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ABSTRACT

Petrophysical and Rock physics approaches have leed to investigate
the effects of clay minerals within delineated resgs from the Magnolia field,
offshore Louisiana. It is generally known that res@¢ sandstones are rarely
deposited alone rather they occur alongside fifar minerals which are often of
varying mineralogy, morphology, and distributionay minerals are members of
the hydrous aluminous phyllosilicates that domirthge fined-grained fractions of

reservoir rocks (Worthington, 2003).

A well-known approach often used to unravel clayeral distributions
within a clastic reservoir is through special caralysis. This process is capital
intensive and usually gives non-continuous dowrehokeasurement. This study
employs rock physics models to understand clayibigton within Magnolia field

in the deep-water Northern Gulf of Mexico.

The Thomas—Stieber model is used to predict arsdritbee the porosity-
shale volume relations resulting from various madesandstone—shale mixing.
The Dvorkin and Gutierrez model predicts the asged P-wave velocities. The
combination of Thomas-Stieber and Dvorkin-Gutiermrepdels gives a higher
degree of confidence while evaluating formation pemties. From the above
approach, dominant clay distribution pattern obsérin the reservoirs delineated
in Magnolia field are laminated clay. Dispersed atalictural clays are rarely
observed within the reservoirs. Findings from tleisearch show that rock physics
analysis can be used as an alternative to coreysamain determining clay

distribution patterns and local reservoir studies.
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CHAPTER 1

INTRODUCTION

1.1  Background and Motivation
Over the years, the Gulf of Mexico has become gaore of interest to

geoscientists and reservoir engineers. As oneeoiedding sources of petroleum in
the United States, its discovery has provided egibpportunities for deep-water
exploration and production. Nevertheless, a majallenge associated with deep-
water exploration is the presence of over-pressoreeservoirs. It has been
proposed that overpressure arises when the ratsedimentation exceeds the
ability of the sediments to drain into the rapidermed basin resulting in the

disequilibrium of the sediment (Flemingsal. 2001).

The connection between the elastic propertieoks — such as P-wave
velocity, S-wave velocity, poisson’s ratio, P-impede and bulk modulus and the
reservoir properties (porosity, permeability, wataturation and clay content) is
described by rock physics. Rock-physics has alsaedaimportance in well
conditioning, reservoir evaluation, rock modellirigne-lapse analysis and other
drilling solutions. The reservoirs within the Madjadield in my area of study are
composed of fined-grained sand-silt sized feldspatjuartzose sandstone and

some quantities of clays and clay minerals.

Typically, reservoir sandstones are not depositede but occur with finer
clay minerals which are often of varying mineralpgyrphology and distribution.

Clay minerals are members of the hydrous alumimtwy#iosilicates that dominate

1



the fined-grained fractions of reservoir rocks (¥orgton, 2003). The presence of
clays and clay minerals within a petroleum reservoakes such reservoirs
difficult to characterize due to its abnormal effen measured (sonic velocity) and
estimated (porosity) properties of the reservaid the relationship between them
(Wyllie et al. 1956; Darling, 2005). This effect has been knotenlead to

significant underestimation or overestimation afenevoir properties.

Conventionally, clay-mineral distributions in satwhe reservoirs are
determined through special core analysis usingeesentative portion of the core
sample. A freshly broken surface of the sample asimed on an aluminium stub
with carbon paint, and is given a thin coating ofdg The sample is then imaged
under the Scanning Electron Microscope (SEM) tapdexr the nature of the pore
system, the distribution of clay minerals and othements associated with the
primary pore system. Minerals are also analysedguEinergy Dispersive X-ray
(EDX) to determine the elemental composition of tipatar minerals in a
particular sample area. Though special core amalgais been useful for the
characterization of these minerals, the techniguexpensive and often generates

non-continuous down-hole measurement.

This study focuses on employing a petrophysicatl anck-physics
approach to investigate the effect of the distrdoutof clay mineral in the
Magnolia field and identify a pore-pressure effeat the reservoirs in the deep
offshore of the Gulf of Mexico. Consequently, as@aable prediction of clay
mineral distributions within the reservoir will giweliable estimates of the volume
of producible hydrocarbons in its pore spaces,raddce uncertainties and risks in

heterogeneous sandstone-reservoir production.
2



1.2 Research Objective
This thesis integrates petrophysical and rock misy® study the effect of
clay heterogeneity and pore pressure on reservopepties as it applies to a

sandstone reservoir. The following are the techmibgectives to this study:

® Increase the understanding of rock properties aodall reservoir
heterogeneities using log data.

e Understand the relationship between rock physidsraservoir quality

e Apply rock physics to model different clay-distrimn patterns and to
assess its effect on both elastic properties asetveir properties.

e Build a site-specific rock physics model using appiate theories to

establish Velocity- Porosity Trends of the studsaar

1.3 Thesis Overview

The first part of this thesis describes a detaflettophysical evaluation on
well-logs to determine the porosity)( water saturation (Sw), and lithology (Vsh)
or shale volume fraction. This was followed by gmaig the well-logs in order to

identify the reservoir zones.

The second part describes rock-physics modellinggushe Thomas-
Stieber model and the Yin-Marion-Dvorkin-Gutiernemdel. The Thomas-Stieber
model predicts the porosity resulting from varioostures of sand and mud and
describes the porosity-shale relations in clastidiraents (i.e., volumetrics). The
Yin-Marion-Dvorkin-Gutierrez model predicts the asmted P-wave velocities

which quantitatively estimate the elastic propasgociated with clay distribution.



The third part describes the method used to etimtastic rock-frame
properties by analyzing the lithology and fluid wsation using rock-physics
analysis. Gassman’s equation was used to deterrole frame properties in
shaly-sandstone formation, define a site-specifiodstone-shale system, and

extracting shale properties from the log data.

The final part summarizes the results and theigapbn of clay and clay
mineral within an overall continuum of reservoirhbeioural characteristics. The

project work flow is summarized in figure 1.1.



Reservoir and non-reservoir zones.

Set Gamma Ray cut-off

Create new logs where applicable

Reservoir Identification

Sand volume Estimation.

Hydrocarbon Saturation Estimation

Effective Porosity Estimation

Thomas-Stieber Model.
Yin Marion Model

Marion-Dvorkin-Gutierrez Model

Grain Properties Estimation

Elastic Cross-plot Analysis

Fluid Substitution




1.4 Definitions

For clarity, it is necessary to first of all defirierms that are used in
petrophysics and the reservoir models that are ursednventional petrophysical
evaluation, and how clay minerals are incorporatétin them. In this study, the
idea of clay minerals is the one occurring withdsdane reservoir rather than one
of the intrinsic properties of a (pure) clay-mineassemblage.

The following terms are used within the scope dfghysics:

* Clay mineral: - A member of the hydrous aluminotyljpsilicates that
dominate the fine fractions of reservoir rocks. Tteem ‘clay mineral’
refers to composition, not grain size (Worthingt2@03).

» Clay: - It is strictly a grain-size term with pafg size diameter less than
3.9um (Worthington, 2003).

» Silt: - A grain-size term with particle size diareebetween 3.9 and 62.5
um.

* Bound water: - Electrochemically bound moleculatev that is adsorbed
at mineral surfaces as the result of an anion sarréarge, which attracts
free cations into an electrical double layer. Téffect is most noticeable in
the presence of clay minerals, for which it alsaludes interlayer
molecular water.

« Shale: - An assemblage of silt, clay and clay nalsePetrophysicists often
assumes that shale comprises only clay mineralsnbrgality shale may
contain more than 70% by volume of silt and lardetritus. Perfect shale
is one that comprises 100% clay minerals, regasdi¢grain size, with no

electrochemically free water. An imperfect shalenpases a significant
6



percentage of minerals other than clay mineralsofitains both free and
bound waters (Worthington, 2003).

» Shaly-sandstone: - This contains clay minerals,ctvtdan be present as
shale laminations, structural shale (load-bearinging), and dispersed
shale in the form of allogenic clay minerals (eransported detritus) or

authigenic clay minerals (e.g. cements or overgnejvt

1.5 Geologic Setting of Magnolia Field

The study location lies in the Magnolia field logdtin the Titan mini-basin
approximately 180 miles south of Cameron, Louisjdnaited States, in Garden
Banks blocks 783 and 784 of Gulf of Mexico (seeaifigl.2). Magnolia field was
discovered in 1999 in about 4700 feet of watehlie Garden Banks (GB) 783-1
well that was drilled in 4668 ft of water to a totdepth of 16 867 ft

(Weissenburger and Borbas, 2004).

The Magnolia field hydrocarbon-bearing reservaire Miocene, Pliocene
and Pleistocene in age and were deposited fromtabouo 1.4 Ma ago. Magnolia
reservoir materials are composed of silt-sizedmnsedts that form a complex series
of generally fining-upward channel/levee deposh&cCarthy et al. 2006). The
siliciclastic material within the field were derideprincipally from the west,
northwest and north through long lived submaringtesys and deposited across a
pronounced north-protruding salt nose that lieshensouthern margin of the Titan

mini-basin. Pliocene deposition was dominated bgpewater ponded facies



assemblages consisting of sheet sandstones ameimtey mudstones (Prathetr

al. 1998).

The transition from Pliocene to Pleistocene depmmsitvas marked in
Magnolia by a significant unconformity charactedzéy a channel scour
morphology. This separates Pliocene ponded faces Pleistocene transitional
facies, consisting of a stacked series of amalgaadnettannels, mudstones and lobe
or sheet sandstones. These transitional faciesowdain by a (non-reservoir
bearing) shale-dominated bypass facies assemblagerécords a decrease in
accommodation space relative to sediment influxinduthe latest Pleistocene

(Weissenburger and Borbas, 2004).

Channels are defined as long-lived sediment patbwihat are both
erosional and depositional features (Lalande, 2002yee deposits are fine-
grained laminated sandstones and can show the pasisity-permeability
combination in the system. Over bank deposits ame $andstone/shale ratio
intervals of the levees, so called “low pay, lowisévity sandstones” (Weimet
al. 1998 and Lalande, 2002). The Magnolia trap is &nby a combination of
structural and stratigraphic elements such as dgppalt-detachment fault,
channels and turbidite system. Magnolia hydrocaiiesring reservoirs lie within
a depth interval extending from 12,600 to 16,800 trite vertical depth
(approximately 8,000-12,000ft below seabed). Additlly, as is typical of this
portion of the northern Gulf of Mexico salt and mrasin province, present day
geothermal gradients from the seabed to trap ave dm average 1°0F/100 ft.

Magnolia reservoir temperatures range from 130 6%°A. The degree of



overpressure is modest and varies between resgrvairging from about 2200 to

5400 psi above hydrostatic (Weissenburger and Bo2204).
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Table 1.1: Generalized geological model for Gulf oMexico Cenozoic reservoirs

(Courtesy: Final Report - IOR for Deepwater GulMexico, 2010)

per

Generalized Geological Model for Gulf of Mexico Ceazoic Reservoirs
Characteristic

1 Paleo-environment Deltaic

2 Depositional model Submarine fan system

3 Age of deposits Neogene - Upper Cenozoic
Paleogene - Lower Cenozoic

4 Regional controls Salt canopy

5 Facies Channel, sheet, lobe, and levee sands

6 Architecture Fold belt, anticline, 3-way closure

7 Regional orientation Northeast-southwest trendtngcsures

8 Petroleum trap Compressional fold, turtle structormi-basin,
shale transition

9 Petroleum source rockl  Upper Jurassic and Middl¢aCesus
organic-rich carbonates

10 | Formation lithology Interbedded sandstones ancdeshal

11 | Reservoir targets Neogene - Pleistocene (Quaterriaigcene,
Miocene Paleogene - Oligocene, Eocene (Up
Wilcox), Paleocene (Lower Wilcox)

12 | Reservoir rock Turbidite sandstones

13 | Texture Neogene - coarse to fine grained; friable t
consolidated Paleogene - fine-grained;
consolidated

14 | Mineralogy Neogene- clean siliciclastics, somrdetritus
Paleogene - siliciclastics, clay, and cement

11



CHAPTER 2

PETROPHYSICAL STUDY

2.1  Crossplots Analysis

Cross-plotting is a widely used technique in pédtggical and rock physics
analysis as it enables a quick and meaningful ewal of attributes with ease
(Castagnaet al. 1997; Oyetunji, 2013). Where core data are ndilable, it is
sometimes helpful to plot certain parameters froralldog data for reservoir
identification purposes i.e., gamma ray (GR) verdassity p,,:x). Figure 2.2a-c
shows how cross-plotting technique is used in éstabg the gamma-ray cut-off to
discriminate reservoir form non-reservoir rocks.isTkechnique is also useful in
inferring grain-size distribution and rock sortingn my area of study, the
identification of the matrix components is well ibefd through the different
crossplots displayed. The fundamental idea of sutdgcthnique is that different kinds
of rock matrix are revealed by cross-plotting diéiet well log parameters. The
combined plot in this case includes; gamma rayugesonic transit time (GRT),
gamma ray versus density (GR), and gamma ray versus neutron porosity (GR-
®N). By this concept, the rock types of the studigdls can be discriminated (Saed
al. 2003). These crossplots assist in defining thiéeréint lithologies such as
sandstones, shales, limestones and evaporatesif8sdiger, 1972). The qualitative
interpretation of these crossplots is based onréimsformation of the encountered log

responses into the lithologic components and mimenastituents (Serra, 1986).

12
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2.2 Logging Tools and Well- log Interpretation

For the purpose of quantitative interpretation, firet step in well-log analysis
involves conditioning the logs for erroneous datzEngs. This process involves
plotting each log against depth to establish adtr&ata values that show abnormal
deviation from this trend are considered outlierd are edited appropriately. Outliers
may exist due to an enlarged region of a well lkoi@vn as washout or it may be due
to cycle skip typically associated with more sewssshouts or gas in drilling mud.
Hydrocarbon-bearing reservoirs are identified bgtlalitatively and quantitatively.
The qualitative analysis involves scanning throdigé well logs for hydrocarbon
reservoir signatures such as low gamma ray, higistreity, Cross-over of neutron
and density logs (gas reservoirs), (see figure, 2ahjle the quantitative method
entails calculating for parameters such as shalem& water saturation, and
effective porosity. Gamma ray cut-off of 60 APl wiken to decipher reservoirs

from non-reservoirs.

2.2.1 Gamma Ray Logs

The gamma-ray log measures the amount of natutadaetivity of a formation.
It is an excellent log used to distinguish sandstsom shale in clastic environments
(Darling, 2005). Gamma rays are high-energy eletagnetic waves which are
discharged by atomic nuclei inform of radiationméasures the radiation originating
from naturally occurring uranium, thorium, and msia@m. Gamma ray log reflects
shale or clay content. Clean sandstone formati@ve thow radioactivity level and

thus have low gamma ray readings while clay foramatihas high radioactive content
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which explains its corresponding high gamma rayirea Applicability of gamma-
ray log ranges from correlation between wells, aheiteation of formation boundaries,
evaluation of clay volume within a formation, miakmnalysis, seismic-well ties,

side-wall coring, and or perforating.

From Figure 2.1, reservoir zones show low gammaarad/deflection to the left
towards the lower values which indicate sandstarghaly-sandstone formation. The
values for gamma ray logs in clastic sediments yiaom 0 — 150 API units, setting
gamma ray cut off at 60 APl where readings belowAB% indicate sandstone units,
values above 55 API to 70 API indicate shaly-sasmistand values greater than 75
API indicate shale units. In Magnolia field weltee lowest and highest readings on
the gamma ray log are 32 and 118 respectively, thisdis an indication that the
sandstone reservoirs are young and unconsolidatetlthe clay is over-pressured.
Figures 2.1 and 2.4 shows the well-logs from weli.&., upper and lower reservoir
respectively; the upper reservoir interval is betwd 7,015ft — 17,135ft with lowest
gamma ray values of 32 API units while the lowesergoir interval is from 17,240ft
— 17,280ft with lowest gamma ray value of 35 APitsinThe same trend is observed
in all other wells in Magnolia field, thus givingsan insight that the sandstones in

Magnolia field are shaly-sandstones.

2.2.2The Density Log
The density log measures formation’s bulk densytynpecting gamma rays into
the formation through a process known as Comptattesing. These gamma rays are

spotted by the detectors (Darling, 2005).The foromatlensity log is an example of
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porosity log that measures electron densfta formation. Dense formations produce
large amount of gamma rays, while low-density faiores produce fewer gamma
ray. Hence, high-count rates at the detectors ateditow-density formations, while

low count rates at the detectors signifies highsdgriormations.

Well 1 records a high density of about 2.40 g/cthmshale unit at 14,565ft and
decreases to about 1.92 g/cc in the sandstoneso@ser 14,071ft. Similar behavior is
exhibited in other wells. Generally, low densitea® observed in all sandstone units
while the gas-saturated reservoirs record the lbwlessities, which indicate the
presence of hydrocarbons. The average density vafugrine-saturated sandstone is
about 2.25 g/cc. The neutron and density logs aoe gliscriminator between gas and

oil.

2.2.3Neutron Log

The neutron logs measure formation’s reaction padraeutron barrage which is
related to the formation hydrogen index. The neutoms respond to hydrogen in a
formation and therefore the bound and structurakemaconjoin with clay minerals
are revealed as a heightened porosity value. Neut® is used for gas detection;
they generally have low values in gas reservoiioreg This is consequent to the fact
that gas reservoir zones usually have low hydragerent, thus we have neutron logs

having a lower value.
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2.2.4 Density Porosity and Neutron Porosity Logs

The combination of the neutron and density-log me=ments is probably the
most widely used porosity log combination espetoalgas reservoir identification
(Asquith, 2004). The curve pattern produced bydbmabination of these two logs is
used for gas identification. Gas in the pores catise density porosity to be too high
(gas has a lower density than oil or water) andesauhe neutron porosity to be too
low (there is a lower concentration of hydrogennagan gas than in oil or water).
Figure 2.1 and 2.3 shows an example of a gas tonkat zone, the neutron porosity
is less than the density porosity, and the two gibrccurves cross over each other

which suggest good gas saturation.
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Porosity is mathematically expressed as the rdtipooe space to total volume of

rock;

_ (Volume of Pore space) « 100% i
¢ = Total volume of rock 0 M

Whereg is the percentage porosity

However, due to the fact that density logging tatdsot directly measure porosity, it

is estimated as;

_ Pbulk — Pmatrix

(2)

Priuid — Pmatrix
Where;
Ppuik = bulk density of the rock
Pmatriz = density of the matrix
Pruia = density of the fluid
@ = density — derived porosity

The density porosities are calculated by identgybulk density (observed from the
log), and the matrix density or grain density (qejgof 2.65 g/cc was assumed for all
calculation. Fluid density depends on the satunadiobrine and hydrocarbons present

in the invaded zone where bulk density tool measure
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2.2.5 Resistivity Log

Resistivity logsmeasure the capability of rocks to conduct eleatigairrent or
resist the flow of electric current. The scaledtsiaire in ohm- meters. Resistivity is
the inverse of conductivity and the rate at whictoek will conduct electric current
will depend on the volumef water, the temperatud the formation and the salinity
of the formation. A brine-saturated rock is expddie have a lower resistivity than
hydrocarbon saturated rock because brine is moredumbive. Resistivity logs
interpreted at reservoir zones shows higher registralues compared to surrounding
formation (see Figure 2.3 tracks 6 and Figure iadks 5). The values of resistivity in
the gas-saturated reservoir of Well 4 ranges bet#8eand 40 ohm-m; 1 to 3 ohm-m
in the surrounding shale and 0.3 to 0.7 ohm-m imebsaturated sandstone
formations. These resistivity values are used edhktimation of water saturation in

the reservoir which will be discussed later.

2.2.6 Sonic Velocity Log
Primary wave sonic log measures the interval ttainsie (At in ps/ft) of a

compressional sound wave travelling through oné¢ éddormation (Darling, 2005).
The value of transit time measurement within a faion is dependent on the
lithology and the porosity of that formation. Prirpavave velocity log measurement
can be used in determining porosity of a consdadddbrmations, it is also very
beneficial in other applications, such as: lithgiagdicator (using the ratio of primary
velocity over shear velocity), detection of fraetsrand evaluation of secondary

porosity, detecting over-pressure zones, determimmechanical properties, and
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determining acoustic impedance for synthetic seggar generation. In sandstones
with constant porosity, clay minerals can causedaiction in primary wave velocity,
with the increasing effect been greater as smatiuants of clay minerals are initially

introduced and then declining with the introductaradditional clay mineral.

2.3 Quantitative Log Interpretation and Formation Evaluation
This involves quantitative estimate of reservoirgoaeters such as clay volume

(lithology), effective porosity and water saturatio
The steps shown define the formation evaluatiocgutare adopted:

a) Determining the volume of clay in the formati@r,;)

b) Use the clay volume to correct total porodity,)values and estimate the
effective porosityp,)

c) Use the clay volume and effective porosity to detae the effective water

saturation(S,,.)

2.3.1 Determining Clay Volume
Clay volume estimate was computed using the ganaynéog. The following

equation defines the procedure:

a) Calculate the Gamma ray indexg)

I _ (GRlog - GRmin)
Gk (GRmax - GRmin)

(3)

Where;
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I;r = Gamma Ray index

GR,og = Gamma Ray reading from shaly sand

GR i = Gamma Ray minimum from clean sand
GR 0 = Gamma Ray maximum from shale

b) For unconsolidated Tertiary sand clay volume egéma

Ve, = 0.83[26G7¥I6r) — 1.0] (for unconsolidated sand)

2.3.2 Determining Effective Porosity
To estimate effective porositfgp,) for the shaly sand, two conditions were

observed:

o If g, <@g Which indicates that the pore fluid is gas, tffective

porosity is estimated as shown below;

2 2
0, = /%%) @

e If @, > @4, Which indicates that the pore fluid is water dl, o
effective porosity is estimated as shown below;

— Pac + Pnc

9o === 5)

Whereg,,. andg, . are the neutron and density porosity corrected for

clay respectively.
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Also the clay-correction equation for neutron pdyoand density porosity are shown

below;
®ac = Pa — Ve X @asn) (6)
Pnc = Pn — Ver X Pnsn) (7
Whereg,,, ande,g, are the density and neutron porosity read in resinble zone.

@ and @4, are the neutron and density porosity log of theezo

respectively.

2.3.3 Determining Effective Water Saturation
Water saturation is an essential parameter useestimate the volume of
hydrocarbons in place, but is the most difficultgraeter to accurately calculate. For

laminated clay in the reservoir, Dual water moggdraach was adopted.

To estimate the water saturation corrected for clayeffect:
Recall equation for effective porosity estimate;

e Calculate total porosity of adjacent shalép,p).

Pesh = Pasn t Pnsn )
Whereg,,, ande,g, are the density and neutron porosity read in rjesinble zone.

. Calculate total porosity (¢:s)and bound water saturation(Sp)

Pt = Qe + Ve Prsn (9)

Sp = Ver X Qesn/ @t (10)
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Where;
Sy = clay bound water saturation
@, = total porosity
Q. = ef fective porosity
V. = volume of clay
Qsn = total porosity of adjacent shale

. Calculate bound water resistivity (R,) from adjacent shale
Ry = Ryp X @5 (11)
Where,
R, = bound water resistivity
Rg, = Resistivity of adjacent shale

. Calculate apparent water resistivity (R,,,) in the shaly sand

Rya = Ry X @? (12)
Where;
R,,o = Apparent water resistivity
@ = total porosity
R; = deep formation resistivity

. Calculate total water saturation (S,,,) corrected for clay

Swe = b+ /b2 + (Ry/Rya) (13)

Where;
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Swe = Total water saturation corrected for clay
b =[Sp(1—Ry/Rp)]/2
R,, = Formation water resistivity
R,,, = Apparent formation water resistivity

. Calculate effective water saturation(s,,.) of the shaly sand

Swe = (Swt - Sb)/(l - Sb) (14’)
Swe = Ef fective water saturation
Swt = Total water saturation

Sy = Clay bound water saturation

2.4 Results and Discussion

Based on the petrophysical analysis earlier desdrilbeservoir zones were
identified (see Figure 2.4 and Figure 2.5). Themasir zones are characterized with
low gamma ray, low density, high resistivity, lowimpary velocity, low shear
velocity, low clay volume, low water saturation ahih porosity. The anomalous
region was interpreted as hydrocarbon-bearing vateras it clearly shows fluid
response. To buttress this result, fluid substtutnodelling will be discussed in later

chapters.
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CHAPTER 3
ROCK PHYSICS ANALYSIS
3.1 Introduction

Rock physics establishes relationships betweerphysical rock properties
and seismic parameters such as velocity, densitgl, editenuation. The discipline
accounts for the solid rock frame (mineralogy, so and pore shape and size),
pore fluid (fluid type and saturation), pressured demperature. Generally, elastic
properties of rocks are controlled by lithology fgmosition and texture), porosity
(amount and type), pore fluids, depth (differentméssure, temperature, age and
lithification), anisotropy, etc. (Table 3.1). Tharpmeters in table 3.1 do not have the
same importance, and the main controlling pararsetan be, and usually are,

different in different geologic environments.

Table 3.1: Factors controlling seismic propertresedimentary rocks (Wang, 2001)

Rock properties Fluid properties Environment
Compaction Viscosity Frequency
Consolidation Density Stress history

Age Wettability Depositional environment
Cementatio Fluid compositiol Temperatur

Pore Shape Phase Reservoir process
Bulk density Fluid type Production histor
Clay conter Gas-oil, gas-water rati Layer geometr
Anisotropy Saturation Differential pressure
Porosity

Lithology
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3.2  Rock-Physics Models Overview

To predict effective elastic moduli of a combinatiof grains and pores, one
need to specify volume fractions of each constisiegrain and pore arrangements,
and elastic moduli of the constituents (Mawdt@l. 2009). In order to predict velocity
of a rock with known porosity, mineralogical comfim® and elastic moduli of
mineral constituents, and having no informationuhgrain and pore arrangements,
the most suitable way is to use the upper and Idwends of elastic moduli (Mavko
et al. 2009).

Well logs provide data about constituents of foioratand their volume
fraction, while they provide relatively little infmation about grains and pore
structures. Also, there is a minimum amounagfiori information that is required as
a geological constrain on modelling:

« Lithology: a siliciclastic environment in the padiar case at the Magnolia
field, represented by clean sandstones, shaly-saretsand shales;

* Pressure regime: the water depth and burial degieriiine confining, pore,
and effective pressure;

» Area/basin characteristics: which are related fdestrend selection (gamma

ray reading) in a particular basin;

For this thesis work, various models were used niestigate reservoirs
encountered in Magnolia field. The Thomas and ®tigli975, 1977) model (TS)
described the porosity-shale volume (Vsh) relatians clastic sediments i.e.,
volumetrics, the Yin (1992) and Marion (1990) developed anl@y@us clastics
model (YM) for the elastic properties clastic sediments composed of sandstone and

shale end members based on laboratory measureorestad-kaolinites, and Marion
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(1990), Dvorkin and Gutierrez (2002) showed howntodel (MDG) velocity vs.
porosity by combining the TS model for porosityhake volumeand the YM model
for velocity — shale volumd&sassmann’s equation was employed in calculatingiela

moduli at different saturation condition (theoratimodel) of the reservoirs.

3.2.1Theoretical Bounds

Theoretical bounds establish the physical limitshef properties of mixtures of
minerals and fluids. Bounds are robust and freappiroximations, other than to treat
the rock as an elastic composite. They are valualdteng laws. The lower bound is
determined by Reuss average (describing a suspeatimineral and fluid) and the
upper bound by a modified Voigt bound. Most oftesed are Voigt-Reuss and
Hashin-Shtrikman bounds.
The Voigt and Reuss bound bounds are defined x@mele with a mix of quartz and
water, as follows,

Voigt modulus:

KVoigt = (thz * VOlqtz) + (Kw * VOlw) (15)
Where

K

qtz = modulus of quartz

K,, = modulus of water
Volg:, = Volume fraction of quartz

Vol,, = Volume fraction of water

Reuss modulus (describing a lower bound for miritwad suspensions):
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1
= Voigy Voiy (16)

Kreuss Volgez

thz Kw
The modified Voigt or Critical porosity model (Net al., 1998) provides a more

realistic upper bound for sandstones and is defiryed

1)
Kmod_voigt = (1 - (Z)_> (thz - K(Z)C) + K(Z)C (17)
c

WhereKy, is the Reuss modulus at critical porosity.

3.2.2Thomas — Stieber Model

Thomas and Stieber (1975, 1977) explore quantdbtiwith a simple
mathematical model how porosity could vary with Ilsheolume depending on the
configuration and distribution of shale in the sstode — shale sequence. This model
is fruitful for reservoirs which are found in Temty sandstone — shale sequences and

usually will not apply to more complicated minegiks involving carbonates.

The effects of clay geometry on measured petrophisparameters are
essentially fourfold. Firstly, the size and distion of constituent clays and clay
minerals have an abstruse influence on intergranpéameability. Secondly, the
presence of microporosity within clay — mineral mrewths on quartz and other
detrital minerals lowers the formation resistivétyd thereby increases the log-derived
water saturation. Thirdly, the two effect mentiorszbve can cause high capillarity.
Finally, clays and clay minerals when present asleshhaminars within a sub-
resolution sand-shale sequence can cause dedvitysisgging tools to under-read
in the sandstones, where the measured deep formagsistivity can be typical of

water-bearing rock even though the sand lamiaealigtproduce dry hydrocarbon
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(Worthington, 2003). Also, there are three broagaries which describe how shale
can be distributed in sand (figure 3.1) and of seuhere can be any combinations of

these categories;

1. Dispersed: The clay mineral fills the intergranular space itechanges the
porosity leaving the matrix density untouched.

2. Laminated: These layers of clay in the matrix replacing bathatrix and
porosity, there are hence changes in matrix deasitlyporosity.

3. Structural: Clay grains replace some of the sand grains, i ¢hse the

matrix density changes but the porosity does rietsal
There are five assumptions made in the Thomaseb&tmodel:

* There are only two types of materials present; Ipigtosity “clean” sandstone
and low porosity “pure” shale.

* Within the interval investigated, there are no demin shale type and the
shale mixed in the sand is mineralogically the sasethe “pure” shale
sections above and below the sand.

* The gamma ray responds to the number of radioaetieats in a material and
thus it mass. The shale fractions we wish to detexnare a function of
volume. The assumption for Tertiary basins is t@h sandstones and shales
have comparable grain densities, thus, the raduycivill be proportional to
volume.

» Constant background radiation is assumed to bepras all measurements.

* Counting yields from the gamma ray don't change rask types are
intermixed.
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Figure 3.1: Common clay mineral distribution pattern
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Figure 3:2: Various sandstone-shale mixtures withénThomas-Stieber
model(Modify afterMosab et al., 201.
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For simplicity, the Thomas — Stieber model agrées shale is the main destroyer of

sand porosity and it is therefore reasonable t@exthe gamma ray to correlate to

porosity. Figure 3.2 illustrates some of the littgies considered in Thomas — Stieber

model.

The explanation to figure 3.2 is as follows:

Row labelled 1: Pure shale porodity, ;. as one end-member

Row labelled 2: clean sand porostty;.,n—sana @S the second end-member
Row labelled 3: These illustrate a dirty sand sdenahen shale is dispersed
or lies within the original sand pore space. Aglas the volume of shale Vsh
is less thamd ;eun—sangl-€- VSh <@ iean—sana, the model assumes that the
sand grain packing is undisturbed

Row labelled 4: This is the extreme case of row 3vhich volume of shale
(Vsh) equals clean sand porosi®.tan—sana)- At this point, the original pore
space of sand is completely filled with shale.

Row labelled 5: If we continue to add shale inte thixture, it is equivalent of
replacing void-less sand grains by shale with pgorofRow 5 has shale
fractions X VSh<@ ;.qn_sana, SO that the sand grains are floating in the shale
Row labelled 6: A special case in which sand granRows 2, 3, or 4 are

replaced by structural shale clasts.
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Figure 3.3: Total porosity vs. shale volume, asljgted by the Thomast
Stieber model. (After Mosab et al., 2012)

What we have in Figure 3i8 a plot of porosity-shale relations as predidigdhe

Thomas-Steiber model. The shale distribution andgtyr can be computed from
Thomas-Stieber cross-plot, in which Volume of shalglotted on X-axis and total
porosity on Y-axis. Based on the position of theadaoints in this cross plot, laminar

(Viam), dispersed (¥s), structural (\¢) shale volumes and porosity of sand laminae

can be calculated using following equations.

1. Laminated shale only (V= V)

Ptotal = Pclean sand — VL ((pclean sand — (pshale) (18)

2. Dispersed shale only {¥= Vp)
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Ptotal = Pcleansand — Vb (1 - (pshale) (19)

3. Structural shale only Y= Vs)

Ptotal = Pcleansana T Vs ((pshale) (20)

4. Material balance for shale

Vshate =V +Vp + Vs (21)

Point A is the clean sand (> 90 % clean sand); thasshale (> 90 % shale).
Line A-B shows the trend of increased dispersedestighologies 2-4 in Figure 3.2).
Line B-C shows the trend of silt/sand grains repthwith shale matrix (lithology 5).
Constant values of sand lamination porosity arenddfby lines radiating from C.
Depending on the local geological set-up it wasuaresl that amount of structural

shale is too small to reduce the variable and siynihle shale distribution.

3.2.3 Dvorkin and Gutierrez Model

Dvorkin and Nur, 1996 investigated and identifiedttthe gradient of velocity
— porosity trend in clastic environment is highbriable and it thus depend largely on
the geologic process that is controlling porodRgrosity variations can be attributed
to variations in sorting and clay content whichdda yield much flatter velocity —
porosity trends. Porosity controlled by sedimeptatior depositional process is
generally expected to yield flatter trends. FigBi# showed the generalized velocity —
porosity model for clastic environment (Dvorkin a@dtierrez, 2002; Nasser, 2012).

Sediments are deposited along the suspensionGilean, well — sorted sands will
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have initial (critical) porosity of ~0.4. Poorly ted sediments will have a smaller
critical porosity. Burial, compaction and diagenasve data off the suspension line.
The suspension line from the figure 3.4 is computsidg the Reuss average of the
mineral and pore fluid moduli and is a lower bounlde clean sand line is computed
using a modified Voigt average trending between dlean sand critical porosity

(p=0.4 in this case) and pure mineralgat O (Dvorkin et al., 1991; Dvorkin and

Nur, 1996). It should be noted that the modified gfas slightly steepened near
critical porosity to reflect the rapid stiffeninghen new sediments are initially

compacted and / or cemented.

Vp (m/s)

0 01 02 03 04 05
Porosity (fract)

Figure3.4: Velocity vs. pordaity, as predicted by thDvorkin-Gutierrez
model. (Modified after Mosab et al., 2012)
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3.3 Application Of the Thomas—Steiber Model On Field D&a
The Thomas-Stieber model was used to investigady distributions at

Magnolia field. On the Thomas-Steiber model diagrthme clean sandstone and pure
shale points are those of above 90% sand (sand Apiand of above 90% shale
(shale point C). In principle, the points are mdiyuaoved on the plot to be able to
centre them on the sand and shale end points. &gt to 3.7 show the various
Thomas-Steiber plots from well 1 and 6 where shalime was plotted against
porosity, the figure shows how well data were supgrosed on the ternary diagram.
The average sandstone porosity in Magnolia fietdyeas between 32% - 38% while
the shale porosity is of the average of 28% - 3Fgure 3.6 show the shale
distribution observed in well one, three reservevese delineated with about 20 —
35% shale laminae, reservoir one and reservoirettsi@gows more consequential
influence on clay lamination but its influence és$ pronounced compared to having
dispersed clay presence. For example, the perntgabil clean sandstone having
35% can be reduced to zero if its pores are fikat dispersed clay. But, if the same
amount of clay is present in the laminated forrqualiwo third of its permeability is
still retained in the rock (Nasser, 2012). Figurg i3 the result obtained from well 6,
the reservoir intervals R1 and R2 were matched wiehThomas-Stieber cross-plot
superimposed with well data. The reservoirs arar@e at both R1 and R2 with lesser

percentage (about 15%) of laminated clay especligservoir R2
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Figure 3.7: Crossplots of shale volume versus pgresth the Thomas-
Stieber model super-imposed on the data from wedl@uc-coded with
water saturation at reservoirs R1, R2 and CombinaifdR1 and R
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3.4 Thomas-Stieber & Dvorkin-Gutierrez Model On Field Data

Figure 3.10 — 3.18 shows the hybrid model that a@ained through coupling
the Thomas-Stieber model and Marion-Dvorkin-Guéermodel. Porosity-velocity-
shale lithologies are computed from the models @ms of the end members.
Independent variables are the end member sandhaifel [sroperties diean-sanil Vclean-
sand and @shae Vshale). In a velocity versus porosity plane bted in Figure 3.8 -
3.17, well log data superimposed on the models stownarrow spread which implies
that the reservoirs in Magnolia field are youngcamsolidated and over-pressured.
The interval observed is about 600ft for well 6 aagbut 1,200ft for well one.
Different effects are involved within these zonésnterest which includes pressure
effect, temperature, and compaction effect. Thedprged sand reservoirs identified
from the wells as velocities as follows: M@= 2,150 m/s, Vigea= 1,200 m/s

In a sonic log, the sonic velocity of gas-chargaddsis lower than the sonic
velocity of water-charged sand, while the sonicou#) of water charged sand is
lower than the sonic velocity of surrounding sh&ler example, the velocity of gas-
charged sand in well #6 is 2,169 m/s, but the wlarf water-charged sand is 2,250
m/s, and the velocity of shale is 2,750 m/s. Theigahe sand reservoir reduces both

the velocity and the density of the sand reservoirs
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CHAPTER 4

FLUID REPLACEMENT MODELLING

5.2  Definition of Rock Composite (Sandstone-Shale Systg

When considering a solid matrix composed of sam#st@nd shales sequence
typical of a clastic environment, pores relatedstales are assumed to be filled
primarily by bound water (Figure 4.1). The totakr@apace is partitioned into clay-
related pores and sandstone-related pores, andsantistone-related pores are filled

using Gassmann’s theory (Figure 4.1).

Clean to Shaly Very Shaly

Sancstone Sancstone

Free Water

Clay Bound Water

Bulk Volume = Dry Clay Minerals

Non Clay Minerals

Figure 4.1: The sandstone-shale composite (Afteman, 1989)
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The term shales is refer to a fine-grained, sediargmock composed mainly of clays
(~60%) and other minerals, like quartz, feldsjg., characterized by three attributes

(Worthington, 2003):

(1) Clay minerals constitute the load-bearing freuou;
(2) Shales have nanometer pore sizes and nanopanc\eability;

(3) Surface area is large, and water is adsorbeduofaces or bound inside clay

platelets.

As seen from the above attributes, shale defingiooompasses both grain size (<3.9
micrometers), and mineralogy (denoting illite, stite¢ chlorite, kaolinite, and other
hydrous phyllosilicates). These two meanings oy ceerlap significantly in practice

but are not identical.

5.3 Gassmman’s Theory

Fluid substitution is a prediction of fluid satucet effects on seismic
properties. This is an important part of the seisrock physics analysis (e.g., AVO,
4D analysis), which provides a tool for fluid idiication and quantification in
reservoir (Nasser, 2012). This is commonly perfanuiging Gassmann’s equation
(equation 22) to calculate elastic properties atdbsired saturation, from either the
dry rock or a rock saturated with another fluid ¢&aann, 1951; Sheriff, 2006).

Gassmann’s equation is the low frequency limitaxed fluid-rock state) for wave
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propagation in saturated media. Figure 4.2 explhamsic assumption taking while

using Gassmann’s equation.

Figure 4.2: Schematic illustration of the key assuomstin
Gassmann'’s equati (After Rob Simm and Mike Bacon, 20(

The objective of fluid substitution is to model theismic properties (seismic
velocities) and density of a reservoir at a giveservoir condition (e.g., pressure,
temperature, porosity, mineral type, and water sg)iind pore fluid saturation such

as 100% water saturation or hydrocarbon with onlproonly gas saturation.

(1_Kframe)2
Kmatrix
. (1-9)  Kframe

} }
Kf1 Kmatrix K?natrix

Ksat = Kframe + P (22)

Usat = Hframe
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Where,
K¢rame = effective bulk modulus of dry rock;
Kgq: = effective bulk modulus of rock with pore fluid;
Knatrix = effective bulk modulus of mineral material making the rock;
Kriq = effective bulk modulus of pore fluid;
Usrame = effective shear modulus of dry rock;
Usqr = effective shear modulus of rock with pore fluid;
@ = Porosity
The density and bulk modulus of water are functiohsemperature, pressure, and
salinity. The properties of hydrocarbons, oil, aja$, are more variable and depend
strongly on temperature, pressure, and compogiuemphy, 1993).
Fluid density §fl) is a mixture of fluids weighted by saturatiothe amount of
pore space filled with particular fluid type, andsidefined using equation:
pri = Swpw+ (1= Sy)Pnc, (23)
Where,
S, = water saturation in decimal fraction;
pw = density of formation water;

Pne = density of hydrocarbon.

The fluid modulus is given by Wood'’s equation:

K= (24 50)7 24)

Where,

K,, and K. = bulk modulus of brine and hydrocarbon, respectively;
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Sw = water saturation in decimal fraction;

The mass balance equation is used to calculatbultedensity of the rock as
a function of porosity and mixed fluids:
pp = pg(L— @) + pnuo, (25)
Where,
pp = bulk density of the formation;
pg = density of the grains comprising the formation (sand grain density 2.65 g
/cc);
ps = density of fluid;

@ = Porosity.

The compressional (Vp) and shear velocity (Vs) @kulated for the new/desired

saturation using the following equations:

Ksqt+4/3 1

V. =
p Pb

(26)

V= |& (27)

Gassmann’s theory includes several assumptions gWwa001). The rock is
macroscopically homogeneous and monomineralicthdl pores are communicating
(pressure is able to equilibrate, which relatezd¢oo frequency assumption). The

pores are filled with frictionless fluid (the vissity of the saturating fluid is zero).
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The rock-fluid system is closed (undrained). Thered interaction between solid and

fluid (no hardening or softening the frame due teractions with fluid).

5.4 Fluid Substitution on Geophysical Logs

From geophysical logs, fluid substitution is perfednusing Gassmann’s
equation. Most of the necessary information fordflsubstitution using Gassmann’s
equation can be derived from geophysical logs. Tipetilogs are resistivity, neutron
porosity, bulk density, P-wave velocity, and S-waxadocity. The practicality of
using Gassmann’s equation is well spelt out in Bgdi3 as it relate to geophysical

logs.

) -0
" ‘
o= P
- ) Qo K, K
K. =
; i K -K
K, K
K.oaV.p -—n by - @
3 Ko= 1
¢ K, K,
3 q 1 | ®
K_ =V 'p L K., K, K K,
K_ = |
u=V:.p - | . g‘;\.l\
K K, +
K,-K

Figure 4.3: Practical equations for the applicabbGassmann’s
relations to log data (After Rob Simm and Mike Bac®003)
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Inverting Rock Frame Properties Using Gassmann Fla Substitution:
To invert properties for dry rock moduli, the Gassm equation is used
through the following procedure (modified after 8nat al., 2003):
1. Log edits and interpretation.
2. S-wave velocity estimation (if necessary).

3. Calculate bulk and shear moduli forsitu conditions using the following equation:
Keat = 00 (12— 512) (28)
Hsat = PoVe (29)
Wherep, ,V, ,V; are density and velocities (sonic travel time)agged, without any
correction applied.
4. CalculateK, based on lithology estimates (volume of shale)giudia lithology is
siliciclastic sandstones, shales, and mixture @ tlwo. So, we assume that the

formation is comprised of quartz minerals and shatkat it is homogeneous and

isotropic in macro sense.

“Movable fluid” par

“Mineral” part = Quartz + (Clay + Silt + Bound wat

Quartz + Sha

— _/
T

Shale

Figure 4.4 The sanstoneshale systeras modelledAfter Milovac, 2009.
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We assume that shale above, below, and withirrgbervoir is the same, and

that the difference between total and effectiveopity is due to clay-bounded water.

We assume the bulk modulus for quartz is 37 GPa.tla@ shear modulus for quartz

is 40 GPa. Shale properties have been extracted fn@ logs in a zone with the

highest shale fraction (volume of shale equal t0%) Bulk modulus for shale is 14

GPa, shear modulus for shales is 2.7 GPa. Theniwedmuartz and shale using the

Hill average (Mavkat al., 1998):

-1
K _ Vclay Vq tz
Reuss Kclay Kq iy

KVoigt = (Vclachlay + Vqtqutz)

1
Ky = E (KVoigt + KReuss)
Where,
VeayandVy, = volume fractions of sands and shales;

Kciqy and K4, = shale and quartz bulk moduli

Or
Knatri = 5 ([VaayKaay + VaerKoes] + [,'f’“y
clay
WhereVclay andVqtz are
Veiay = 70%Vsy, (this is an assumption)
and

Vqtz =1- Vclay ’
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5. Calculate fluid properties. Fluid properties estilma has been described in the
previous section. The same properties have beehhgse.

6. Mix fluid densities and moduli fan situ case according to Sw.

7. Calculate Kame “The ‘frame’ frame modulus refers to the increradnbulk
deformation resulting from an increment of appli@ehfining pressure with pore
pressure held constant” (Mavla al., 2009). It is a function of porosity, mineral

modulus, fluid modulus and modulus of a saturaget,rand is given by:

[0)2¢ i
Ksat ( T;atr “+1- ®> - Kmatrix
fl

Kframe = (33)

Q)Kmatrix + Ksat _ 1 _ @
Kfl Kmatrix

8. Calculate the “dry” bulk density (density of fluedjual to zero).

9. Calculate the “dry” compressional and shear vejocit

5.5 Fluid Substitution In Laminated Sandstone-Shale Sagence

Fluid replacement modelling using Gassmann’s egnatn thinly bedded
sandstone—shale sequences was presented by Deywaguand Mavko (2011).
Dejtrakulwonget al. 2011 proposed a new method for doing this usiegTthomas-
Stieber (1975) model to detect laminations and ttmmnscale for the sand and shale
end-members’ properties, apply Gassmann’s equadicgandstone layers only, and
then upscale the layers back using the Bakcus gedidasseet al. 2013). Nassegt
al. 2013 proposed a fluid substitution in laminataddstone and shale using a two-

step process steps requiring shale delaminatioracturately compute dry and
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saturated bulk moduli for the sand only, and thex time delaminated shale and the

saturated sandstone using the Reuss average (fidire

Procedure for Fluid Substitution in Laminated samds-shale
sequences

Delaminating the shales using ai1

isostress average (Reuss bound

:

Compute the bulk modulus of thé

dry frame

!

Saturated bulk modulus using thf‘e

new fluid mix for the sandstones
only

!

Finally laminate the rock back

together (saturated sandstones

shales) also using Reuss’ average.

192

Figure 4.5: Fluid substitution workflow in lamindtsandstone-shal
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Steps for delamination and fluid substitution in sadstone - shale sequence

(Nasseret. al. 2013)

1. Define your Bulk moduls (K), shear modulus (i) atehsity (rho) for solid
matrix i.e. K=37 GPayu=45 GPa and rho=2.650
2. Derive shale trends as a function of depth (Vpakd rho)

3. From step 2, calculate K and u for shale (data fnath log)

Kshate = Tho * Vi = 4/3 % rho + V7 (34)

Hshale = Vs2 *Tho (35)
4. Read your log Vp, Vs and rho
5. From step 4 calculate K and p

6. Calculate your in-situ fluid bulk modulus and deysi

-1
Swl + (1 - Swl)]

Koo =

Priuia = Swi * Pw1 + (1 — Sy1) * ppq

Kh1= Bulk modulus of hydrocarbon in the originalitl (GPa)
phl= Density of hydrocarbon in the original fluid¢g)

Kw1= Bulk modulus of brine in the original fluid &)

pwl= Density of brine in the original fluid (g/cc)

Swl= Brine saturation of rock in the original flUidaction)

7. For the delaminating stage:
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Gassmann account for the combined volume and llision of shale i.e., disperse,

laminated and structural shale.

VOlumeShale = VOlumedisperse + VOlumelaminated + VOlumestructural
Where Volume of sand hd=1-Vsp)

From effective medium theory;

L _ Ve  1-Va

Ksat 1 Kshale Ksand

Vsand — 1 Vsh

Ksand Ksat 1 Kshale

Multiply both sides by

sand

Vsand . 1 1 1 Vsn . 1

= *
Ksand Vsand Ksatl Vsand Kshale Vsand

1 _ Vshale
1 — Ksat 1 Kshaie

Ksand Vsand

K _ Vsand
sand — 1 _ Vshale
Ksat1 Kshale

1-V.
shale
Ksand - 1 Vshale (36)

Ksat1 Kshale

8. Compute Dry bulk or frame modulus

Ksand 1

a =
Kquartz - Ksand 1

_ Kfiyia 1
(Phisand * (Kquartz - Kfluid 1))

b
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(a—Db)
Kdry = Kquartz * m (37)

9. Use Ky from equation 8 to computesifa.

(1 _ Kframe)2
Kmatrix

Ksarr = Kframe + ? + (1-0)

(38)

Kframe

2
Kfl Kmatrix Kmatrix

O = Qsang ANAKpgprix = Kquartz =36.5

10.Useo_sand, K_quartz
11.We have computed K_sat 2 (For sand )
12.Laminate back the shales and sands using Reusgeavea

1.0

Vshale _ 1-Vshale
Kshale Ksand

Ksat2 = (39)

13.Compute density, Vp and Vs using

rhosatz = rhosat 1~ @Q* (1 - Vshale) * (rhofluid1 —rho fluid 2)

Kgar 2 + g u_sat_2
Vpsat_2 = (40)
.Db_sat_z

| psat 2
Vs sat 2 = o Sat2 (41)
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5.6 Results and Discussion

The reservoir sandstones delineated in Magnolial fieere investigated for
effect of fluid changes within the reservoirs. Blgubstitution modelling was carried
out on the hydrocarbon saturated reservoir sandstosing the Gassmann’s equation
and the Batzle and Wang equation (Batzle and WE®@R). The bulk modulus in the
shale zones reaches about 14 GPa, this is thecedraalue from moduli from log
data in a shaliest interval in the section. Inghedstone zone, it ranges from 2.5 — 4.5
GPa. It shows that shale content often time redtlesoduli in sandstone, and such
causes decreasing velocities. From all the paramgtéGassmann’s equationgqis
probably the most difficult to estimate. It usualecumulates errors that were
propagated through all the computation which inekighcorrect matrix properties,
incorrect fluid properties, incorrect initial poross and saturation, presence of
shale/clay etc. The elastic moduli of clay are mgohaller compare to those of
guartz, feldspar, calcite, and dolomite. Thus,daagnounts of clay mineral can cause
the average mineral method to incur errors. Elgstiperties of clay minerals are not
well known although some clay properties measuréesneave been published (Wang
et al. 2001), and are often widely different. Figure 4lws the fluid substitution
results in well one, it is observed that P-waveowiy, bulk density and the P —
impedance increases with brine saturation. P-walecity increases between 5 — 7
%, bulk density increases with about 4 — 6 % ared Rimpedance increases with
about 10 — 12%. Figure 4.7 is the cross-plot ofMgpratio versus P-impedance at in-
situ condition, the cross-plot is colour coded witiious attributes such as saturation,
porosity and shale volume. The attributes aidedh bfiiid and lithology

differentiation. The data points enclosed withie tiroken line corresponds with the
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reservoir intervals picked at well location. Theae/oir zones has low Vp/Vs ratio,
low density, good or high porosity and less shaknélrhe zone was interpreted as
hydrocarbon- bearing intervals as it clearly shawrits fluid response. Figure 4.9
presents the summary of the fluid replacement éseran the interest zone; the in-
situ fluid was identified as gas and water with approximate water saturation of
about 20%. While conducting the fluid replacemewnidsiling, the gas reservoirs are
replaced with 100% brine. It is noticed that we édnan increase in density, P-wave
velocity and P-impedance while we observed a sligbp in the shear velocity for all
the reservoir zones. The overall effect of thiglieto an increased P-impedance and
Vp/Vs ratio. Further modelling as shown in figure8 £onfirmed that the in-situ
reservoirs are gas because of the observed siragponse between in-situ condition
and gas replaced scenario. However, the gas effastnot observed on the brine
response. Figure 5 and figure 10 shows the work #od output of fluid replacement
modelling for De-laminated sandstone-shale sequeheecross-plots of VpVs ratio
versus P-impedance color coded with water saturasib well . The result has
demonstrated that when thin laminations are nob@ued for, the fluid substitution
results are over-predicted and hence small samgst@ctions will show a fluid

response at least twice as much as large sandstmtiens, which is incorrect.
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Figure 4.8: Fluid replacement modelling showing Cross-plot4pdfs vs P-
impedance; Colour coded with water saturation at well 1
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CHAPTER 5

CONCLUSION

5.1 Conclusion
» Petrophysics and rock physics approach was usewédstigate and texturally
interpret well log data from deep-water Magnoleldi offshore Louisiana.
* The Thomas-Stieber model was able to predict asdrithe the porosity-shale
volume relations resulting from various mode ofdsione—shale mixing.
» The Dvorkin and Gutierrez model predicts the asged P-wave velocities.
The combination of the Thomas-Stieber and Dvorkuti&rez models gives a
greater degree of confidence while evaluating faiongproperties. The combined
models from T-S-D-G are most applicable in uncodsdéd or poorly
consolidated sediments where porosity and elastpgrties are dominated by
laminar and dispersed mixing modes of sandstoneshalé sequence.
* From the above approach, dominant clay distribupattern observed in the
reservoirs delineated in Magnolia field are lamadhtclay. Dispersed and
structural clays are rarely observed within theldfieConsequent to this
observation, it is concluded that this distributfmattern of clay heterogeneity has
less significant effects on the petrophysical patams considered.
» Reservoirs with laminated clays affect the net+tosg ratio the most. Porosity
values are seldom affected by lamina clays whetesh@ume is minimal. Clay
laminas within reservoir serve as vertical permiggdbarrier; hence horizontal

movement of hydrocarbons will be favoured duringdurction.
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* Because the reservoirs observed in the field atreomplicated, Gassmann’s
fluid substitution (water, oil and gas) approacltsvedole to handle various fluid
scenarios. In situations where thin laminationspesent and not accounted for,
the fluid substitution results are over-predictedd ahence small sandstone
fractions shows fluid response that is at leastéwas much as large sandstone
fractions, which might be significantly incorrect.

» Conclusively, this research has shown that coneratiwire-line log data can
be used as an alternative to core analysis inmétarg clay heterogeneity pattern

in a clastic reservoir environment.
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