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LIST OF ABBREVIATIONS AND SYMBOLS

I : Lambda

m : Mu (Shear modulus)

f : Porosity

fe : Critical porosity

r : Rho

d : Normal displacement

t : Tangential displacement

API : AmericanPetroleuminstitue

C : Coordination number

DIFCAL - Differential caliper (Caliper Bit size)
DRHO : Density correction

E :Youngbds modul us
F : Formation factor

GR : Gamma ray

GWLA : Geophysical Well Log Analysis
lcr : The gamma ray shale index

Ip : Acoustic impedance (fPmpedance)
Is : Shealimpedance%impedance)
K : Bulk modulus

M : Compressional or-modulus
MLR - Multilinear regression

QC - Quality control

PR : Poi ssonds ratio



RHOB : Bulk density

RPT : Rock Physics Template

Rt : Measured formation resistivity
Rw : Formation water resistivity

Sh : Hydrocarbon saturation

S : Normal stiffnesses

S : Tangential stiffnesses

Sw : Water saturation

VQZ : Volume of Quartz

Vp : Compressional velocity (®ave velocity)
VplVs : Velocity ratio

Vs : Shear velocity (Svave velocity)

VSh : Volume of Shale



ABSTRACT
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Understanding seismic resporadéhereservoirlevelis a critical parof oil/gasexploration
studes The seismic response of the subsurfacketermine by the spatial distribution of
the elastic propertieS.onsguently,accuratelytranslating elastic properties to quantitative
reservoir properties such as lithology, porosity, and fluid type is required. Onéoway

achieve this goal is through rock physics analysis and modeling.

Four well datasetsincluding gamma ray, density, resistivitgaliper, compressionaand
shear sonitogs, areused to determine a rock physics model for a clastic reservoir in Saudi
Arabia Different techniquesmethodsand workflows include theso-called Geophysical

Well Log Analysis(GWLA) andareconductedo enhancend conditiorthequality of the
elastic logsThe conditioned logsvith other available logsarethencombined to calculate

the petrophysical properties.

Several rock physics modedse compared and evaluated aetreservoir includingtiff-

sand (Mavko et al., 2009), sefand (Dvorkin and Nur, 1998he Greenberg and Castagna
(1992) andRay me r 6 smodels FHe Gsfiftsand model proved to be the most
appropriate and universal transform for the walhder exammationin this study This
modelis used to create and supply equations that estimate the porosity from the seismically

derived impedance.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Seismic response of the subsurfacdetermine by the spatial distribution of the elastic
properties. Consequentigccurateltranslating elastic propéesto quantitative resgoir
properties such as lithology, porosity afhgid type is neededIn quantitativeseismic
interpretationof the hydrocarbon reservoir, the elastic properties of the sediment must be
related to the volume of hydrocarbon present. One way of achievagdhl is through

rock physics modeling.

1.2 Research Objectives

The objective of this study is to establish a suitable rock physics workflow that helps to
build a rock physics model for a clastic reservoir in Saudi Arabia. The study employed
different rock fysics models, using published empirical and theoretical approaches, to

understand the l@yesponse and relatkemto the effect of porosity, lithology and fluid

type



1.3 Chapter Descriptions

Chapter2 providesa geologicaloverviewof thestudiedreservar anddiscusses theataset

usedduring this study

Chapter 3 shows the methodology of teta conditiomg and petrophysical analysis
applied over the formation of interest to enhance thel&igquality andto calculate the
reservoir propertie¢e.g.,shale volume, porosity, water saturation and lithoJogry this
chapteytherecommended workflows for applyingesemethodologiesredesignedand

discussed

Chapter 4ives an introductioto elastic theoryand toconceps of elastic boundandfluid
substitution using Gassmann madeinumber of contact modetseexplainedand tested
to describe the velocitgorosity behavior of a clastic reservoirater, the modeled

behavioris constrained by local geology to build a rock physmxlel and template

The last chaptesummarize thethesis andncludesrecommendations for future work



CHAPTER 2

STUDY AREA

2.1 Geology Overview

The targetreservoirin this study isUnayzah, whichs divided into threemembers a
(youngest)b, andc, (Melvin, 2010) The Unayzakha memberis unconformably bound by
the marginal marindasalKhuff carbonate/clastiabove It also boundd by a quartz
cementedJnayzahc memberbelow, which is describedas a low porosity clastic unit,
(Wallick, 2013) andUnayzahkb member in thetsidy wellsis truncatedin this research,

the Khuff carbonatformationis denoted byhe letter A andthe Unayzaha memberis
denoted bythe letter B. TheUnayzaha formation is highlyheterogeneouand n many
locatiors it is presemn as a thin layer Therefore, it is not detectabks current seismic
resolution At the studywell locatiors adistinct impedance change between the carbonate
and clastic rockss clear(Figure 1) The Unayzakha memberis divided into two stratal
units. The lower unit has pooeservoir quality consisting of a thin discontinuous basal
eolian dune sandstone abruptly overlain by very-firened and sijt irregularly
laminated sandstones. In the upper unit, several facies of varying reservoir quality are
recognizedand represated depositslaid down in amixed eolian depositional system

(Melvin, 2010).
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Figure 1. Geological column relating Unayzah and other stratigraphic units in the study are
with a representative impedance log on the last right track (modified from Wallick, 2013).



2.2 Dataset

Four wellsin the easterpart of Saudi Arabiarestudied and analyzead thisthesis
(Figure?2). A full suiteof logs wasnvolvedand includedyamma ray, desity, sonic,

resistivity and caper logs (Figure$-6).

41%5

41%3
41%0

41123
4 km

Figure 2. Relative locations of wells used in the study area.
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CHAPTER 3

PETROPHYSICS ANALYSIS AND DATA CONDITION

3.1 Introduction

Petrofhysics combines well @y cores, mudlogs and other different data for evaling,
predicting and establishing the formation lithology, porosity, hydrocarbon satuasiibn

permeability Petrophysics is also used to estintheeeconomic feasibility of well.

This chapter focuess on Geophysial Well Log Analysis (GWLA) and petrophysical
methodsfor lithology, porosity and water saturati@stimationusing the available well

logs dataand briefly discussese results

3.2 Methodology

Well log analysis for gophysics differs from conventional log analysis in many aspects.
In surfaceseismicusage the vertical dimension of theone of interest is always much
larger thanthat of the hydrocarbon production zones. Geophysicists need elastic rock
properties ovethe entire interval through which the seismic waves passed from the
topographic surface to the total depftihis sectiorof the thesisummarizeshe methods
usedfor quality control (QC) of logs, conditiomg logs and estimatg petrophysical

properties



3.2.1 Geophysical Well Log Analysis (GWLA)

Logsareaffecedby wellbore washout, casing points or mud filtrate invasnmrdifferent
intervals.In some oldwells, density, compressional shear sonic logare missedin a
particular zone orare not measured taall. Therefore, elastic logs need to be
correctedpredictedbver thewashoutindmissingintervals.This kind of analysis procedure
is known as geophysical well log analysis (GWLAhe main goal of GWLA is preparing
good quality data thatanbe usel in quantitative seismic reservairterpretation(Walls,

2004).GWLA consists ofQC anddataconditioningmethods.

3.2.1.1 Quiality Control

High quality log data is required withihe reservoirand interwell intervals. Therefore,
the creation of histogramandcrossplot anddataplot data in depth asssih determining

log data quality level(Figure7). The main goal of creating a histogram of lagig(,sonic,
densityandgamma ray) fomultiple wells in the same fields to show consistency over
different zores (Gunarto, 2010)Any observedinconsistencyrelatesto the variations
between the wells due :tdifferences in environmental conditions, borehole size, mud

weight, mud type, missing intervals or using different tool from different service providers.

The differential caliper DIFCAL), caliper log minus bit size, andensity correction
(DRHO) logs detect bad borehole conditions. For example, the deositysesa pad of
contactagainst the borehole walhdits measuremeris severely affectefly poor cantact.
Creating crossplots of different welllog data, including: compressional and shear
velocities ¥, Vs respectivelyversusporosity,Vp versusVs, acoustic impedancéyy, (Vp
multiplied by density versusV,/Vs, etc.,color-coded by gamma ray, satation or clay

contentall help to QC loggjuality.



3.2.1.2 Well Log Conditioning

The sonic and density logse affected in washoutintervals Therefore the sonic waves
areattenuatd and aresultingcycle skip This occurs wherawave signal of the first axral
dampens and shovesspike or abrupt change at a higher travel t{Rieler, 1996) Cycle
skipscanbe removd by differentmethods. Firsof these ighe despike filter that applies
median smoothing on the cycle skip flags to eliminateranged valug (Burch, 2002)
The second method defines a relationship between any other wioglinguch as density,
resistivity, gammaay, etc.versus sonic slowness to generatma@del for sonic data to

replace cycle skiptervals.
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Figure 7. QC measured logglata tools: bad borehole condition, missing and data inconsistency. a) Cali}
and differential caliper logs, b) Different logs in depth showing missing data, c) Histogram of density Ic
in multiple wells and d) Density vs. Neutron crosslot color-codedby gamma ray (Gunarto, 2010).

Density toos readclose to the borehole wall and should be in perfect contigh the wall.
Therefore, their logs ai#fectedseverely by borehole conditisrsuch asool position and

drilling mud.Generally, compressional velocity and bulk density have a robust rekafpon



(Gardner et al., 19740 when velocity increases, density also increases (FRure
Gardner et al(1974)establishedh set of relationships between bulk density Brgdave
velocity (equation 3.1) forbrinesaturated sedimentary rockasing laborairy

measurements.

LAYA (3.1)

where:

rvis the bulk density ig/cc V; is theP-wave velocity inkm/se¢anda, ¢ are constants.
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Figure 8. Velocity-Density relationships for different lithologies (Gardneret al.,1974)



In Gardned esquation, ithological variationis maintaineddy using different coefficies

for each lithologytype (Table 1).

Table 1. Coefficients for Gardner relations for different lithology (Castagnaet al., 1998).

Lithology a C

Shale 1.75 0.265
Sandstone 1.66 0.261
Limestone 15 0.225
Dolomite 1.74 0.252
Anhydrite 2.19 0.160

3.2.2 Reservoir Properties

Elastic propertiesare controled by several reservoir properties including porosity,
lithology andsaturation(Avseth et al., 2005 In this sectiorof the thesisl will only focus

on the estimation of these thresoperties- methodsthat require generatingthe rock

physics model.

3.2.2.1 Shale Volume
In the absence of any radioactive mineral in the formation, the gamma raydsséidial

to determinghe presence ahale in the formation evaluation workfloRi¢ler, 19%).

The gamma ray shale indeg) is definedas (equation 3.2).

o — (32)

where:

GRog is themeasured gamma rdgg response in theell, GR:eanis the log response in a
shale free zone defidea s fi s a N@Rmind andiGExnadisrthe log response in a shale

zonedefindas 1N s haGResOlL i ne or



Figure 9 displayssand and shale lines in gamma ray measurements. Some interpreters
assume that volume of shale equals shale ino@xthisoverestimates the shale volume
(Rider, 1996).Therefore,to provide more reliable estimates of shale voluempirical
relationsare developed for different geological ages and ar€davier et al. (1971)

deweloped arelationto calculae the shale volum¥sp,
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Figure 9. Sand and shale lines for shale volume calculation. Tracks from left: tl
first shows caliper and bit size logs; the second includes a gamma flag, sand and
shale lines; the third is lithology interpretation (Rider, 1996).



3.2.2.2 Porosity

Total porosity €7) is the ratio of a pore volume within a rock to the total bulk volume of
the rock Rider, 1996) commonly expressed as a percentagpidtion 3.4). Effective

porosity (fe) is the ratio of the interconnected pore space to the total bulk volume.

N ——— pmnm (34)
Porosity can be estimated from sonic log, density logroelbg or combination between

any two of them\(Vestern Atlas, 1992)

The dcensity tool isthe most reliable porositgensitive devicdecausats measurements
are more sensitive to porosity than to lithology (Western Atlas, 1892)sedo calculate
porosityas:

n _— (3.5)

where:

fris total porosity rpis bulk density rmatis matrix densityandrs is fluid density

Matrix and fluid densitiesn many casesre seleced based on the knowledgof the
lithology and fluid type of the interest interv@lVestern Atlas, 1992)The common

sedimentary rocks and flugdhavethetypical matrix densitywalueslisted in Table 2.



Table 2. Typical density values for different maerials (Western Atlas, 1992)

Material Density @/cn?)
Quart 2.65
Calcite 2.71
Dolomite 2.87
Anhydrite 2.96
K-feldspar 2.56
Fresh water 1.00
Saltwater, 120,000 ppm NaCl 1.08
Oil (medium gravity) 0.80
Gas (160° F, 5000 psia) 0.20

The effecive porosity determined by density logn be calculateds follows:

n _— (3.6)

n n @ zn (3.7
where frshis total shale prosity, rmat IS matrix density/sn is shale densitys is fluid

density and/snis volume of shale.

3.2.2.3 Water Saturation

Water saturationSy) is the fraction of porosity in the reservoir rocks tisdfilled with

water (Schlumberger, 1987). Determining @rasaturation is one of the most important
objectives of a well log interpretation. There are many methods and equations to calculate
water s at ur methosisnone oAAthecwelkrmwnsequatios that is usel to

estimate water saturation based aigtevity measurementas follows:

Y — (39)

where;

Svisthewater saturatiorRy is the formation water resistivitig is the measured formation

resistivity, n is the saturation exponeintmost @sest equals taa default valuef 2.0 and



F is the formation resistivity factoF can be estimated from porositylas a / ™, where
ais a constant anahis the cementation exponent of the rock ranging betweed (R&ler,

1996).

3.2.2.4 Lithology Computation

The wlume of various litholoigspresent in the welt calculatel by equations that express
different log responses to each mineral (Gardner, 1980). The -Diheity log
interpretation methqadvhichis designed by Schlumberger to estimate up to fouerals

is used in this study to compute lithology volumes. The input logs for this method were

effective porosity, shale volume, flushed zone water saturation and bulk density.



3.3 Results and Discussion

The basic steps for any rock physipatrophysial analysis is presesd in Figure 10 |
appliedthis workflow in this studyusingavailable logs and well§ his kind of workflow
is an iteraive processbetween thesteps, which enhance the logs quality, and leads to

reduce uncertaintiesf the rock phyes model output

Well Data

Petrophysics

Figure 10. Rock physicsi Petrophysics integrated workflow.

3.3.1 Geophysical Well Log Analysis
The workflow in Figure 11presents theeneralstepsof GWLA. The compressional
velocity logsin this studywerede-spikedin few depth intervalsin contrastdensity logs

were severely affected in the sfeut intervalsespecially in zoné\. Well 411_10 showed



a better quality antvasused to create a mulinear regression (MLR) relatiobetween
different logs to correcthe densityvaluesin affected intervalgequation 3.9)In zoneB,
the Gardner fation (equation 3.10)vasused to correct the densigaluesin the poor

condition intervals.

/ Well Data Loading /

y
Quality Control

Well Log Conditioning

Petrophysics

Figure 11. The general GWLA workflow.

r=a GR+b \$+c (3.9

where:

r is density GRis gamma rayV, is compressional velocitya = 0.001,b = 0.118 and: =

2.036.The Gardner (power) relation is given as:

r=aVpb (3.10

where

r is density,Vp is compressional velocitg = 127 and b = 0.46.



The MLR relation used on zo#feincreased the consistency and quality of the denaity d
aspresentedn Figurel2. The Gardner (power) relation used in z&halsoimproved the

densities qualityFigure13.
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Figure 12. QC density logs before/after editing in the zoe-A. The top row of the figure, left, shows densit
histogram for each well and the right is density vsV, crossplot before correction. The second row, lef
showsdensity histogram for each well and the right is density v/, crossplot after correction. The third

row shows measured density logs in each well (black curves) and conditioned densities (red cur\ds)e:
tops aligned to the zonéA top.
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3.3.2 Reservoir Properties

Some of the reservoir properties (e.g., porosity) can be calculated elastg logs.
Therefore, logs conditioning is very importantitgprovethe logs quality that contribute
to enhance the petrophysical properties results. Other petrophysical properties (e.qg.,
volume of shale and water saturation) can be calculated uammg ray and resistivity
logs.Therefore, in both zones (A and B)sedgamma ray logto calculate shale volume.
Different sand and shale lines were selected on the gamma ray histagdismayedin
Figure 14 where the redind magnta vertical linesare the minimum and the maximum
gamma ray values on zo#ewith correspondinglue and graylines for zoneB. The
Clavier et al(1971)equationis used to calculate the volume of shaldghe study zones
The results of this calculation show low amaunt shale in the reservoir, zoii

compared to the ovetihg carbonate layerzoneA (Figure 15.

I Wella11 3 I e m.('.“.:mc.m...y Well 411 5 I " m"m,::,m e
Al ZoneA |
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Figure 14. Selected sand and shale lines for each well in both zones.
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Density logs were used to estimate porosity in both zones. InA&otihe average bulk
densites were assumed to b&.7 g/cc and2.6 g/cc formatrix andshale respectively
Whereasn zoneB, 2.62 g/cc and 2.48 g/cc were used as the averagedbubities for
matrix and shalerespectivelyln the reservoir or zorB, fluid densityassumedo be0.8
g/cc and 1.0 g/cc in zork. These assumptionseremadebased on the average density
logs responses in both zones. The estimated total and effectiveipefosgachwell are
displayed in Figure 16. The results show thhe average porosity is around 20% in the
good quality intervalithin reservoir.Thetotal and effective porosities are almost the same

due tothelow amount of shaleespecially in the reservoir.
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Figure 16. Porosity estimated from density logs. Track from left to right for each well: zoa name, deptf
density, shale volume, effective and total porositjNote: tops aligned to the zoneB top.

Archi e 6 svasused @t iecm i mate water sat uanahd on.
n used for zoné\ and zoneB are listed in Table 3rhe saturation results for all wells are
presergd in Figure 17. ZoneA is almostfully watersaturatedwhereasthe saturation
variesin zoneB. The lower part of theeservoiris most likely watessaturated and the
upper @rt vares between waterand hydrocarbossaturatedin all wells. The middle

interval of the reservoir shows less water saturation over all wells.

Table3.Ar chi ebés parameters for the study area

Zone name a m n
ZoneA 1 2 2
Zone-B 1 1.97 1.7

ThelLitho-Density interpretation methaslapplied to computathology volumes. In zone

A, three minerals, dolomite, limestone and anhydrate plus shelesed to determine



lithology volume ,while in zoneB, quartzand shale were assucht® bethe only minerad

in the reservoirThe lithologycomputatiorresuls for each welbrepresenedin Figure 18.

411.05 411 .03
Pz ue =

1 ==01 i T
I .
i - 4 = r

4 i

1 ,{:' ' =

i

3 3

el =

TRV | Wl

A

LAL ™LA

TP RN | Uyl

Ty

R T
L

Um (s p o

W Uy

vr
W
W

T
i

Figure 17. Estimated water saturation for each well. Tracks from left to right: zone name, deptl

deep resistivity, density,effective porosity, total porosity, effective and total water saturatior
Note: tops aligned toZone-A top.
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Figure 18. Lithology volumes results for each well.Tracks from left to right : zone nams, degh
and lithology volume.Note: tops aligned tozoneA top.



CHAPTER 4

ROCK PHYSICS MODELING

4.1 Introduction

Generally, seismic propertiés density compressionalandsheafwave velocitesd are
controlled by many factors, such as lithology (pasition and texture), porositpore

fluids type, differential pressure, temperature, wave frequency, anisotropy, etc. These
factors interconnect in a way that could change seismapepties. Therefore,
understanding the relations between these factors and seismic elastic properties is key to
creatng accurate rock physics modeTable4 lists factors that affect seismic properties

in sedimerdiry rocks with increasing importance fno top to bottorm{(Wang, 2001).

Table 4. Rock, fluid and environmental propertiesgoverning elasticproperties in sedimentary rocks (Wang, 2001)

Rock Property Fluid Property Environmental Propeyt

v | Compaction Viscosity Frequency
Consolidation history | Density Stress history

Age Wettability Depositional environmen|
é Cementation Fluid composition Temperature

S | Texture Phase Reservoir process

5 | Bulk density Fluid type Production history
E’ Clay mntent Gasoil, gaswater ratio | Layer geometry

i | Anisotropy Saturation Net reservoir pressure

{ | Fractures

{ | Porosity

; Lithology

Pore shape




The velocity-porosity relationis a key method to connect reservoir properties to elastic
propertiesin consolidated and unconsolidatedmationstheV,-f relationshave different

trends Figurel9a shows an enhanced version of the critical porosity model (Nur, 1998),
which is a linear interpolation between bulk modulkiy €nd shear modulug?( between
porosiies, f = 0 andf = 7. = 38% for sandstone. The rock critical porostty,separates

the loadbearingsedimentsat porosity/ <fc and suspensions at porosity fc (Mavko et

al., 2009. Figure Bb shows thé/y- andVs-wave velocitiewersus porositywhich canbe
usedeasilyto separatehe consolidated and unconsolidated roekg.. The consolidated

and unconsolidated trends in both elastic moduli and velocity versus porosity relations are
typical of grainsupported sandstones. Generally, in codstdid sands the major factors
accountable for velocity variation are porosity and clay content. In contrast, in
unconsolidated sands grain sorting, loading history and cementatioraiatia role in
velocity variation (Vernik, 1997). Several authors has&blished important relationships
between the elastic properties and reservoir parameters such as porosity and clay content
(e.g., Han, 1986), diagenesis (e.g., Dvorkin and Nur, 1996), lithology (e.g., Greenberg and
Castagna, 1992), as well as poredti{e.g., Wang et al., 1990; Batzle and Wang, 1992).
The above relationand othess publishedcontributeto assist inselecing anappropriate

rock physics model.

Rock physical modelareclassified into three general classes: theoretical, empirical and

heuristic (Avseth et al., 2005).



1- Theoretical methodsyield mathematical expressions of the elastic properties of rock
but assumptionsiust be mad® simplify the mathematics. Sometim#ésese assumptions

are oversimplified and even unrealistic (Wang, 2)0Elastic theoretical models include:

- Inclusion models that deal with the rock as an elastic solid containing cavities
(inclusions) representing the pore space. Common inclusion models assume thasthe pore

are idealized ellipsoidal or perishapedavties (e.g., Kuster and Toksoz, 1974
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Figure 19. a) Dry frame elastic moduli vs. porosity and b) dry velocities v
porosity, for clean consolidated and unconsolidated sandstones. Models sh
abrupt change point at porosity of 30%,(Vernik, 1997).



- Contact modelsdetermine the elastic properties of granular medishiape changesd
stiffness of grain contacts. Most of the contact modetbasel on the HertzMindlin

(Mindlin, 1949) modebf the normal andhear contact stiffness of two particlesontact.

- Computational models estimate the actual grapore microgeometry using different
measurement methods, such as thin section esdam imaging. These models not rely
on pore geometryrad they havethe ability to quantify elastic featuredserved in thin

sections.

- Bound models describe how theffective elastic moduli of a mixture of grains and
poresare calculatetly knowing the volume fractions of different phases, the elastic moduli
of the various phases, and the geometric details of how the @Erasesange relative to
each other (Mavko et al., 2009he concept of the upper and lower bounds on the elastic

bulk and shear moduli for a simple mixture of a mineral and fhijgresated in Figure

20.
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Figure 20. The upper and lower boundsconcepton the elastt bulk and shear moduli (Mavkoet al., 2009.

- Transformation models are free of geometric assumptions. One of the most widely
usedtransformation mdeki s Ga s s ma rGas8manni®61d. &assm@ann derived
an equation to calculate the bulk modulus of a fkatlirated porous medium using the

known bulk moduli of the matrix, the frame (dry) and the pore fluid.



2- Empirical models generally provide siple mathematical formulations and determine
coefficients by calibrating a regression to observed data. There are sevefahovelil
empirical model s such as Hands | inear reg
velocities using porosity and clay conteGreenberg and Castagfi®92) used empirical
polynomial relatios to estimate shear velocity from compressional velocity, brine
saturated rocks and lithology. Gardner et al. (1974) suggested a useful empirical relation
between compressional wave veloatyd density.

3- Heuristic modelsaresometimes defined as psetiti@oretical modelée.g., Wyllieet

al., 1958time averagequation)n clean, consolidated watsaturated rocks.

4.2 Theoretical Background

The basis of elasticityfollowed byshear velocityprediction techniques arttle concept
of boundson elastic propertiewill be briefly discusedin thissection of the thesighen
Gassmannos f leguatidonansl iistasstmptionsill ibeoused texplainthese
conceptsFinally, thevelocity-porosity behavior of clastimocksusingcontact modelwill

be described

4.2.1 SeismicWaves

In homogenous, isotropic and elastic media, seismic velacyxpresse generally by
elastic constants and density (equation 4 i) equation can brearrangelepenling upon

the wave type and the elastic constaftsere are two body waves for an elastic isotopic
medium. The first wave type isompressional (equation 4.2) atite second ishear
(equation 4.3)Bakhoriji, 2010, with the velocity for each type beingmessed by the

following equations.



WQY € ©Ne (4.1)
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Ot her el astic const @R {eguatiorsdut) lladbdaEy coétficiens s on 6 s
(equation4.5) and Yain g 0¥ mo@ulus (equation 4.6) can be derived fre Vs and

density.
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4.2.2 Shear VelocityPrediction

Greenberg and Castagna (19€92veloped a general method to predict shear wave velocity

using compressional wave velociin fully watersaturated porous rock¥he method

assumed the shear wave veloadityuld be estimated by averaging the harmonic and
arithmet i ¢ means of t he -lifholageandtcompsessionalwelatites 6 p o

(equation 4.7)

where:



Vp andVs are the compressional and shear wave velocitispeotively, of the composite
rock. L is the number of pure mofineral porous constituent; is the dry lithology
volume fraction of lithological constituemnt a; are the empirical coefficients defined in

Table 5 and ON; is the order of polynomial

Table 5. Vp-Vsregression coefficients for various lithologies (Greenberg et al., 1992).

Lithology ai2 ail aio

Limestone -0.05508 1.01677 -1.03049
Dolomite - 0.58321 -0.07775
Sandstone - 0.80416 -0.85588
Shale - 0.76969 -.086735

Raymer et al. (1980) dehoped a model to estimai#, in porousbrinefilled rocks from

porosity, solid and fluidP-wave velocities, respectively

® PN W N o (4.8)
Later,Dvorkin (2008)usedR a y me r 6 andestindtetheamwavevelocity forporous

multi-mineral rocls:

W PN W — (4.9
where:

Vss iIs the sheawave velocity of solid phasers, r¢ are solid and fluid densities,

respectively.

4.2.3 Elastic Bounds
The simplest effective medium bounds models\vargt (Voigt, 1910) andReusqReuss,

1929) bounds. The \igt upper bound is the arithmetic averagehe elastic moduli of



individual components of a compos(exuationd.10). The Voigt bouncassumes that the

strain is uniform throughout the aggregate and gives the ratio of average stress to average

strain, sahat it is called an isostrain average (FigRta). The Reuss lower bound is the

harmonic average of the elastic moduli of individual components of a composite (equation

4.11). The Reusboundassumes that the stress is uniform throughout the aggreghte a

gives the ratio of average stress to average strain, so it is called an isostress average (Figure

21b). The average effective moduli of the two bounds can be calculated usgieRAISS

Hill (VRH) average (equation 42) (Mavko et al., 2009).

M,= BR,f;M; (4.10)
— BN,— (4.11)
0 -0 0 (4.12)

where:M is the elastic modulus of theggregate formed by materials,f; is the volume

fraction of theith material andVi; is the elastic modulus of th# constituent.
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Figure 21. Graphical illustration of a) Voigt (isostrain) and b) Reuss (isostress) models for a tw
component effective medium (Lakes, 2002).

The wide gap between the Voigt and Reuss bounds often makes the models of little

practical use. Therefore, Hashin and Shtrikman, (1963) deriveer @md lower bounds

for the elastic moduli of multiphase materials, whigpresent thbetterandtighterbounds



for an isotropic elastic mixture than VoiBeusdoundsFor a mixture of two constituents,

the Hashin and Shtrikman bourda®:

O =0 + (4.13)

=+ - — (4.14)

where:KHS* and 775", upper bounds for the effective bulk and shear modulus, respectively,

while KMS and 775 are the lower bounds.

Generally, estimating upper and lower boumsisainly based on material stiffness and
softness. The upper bound term irades that material is stiff and parameters in the
(equations 4.3and 414) would besubscripted witi.. If the materiad were soft, the bound

would be lower anthe parameters would lsetbscripted witH.

The physical explanation of the Hast8htrikman lounds for any material bulk modulus

is shown inFigure22. The internal spheres (comefilled by an assembly material 2 and
aresurrounded by spherical shells filled by material 1. Both cores and shell spheres have
precise volume fractiorfs andfz, respectively The upper bound is formed when the shell
spheresare occupiedby stiffer materials and the lower bound is formed when the cores

spheresrefilled by stiffer materials.



Figure 22. Physical explanation of the HashirShtrikman bounds for bulk
modulus of two-phase materials Avseth et al., 2005

Nur et al.(1998) introduced alescription ofcritical porosity ¢c) that provides more
realistic upper bound for mineralBhis critical porositywasdescribed brieflyn section
4.1 and the generphysicalconcepts presenedin Figure23. The critical porosity values

vary for rocks, wheref. for sandstone is arourtD% andfor cracked igneous rock is

around 5%.

Diagenesis
Quartz Sandstone  Sand Suspension
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Figure 23. Physical meaning of critical porosity (Nur et al., 1998).

Nur et al.(1998) modified upper bounds by replacing the soft end member at 100% porosity
with the suspensioend member at critical porositin addition, he calculated the bulk
modulus of the suspermsi less thancritical porosity(7<7c) using solid and soft bulk

moduli bythe Reuss average (equatiodd. Then,heinterpolatel between the moduli of



solid point at porosity equéb zero and the suspension moduli at critical pora$ityr el

al., 1998)

0 z (4.15)

0 p =0 =0 (4.16)
] n b

p — (4.17)

where:K. is the bulk modulus at critical porositifs, K are solid and fluid bulk moduli,
respectively 7 is porosity fc is critical porosity Kes, Uett are effective bulk and shear

moduli, respectively, angds is the solid shear modulus.

4.2.4 Fluid Substitution

One of the most widelysedmodekto substituefluidsi s Ga s s ma Gasénsannmo d e |
1951). Gassmann derived equations to calculate the bulk modulus of -aafurdted

porous medium using the known bulk moduli of the solid matrix, the frame (dryotke

fluid and porosity Equation4.18 is one of the standard foas of Gassmann equation

(Mavkoet al., 2009

= + (4.18)

where:

Ksatis the bulk modulus of the rock saturated with a fluid of bulk modkijuary is the

frame (dry) bulk modulusis the solid bulk modulus, anfdis the porosity.

Gassmannds model assumes t hat t mahereforaj i d h a ¢

the effective shear moduli of the saturategk) and dry rock fary) are equal:



‘ ‘ (4.19)

The basic assumptions in the Gassmannds eq

n The rock or porous medium (both the matrix and the frame) is macroscopically

homogeneous.

o All pores are interconnected.

9 The pores are filled with a frictionless fluid (liquid or gas).

~  The solidfluid system under study is closed {drained).

v The relative motion between the fluid and solid is small and negligdshpared to the

motion of the saturated rock itself whthe rock is excited by a wave.

P The pore fluid does not interact with the solid in a way that would change the shear

rigidity of the frame (softening or hardening).

4.2.5 Contact Theory

Mavko et al.(2009 described how the effective elastic properties okparof spherical
particles depend on normal and tangentiahtact stiffnesses of the twparticles
combination (Figure 24). The normal stiffneSs) (of two identical sphereis defined as

the ratio of a confining force increment to the shortening phare radius (equation24).

The tangential stiffnessSj of two identical spheres is the ratio of a tangential force
increment to the increment of the tangential displacement of the center, relative to the

contact region (equation20).



(4.20)

where:S, andS are the normal and the tangential stiffnesses, respectivedythe normal
force T is the tangential forced is the normal displacement artdis the tagential

displacement.

é——
L‘
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Figure 24. Normal and tangential displacement in a twespherical
particles systemR is the sphere radius (Mavkeet al., 2009.

The effective bulk and shear moduli for a random sphere packing can be expressed by
porosity, coordination number (the average number of contacts per grain), the sphere
radius, and the normal and tangential stiffnesseseofwiio-sphere particles combination

(Mavkoet al., 200%.

n

Y 421

n

Y p®Y (4.22
where:Kest and et are the effective bulk and shear maduoespectivelyR is the sphere
radiusand 7 is porosity S, and S are the normal antangentialstiffnesses, respectively,

andc is the coordination number.



Hertz-Mindlin Contact Theory

The elastic moduli of the dry wedlorted enepoint at a critical porositganbe estimatel
by HertzMindlin model (Mindlin, 1949). If the two identical spheres in this mauel

normally compressed, the radius of the contact area and the normal displacement

calculatel as:
& —p OYN 1 —
where:

M is the shear modulusamiRi s Poi ssondés ratio of the grai

If an effective pressure is applied to a randmmking ofidentical spheres, the confining

force between two particlesn be calculated as (Mavkbal., 2009

T“Y0 ., . c p 0OYO~
——Nw Y —————
Op n dp 7

where the effective pressure can be calcdlage

~

l') "Q ” ” 'Q d

where:g is the gravity constantis depth ry is the bulk density andy is the fluid
density.

The normal stiffness 3 ——. As a resultthe effective HertMindlin bulk modulus

(Knwm) of a dry, random, identicaphere packing can be estimated as

0 —r (423



If the normal forcas much larger than the tangential forEe<< Fn, then shear stiffness
is3 —— . Consequentlythe effective HertMindlin shear moduluspiv) of a dry,

randomandidenticalspheres packing is given by:

0 (4.24)

To determine the friction between grains contacts, the coeffigje@f 1)dsintroduced,
wheref =1 when the adhesion between grains is perfectfan@ indicates no friction.

This will keep normal stiffnes€S,) constant with the effect ofthe tangential stiffness
to3 A—. As a result, the effective Herindlin bulk modulus stays the same and

the effective shedtlertzMindlin modulus is given by:

0 (4.25)
There are different models that can calculatedry effective bulk and shear moduli for

random packing of identical elastic spherical particles at critical porogtigs\Walton,

1987).
The Friable or SoftSand (Unconsolidated)Model

Dvorkin and Nur(1996) presented the friable samddelin whichthe porosity decreases
due to the small nenementing particles filhg the poreswhich reduces porosity and
increases the velocity or the stiffness of the dry rock (Figure 25). In the elastic imoduli
porosity crosslot, the high porosity erdoint indicates the critical porosity and the zero
porosity enepoint indicatesthe pure mineral, which can be a mixture of many mineral

constituents (Dvorkiret al.,2014). As mentioned before, the dry effective moduli at the



critical porosity can be calculated ugithe HertzMindlin model. Thispoint can be
connected to zerporosity material moduli by the modified lower Has&htrikman
model orthe softsand model where effective moduli can be estimated at a different

porosityas:

0 4 d - (4.26)

‘ . - a (4.27)

where:a

Knwm, MHv arethe HertzMindlin - bulk and shear moduli, respectiveandK is the bulk

modulus ofthemineral.
The Stiff-Sand Model

In the stiff-sand modd (Mavko et al., 2009)the modified upper Hashi8htrikman
(MUHS) bound descrilsgthe elastic modulporosity trends for clean sandstoiipsorkin
et al, 2014).Figure B compares the stifand and sofséand modedifor pure quartz grains

in Vp andVs versus porosity

0 4 . - (4.28)

: a (429

where:d - —— ; K, p arethebulk andshearmoduli of the mineral respectively



The ContactCement Model

This model describes the velocjpprosity versus cement volume at high porosities (Figure
25). Rock in this model is highly stiffening withrydittle changes in porosity, which leads
to rapidly increasingelocity in the rock. The contacement model shows the initial stage
of the diagenetic trend in the data ahd modelis more relevant in higporosity sands
(Avseth et al., 2006 Dvorkin and Nur(199%) established the mathematical solution to

estimate the effective dimpck moduli for the contaatement modehs:

0 -p N 0 Y (4.30)

-0 —wp MY (43)

where: Kcontcem@nd Heontcem are the effectig bulk and shear moduli of the cemented
aggregate, respectively is the coordination numbeand 7¢ is the critical porosityMcem

Hcem are the compressionand shear modubf the cementrespectively.S, and § are

variables defined in the followinglations:
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wherev,vcemar € t he Poissonbés ratio of .uguweemaien and
the shear modulus of grain and cement minerals, respectaved/the amount of the

contact cement.

The ConstantCement Model

This model is representing the consolidated sands geological scénheseth et al., 2006
Mathematically, the comantcement model is a combination of the contammnent and
friable-sand models. The porosity reduces from the initial gauk atf. (Figure 25) to
porosity /v (open white circlen Figure 25. In general, it is possible to reach the constant
I cementihe by moving along friablsand line and then adding contact cement to the rock
(gray dashed line in Figure 25). To use this model musfirst determine the welorted
endpoint porosity/s then use contagtement model to calculate the egck bulk and
shear modulik, andp,, respectively) afy. The effective dryrock bulk and shear moduli
for porosity less tharf, can be calculated using the modified lower Hasditrikman

modelas:



0 - - - (4.32
n n
‘ - - a (4.33)
where:
a - ——; K, pare the minerals bulk and shear moduli, respectively.

In the constantement model, porosity reduction in sand is due to cementation where
cement deposition has two certain schemes, which relatasthent of the contd cement

(a) to the porosity of cemented sand.

Mavko et al, (2009) definedhe two different schemegFigure 27) wherein scheme 1
cementdepositsat grain contactéequation 434) andin scheme 2cementdepositon the

grain surfacéequation 435):

Y&Rap| ¢ —— (4.34)

Y& G O | - (4.35)
where:

f¢ is critical porosityc is coordination number anflis porosity.
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4.3 Methodology

This section iglescribingthe main methodologies used in this study.

4.3.1 Shear VelocityPrediction

The shear wave velocity is missimgwells 411 03 and 411 _05. Therefaitee modified
Gassmannos an dasi@gnatechrgeesausedto genefate missing shear
velocitiesat the reservoir leveMavko et al. (1995) presented fluid substitution using
compressional velocitpnly that operates on the compressionaP-anodulus(M=V? r)
instead of the bulk moduwu This substitution methods known asthe nodified

Ga s s maquaiidns

“ n n —_— i
0 0 - - —
o (4.36)
0 0 rp
n ne—o — Cl’
where:D ®w " ; MsistheP-wavemodulus of solidKs is fluid bulk modulus and
f is porosity.

4.3.2 Matrix (Solid) Phase

The matrix frame usually includes more than one mineral and each mineral bas its
elastic properties. The ideal solution to deal with this situation is to create a single elastic
property that honarall constituenelastic mineral pperties. There are many ways to mix
several pureninerabk with their known volumetric fractions used Voigt (equation 20),

Reuss (equation 41) and VoigtReussHill average (equation 42) to calculate the matrix

moduli.



4.3.3 Fluid Properties

Seismic paaimeters in a reservoir stronglffectby pore fluidproperties. Batzle and Wang
(1992) provided an empirical and theoretical model to calculate the fluid properties of the
three main types of pore fluids: gas, oil and bringsed this model to estimatiee fluid

properties of different phases individually

4.3.4 Fluid Mixing
The saturation patterngn this study are recognizedas homogenousTherefore, the

effective bulk modulusf this mixture of fluidsis describedby Wood average

- - - — 437

where:Ks is the effective bulk modulus of fluikw, Ko andKg are water, oil and gas bulk

moduli, respectivelyf is the volume fractions of the fluid pbes futfotfg =1).

4.3.5 Fluid Substitution

Gassmann modelg (Gassmann]951)is used to substitute different fluiddsually, fluid
substitution starts with the initial set of velocitieéi(and Vs1) and densityri, which
represent the isitu rocks with iniial fluids called fluid. The common workflow for fluid

substitutionis described byvseth et al. 2005:

Step 1 Calculate the irsitu bulk and shear moduli from compressional and shear sonic,

and density logs as follav

T P
+ m 6 -6 N AlA{ M6

Step2Apply Gassmannds equation to transform

1



where

Ksat1 andKsar2 are the rock blk moduli saturated with fluidand fluic, respectively Kax

andKjs2 are the bulk moduli of the fluids.

Step 3 The shear modulus:

Msat1= HUsat2

Step 4 Correct the bulk density for the fluid

Isa2= rsan+ f (ffIZ - ffll)

Step 5 The new velocities with new fluidre

4.3.6 Elastic Bounds

The VoigtReuss and HashiBhtrikman bounds between the solid and fluid endpairgs
calculated and used to define the physical Broftdifferent minerals and fluid mixtuse
The upper modified Hashi8htrikman boundks also used with critical porosity’d) equal

to 0.4.

4.3.7 Rock Physics Model and Template
Some of the contact theory modeésg., friablesand, stiffsand, contaetement and

constaricement models (Mavko et al., @8 were tested and evaluatatithe reservoir



level. The stiftsand modeproved to be the mosippropriateand universal transform for
the wells dataThis model was rgenerated th&/, Vs and r properly compare to the
measured logs at the wells locatidhereforethe stiffsandmodelis usedandconstrained

by local geologicatonditionsto build a rock physics template (RPT).

4.4 Results and Discussion

4.4.1 Shear VelocityPrediction

The first task a#tr dataconditioning QC and reservoir propertiestimdion is predicting
shear velocy. Therefore the Greenberg and Castagr{a992) methodis used to predt
Vs at the reservoir levaeh wells 411 03 and 411 _0%he predictedVs in both welk are

consistentand show high correlatiowith the measureghearvelocitiesin the othertwo

wells (Figure28).

411-03
411-05
411-10
411-23

ceoe

3.5

2.5

\.’S (km/sec)

1.5

Vp (km/sec)

Figure 28. Comparison between predicted and measureshear wave velocities in all well
The Greenberg and Castagna (1992) method was used to prediétin wells 411_03 an
411_05.



4.4.2 QC Data

The next stemfter Vs prediction inthe rock physics analysis this studyis QC of the

elastic logsFigures 29 t®B2 presenthe available and predied logs versus depth fatl

wells. The dominant lithology among these wells is sandstthrexe isa small amount of

shale as gamma ray logs show. Quality of the reservoir is varying between wells and the
average porosity is 1B6%. The shallow and deep intervals show poor reservoir quality
while intermediate intervals represent good qualitye deep interval in well 4123 is

most likely wateffilled.
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Figure 29. Available logs in well 411_03. Tracks from left to right. ¥ gamma ray, 2 Vp and Vs, 3¢
density, 4" porosity, 5" water saturation and 6" mineralogy.
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Figure 30. Available logs in well 411_05. Tracks as deribed in Figure 29.
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Figure 31. Available logs in well 411_10. Tracks as described in Figure 29.
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Figure 32. Available logs in well 411_23. Tracks as described in Figure 29.

Creating a relation between the elastic and reservoir properties is also a robust tool that
assststo QC logs qualityln many rock physics projes;tthe best QC tool is a crop#ot
with the simplest domasto understand the reservoir conditioeingthe P-wave versus

Swave {/p-Vs domain) and®-wave versuslensity {/,-RHOBdomain)

Using P-wavevelocity alone is not enough to separate lithology because of the overlap in
rock velocities. Addingswave information td>-wave data may help to understand rock

compositon andto reduce the uncertainty in lithology identificatidn. our casgand at



the reservoir level, th¥p-Vs crossplot (Figure 33) did not add significant information

because the reservoir lithology is most likely monimeral and serpuresandstone.
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Figure 33. Vp vs. Vs crossplots, data colorcoded by volume of Quartz. Crossplot in the left
superimposed bWp/Vsc ur ves and in the right superi mpos

Vp-RHOBdomainis oftenusal asa good indicator for porosity, saturation ditidology.

The low density and velocityvhich isequivalent to lowP-impedanceusuallyindicates
high porosity aslisplayedin Figure 3. The same crogslot is also used as a saturation
indicator, where datais color-coded by water saturationThis type of reservoir
characterizedas a consolidatedor stiff-sand reservoirl (will discussthis later in more
detail), the effect of saturatioan both velocity and densitglare is usually smaller than
the effect of porosity. Therefore, interpretation fordlsaturation could be difficult. Figure
35 shows that most of the hydrocarbon zerests in low acoustic impedanadatervals It

also showsydrocarbon presende high acoustic impedance intervals.
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Figure 34. Vp vs. density for all wells color-coded by porosity anc
superimposed by constant curves of acoustic impedance.
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Figure 35. Vp vs. density for all wells color-coded by water saturatior
and superimposed by constant curves of acoustic impedance.

The porosity versus acoustic impedarcrossplot (7-Ip domain) can often reveal the type
and history of the digenesis. Good quality rock is located at high porosity angl loug
thisdoes not necessarily represent the hydrocarbon saturation as in the curr@figoase
36), where he data from hydrocarbesaturated intervals broadlydistributed along the

porosity axis
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Figure 36. Porosity vs. acoustic impedance for all well, colecoded by water saturation.

Finally, theacoustic impedance versus velocity ratio cioles (Ip-Vy/Vsdomain) isa good
indicator forlithology, rock quality, and saturation. Lol and V,p/Vs usually indicate
high-quality data and hydrocarbon zonesn our case, the sensitivity dp-Vp/Vs to
saturation issignificant in high porositgones but it islesssensitivein medium to low
porosity zonegFigure 37).In contrast the porosi cutoff is evidert in the acoustic
impedance attributerherel can separate the high porosity from latwp=9 (km/s*g/cc),

(Figure 38).
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Figure 37. Acoustic impedance vsVp/Vs for all wells, color-coded by water saturation.
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Figure 38. Acoustic impedance vsV/Vsfor all wells, color-coded by porosity.




4.4.3 Matrix (Solid) PhaseAveraging and Elastic Bounds

As | concluded fom the previous section aride lithology interpretation logshé solids
matrix in the reservoiris a mixture betweeonly quartz and shalelhe elastic bounds,
which gives an idea about the physical limit of different minerals mixtare used to QC
thedata As displayed in Figte 39, he Voigt-Reuss boundsetween the solid and fluid
endpoints and upper modified Hask8htrikman bounglwith various critical porosities
from 0.1 tol, aresuperimposed bthe insitu bulk modulusporosity data foeach welkall

arecolor-coded by @pth.The measured data for afklls falls within the bounds limit.
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Figure 39. Voigt-Reuss and upper HashirShtrikman bounds with different critical porosities
varying from 0.1 to 1, superimposed by the measured data d&f plane, colorcoded by depth.



Gamma ray(GR) measurement is ad as a lithology indicator in oil/gas exploration.
Therefore the insitu well data colorcoded by GR (Figure 40) indicates that sandstone
correlatesto low GR and shale to high GR readind hecrossplots in Figures 3940

clearlyindicat that the critical porosityf¢) in the reservoir is 0.4
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Figure 40. Voigt-Reuss and upper HashirShtrikman bounds with different critical porosities
varying from 0.1 to 1, superimposed by the measured data d¢-f plane, colorcoded by gamma ray

The average porosity in the reservoirigabetween high and low. Isome zones djoth
theshallow and deepmtervalsof the reservoir, porosity mmall In contrastin the middle

interval of the reservoir, porosityndicatesthe high qualitydata(Figure 39).



Using he modified HashirShtrikman bound¢$MHSB) with appropriatea minerals end
point andcritical porosity (0.4)will assistus to QC the datsoftnessandstiffnessin the
reservoir.Thebulk modulus versus porosity cregit (K-7 domain)including MHSB and
measuredlata in Figurell shows that datas falling over or neathe uppeMHSB, which

thereforecharacterize thedataasstiff.
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Figure 41. The upper and lower modified HashinShtrikman bounds at fc=0.4
superimposedby the in-situ data on K-f domain, data colorcoded by water situration.

4.4.4 Fluid Mixing
The Batzle and Wang (1992) modisl usedto estimate ltiid properties. The input and

output of fluid properties are listed Trable 6

Table 6. The input and output of the fluid properties as calculaed by Batzle and Wang (1992).

Input Output
Pressure (psi) 9,200 Water Gas

Temperaturé F) 292 Bulk modulus (GPa)| 2.8095 0.190
Salinity (ppm) 199,000 | Velcoity (m/s) 1604.6 778.7
Gas gravity 0.8 Bulk density (g/cc) | 1.0911 0.314




The effective bulk modulus of the hydrocarbon and water system in this study was
calculaedusi ng Woodods ( har modr87.dhe fladvextuie gesult ( e q u a
between water and gas is presehih Figure42. The preence of small amouwnof gas in

the fluid system can hawevery significant effect on elastic properties behavior. In our

casethepresenc®f 5-10% gas in the fluid systereduesthe bulk modulusapidly.
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Figure42Fl ui d mi xture result c
between water and gas il8wK domain.

4.4.5 Fluid Substitution

After predicting skar velocitiesand determining solid and fluid properties the
conventional Gveas apphied m rthées differemtds@emharios 100% water
saturated, 90% gas at@%water, andB0% oilwith 20% water.Figures 43 to 46present
the insitu and modeld logs calculatecby Ga s s ma n n 6 sTheetlyae aliffereatn .
scenarios are displaglin different colorsblue logs for watemedlogsfor gas, greetogs

for oil andblack logs forthe in-situ. At the reservoir level, the hydrocarbon is mainly gas.
This can be concluded by comparing thesitu case (blackogs) with gas case (reldgs)

where they ovedy each other over the reservoir.



The separation between the three scenargigmficantin differentelasticattributes (e.qg.,

Vp/Vs,P 0 i s s o nLanhdarhaandLambda/Mu)especially in the high porosity zones
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Figure44. Gass mannés model result for well 411
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Ther esul t s o ffludGabstisutiwaimthe@aosity versus bulk modulug-K)
domainare shown in Figurd?. In this domain, fluidseparathn doesnot appeain the
low/medium porosity zones and smadiparationn the bulk moduluss noticed in thenigh

porosity zones.

In theacoustic impedance amgtlocity ratio domain (Figurd8), the separation between
different fluid scenarios isoticeable especially in the high porosity zonkn the low
acoustic impedancdirection porosity increaseand hydrocarbosaturationincreasesn
the low velocity ratio direction Thesensitivity ofVy/Vsratio todifferent fluidsis generally
remarkable buin our case, the changes\ip'Vs between fluidypes is only significant in

high porosity zones
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Figure 47. Porosity vs. bulk modulus for three different fluid scenarios in
all wells.
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Figure 48. Acoustic impedancevs. Vp/Vs for three different scenariosin all well.

4.4.6 Rock Physics Model and Template

There aremany rock physicsmodels that endeavor to linlock elastic properties to
reservoir propertiegDvorkin et al., 2014)To find an appropriate rock physics model,
first conducted fluid substitution for 100% wet conditions to eliminate the #tfiett

Next, | crossplottedporosity versus weéf, andVsand evalutedand tetedvarious models

to matchthedata(Figure 49)
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Figure 49. Porosity vs. velocities crosplot includes wet data for all wells superimposed by stifand
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Many rock physics models were evaluated includtifsand mode(Mavko et al., 2009)
soft-sand mode(Dvorkin and Nur, 1996)Raymer et al. (1980) model fgy and combined
with differentVs predictors, including RagerDvorkin (20@), as well as Greenberg and
Castagnd1992) modelsThe conclusiorirom this evaluation and tesg flow is that the
stiff -sand model is the most appropriate mddehonoing the in-situ data at the reservoir

level (Figure 50).
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Figure 50. Porosity vs. velocities crosplot includes in-situ data for all wells
superimposed by stiffsand, softsand models andvs predictors, including Raymer anc
Greenberg and Castagnads model s.

The stiff-sand modekelected in this studgonnects the two engoints in the modulus
porosity plae with the modified upper Hashihtrikman bound (Mavko et al., 200Ht

the zereporosity endpoint] used he average of the mix minerals between quartd
shale. Atthe highporosity endpoint (i.e., critical porosity), the elastic moduli are given by

the HertzMindlin contact theory (Mavko et al., 2009). This model was used with a critical



porosity of 0.4 coordination number of 9, shear correctiondaof 1 anda differential

pressuref 25 MPa.

One of the powerful tools for efficient lithology and pdi@d interpretation of welog

data and elastic inversion is the Rock Physics Template (RPT). The most common form of
the RPT is a lithology anfluid indicator, which isdescribed bythe crossplot of Vy/Vs

ratio versusacoustic impedancelhe RPTis also usd to verify the applicability of the
selected modelFirst, | creaed the RPTusing the modelbased data, colaroded by
porosity (Figure 51land colofcoded by volume of quartz (Figure 58)en superimposed

the in-situ data from all wells in the same figurésobtaired an almost perfect match
between the ksitu data and model in the porosity domdmaddition, the irsitu data

points farly well match the RPT in lithology domain but deei&om it in some intervals.

One reason for this mismatch maydceeto data quality. Another reaséor this apparent
missmatch may be refer tassumptions and estimatealuesthat were used in thedhis

work steps(e.g., the reservoir lithologyfluid properties andAr c hi ebés wat er
parameters)in general, there are so many factors affecting the elastic properties of the
rocks and their relation to petrophysical propertidarthermore, there is no
physical/mathematical modéhat can exactly predict the behavior of each data point.
Instead) aim at a reasonable physidased model that explains the trends observed in the

data andsocan be used in interpreting elastic logs for petrogaygroperties.

The next stefin my analyssis to verify theaccuray of our model prediction at the well
locatiors. First, | conducted forward modeling in each well to predict velocities and

densities the results ar@resentéd in Figures 3 to 56. While the matches between the



measured and modeled logs are quite good in most of the reservoir inteblsells,

the match istill far from perfect in some intervals.
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Figure 51. Stiff-sand RPT in acoustic impedance vs. velocity ratio ovémposed by
in-situ data and colorcoded by porosity.

Figure 52. Stiff-sand RPT in acoustic impedance vs. velocity ratio ovémposed by
in-situ data and color-coded by volume of quartz.







































