is hsasured,t i 0 Vv a
either dynamically or statically’he geophysics laboratory at Kansas State Univeasiythis
study employthe use of the nondestructigalsedynamic methodBecause our conglug
samples came from the Kangasological Survey, we were required not mdhge therwith
any static techniqueBynamic tests derive results from either the determination of pulse
compressional and shear wave velocities in core samples, or through resonance frequencies of
compressional and shear vibration measurements -dfkdeacylindrical rock sample&ercek,

2007; Siggins, 19931t has been noted that large differences between these two techniques can
exist (Fjaer et al., 1992; Siggins, 1993; Wang, 2000; Fjaer and Holt, 1@8#jhe static

technique more widely used aadceted in engineeringnd rock mechani¢cand the dynamic
method more prone to error, some consideraridusually through underestimatiarigot only

are Poissonods r at ibetweeratheseensthqdbe ttheir efastiangodué e me n t
disagreaas well, sometimes by up 690%. This tendency has been documentedl (Lin, 1985;

Brace, 1964; Brace, 1965; Simmons and Brace, 1965; Heuze, 1980; Thi)l, \1&88&tionsin

results arg@rimarily due todifferentamounts of stress appli¢andthusstrain generated on the

sanples), and how cracks within the samples act as a respdresstafic technique delivers
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enough stress to physically damage the core saofijigle making it unrecoverablé/hen a very
largestress is applied, cracks colégpandstrain is not recoverabtsausing a variation in final
values;steel, a cracitree material reports dynamic vs static Poiss0 s r at i ®ooneal ues
(Wang, 2001 Bristow, 1960)Also, varying stress amounts between methods may create
differences in th magnitudeand behavioof mineral grain sliding and treubsequent
influencing effectgLin, 1989. In an effort to control for the difference between static and
dynami ¢ P o vakesKimg@l983) \tan Heerden (1987) akdssa (1988attempted
empirical rdationships, although conclusive evidemtesuccessful attemptemairs hidden

Not only does the presence or aaéateswese of
many other factorscludingchanges in fluid content and saturation,sbkd rock mineral
composition (this being most influential at high effective pressures on rocks with less cracks),
and clay contents in siliciclastics play importamies(Zhang and Bentley, 20p5~urthermore
combinationsand more subtle charactercstof factorsare influencers, including thespect ratio
of cracks(measured mathematically by dividing the length of the minor axikdlength of the
major axis) the concentration of crackspmbinations of saturation and aspect ratio of cracks,
the geometry, orientation, connectivity and distribution of patsctive pressuresnd
proportion of differentrack typesamongothers(Walsh, 1993Zhang and Bentley, 20D5

Typi cal diovalses a imtacsrocks can be found in Table @Geicek (2007)
and include ranges from QL35 in dolomites, and 0:A.33 in limestonedzurthermore, of all
reservoir rocks, limestones have the highest Vp/Vs ratio omgegfollowed by dolomites,
followed byunconsolidated sand at deep burial depths, followesabgstonef/Nang, 200).
This can be an important observatitwol for lithology characterizationrad indirectly pore

fluid characterization as well.
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Shear Wave Velocity Prediction Modes

Shear wave velocity models demnine shear wave velocitit®m Vp values through the
use of empirial Vp/Vs relationships, dhrough othetechniquesThese are prominent in the
literature and in industry due #lack of dipole sonic log data imature oilfields Shear wave
velocities are lao required foAVO analyes Many shear wavprediction models exisso it is
important to apply the mosppropriate model to the unique set of subsurface formation
characterisgcs that are of concetihthe best results are desirdéimpirical Vs prediction models
have proven to be accurate methods (Jorstad et al., 1999), but validation from local shear logs
when available is an advisable action, as large variations from established trends have been
known tooccur (Simm and Bacon, 2014lthoughmany other rock physics model types
includingfluid replacement models atide Gassmann equations require messents of both
Vp and Vsas initial inputs shear wave velocity prediction modelsy require Vpinformaion.

Mavko et al. (1995)leveloped two sucimethod: onewhich can operate on thewave
modulus, which acts as a replacement to the rock and mineral bulk moduli requirements of
Gassmann, and the otheitsle to decompose the measuredde modulus irt shear ath bulk
moduli graphically, thus providing all necessary informafmrthe Gasmann equations to be
applied. Bbth methods were found to be very accutatesandstones, although were not designed
to beequipped to predict the effects of velodifigpersion in ultrasonic tesSastagna et al.

(1985) also provided ¥s predictionmodel intended for wategaturated clastic silicatecks,

known as the mudrock lin@ther models include the GregePyckett approach, the approach

developed by ee (20®), the Xu Paine methothe Greenberg/Ctegna methodhe Budiansky

and OO0 Co-oonsestent appraximétiolan s met hods, the Modi fi ed
the Critical Porosity method, the Krief methaahd others. Mny other derived epirical

relationshipsexist as well, all based on specific local conditions
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Gregory-Pickett
The GregoryPickett approacfrom Gregory (1977) is a dry rogheamwave velocity

prediction modelThe met hod i s al so known as the o6dry r

requiresthedryrocRoi ssondés ratioThe a@mnyi mpaekt 0t sisopOk

calculated from the dry rock bulk modsland the shear modulus as sueh—, wherey is

the dry rock bulk modulus, anidis the shear modus. This method will be used and results
compared to the other rock physics models to confpam@plicability Steps for its exact

calculation can be found in the methodology chapter.

Exploration Seismology

Explorationseismologyreflection seismologygr seismic reflection, is the application of
the principles of seismology to better understand subsurface Earth properties from reflected
seismic waves, and requires both a seismic source and recaiveasn goal of rock physics
studies is to link physical rock properties to reflection seismic observasindsreating a more
meaningful and extremely important connecti@mtween the twdseismic wavesi exploration
seismology providsubsurface rock ahfluid information in the form of travel time, phase
variations, and reflection aniplde. The three seismic properties of rocks ane@d¥e velocity,
S-wave velocity and impedance, which depend mainly on the elasticity and density of the
analyzedocks(Simm and Bacon, 2034This information through analysis, can help give a
clearer picture of spatiaiariations insubsurface porosity, pore fluid type and sation, and
lithology, all important aspects of 4D tinl@pse efforts.

It is important to undetand that, in a reservoar anyother subsurface formatiptwo
varieties of pressure existverburden or@nfining pressure, which is tipgessure generated

from the mass of the overburden abtwe particular area of interesind reservoir or fluidr
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pore pressure, which is tipeessure exerted by the fluid mass pressing back against the pore
walls from within the reservoir oubsurface formation of interesthe difference between these
two pressures is known as the net overburden, or diffatgmtieffective pressure. This effective
pressure is important becausedhtrols the rock seismic properties which are used in a large
number of important applicationscluding 4D seismic and AVO analysEffective porosityis
also important to define gingthe porosity within a rock formation which is intenmected, and
is thus the most important typeterms ofd U sequestration and EGdpplicationskfforts.

Seismic propertiesf sedimentary rockarenot only affected by effective pressure, but
also throughmanyotherfactors in comfgx ways, includingubsurfacéemperature, fluid
related factorgincludingfluid saturationtype, viscosity, phase, density, type ratios, and
wettability), porositypore typeand shapgracturespressurecompaction, agdithology,
consolidation history, cementation, clay content, texture (including roundness/ angularity, sorting
and grainto-grain contacts), bulk density, anisotropyress history, depositional environment,
frequency of the mesarementandothers Wang, 200). Of these Wang (2001fetermines pore
shape to be the most significaalthough hardest to quantify, although generidiiter pores
generate lower seismic properti®sedicting and moding the effects of fractures on seig
responses can prove difficult as we{u and Payne, 2009Stiff rocks have also been observed
to exhibitsmaller seismic sengitty to pore fluids compared witboft rocks(Jaiswal, 2011
These influencing facto@re lkely interrelated; if onehangepropertienf many othergnay
alsoresultantly changeéherefore, in rock physics seismic studies, ideaiflg factor fa time
should change for more accurate investigations.

The impotance of integrating seismic reflection @atto a rockcharacterization project

has been demonstratby Ohl and Raef (2014), whay using3D seismic attributesuccessfully
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characterized a Mississippian subsurface lithofacies and expolstie features to be used as
valuabled 0 plume time lapse trackingformation Furthermore, Raef et al. (20019ed
seismic attributes tbetter characterize formations through pinedicton of porosities in thn-
bedded carbonates, and Raef e(2005) deployed the use of 4D seismic techniques during a
0 U flood event to better understand carbonate reservoir characterstids Wang (2000)
successfullycompared his Gassmann predicted results to the effect of fluid replacement on
seismic properties, findingood agreement

Fluid substitution resultare ablao predct effects on 3D seismic attributebus his
study integrates reflection seismology techniques through the use of an interactive spreadsheet
employing the Gassmann methfod potential use ifargescaled U plume pediction and

monitoringat theWellington :32 well site

4D Time Lapse Seismic

4D timelapse monitoring using seismic techniques is a method used to study the
evolution of subsurface processes through time, and is an important tool in areas outside the
petroleum industry as well as wih. The basic aocepton which the tool is founded is that
variations in the properties of the rock frame andiltnd within those poreshange the
characteristics of seismicalbserved velaties and densities, providing a window through
which to obgrve changingubsurfaceonditions without necessarily personally visiting
understand timdapse seismidata, Grochau and gurevich (2009) ntitatthe combination of
saturatioreffects (able to bdetermined fromie Gassmann techniguend pressureffects on
seismic wave propagatigable to be estimated through laboratory tests on core samples) need to

be known, thusvhat this study has aimed to accomplish.
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Although the Gassmann fluid substitution technique is a powerful tool for 4D
interpretationXu and Payne, 2009an important note is that monitorimgjectedd 0 using
seismic technologies is only possili¢he rock physicgpredicted, and more importantly, the
actuald U-induced formation rock property changes are large enough to tetaogh current
costeffective methods (Sbar, 2008mith et al., 2003)Theseseismc changes include both
velocity and amplitude (attenuation) of the prggngwaves.Resolution of a seismic survey is
importantin this regard, and depends on a few fampors, includinghe frequency of the
dominant wavelength used in theismicsurvey, andthe speed of the shear and compressional
waves traveling through the subice area of interest. Knowing this information, and that

seismicresolution is ¥ of thdominant wavelength, hypotheticatijwen a surface seismic

survey with 50Hz dominant wavelength with a Vp of 10;88Ghe maximum resolution would

be

= 200t, then——-= 50 footresolution.Indeed,6 0 flood 4D seismic monitang

efforts depend most largely dime seismic measurement method, andefiect thed U flood
has on seismic properties of the formatiocks, including additional less significant factors
such as reservoir depth aimjectionpressuréWang et al., 298).

Wang et al. (1998)bserved modeshough appreciableompressional waveelocity
changes in thestudy of around0.2% to-10% afterd 0 injection took placewhich they
attributed mostly to the compressibility contrast between the oil/ water mixture andithe
the reservoirDuring geosequestration and enhanced oil recovery effdrgsges irsubsurface
fluid saturatien and reservoir presres both occur. These twbangesnay either reinforce or
cancel each other out in termstloévelocity and impedance seismic responslepending on
the whether the wave is shearcompressionaWang, 2001 If for instancea ecific

procedurenere to reduceeservoir presse, decrease oil saturation, and increase water
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saturation, theffects would have opposite influencas Pwave velocity and impedance,
therefore gemally cancelling out the individual effectdowever, during that same procedure,
Vs wouldnotbeexpecté to be significantly affected due flaid saturation effectgapart from
small bulk density changes or chemicalated effects), but it is expected to be sensitive to pore
pressure changes (Wang et al., 1998grefore, differences betwe¥ip and Vsvaluesbefore

and after @ U flood mayprovideinsight,revealing zones whexe 0 has either been swept with
or without the buildup of pore pressumed thugproviding goodd U plume spatial information
(Wang et al., 1998)Castagna and Backus (1998as also demonstratéte approximate

feasibility of predictingandmonitoringd 0 flood plume zones, through various methods
including high resolution surfaceeismic,crosswell techniques, alde Gassmann equations.

In addition to seismicallgletectable velocitychangs betweepre and postfluid
injectionevents Adam and Batzle (2007) accumulated results on the attenuation/ amplitudes of
waves in such a scenario. They determined the attenuation of waves to increase by a factor of 4
to 10 whenhe rock is brinecompared to butargaturated at seismic frequencies in carbonate
rocks (perhaps attributed to briseftening of the matrix, or because of the heterogeneous nature
of their samples), compared to fluid substitution velocity changes ofoniynd a factor of 1.15.
This suggests amplitude and attenuation of waves may be an additional important seismic feature
to monitor in 4D6 U plume efforts.

Ideally, exploration seismology will eventually be able to mapeaattspatial
distributions & both different saturations of fluids and of different fluids within specific, detailed
areas of subsurface interest. In order to achieve this noble goal, in part, seismic properties of
those pore fluidseed to be understood very well aimider allconditions asBatzle and Wang

(1992)helped make more cledecause rock physics has played significant roles in the
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progression of seismic technologies including rock property inversions and 4D seismology, and
has been underutilized in the interpretatad seismic daté/Nang, 200}, this paper looks to in
part remediate that insufficienc& more altinclusive perspective on likely future improvements
and the current day state of 4D techniques can be found from Calvert (2005).

This study looks tapplya 4D6 0 plume interactive Gassmann prediction and
monitoring Excel spreadsheghichincludes macro functionprovided by Dr. Abdelmoneam
Raef from Kansas State University. Through Gassmann calculations, it will help determine the
feasibility of 4D60 plume monitoring at our studsite through predictions qfost fluid
substitution effects on subsurface rock formations at the k@&Well site.Importantseismic
properties includinghangsin velocity, density, and acoustic impedance with changési
saturation will be predicted and depicted graphically to determine the practidalityrent
seismic technologto observesubsurface fluithanges through time, indicatibgd plume
migration.Acoustic impedancis a measurement of the resistaofawvav e 6s travel wit
system. Mathematically, it represents the seismic velocity of a wave penetrating a rock
multipied by t hat r aiesktpesading afacters including pare flvd type and
saturationamong others. If spatiakaustic impedance contrasts are large enpagtsmic
techniques are able to observe th&ualating acoustic impedance to physical rock characteristics
through rock physics models has been important for the seismic analysis of porosity and

lithofacies(Jaiswal, 2019.
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Chapter3-Geol ogi ¢c Setting

Study Area

TheWellington oil field is approximately two miles wide byree miles longwith an
area of 22.6Q4 . It is locaked in Sumner Counti¢ansasn the southern part of the state
southwest of Wichitaat Section 32T ownships 31South and 3&outh, and RangeWest,and
at latitude 37.33444 and longitude97.442414 (figures 3.8.2). The field became a major oil
producer &er its discovery in 1929 dhe drilling of the Peasel Well 1 lease; it educed
over 20million barrels of oil from mor¢han 250 wells drilled since hE producing zone is
the Mississippian formation withinrane-meterthick zone between 3,670 and 3,700 feet
measuredlepth(KGS, 2015)Initial production of wells ranged from 200 to 2,000 barrels of oll
daily, thoughproduction was not particularly lofliyed, andsteadilydeclined as the reservoir
becamalepleted (Cooperative Refinery Association, 198$)1953,wells were only producing
10 to15 barrels dailypn averaggetherefore water flooding secondary recovery efforts bega
which enhancegroductivity (Cooperative Refinery Association, 194R)efield is currently
continuing to belepleted aftethe application ofnearly 50 years ofaterflooding; 17 water
injectionwells and 55 producing wells exiatith yearly production in 2014 at 46,234 barrels of

oil (KGS, 2015).

Figure 3.1 The left imageas of Kansaswvith Sumner County highlighted in blackhe
right imageis a close upf theWellington Oil Field highlighted in blackshowing its locatin
within Sumner County. Image 3.2 is modifiedm the Kansas Geological Survey website,

(2015).

43



Republic Brown

Marshall Nemaha |

d Phillips | Smith | Jewell | Washingron
\ \ | -
o _ . B — - Achison
7
l | Cloud | / |
Sherman Thom: Sheridan | Graham Osborne | Mitchell oy { Poruavatomie| laeksen
Riley | U yopiag T —
- bl |
T 1 1 — | Ottawa ‘ |_ Y’ N | eflerson T} * ot g |
Lincein ] L~ 0 ‘W ;
| o Shawnee P ] 11, Pette
Wallac logn | Gove ‘ Russell ‘ 1SS | Wabaunsee " ¥ mhee
— Dickinson || Chor T - LR
L Saline | | 1 P ¥
- | — T | Elsworth | | Morris | Osage ‘ : o b
| — T Franklin | Miami par
Greeley | Wichia | Seott ‘ Lane | Bron | | i ben | gt { ¢ d
McPherson 3
‘ ‘ Rice ron | Chase [ I o .
‘ ‘ o ‘ Coffey | Andersan|  Linn = | T
— 1 _ |
| } dou
Finney | Hodgoman Harvey —— —  — : | R
y L
Hamilton | Kearny | I — Stafford Reno i
[ | Edwards | ‘ Greem V"‘"’“‘“"‘ Alen | Bourbon
o & | | | 1 Butler | y | B
ray ‘ Ford Pt Sedgwick ‘ 2 7 1
Stanton Grant | Hasiell ‘ Kiowa Kingman I Wison | Neosho | - [T = !
B T T 2 s : f
‘ Sumner | Labere | : fsoun |
Cowl 1 o G ; Pave—t
Morton | Seewns | Seward | Meate | G| e | Barser | Harper T Chauauqua Cherokee At
Montgome
il ol

Figure 3.2 A closeup map showing the exact locations of the KGR land 128 wells,

both drcled in black. Image modifieifom Huff (2014).

50" Ave
b~ o
‘ 9 8 8
- 6 = o
8 : )
H e i 3 Berexco
] L 143 T Wellington
i Z 14 Unit
17
16
40" Ave
35
44
52i e
60 61
30" Ave
RAaq 90i 96 Yo2
Nelson 100 107
wy 108’

The well of interest is the KGS32 well APl number 15191225910000, wixitY
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depthin 2011, and has pra¥ed1,640 feeof core from 3,540 feet below groundsurféagthin
the Pennsylvanian Periptb 5,180 feet below groundsurface within the Precambrian and
Proterozoic granite basementks. Thisl,640foot-long core from the Cherokee Shale to the
granite lasementvas almost entirely continuous, with three breaks cabgéde vuggy nature
of the carbonatesnddue tofractures in the reservoir which locked up the «iraft. During
these vuggy sectienconventional drilling was used until coring could lregnce againThe
core was obtained in 60 foohits wsing a CT510 Core Bit with conventional split ring core
catcherand aluminum casing, and then sent to Weatherford Labs in Houston, Texas for analysis.
The core is currentligept at the Kansas Geological Survey core repository in Lawrence, Kansas.
The drilling of this well along with the associated KG38l(injector)well and related
work was sanctioned by the United States Department of Energy (DOE) National Energy
Technolagy Laboratory (NETL), under Grant Number DEFE0000002056, to determine the
regional potential of carbon sequestration and enhanced oil recovery within the Wellington Oil
Field. The project is currently managed by the Kansas Geological Survey and Dr. theyWa
Funding is also partially supplied by cestaring partners.
The two areas of interesd this study are the limestoMississippian depleting oll

reservoir formation, and the underlying dolomite saline Arbuckle group aquifer.

Geolqagic History
Structural Geology
The structural framework afansas is relatively simple comparedother parts of the
world. The basement is an extens of the large stable cratoth¢ Canadian Shiejdand
thereforethe sedimentary rocks above lie mostly parall@rieanother (Merriam, 1963)t also

was accreted by a series of orogenic events to the southern area of LaAiltoiggh pre
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Mississippia features have undergone deformation stheg were initially createdue to

relatively active tectonics (McBee, 2008grtain features have been identified and
reconstructedmportant regional stictural features in Kansasclude the Ancestral Central
Kansas Uplift, the Central Kansas Uplift, the Central Kansas Arch, the Chautauqua Arch, the
Southwest Kansas BasingtRratt Anticline, the Sedgwick Basin, the Nemaha Anticline, and the
Cherokee Basin (Merriam, 196@3igure 3.3)

Kansaggeologyin the Ordovician and Devonian was largely determined through the
influence of the Central Kansas Arch. Then, a change in the structural development of the area
occurred at the closing of the Mississippian; this new structural regime helped determine the
structural framework seen in Paleozbieds (Merriam, 1963).

The Central Kansas Uplift is a large fdesmoinesian, posMississippian feature
occupying 5,700 square miles, amdich trends northwest and separates both the Sedgwick and
Salina Basins on theast and the Hugoton Embayment on the west (Morgan, Ea&#ijnentary
rocks are typicdy no thicker than 5,000 feet, with mueksociateéhformation obtained
through drilling to basement rocks.

The Chautauga Archis a preMississippian broad westwattending anticlinal feature
which began rising while the North Kansas Basin started subsiding, and had stoppedtesing
Mississippian deposition and the subsequent plississippian Cherokee Basin formed
(Merriam, 1963). In somareas, Pennsylvaniaiacks areevenfound lying on Cambrian rocks.

The Nemaha Anticlinbas been well studied and explored since oil was first found along
its trend. It is anajornarrowandsoutherlyplunging preDesmoinesian pogd¥lississippian

feature reaching from Nebrast@Oklahoma, separating the Cherokee and Salina/ Sedgwick
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Basins to the east and west respectiy®lgrriam, 1963)l t i s a basement bl
structure with high relief, at the intersection of two wrench fault zones (McBee, 2003).

The Wellington OilField and Sumner County are positioned within the Sedgwick Basin,
which is surrounded by the Central Kansas Uplift and Pratt Anticline to the west, the Salina
Basin to the north, the Nemaha Anticline to the East amdtadarko Basin to the soutlg(ire
3.3). The Sedgwick Basin is a shiélfe southerly plunging, postlississippian pre
Desmoinesian feature, and facies within the basin typically thicken sodthoveards the
Anadarko Basin irOklahoma (Merriam, 1963}t is similar in many ways to the Hutgm
Embayment, and is composed of Cambindovician, SiluriarDevonian, Mississippian and
PenrsylvanianPermian rocks nearly 5,500 feet thiokits southern areas (Merriam, 196Bhe
study area is in a location previously known as the Burlington sbedfted north of the

Anadarko basin and east of the Transcontineteth (Lane, 1978).

Figure 3.3 A map representingarious major Kansas Peslississippian structural

features; Sumner County is highlightedblack Image modified from Merriam (1963).
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Stratigraphy

Lying beneath most of Kansas is the Western Interior Plains aquifer sysgjera 3.4)
Near our study site, this system is composed of Arbuckle Group (©Oc#levician and
Cambrian in ageMississippian and Devonian shales known aiha@ttanooga Shale,
Mississippian limestones, and cagg®y a large Pennsylvanian shale wailed the Cherokee

Shale.This entirearea is being targeted for geologic carbon storage
Figure 3.4Two Paleozoic aquifer systems, the saltwater Western Intelains Aquifer

and the freshwater Ozark Plateaus Aquid@d structural features are shown aroundithie

sequestration evaluation area. Image modified from Carr et al. (2005).
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Therelevant formationgin subsurface/ measureépth)at our studyige, and seen in
figures 3.5 and 3.6ncludel) the Arbuckle Group from,164to0 5,130 feet(with the proposed
0 U injection zone from A00to 5,050 feetand with & observedaffle zone betwee#,400to
4,550 feet) servingas thed 0 sequestration storage reserv@irthe Middle Ordovician
Simpson Grougomposed of several sandstones and limestomes4,070 to 4157 feetand
servingas part of th® U reservoillying between thé/ seal and reservoir facie®) the Upper
Devonan LowerMississippianChattanooga Shakd around 060 feet and only 15cihick at
the KGS 132 well(this unit is quite variable across southern Kansas, ranging in thickoess fr
approximately 1 to 150 feeBerving as the primaiynmediated U seal facies4) the Lower
MississippiarKinderhookian and Osagian Stadesn 3,891 to 4059 feet, including éow
porosity section from 3,975 to 4,06kt (Scheffer, 2012which may act as a potential
secondary seahb) the Upper Mississippian Serigecluding the Meramecian and Chesterian
Stagesrom 3,658 to 3891 feetwith the pay zone and thesihanced oil recovery reservéiiom

3,670 to 3700 feet 6) thethick Middle Pennsylvania€herokee Shale fro3,543 to 3379 feet
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serving as the secondaayd regionakea) and7) the PermianSumner Group Evaporites from

606 to 1197 feetserving as the tertiageal(KGS, 2012)

Figure 35 A stratigraphic column of Kansas, showing the respective locations of both

formations of interest in this study, the Arbuckle ddsissippianimage from Carr et al.
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Figure 3.6 A stratigraphic column highlighting the purpose of each majooliigic
formation within the KGS B2 well, and its associat&d( sequestration anal U-EOR

purpose Image modified from KingZ013)
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Core plug samples used in this stifigure 3.7)are located at the followingubsurface/
measurediepths fromwithin both the Missisippian and Arbuckle formation$) coreplug
DM3716.7at 3716.7 feet?) coreplugDM3716.8 at 3716.8 feet3) coreplug DM 3749.9 at
3,749.9 feetd) coreplug DM 3829.4 at B29.4 feet5) coreplug DM3829.5 at 329.5 feetp)
coreplug DA4300.3 at 4300.3 feety) coreplug DA4300.4 at 4300.4 feet, an@) coreplug

DA4472.6 at 472.6 feet.
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Figure 3.7 A picture of corgplug DM3716.7. Additional cor@lug pictures can be found

in AppendixA.

Mississippian Formation
Mississippian rocks in thewgly area can be divided into Upgerd Lower Mississippian

series; the upper series contains thgoilducing unitof the Wellington oil field and thus
targeted fold 0 enhanced oil recovery efforts, and the lower seripfaisned to act aan
alternative primary sedbr the Arbuckled U sequestration230 feet (from 3658 to 3891 feet)
the upper series was colted by the KGS B2 core, and is composedlmhestone and dolomite
beds including smaller bedsf sandstoe and shale andinor chertamounts (Zeller, 1968170

feet(from 3891 to 4061 fegbf the lower series was collected by the KGS2Icore. The two
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series are distinguishable by an increase in carbonate and a decrease te@ugillacks in the
upperseries, and alsoy differences in porosity and permealyilit

During the Carboniferous Peripthe middle Mississippian reservoir rocks were
depositedhs part of a crateacale depositional system, and bordered by deeper water to the
south andvest Gutschlick and Sandberg, 1983} this time much of the central United States
and the southern North American continertecovered by a broad carbonate shelf due to an
epicontinental sefligure 3.8) t hi s shel fos out er teadipatilfyinand sh
southerrKansas (Witzke, 1990; Montgomery et al., 1p9%he warmwatershallowsubtropical
seaenvironment during that time creati@destone depositiononditions, and because of the
largecoverage of this shelf, extensive lateralyninuous layers of carbonate and siliciclastic
facies were deposited, and characterized by transgrasgjkessive cycles of carbonate and
silica- rich sediment deposits (Franseen, 208&hermal buildups rich in sponge spicules
reached nearly 50 metersthickness on the shelf margin (Montgomery et al., 1988).
activity of the biota present during the depositional environment fluctuated depending
changes in water dep#nd associated oxygenation, and sediments were deposited below storm
normal wavebase(Mazzullo et al., 201)1 Crinoids and bryozoans were the primary marine
macroinvertebrates and carbonate mud producers, and the presence of framework organisms
such as reefs were not present, as their population from the Silurian and Devonianhtaeriods
collapsed by this time (Scoffin, 1986

For carbonate depositional environments, basin fill changes are usually linked to changes
in sea level fluctuations, called eustaDgpending on the severity of sea level fluctuations,
which can be controlled by factors such as tectonism, sediment supply, orbital variability and

climatic changes, various kinds of cycles can be accumulated in the sediment record. First order
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cycles usally influenced by tectonics span-80 million years; second order cycles last between

10-100 million years as a result séafloor spreading; third order cycles range fref® Inillion

years; fourth order cycles range from-0.8 million yearsandar i ven by Eart hods
known as Milankovitcltycles (Sloss, 1963). These sea |dkmdtuations and associated

controlling mechanisms, especially climate, can often affect the depositional charéioger of

sedimentary rocksncluding continuity andyeometry.

Figure 3.8 Land, shallow seas, and deep ocean locations during the late Mississippian
period around 325ma, superimposed with modern terrifooahdariesimage nodified from

Blakey (2010)
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Diagenetic studies done in the area indicate many events have affected the Mississippian
rock characteristics, including fracturing and dissauatevents, whiclgenerated porosity and
permeabilityconduitsfor fluids whichlaterprecipitated cements, redag porosity (Young,

2010; Wojcik et al., 1992Post Mississippiasubaerial exposure resulted in an erosional
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unconformity(figure 3.9) This and other influential diagenetic events creatagt)y porosity,
sponge spicule dissolution and autobrecciatwanbonate dissolutiomolotimization and
silicification helped form cherty dolomites, vuggy chemsl microporosityWatney et al., 2007;
Watney et al., 2001). As a result, today, porosity values in the Mississippian resamgeifrom
three to 25 percenfccording toKing (2013, Mississippiarfacies inthe KGS 1-32 core have
experienced nine knowtiageneticeventsn its history: 1)carbonate dissolution creating vug
and cavern porosity increasingrpsity by <5%, 2precciation andollapse features, 3)
megaquartz cement and reducing porosity by <&%),chalcedoy reducing porosity by <0.5%,
baroque dolorite reducing porosity by <0.5% apetroleum migration8-9) calcite cement

reducing porosity by <5% and anhydrite redugaogosity by <5%.

Figure 3.9 Distribution of Mississippian rocks (grey) in Kansas. Image modified from

Merriam (1963).
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Arbuckle Formation

The Arbuckle Groups a deep saline aquifer included in the Ozark Plateau aquifer
systemwhich dips gently southwd with a westerly dip near the Nemaha anticline, and which is
thickest in southeagtansas (Franseen et al., 2D0fihe formation ipresent throughout most of
Kansasexcept where ancient uplifts have occurfehnseen et al., 20D4Core descriptionsfo
the unit from the KGS-B2 well range from packstone to wackestone to grainstone, indicating
the dominant depositional environment to be a subtidal to intertidal shallow carbonate shelf/
platform (Franseen et al., 200®eposition occurreth the Late Cambrian to Early Ordovician
ascarbonate strata large packagewithin a shallow continental sefong and making up a
|l arge part of t hewhiéhGanealang thefedge ofithe @resenttNarthk , 6
American Cratorffigure 3.10)(Wilson et al., 1991)This seacontained high magnesium
contants (Franseen et al, 200dnd fluctuated in deptlastheformationis currently largely
dolotimized andounded abve and below by unconformiti¢sgure 3.11) Dolomite formation
requres a soure of magnesium iorsnd a process by which to pump the dolomitizing fluid
through the existing carbonatacks (Tucker and Wright, 199@ive types of dolomitization
models currently exist, including the evaporative model, the seawater model, the rangng z

model, the burial model, and the seepeajleix model.

Figure 3.10Land, shallow seas, and deep ocean locations during the Cambrian period

around 500ma, superimposed with modern territorial boundémegemodified from

www?2.nau.edu/rcb7/nam.htmi
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Figure 3.11The distribution of Arbuckle rocks (grey) Kansadmage modified from

Merriam (1963).
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Five members exist within ¢hArbuckle Group: the Eminence dolomite, the Gasconade

dolomite (4,908 to 5157 fee}, the Ruiobidoux dlomite (4,649 to 4908 fee}, the Jefferso City
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dolomite (4,165 to 4652 fee}, and the Cotteraomite. The Gasconaddolomitecomes in direct
contact with the igneousasement rocks unconformablygring operations were unable to obtai
a section of core from 4,997 5@49feet indicating large vugs and fractgrikely associated
with that region. The Roubidoux dolomite also provided core extraction difficulties, as two
sections from 4,655 to 4,680 feet and 4,818 to 4,899 feet were not recoverable, possibly also
indicating the presence of large vug$he Jefferson Citgotter dolomite is a high impedance
and thus dense andjltit rock zone, according tmre observations.

The Arbucklemineral assemblag® the coredsection in the KGS-B2 well (4,163 to
5164 feebelow graind surfacegonsists of baroque dolomite, calcite, megaquartz, galena and
sphalerite(Oliver, 1986; Garven, 1993; Sverjensky, 19&s)d includeshrombolites and
stromatolites, intraclastic conglomerate, minor shale and siltstone, -gpansed skeleta
intraclastic, oolitic, peloidal packstones/ dolograinstones, anddia@ned mudstones
(Franseen, et al., 200Both fenestral and interparticle primary porositydaug and fracture
secondary porositgxists; fractures appear common and are shartjcal, and unconnected
(Scheffer, 2012); Carr et dl986) and Franseen et al. (2004) haletermined through
investigation that the Arbuckle Group is heterogesdmth laterally and verticallyermeability
variations that exist are likely due to clgas invarious depositional facies and associajein
size, pore size and shape, pore throat size, and how much cementation islprgegntiue to
the extensive dolomitizing effect&lso, a modernight, denselow permeability/ porosity
0 b af e flord 44@0do 4550 feet wasocatedby Schefér (2012)which may helrohibit
fluids from interacting betweethe upper and lower séans.

Due to subaerial exposure after depositiothe Early Ordoviciana large amount of

weathering and secondasglution occurredh the upper region8ncluding a regionally

58



extensive karsting plain with caves and collapse breceidsgh created enhaed permeability
and porosity, idedbr a petroleum reservofAdler, 1971;Simo and Smith, 1997; Kupecz and
Land, 199). The uppermost portion of this group is an oil reservoir and rests above the saline
aquifer (Franseen et al., 2004ater, the unit was burie@sulting in compaction, stylolitization
and fracturindoy structural deformation perhaps associatet oth the Laramide and Ouachita
orogenies (Franseen et al., 200ding (2013 states thain all, 23 knownmajordiagenetic

events have affected this group, altering many of its characteristics including porosity
permeability and mineralogyhé¢seoccured mainly as a series of dislution and cemeaion
events, with half occurringefore burial and compton, and with half occurringfter burial and
compactionThe diagenetic eventang (2013 describesre 1) depositior2-4) early

dissolution of carbonate strat@placement dolomitizatioand ahydrite,5) early dolomite
cements, 6) silicification?) chalcedony cement, 8arbonatalissolution and karsting, 9)
brecciationand collapse fracture$0-11) middle dobmite cements ahpyrite,12) megaquartz,
13) internal sediment4-15) stylolitization, emanating fractureand fracturing16-17) silica
dissolution ad carbonate dissolutioh8) megaquartz cemerit9) baroque dolomite cemer))

petroleum migratior21-23) galena, phalerite, and calcite cement.
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Chapter4-Met hodol ogy

Ult 100 Ultrasonic System

The basic synopsis of thidlt 100 Ultrasonianethodology section igs follows:to run
velocity tests avaryingultrasonic frequenciesnd overburden pressuras eight airhumidified
core plug samplefsom the Mississippian and Arbuckiermations, in order to estimatés, Vp,
andthe elastic moduliLaboratory ultrasonic measurements are able to be conducted on short

core plug samples because high frequencyesdnave short enough wavelengths to adequately
sample the specimef: L Qo ¢—Q6—.

The Ult 100 Ultrasonic Velocity Measurement System, manufactured by GCTS Testing
Systems, was an integral part of this wdarke enire system ensemble contains an ULT
controller anda Graphical Unser Interface (GUI) to the controller (knowthasCATS
Ultrasonics software), the CATS Ulsanic software, and twalatens. Th&UI runs on a
separate computer, and is able to interadt e ULT controller, which runs the program in real
time and is only accessible through the CATS Ultrasonics software. The ULT controller
performs the requested tests, saves data files, reads and writes to the boards, and controls the
Ultrasonics Pulseryhereas the software handles the database and information aspect of the

system.This setup can be seanfigure4.1

Figure 4.1 The Kansas State University geophysics laboratory, including the Ult 100

Ultrasonic Velocity Measurement System. Image fromdR§2012).
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This systems nondestructive, and provides compressional (P) wave and shear (S) wave
velocitiesand associated waveforms, both stored and viewable digitalbyder for the initial
determination of Vgcompressional wave velocity) and Vs (shear wave velocity) to occur, it is
necessary to |l ocate the O6first arrivald of ea
software or manually. This first arrival is the amount of time it takes for a waveeguol travel
through the core sampl€hese velocities are thersed to calculate dynamic elastic constants
including Bulk Modulus, Shear (Rigidity) Modulug,o ungdés Modul us,, and Poi
allowing for subsequent application of thedastic propeigs. This system can be used in
tandem with various laboratory sabs, allowing core plugs to be tested eithen aitu

pressuresatlesser or greater pressures at no added pressure
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The basic experimental setup involves the phadensplaced atboth ends of each core
plug sample; the platens eamtntain within thenP-wave and Svave piezoelectric crystals
which determine the exact wave arrival times afigyenerated pulse propagate®ugh the
sample(figure 4.2) Pulses are initially generatavhen these piezoelectric crystals change shape
in response toraapplied voltage, causirige pulseswhich propagate through the length of the
specimen. Identical crystals are in the platen on the opposite side of tisammie thus it
d o e s n 6 whicmplateh is on top or bottom; once the created paleaes the crystals on
the opposite endt, is conveted back to electrical energyhichthenis processed-dowever,
because¢hecrystals are contained within the platens and not directly opléiten faces in
contactwitht he cor e pl ug s udofpd adest mésbenconduttedvherthe 6 pl a't
platens are placed directly on top of each other with no substance except an acoustic couplant in
between. This it0 determine the amounof time it takes for the generatattrasonic frequency
pulse to propagate through thiérasonicplatensalone, and to ensure a strong and reliable signal
is getting throughOnce this time has been determined, it must be subtracted from any
subsequentities recated during the core plug testghemise thetravel timeof the waves
strictly through the core plug samplvavewoul dno
and Swave first arrival times have been determined, Vp and Vs can be calcufaledding

the core plug lerty by these first arrival timeso'Q & ¢ Q0 ©

. Next, it is advisable to perform a test with the

aluminum coresample provided by GCTS, to ensure the observation of strong signals and for the
observer to understand what to look for oactual core plug testing begirexpected Vp and Vs
aluminum values haveeen provided by the software manual, and velocitiesraat from this

test shoulde in agreement.
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Figure 4.2The Ult 100 System platens and an aluminum core in between. Image from

Randi (2012).

o —

Core plug samples are then test®dfore experimental testing beginstiv ends of each
coreplug sample must be maderfectly smoothand flaf andan acoustic couplamieeds to be
appliedbetween the fas of the platens and core plug. Both a perfectly smooth surface and the
couplant provides the bestupling between the faces, thus maximizimgstrength of the signal
reaching the opposite platetus increasing the likelihood of an accurate and strong signal and
first arrival timedetermination(Kahraman, 20017 The acousticouplant used in this study was
honey, which is of lowiscosity and ths did not intrude intthe pore structure of the specimen.
Coreplugs were originally cut perpendicularly to the original core axis at the Kansas Geological

Survey, then were transferred to the Kansas Staiteetdity geophysics laboratowhere the
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endswere nade perfectly flatising both a watecooling electric savand sadpaper The same

technique for smoothing and flattening was used on everypbaogas equally and similarly as
possiblelfcoresampes arenodt perfect | yapplidd,ait ga@gmdyexisb a c o |
between the faces of the ce@mpleand pl at ens, whi ednd Swavesltod n 6t al

travel through, diminishing the signal strength.
Core plug samples were-2inches indiameterand rangedrom 6.5 to 8 centimetein

length Core plugsvere not overdried, but instead left amumidified during testingas a

completely dry rock will cause vatity predictions to increasatificially (Clark et al., 1980

Grochau and Gurevich, 2008ore plugs wergested in increasg pressuréencrements of 5001bf

until appropriaten situ pressurs wereachieved At eachin situ pressure threshold, separate S

and Pwave waveforms were collected at both 1.25MHz and 20\#rzssure was applied and
pressure measurements read froh2-#on hydraulic jack and associated pressure sensor attached

to one of the platens, respectivdly situ pressure for&ch coresamplewas determined frorthe
assumption that overburdgrain density averaged 2-3-, and that roughly one foot of

overburden at our study area was equivalent to one pound per square inch (psi) of pressure.

Conversiorof pound force (Ibffo psiwas accomplishelly dividing the Ibf measurement by the

crosssectional area of the core plingcontact with the platen facg i “Q—, where the radius
is the smoothed end of the cgkeigin inches. Although corplug diameters were 4 inches,

the smoothing ahflattening technique applied bestallowed forl -8 of the diameteof each
coreplug face to be in direct contact with the platen faesg testing Thereforejn situ
pressure calculations were deténed through thid-2 inch diameter, and not tlHe-inch

diameter. All core plug samplegeregiven for testing ¥ the Kansas Geological Survey in
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Lawrence, Kansasinder thecondition that no samplegould be subjected to destructive tests.
Therefore, it was of importance to not exert any additional pressure greater $itapressure,
for fear of cacking and d&troying the core plug3his was another reason great care was taken
to make the corplugends as smooth and flat as possible through the available techniques, as
uneven pressure distributions caused by unevemfesse plug surfacesan easilydamageor
destroy the samplesith too great of applied pressuii test whether core plugs reacheditu
pressures?- or Swave velocityand pressure applied were cross plottethese graphs exhibit
velocity asymptotes asgssures increasm, situ pressures have beesached.

Before Rwave and Svave tests could be initiated for eachmegolug, initial inputs
relating to he physical nature of easpecimen weralsorequired, along with a general
configuration of he software input boardt. wasnecessaryto choose the frequency of the
sampling ate (this study utilized bothPOMHz and 1.261Hz sampling ratés external manual
gain (kept constant as off), input automatic gain (kept constant as 20), and energy output percent
(kept constant at 100%$pecimen characteristic inputs were also required, incluidirayogy
type, height ofthe sample in millimetersnass of the sample in grams, diameter of the sample in
millimeters, and the type of platens used (NX platens was chosen consistently).iBrom th
information, density of each sample was determi@ede plug measurementvere made oair-
humidified samplesSample characteristics including anisotropy and randomly oriented
discontinuities can cause a weaker signal, and other factors such agdreteus lithologies,
rock type, stress, water content and porosity may cause unexpected results. To minimize these
undesirable affects, it is advised to reduce the energy output which minimizes excessive wave

refraction, and also to perhaps to averagevineeforms to decese randomoise.
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The CATS Ultrasonics softwaprovides bottb Ul t r asoni cs Setup and

and OUI t r wisdowsihrough whichahe analog waveforms danvisually seeand

picked digitally.Typical compressiondfigure 4.3) and shear (figure 4 waveforns displayed

by the the Ult 100 system can be observed bdBmth a cyarcolored vertical line and a
vertically-oriented grey rectangle will appear superimposed over the waveform, representing the
platen face tdace arrival timeand the expected arrival time range based on the copesam

input parametersn this study, the grey rectangle consistentlyupeed a range from 3,200
5,500~ for P-wave velocity, as determined by the software for limestafes, Rzhevsky and

Novik (1971).An additional red line will appear, indicating the calculated &rsval time, and

should lie within the grey rectangieeally.

Figure 4.3 A typical compressionabavewaveform, as displayed by the Ult 100 system.
Velocity and the elastic moduli are determined from a manta@gfermined wave first arrival

time, the location of which as indicated by the vertical red line.
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Figure 44 A typical sheawavewaveform, as displayed by the Ult 100 system. Velocity
and the elastimoduli are determined from a manuatlgtermined wave first arrival time, the

location of which as indicated by the vertical red line.
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Through this waveform displafirst arrival times can be determined; both manual and
automaticfirst arrival deéermination methods asupplied by theoftware Five autonatic
determination methods are provided: g aibsolutéhreshold method, 2he relative theshold
method, 3}he relative ofirst peak method, 4he first peakime method, and 3he tangenof
first peak method. Every automatic metivealsquickly determinedneffectiveandgrossly
inaccurate fothis studp s e x p e r i, therefareghenarsia detenmination method sva
attempted. This is dori®y assessing the wavefoland dragging the vecal red line (indicating

first arrival times) to the exact position the observer sees as the first arrival, i.e. where only

67



random noise occurs before and where only the waveform occurs after. However, because of
relatively weakand low amplitudeignak picked up from our core plug samplesen the
traditional manual determination could not consistently accurately determine the exact first
arrival timesFigure 4.5shows the degree of difficulty present for picking the exact location for
S- and RPwavefirst arrivals.The nost accurate method wésally determined insteathrough
acquiring and superimposing many different velocity measuresnfierm the same sample at
different, increasing overburdg@nessuregfigure 4.69. For each sample at each prassuor

both frequencies tested, and for bottv&ses and Pwaves all associated waveform data
generated by the softwanea s exported to Microsoft Excel
clipboardd opt i pligwasbanpilad inftoceparaieece spreadsheets, and
new graphs were generated from this datéch were easier to manipulate and analyizeese
newly generated graple$ varyingincreasingpressuresvere then superimposed over each other
for the most accurate determinationoffast r i val ti mes, based on

where the random noise ended amel actual waveform first begahhis was determined to be a

very accurate pross, though some signals were easier to pick than others, which could be quite

complex andsubtle With every core plug sample, a clear area of waveform departure from
random noise was able be determined fds-wavesand Rwaves indicating the exact location
and timing of first arrivals. All graphs were necessarily stretched on thaxis<he same

magnitude fo better clarity of deviations.

Figure 45 Manually picking first arrival Sand Pwaves was impossible using the

traditional nanual approach. It could not reliably be determined exactly where random noise

ended and the waveform beganeen arrow).
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Ulirasonics Setup & Manusal Execule

Specimen ID: | Boards Setup | Specimen | Methods Results  Final Res
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Figure 4.6 The @rrect swave pick locations represented again with the green arrow.
The top waveform is of a sample with only 500Ibf of pressure applied, and the bottom waveform
shows the superimposition of all pressures applied teairee sample. It is evident how difficult
pickingthe correct first aival times manually for a single pressuravithout the superimposing
method.However, when waveforms are superimposed, it is much easier to see where waveforms

begin diverging from o@ another, thus indicating perfect first arrival times.
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With thecorrect first arrival timeand specimen densitidetermined,ie CATS

Ultrasonics softare wasableto calculatevelocity of each wave, and thus elastic modulsi

units of kilopascals (kPap( English uni$ of psi depending on preferencEjuations for the

elastic moduli calculations are as follovigilk Modulusb ——— wherer) is density,w

is compressional wave velocity, aadis shear \ave velocity Shear Modulu® nw wheren

is density andvissheawave velocity.O Y-eureg6wherbfiasdtenbity, s

W is compressional wave velocity, aads sheawave vel ocitylt -Pe+ssonods

wherew is the compressional wave velocity, aids the shear wave velocityn initial
accurate determination of the first arfitianes is paramount, dkis heavily influence

calculated velocitieand elastic modulivhich are then used throughout the rest of the stTidig.
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velocity calculation isw

arrival time of the signal.

well;

laboratoryacquired ultrasonic data, used in the validation of the rock physics models tested, and

t his

Well Log Data Extraction

— wherewis velocity, 0 is length of the sample, afid is the first

Variouspieces of information werextracted from logl044564846 at the KGS32

we | Iseeh io figuires4.7rhis mmfdrmationiwas compared to the

in some cases used apiits into rock physics models and an interactive Gassthanplume

modelng spreadsheet. Specifically, informatias collected at within 0.5 feef each core

sample tested; information extracted frima well log includeslepthP o i s s 0 n éwave r

slowness, Fast Shear slowness, Slow Shear slownessidngity, and neutron porosityhich

are highlighted in yelloviboxes in figure 4.7.

File Edit
Fvers
#MNEM
VERS.
WRAP
~Hell
#MNEM
STRT
STOP
STER
NULL
camp
WELL
FLD
SEC
TOWM
RANG
Loc
Loc1
Loc2
PROV
CTRY
STAT
cNTY
APT
UWT
SRVC
LIC
DATE
LATT
LONG
GDAT
X

Y
HZ(S
utM
STUS
~Para
#MNEM
EGL
EKB
EDF
ERT
0L
TDD
€S6L
Cs6D
€565
CSGH

DFT
MsS
DFD
DFV
DFL

Figure 4.7 The complete 1044564846 KGS32 well log header.
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Welllogu n i t s always @entical tdaboratoryobtained valueso conversions of

someunitswere required. Both the compressiowalve and shear wave values from the well log

arerecorded in units of slowneés-), not travel time or velocity. Therefore, the equation to
convert thisslowness time to velocity i is, 0 Q& ¢ - Qée——— where the

a €' € 0 O'Diais iIR—. From herea simple conversion from to — is necessary, and

comparableralues are achied

Poi ssonods Rastalsommeed ® bel conveasy foucomparisdre value

z

. . . . . 8
conversion equatioftom a well log valudor a rock with porosity is

Finally, for comparison to ultrasonic frequey velocity laboratory valuethe shear
modul us, bul k modul us tahedkxtracted frog the wellagdau | u s

Shear modulus valugsom log dataor rocks with porositycan be foundising

z

iMoOdeE Qo a o+ , WwhereQQ ¢ i if2bedwell log bulk densj value

in—and the’Y 0 QLI € 0 B U aid iI—. Also, the value of 000 is dosenif

metric units areised, otherwise the value of,480 would be chosen for English units. Bulk

modulus valuefrom log dataor rocks wth porosity can be foundsing®o 6 @Q Q06 & 6 i

PMTEIRQE | Vo -z , WwhereQQ ¢ i i20 w

the well log bulk density value ir-, and the value of,@00 is applied when using metric units,

otherwise the value of 800 would be used for English units. Yoéhg mo dul us v al
data for rocks with porosityan be found using ¢ 6CGi & € Q6 a 6 i Mwd € Qo6 & o i

p U £ 'Qtiiiécdo, @bere both the'M Od € Q6 &abue and thé ¢ Qi dii cxovihie
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arethose obtained from log values locapdvious to this computatiokquations were obtained

from Crain (1978)

X-ray Diffraction

Sample preparation of-Kay diffraction samples begdny cuttingsmall sectios of each
core plug to be ground up intime powdes. A hammer was initially used to break these small
pieces into peaized bitsa clean surface free of any other rock particles was worked on. Once
peasized bits were obtained with the hammer, an agate mortar and pestle was used to grind the
samples into fine powders. This wasneé one specimen at a time, whthth he agate mortar and
pestlewashed thoroughly with water and acetone between samples. Power was gisiat to
of 200 meshor 10 micrometers. To avomteferentiallyincludinga disproportionate amouwof
softer grains for analysis, as much as possible ad@ah®le was und up,ncluding the very
hard grains. A 200 mesh sifter was used, and cleaned thoroughly between each individual sample
(figure 4.8)

Once finished with thigreparation, the mounds of fipewder were ready for-xay
diffraction analysis. The Geology Department at Kansas State University has a PANalytical
EMPYREAN X-ray diffractometer, and it was used for sangialysis. For all samples, the
scanaxiswasGono wi th a radius of 240mm, the start 2
2d position was 69.99 degrees, the step size

anode material was copper (Cu).

Figure 4.8 Equipment used during the-pay diffracion sample preparation process,

including a 200 mesh sifter, acetone, an agate mortar and pestle, and hammers.
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Rock Physics Models
Gassmann

The Gassmann procedusea five steprocess as given by Avseth et al. (20860
Berryman (2009)

The firststep requires an initial set of densities and velocities (Vp and Vs) from a rock
specimen which contains within it an initial set of fluigif, Vs and density of eight core plygs
five from the Mississippian and three from thiuckle, were obtained fromhme ultrasonic
frequency velocity laboratory tests, at both 1.25MHz and 20MHz. Density with the initially
saturating fluid of each comugwas determined from volumetric and mass measurements.

From these, the dynamic bulk and shear modulus are extratte@quation used to extract the
bulk modulus is given as N Wi - Wi , Wwherev is the bulk modulus of

the rock specimen containing an initial fluigis thebulk density of the rock specimen with
initial fluids, w n is the acquired compressional wave velocity with the initial fluid,camnd

is the acquired shear wave velocity with the initiaild. The equation used to eact the shear
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modulus is given a8 nwi ,whered isthe sheamodulus of the rock specimen

containing an initial fluidr) is the density of the rock specimen with initial fluids, and is

the acquired shear wave velocity with the initial flussth the bulk modulus and shear modulus

have been calculated imits of kilopascals, density in units ef—, and velocity irunits of—.
The second step is to apply Gassmannds r el

The equation used for the transformation is

, where0 is the bulk modulus of the

rock with the secondubstituting pore fluidy is the bulk modulusf theminerals,0

is the bulk modulus of the initial saturating rock fluid, is the bulk modulus of the

substituting rock fluid, and is the total porosity of the rock specim@&uth the bulk modulus

of theinitial saturating fliid (air,at 1.42% 1 pascalsind substuting saturating fluid (brinegt

p Tpascals) were used. Also, in order to determine the bulk modulus of the minerals for each
sample, it was necessary to consult the results fromfag Miffraction techniqgueKnowing the
bulk modulus of each of the minerals making up each core plug sample, includirz caiaite

and dolomite, aninowing each of theirelative abundances in each cpheg, it became

possible to determine the bulk modulus of the mineral dslsgm of each conglug, i.e. the bulk
modulus of the minerals. Bulkodulus values of 37 Gpa for quartz, 77 Gpa for calcite, and 95
Gpa for dolomite were used, from Carmichael (1989). Traabsity in this step waaso
determinedhrough a combination of steptle | | | og v al beeasisevakiegse n 0t uUsec
obtained by newbn porosity logs are effectiver connectegdporosity.Because porosity is a

dimensionless volume ratio, it can be found for each sangpleby dividing the valime taken
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up by the pores by the total volume of the core plug. Knowing the original volume of each core
plug, the mass of each core plug, and the densities, masses and percent abundance of each of the

minerals occupying the core plugs, percent porosityakée to be found. For instance, if we
knowthe density of dolomite is 2.84-, the ensity of calcite is 2. 4—, and thedensity of
quartzis2.65—, pl us e ac h elativetahuadareceanavenagerdankity éan be

found. The masof the particular sampletisen divided by this averagkensity and the volume
of the minerahssemblage making up the rock, and thus the rock vtgibut the pore area (air
weighs close to nothing) is determined. This volume of the pure rock stdenidivided by the
total volume of the specimen as previously measured, and a percent porosity is obtained.

The third step is to leave the initialbptained shear modulus unchanged, as rigidity is
independent of fluid type. The equation used to sighifyis 0 0 ,whered isthe

initial shear modulus with the initial pore fluid, add is the shear modulus after the second
fluid has been substituted into the rock.

The fourth step is to correct the bulk densitytfee effects of the substituting fluid. The
equation used in this step g n n n , Wherer) is the bulk density of
the rock specimen with the initial fluid, is the bulk density of the rock specimen with the
substituting fluid, is the total porosity of the rock specim@n, is the density of the initial
fluid, andn) is the density of the secondary substituting fldikis step requireBnding the
density of air at STP and the density of brine, or saltwater; these values were found to be 1.2754
— and 1025—, respectively.

The fifth and final step is to recalculate th@Bve and Svave velocities of the rock

specimen with theecondary substituting fluid in place. The accompanying equations are
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, andw —, wherew is the compressional wave velocity of the rock with

substituting fluid, ando  is the shear ave velocity of the rock with substituting fluid.

Gregory-Pickett

ThisSwave velocity predictionoabpPoasbonésat
approach, because as an input to its equation

sampleare neededvarious equations are used to ultimately determine the shear wave velocity;
initial inputs to these equations are density— (obtained from the KGS-32 well log, the

bulk modulus of the minerals imits ofKpa (obtainedrom laboratory analysjs the dry rock

Poi s s o rfobtainedrantlabaratory analysjsthe KGS 132 Vp log value irunits of—, the

bulk modulus of the saturating flu{drine)in units of Kpa and the total porosity obtained fino

laboratory analysigquationsnowto besolvedfrom Simm and Bacon (2014ye inorder and

as follows0 @ 21, wherel is a constant for later usw, is the compressional wave

velocity, and is the density ofthe rock samplelY ———, where"Yis a costant for later use,
and, i s the dry roxk PYi-s-s-o0powsherewsa coostantforlater
use, 0O i s t b adsthebulkanbdulysmfrthe minerais, and is the bulk modulus
of the fluid.® "Y— p Y —, whereis a constant for later use. —°
wherewis a constant for later use. Pz ,whereb isthe bulk modulus of the dry
rock. 6 ———, whereo is shear modulus. Andb :, wherew is shear wave velocity.
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Gassmann InteractiveSpreadsheet

Fluid replacement models like Gassmann can be veryibehéor seismic reservoir
monitoring through predictingffectsof varying effective fluid canpositions and saturatioos
rock elastic moduli and thus seismic property information coniédre interactive spreadsheet
used in this studgan be seen in figu9.
Through a set of initial inputs, parameters are predicted using the Gassmann equation.
Inputsrequired include thenitially brine saturated Vgfrom the KGS 132 well log) the
initially -saturated V¢fast shear value from the KGS32 well log) the initially-saturated rock
density(from the KGS 132 well log) the rock skeleton lithologffrom laboratory assessment)
the rock skeletoeffective/connectegorosity(from the Weatherford Labs analysi#)e rock
skeleton densityffrom the laboratory assessmentiginitial rock skeleton bulk compressibility
(inverse of the brinsaturated bulk modulus determined frime KGS 132 well log) the initial
and substituting fluidype and saturatian the densitiesf the fluids involved (includindprine,
oil, 6 0 gas and 0 supercritical fluid (determined through methods described belaw)l the
bulk modulus and blcompressibilityof the fluids involveddetermined through methods
described beloyv From this information, the spreadsheet is able to calcihlatmitial saturated
bul k modulus, the initial water sradkskelgoni on, t
bulk modulus, the bulk modulus of the initial fluid, the dry rock Vp, the dry rock Vs, the dry
rock density, the dry rock bulk modulus, and
are calculateéhcluding Vp, Vs, density, bulk odulus, wates at ur at i on awith Poi ss

the selectedubstituting fluid and saturation amount in place.

Figure 4.9 The interactive Gassmann spreadsheet used in this study, provided by Dr.

AbdelmoneanRaeffrom Kansas State University.
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A B o] D E F G H
1 |SACS: Calculation of the effect of CO2-saturation

Velocities from a rock with water Velocities from the same rock with a new
saturation Sw and hydrocarbon water saturation Sw2 and hydrocarbon

3 saturation Shc are known saturation Shc2 are determined

4

5 |Vp(Sw) 5076.7 Vp(Sw2) 4884

6 |Vs(Sw) 3173)Vs(Sw2) 3173 m/s

7 |RHO(Sw) 2632|RHO(Sw2] 2632 kg/m3
8 2.745E+10

12 |Li 58 SH OTHER

2650 2700 2670 kg/m3
27T10E-11 2.530E-11 2.326E-11 1/Pa
16 3.690E+10 3.953E+10

18 |Hydrocarbon i water oil gas

19 |She

20 |RHOhc 1090 850 660 870.06 kg/m3
21 |COMPhc 4.200E-10 6.300E-10 1.286E-08 ] 351E-09 1/Pa

6.000E-01

22 |fractional Saturation 2.000E-01 3.000E-01

CALCULATION OF VELOCITIES AFTER FLUID SUBSTITUTION

31 |Poisson(dry)

A certain number of these inputs are not constahtes to be used unchanginglith

every coreplug samplebut change due to variationsimsitu pressureand temperaturest

each corgluglocation,in situtemperature was determinfdm Holubnyaket al. (2013)andin

situ pressure was determined from the psi measurements determined earlier. From this
information, the density af 0 at those specific conditions was calculated. Furthermore,
because the bulk modulus (and thus the bulk compresggibil 6 0 also changes with changes

in pressure and temperature, these values were determined individually with assistance from

Yamand Schmit(2011).

Figure 4.10Changes in the bulk modulus (left) and density (right) af with changing

pressuresnd temperatures. Image from Yam and Schmitt (2011).

79



Bulk Modulus of COz (MPa) Density of 602

Supercritical

600

500

20

n

=]
~
8

400

-h
o

e

o

300

Pressure (MPa)
Pressure (MPa)

-
o

-y

=

200

100

10 20 30 40 50 60 10 20 30 40 50 60
Temperature (°C) Temperature (°C)

The spreadsheet is used on every ptuig sample in the studyith supercriticab 0
saturatiorfrom 0% to 100% in increments of 5%, and data was plotted in tables and graphed for
easier interprettion of the results. Data tables include variations in Vp, density and impedance
with variations ind 0 saturation, along with changes in Vp, density and impedance in the form
of percentage difference from the initial respective value; graphed are the delta Vp, delta density

and delta impedance values, seen in the results section.
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Chapter5-Re s walntds Di scussi on

Dry Core Plug Data
Dry core pug datafor eachcoresampleis composed of 11.25MHz and 20MHz

frequencydata with 500Ibf of incrementaressurepplied andassociated #vave first arrival

times, Swave first arrival tims, P-wave velocity, Svave velocity Poi ssonés rati o,
modulus, bulk modulus, and shear modytable 5.1, 5.2)2) Vp and Vs versusressure cross

plots atl.25MHz and 20MHz frequencies, and 3)vBve and Svave first arrivalUlt-100

waveform charts d@.25MHz and 20MHz frequencies

Table 5.1 Core plug DM3716.Tab export datat 20MHz.

20MHz Ultrasonic Velocity Lab Test

Lbf p-wave first arrival times-wave first arrival timeP-wave VelocityS-wave VelocityPoisson's Ratiaroung's ModulusBulk ModulusShear Modulu
500 28.5 44.45 5118 3193 0.181372082 63353452.17 33138680.29 26813504.8'
1000 28.4 44.45 5148 3193  0.187389934 63676171.54 33948667.69 26813504.8'
1500 28.35 44.45 5163 3193  0.190327112 63833683.64 34355436.64 26813504.8
2000 28.35 44.45 5163 3193  0.190327112 63833683.64 34355436.64 26813504.8
2500 28.3 44.4 5179 3199  0.191544202 64139324.54 34656140.32 26914370.6:
3000 28.25 44.4 5194 319¢  0.194410547 64293616.23 35065355.17 26914370.6:
3500 28.25 44.4 5194 3199  0.194410547 64293616.23 35065355.17 26914370.6:
3900 28.25 44.4 5194 3199  0.194410547 64293616.23 35065355.17 26914370.6:

Table 5.2Core plugDM3716.7 lab export datt 1.25MHz.

1.25MHz

Lbf p-wave first arrival times-wave first arrival timeP-wave VelocityS-wave VelocityPoisson's ratioYoung's moduluBBulk modulusshear modulus
500 28.7 47.05 5058 2915 0.25134157 55929216.33 37487311.65 22347701.7!
1000 28.7 47.05 5058 2915 0.25134157 55929216.33 37487311.65 22347701.7!
1500 28.65 47.05 5073 2915  0.253533654 56027192.43 37886979.6 22347701.7!
2000 28.65 47 5073 2918  0.252521759 56135709.16 37805148.03 22409075.4:
2500 28.65 47 5073 2918  0.252521759 56135709.16 37805148.03 22409075.4:
3000 28.6 47 5088 2918 0.254693637 56233048.7 38205999.43 22409075.4:
3500 28.6 46.95 5088 2924  0.253437773 56369380.12 38103552.21 22485910.8!
3900 28.6 46.95 5088 2924  0.253437773 56369380.12 38103552.21 22485910.8!

An unusual Vs vs pressure chart shape occurs in figure 5.1, likedyde a total of only

6— of velocityincrease is achieved, making any small Vs increase look dramatic. All graphs are
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expected to exhibit an asymptosicape with initial steeply increasing velocities, and an eventual

exponentialike leveling off in velocity increases through time, confimgnin situ pressure

levels have been achieved. The 1.25MHz Vs increase is similarly small to the 20MHz increase,

only showing a 18- increase, thus accounting for its slightly unusual shape as well.

Figure 5.1 Core plug DM3716.7 pressure vs velocitpss plots abOMHz
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Figure 5.2Core plugDM3716.7 pressure vselocity cross plots at 1.25MHz.
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Interpreting the waveform charts became much easier when every tested pressure was

stacked together. In this way, variations in first arrival times were much easier to pick out. Even
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so,the process is still somewhat subjective where signal strémgbtthe strongest. Time and

care must be taken to determine first argval

Figure 5.3Core plugDM3716.7 Pwave first arrival 20MHzstackedvaveforms. Values

at the top of the figure correspond to the first arrival times at each pressure tested.

28.25, 28.25, 28.25, 28.30,
28.35, 28.35, 28.4, 28.5

3900Ibf 28.25us

Figure 5.4 The 20MHz Vp waveform from core plug sample 3716.7.
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Figure 55 Core plugDM3716.7 Pwavefirst arrival 1.25MHzstackedvaveforns.
Values at the top of the figure correspond to the first arrival times at each pressure tested.

28.6, 28.6, 28.6, 28.65,
28.65, 28.65, 28.7, 28.7

3900Ibf 28.6us

l
=

500Ilbf 28.7us
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Figure 5.6 The 1.25MHz Vp waveform from core plug sample 3716.7
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Both figures 5.6 and 5.¢onfirm the small Vs increases at both 20MHz and 1.25MHz
frequencies, as the first arrival times from 500Ibf to 3900Ibf are seen to be nearly identical. The

reason for this absence of Vs increase with pressure is unknown.

Figure 5.7 Core plugDM3716.7 Swave first arrival 20MH=tacked waveforms. Values

at the top of the figure correspond to the first arrival times at each pressure tested.
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44.4,44.4,44.4,44.4,
44.45, 44.45, 44 .45, 44.45

3900lbf 44 .4us

500Ilbf 44.45us

Figure 5.8 The 20MHz Vs waveform from core plug sample 3716.7.
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Figure 59 Core plugDM3716.7 Swave first arrial 1.25MHzstacked waveforms.

Values at the top of the figure correspond to the first arrival times at each pressure tested.
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3900lbf 46.95us |

Figure 5.10The 1.25MHz Vs waveform from core plug sample 3716.7.

0.06
0.04
ﬂ ——500lbf
0.02 ——10001bf
—— 1500lbf
0 ———2000Ibf
?ﬂ 10 20 30 40 0 0 go —2500lbf
——30001bf
"0.02 ), ———3500Ibf
~——3900bf
-0.04 v
-0.06

87



Table 53 Core plugDM3716.8lab export data at 20MHz.

20MHz Ultrasonic Velocity Lab Test
p-wave first arrival times-wave first arrival timeP-wave VelocityS-wave VelocityPoisson's Ratie¥oung's ModulusBulk ModulusShear Modulug

Lbf

500
1000
1500
2000
2500
3000
3500
3900

Table 54 Core plugpM3716.8lab export data at 1.25MHz.

1.25MHz
Lbf
500
1000
1500
2000
2500
3000
3500
3900

28.8
28.8
28.8
28.75
28.7
28.6
28.55
28.35

48.7
48.2
48.2
47.95
47.9
47.65
47.45
47.4

4971
4971
4971
4986
5000
5029
5044
5104

2730
2774
2774
2797
2801
2824
2843
2848

0.233627009
0.223375201
0.223375201
0.219914021
0.220826254
0.219235183
0.216737685
0.223425552

49764364.03
50973694.8
50973694.8

51680953.96

51866361.65

52655152.43

53259930.91

53731674.35

38411466.6
37571923.13
37571923.13
37516051.73
37801916.53
38109603.13
38129183.73
39613627.73

1937754(
20007197.¢
20007197.¢
20340343.«
20398562.
20734937.¢
21014887 .«
21088870.

p-wave first arrival times-wave first arrival timeP-wave VelocityS-wave VelocityPoisson's Ratiyoung's modulusbulk modulusshear modulug

29.4 48.9
29.3 48.7%
29.25 48.6
29.2 48.5
29.05 48.15
29 48.1
28.95 47.95
28.95 47.9

4804
4831
4845
4859
4900
4914
4928
4928

2713
2726
2739
2748
2779
2783
2797
2801

0.21542371
0.215981223
0.214718812

0.21445038
0.212529077
0.213496459
0.212009033
0.211025934

48449517.83
48936810.43
49354659.86
49668820.99

34487935.73
34919195.13
35025112.2
35207143.4

50717167.83 35653484.53

50902992.2 35933587.73
51354707.81 36021020.53
51460709.54 35943394.93

19136959.¢
19320797.¢
19505514.¢
19633910.
20079386.
20137231.¢
20340343
20398562.¢

Anunusuab i nv er t e dshapesiysegn in the \ép&haftfigure 5.11 exhibiting

almost the opposite of vah would normally be expected. The reagmrthis is not known.

Figure 511 Core plugDbM3716.8pressure vs velocity cross plots at 20MHz.
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Figure 512 Core plugDM3716.8pressure vs velocity cross plots at 1.25MHz.

3716.8 1.25MHz Vp vs Lbf 3716.8 1.25MHz Vs vs Lbf
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Figure 513 Core plug DM3716.&-wave first arrival 20MHz stacked waveforms.

Values at the top of the figurerespond to the first arrival times at each pressure tested.

28.35, 28.55, 28.6, 28.7,
28.75, 28.8, 28.8, 28.8

3900Ilbf 28.35us

500lbf 28.8us

Figure 5.14The 20MHz Vp waveform from core plug sample 3716.8.
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0.8
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———1000Ibf
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0 C¥ { «2000Ibf
B amm T \T
3500Ibf
-0.4 3900Ibf
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Figure 5.15 Core plugpM3716.8P-wave fird arrival 1.25MHz stacked waveforms.

Values at the top of the figure correspondhe first arrival times at each pressure tested.

28.95, 28.95, 29, 29.05,
29.2,29.25,29.3,29.4

3900Ibf 28.95us

500lbf 29.4us
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Figure 5.16The 1.25MHz Vp waveform from core plug sample 3716.8.
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Figure 5.17 Core plugpM3716.8S-wave first arrival 20MHz stacked waveforms.

Values at the top of the figure correspond to the dinsval times at each pressure tested.

A
47.4,47.45, 47.65, 47.9,

47.95,48.2,48.2,48.7 3900Ibf 47 .4us

500lbf 48.7us
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Figure 5.18The 20MHz Vs waveform from core plug sample 3716.8.
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Figure 5.19 Core plugpM3716.8S-wave first arrival 1.25MHstacked waveforms.

Values at the top of the figure correspond to the first artiveds at each pressure tested.

47.9,47.95,48.1, 48.15,
48.5, 48.6, 48.75, 48.9

3900Ibf 47.9us T ,J\

500lbf 48.9us
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Figure 5.20The 1.25MHz Vs waveform from core plug sample 3716.8.
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Table 55 Core plugpbM3749.9lab export data at 20MHz.

p-wave first arrival times-wave first arrival time P-wave VelocityS-wave VelocityPoisson's Ratiroung's ModulusBulk ModulusShear Modulu

28
27.9
27.9
27.9
27.8
27.8
27.8
27.8

46.35
46.25
46.15
46.05
45.85

45.8
45,75
45.7¢

5273
5308
5308
5305
5337
5337
5337
5337

2985
2995
3005
3016
3036
3042
3047
3047

0.2642087
0.266076644
0.263772694
0.261212624
0.260791929
0.259390072
0.258215664
0.258215664

Table 56 Core plugDM3749.9lab export data at 1.25MHz.

60151810.37 42517691.43
60644987.06 43208587.75
60939540.77 42994987.75
61262150.85 42759205.39
62056633.44 43237555.47
62232886.04 43107729.39
62379408.63 42999345.19
62379408.63 42999345.19

23790300.
23949966.
24110166.
24287003.5
24610180.3
24707549.
24788838.
24788838.

p-wave first arrival times-wave first arrival time P-wave VelocityS-wave Velocit/Poisson's Ratigoung's modulusbulk modulusshear modulug

28.65
28.6
28.6
28.6
28.6

28.55

28.55

28.55

47.05
47
46.9
46.4
46.3
46.25
46.25
46.2

5073
5088
5088
5088
5088
5103
5103
5103
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2914
2919
2930
2979
2990
2995
2995
3000

0.253785984
0.254693637
0.251922285

0.23919112
0.236243575
0.237266604
0.237266604
0.235924931

56851740.15 38483958.67
57088304.19 38787079.32
57392331.52 38558032.43

58724666.1 37527266.52
59018433.91 37293520.43
59264988.07 37595137.03
59264988.07 37595137.03
59398552.13 37488426.03

22672027.3
22749897.8
2292168:
23694757.4
2387006
23949966.7!
23949966.7!
2403000(



Figure 521 Core plugbM3749.9pressure vs velocity cross plots at 20MHz.
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Figure 5.22 Core plugDM3749.9pressure vs velocity cross plots at 1.25MHz.
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Figure 523 Core plug DM3749.%-wave first arrival 20MHz stacked waveforms.

Valuesat the top of the figure correspond to thstfairrival times at each pressure tested.
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27.8,27.8,27.8,27.8,
27.9,27.9,27.9, 28

3940Ilbf 27.8us

500lbf 28us

Figure 5.24The 20MHz Vp waveform from core plug sample 3749.9.
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Figure 525 Core plugpM3749.9P-wave first arrival 1.25MHstacked waveforms.

Values at the top of the figure correspond to the first artiveds at each pressure tested.

28.55, 28.55, 28.55, 28.6,
28.6, 28.6, 28.65

3940Ilbf 28.55us

30

500Ibf 28.65us

Figure 5.26The 1.25MHz Vp waveform from core plug sample 3749.9.
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Initially the 20MHz Vs first arrial time waveforms in figure 5.2¥ere difficult to
interpret, especially at low pressures, and thus multiple optionkerk first arrival times were
located were identified. Howeveiter then analyzing figure 5.28he picture became much

clearer as to the likely 20MHz first arrival locations.

Figure 527 Core plugpM3749.9S-wave first arrival 20MH=tacked waveforms

Values at the top of the figure correspond to the first arrival times at each pressure tested.

45.75, 45.75, 45.8, 45.85,
46.05, 46.15, 46.25, 46.35

3940Ilbf 45.75us /l\ T

500Ilbf 46.35us

Figure 5.28The 20MHz Vs waveform from core plug sample 3749.9.
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Figure 529 Core plugbM3749.9S-wave first arrival 1.25MHzstackedvaveforns.

Values athe top of the figure correspond to the first arrival times at each pressure tested.

46.2, 46.25, 46.25, 46.3,
46.4,46.9, 47, 47.05

3940Ibf 46.2us
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Figure 5.30The 1.25MHz Vs waveform from core plug sample 3749.9.
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Table 5.7 Core plugpbM3829.4lab export data at 20MHz.
20MHz Ultrasonic Velocity Lab Test
Lbf p-wave first arrival tims-wave first arrival tim#-wave VelocityS-wave VelocityPoisson's Rati¢roung's ModulusBulk ModulusShear Modulus
500 30.65 50.25 4281 2481 0.247142487 39764851.34 26210315.67 15942384.9¢
1000 30.6 50.1 4294 2492  0.246079691 40084055.33 26310128.23 16084065.7(
1500 30.58 49.8 4305 2516  0.240622149 40680901.06 26140050.7 16395363.0
2000 30.3 49.45 4361 2543  0.242386829 41617819.16 26925266.13 16749138.9:
2500 30.1 49.25 4409 2558  0.246001761 42265789.63 27733650.07 16960565.7!
3000 30.1 49 4409 2578 0.24024929 42697709 27396594.33 17213357.5(
3500 30.05 48.95 4422 2583  0.241042229 42890897.27 27604820.83 17280192.5!
4020 30 48.9 4432 2587 0.24160075 43043203.21 27762724.55 17333753.7:
Table 58 Core plugDM3829.4lab export data at 1.25MHz.
1.25MHz
Lbf p-wave first arrival timss-wave first arrival tim#-wave VelocityS-wave VelocityPoisson's Ratigoung's modulusbulk modulusshear modulus
500 311 51.1 4184 2418  0.2489525953 37857109.54 25132776.39 15155542.9¢
1000 311 50.3 4184 2477  0.230195573 39098125.35 24152140.23 15891020.1:
1500 31.08 50.25 4195 2481 0.231034617 39251255.62 24322371.43 15942384.9
2000 31 50.15 4206 2488 0.230870133 39467784.41 24441598.63 16032472.9(
2500 30.6 50.1 4293 2492  0.245901253 40078315.52 26287887.9 16084065.7(
3000 30.6 50.1 4293 2492  0.245901253 40078315.52 26287887.9 16084065.7(
3500 30.55 49.5 4304 2538  0.233127296 41177793.62 25716251.59 16696489.3¢
4020 30.58 49.3 4304 2555 0.227917129 41522225.86 25434791.11 16907584.7!
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An unusudly late increasén velocities exists in the Vs chant figure 5.32 It appeared

as though an asymptote shape had been achieved, and then a large increase in velocities occurred

again. Because a rather substanttd! increase in around 180occurred instead of only a few

— as in cases before, theasorfor this anomalys unknown.

Figure 5.31Core plugbM3829.4pressure vs velocity cross plots at 20MHz.
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Figure 5.32Core plugbM3829.4pressure vs vetity cross plots at 1.25MHz.
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Figure 5.33 Core plugbM3829.4P-wave first arrival 20MH=tacked waveforms.

Values at the top of the figure correspond to the first arrival times at each pressure tested.

30, 30.05, 30.1, 30.1,
30.3, 30.55, 30.6, 30.65

4020Ibf 30us \I/ \I/ 4020Ibf 30.65us

Figure 5.34The 20MHz Vpwaveform from core plug sample 3829.4.
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Figure 535 Core plugpM3829.4P-wave first arrival 1.25MHzstackedvavefams.
Values at the top of the figure correspond to the first arrival times at each pressure tested.

30.55, 30.55, 30.6, 30.6,
31,31.05,31.1,31.1

4020|bf 30.55us

1l

P

500Ibf 31.1us

Figure 5.36The 1.25MHz Vp wavefornfrom core plug sample 3829.4.
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Figure 5.37 Core plugbM3829.4S-wave first arrival 20MH=tacked waveforms.

Valuesat the top of the figure correspond to the first arrival times at each pressure tested.

48.9, 48.95, 49, 49.25,

49.45, 49.8, 50.1, 50.25
4020Ilbf 48.9us

500Ilbf 50.25us

Figure 5.38The 20MHz Vs waveform from core plug sample 3829.4.
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Figure 5.39 Core plugpM3829.4S-wavefirst arrival 1.25MHz stacked waveforms.

Values at the top of the figure correspond to the first arrival times at each pressure tested.

49.3,49.5, 50.1, 50.1,
50.15, 50.25, 50.3, 51.1

4020lbf 49.3us
500Ilbf 51.1us

Figure 5.40The 1.25MH2Vs waveform from core plug sample 3829.4.
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Table 59 Core plugDM3829.5lab export data at 20MHz.

20MHz Ultrasonic Velocity Lab Test

Lbf p-wave first arrival time s-wave first arrival timeP-wave VelocityS-wave VelocityPoisson's Ratiofoung's ModulusBulk ModulusShear Modulug
500 29.95 49.45 4390 2512  0.256589823 41549336.73 28449465.63 16532577.2!
1000 29.9 49.4 4402 2516 0.257412153 41709042.08 28655628.19 16585270.7:
1500 29.8 49.2 4426 2531 0.2570465465 42195577.63 28946270.03 16783617.8:
2000 29.75 49.1 4438 2539  0.256722627 42451801.33 29083264.59 16889885.0:
2500 29.75 48.85 4438 2558  0.2509583865 42925436.65 28727084.32 17157020.2
3000 29.7 48.75 4451 2567 0.250811795 43189183.4 28886589.05 17264461.1
3500 29.6 48.65 4475 2575  0.252496267 43517325.2% 29304154.17  17372237.!
4020 29.55 48.55 4488 2584  0.25206044 43806806.99 29447234.99 17493886.7:

Table 510 Core plugDM3829.5lab export data at 1.25MHz.

1.25MHz

Lbf p-wave first arrival time s-wave first arrival timeP-wave VelocityS-wave VelocityPoisson's Ratigoung's modulusbulk modulusshear modulus
500 30.5 49.85 4263 2481  0.243906663 40121079.65 26110975.02 16127045.8;
1000 30.35 49.55 4297 2504  0.24290976 40835655.8 26472971.69 16427441.9;
1500 30.2 49.55 4332 2504 0.249123254  41039799.41 27264250.99 16427441.9:
2000 30.15 49.5 4343 2508 0.249830113 41194319.73 27444230.14 16479967.6
2500 30.1 49.4 4355 2516 0.249510457 41446938.4 27577291.21 16585270.7.
3000 30.1 49.4 4355 2516 0.249510457 41446938.4 27577291.21 16585270.7.
3500 30.05 49.35 4367 2520  0.25038303 41607865.74 27781141.13 1663804¢
4020 30 49.35 4378 2520 0.252256547 41670209.03 28033172.03 1663804¢

It is unusual that, although figure 5.4hows nearly linear chiarat 20MHz, whereas
figure 5.42shows good representations of velocity asymptotes, even though the same sample
was tested. Reasons for this could stem from the subjective nature of the first arrival location

picks.

Figure 541 Core plugbM3829.5pressure vs velocity crossops at 20MHz.
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Figure 5.42Core plugbM38295 pressure vs velocity cross plots at 1.25MHz.
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Figure 543 Core plugpM3829.5P-wave first arrival 20MHztacked waveforms.
Valuesat the top of the figure correspond to the first arrival times at g&dsure tested.

29.55, 29.6, 29.7, 29.75,
29.75, 29.8, 29.9, 29.95

500lbf 29.95us
4020lbf 29.55us
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Figure 5.44The 20MHz Vp waveform from core plug sample 3829.5.
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Figure 545 Core plugpM3829.5P-wave first arrival 1.25MHstacked waveforms.
Values at the top of the figure correspond to the first arrival times at each ptessenle

30, 30.05, 30.1, 30.1,
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S00Ilbf 30.5us

4020Ilbf 30us

107



Figure 5.46The 1.25MHz Vp waveform from core plug sample 3829.5.
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Figure 5.47Core plugDbM3829.5S-wave first arrival 20MHz stacked waveforms.

Valuesat the top of the figure correspond to the first arrival times at each pressure tested.

48.55, 48.65, 48.75, 48.85,
49.1, 49.2, 49.4, 49.45

500Ilbf 49.45us
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