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Summary

P-waves are sensitive for several parameters, and when P-waves are the only informa-
tion present, the primary effects have to be identified. In this study, two models are
created to describe the relation between porosity, clay content, and P-wave velocity.
The models are constructed by taking base in a sand-clay mixture undergoing mechan-
ical compaction, where the transition from the grain-supported regime to the matrix-
supported regime is described. The aim of the study is to investigate if it is possible to

predict porosity and clay content solely based on P-wave velocities.

The two models are based on Dvorkin’s Textural Sorting and the Bound Averaging
Method. The Dvorkin model uses the difference in grain sizes to create a porosity
model, and the elastic moduli are calculated by using Hertz-Mindlin and
Hashin-Shtrikman. The modified Bound Averaging Method model takes base in the
Voigt and Reuss bounds, and an anisotropic elastic constant is introduced. In this
model, an iso-stress analogue for the Reuss, w, is used to account for changes in stress.
The models are compared to lab data and are used to perform porosity and clay con-
tent estimations in three wells from the Norwegian Continental Shelf. The sand-clay
mixture is assumed to be fully water-saturated and is modeled for different net stresses.
The porosity and clay content estimations are carried out by assuming both a hydro-

static case and an overpressured case in the wells.

Both models underpredict the porosity in the transition between the grain-supported
regime to the matrix-supported regime when tested on lab data. The velocities are also
overpredicted in the transition between the two constituents, where the Dvorkin model
yields a stiffer result than the modified Bound Averaging Method model, overestimating
the velocities to be 7.5 — 24.2 % higher relative to the lab data.

When using sonic velocities to predict porosity and clay trends in the wells, the findings
show that both models are able to capture the general porosity and clay trends. The
models are, however, shown to have difficulty to accurately predict porosity and clay
trends in the transition between the grain-supported regime and the matrix-supported
regime, where the general trend is an underprediction of porosity, and both an under-
and overprediction of clay content. The modified Bound Averaging Method yields bet-
ter results when more information is available to estimate w, while the Dvorkin model
yields better results when information in scarce. The models offer a simple way to con-
ceptualize and explain the complex relation between porosity, clay content, and P-wave

velocity.
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Sammendrag

P-belger er sensitive for flere parametere, og nar P-bolger er den eneste informasjonen
man har tilgjengelig, er det viktig & identifisere de primeere effektene. I denne oppgaven
har to modeller blitt utviklet for & beskrive forholdet mellom porgsitet, leirinnhold og
P-belgehastighet. Modellene er konstruert ved 4 ta utgangspunkt i en blanding av sand
og leire som er utsatt for mekanisk kompaksjon, hvor overgangen mellom kornbaret og
matriksbéret regime er beskrevet. Formalet er & undersoke om det er mulig & predikere

porgsitet og leirinnhold kun ved bruk av P-belgehastigheter.

Dvorkin-modellen benytter seg av forholdet mellom kornsterrelser for & utvikle en mod-
ell for poresitet, hvor de elastiske moduli blir kalkulert ved bruk av Hertz-mindlin og
Hashin-Shtrikman. Den modifiserte Bound Averaging Method-modellen tar
utgangspunkt i Voigt- og Reuss-grensene og introduserer en anisotrop elastisk kon-
stant. I sistnevnte modell introduseres det en iso-trykk analog for Reuss, w, for & ta
hensyn til endringer i trykk. Modellene er sammenlignet med lab-data og er brukt for
& estimere porgsitet og leirinnhold pa tre bronner fra den norske kontinentalsokkelen.
Blandingen av sand og leire er antatt & veere 100 % vannmettet og er modellert for ulike
trykk. Estimering av poresitet og leire er blitt gjort for bade et hydrotstatisk tilfelle og et
tilfelle hvor det blir antatt overtrykk.

Begge modellene underpredikerer porgsiteten i overgangen mellom det kornbaret og
matriksbdret regimet nar de blir tested pa lab-data. Her er ogsé hastighetene over-
predikert, hvor Dvorkin-modellen gir et stivere resultat enn den modifiserte versjonen
avBound Averaging Method, og overestimerer hastighetene til & veere 7.5 - 24.2 % hoyere

enn labdataene.

Nar modellene blir brukt for & predikere porgsitet og leirinnhold i brennene, viser begge
modellene at de fanger opp de generelle trendene i brennen. Modellene viser derimot
at de har problemer med 4 gi noyaktige prediksjoner i overgangen mellom kornbéret og
matriksbéret regime, hvor den generelle trenden er en underprediksjon av poresitet, og
béde en under- og overprediksjon av leirinnhold. Den modifiserte versjonen av Bound
Averaging Method gir et bedre resultat ndr man har mer informasjon tilgjengelig for &
estimere w, mens Dvorkin-modellen gir et bedre resultat nér tilgjengelig informasjon
er mangelfull. Modellene konseptualiserer og beskriver den komplekse relasjonen mel-

lom porgsitet, leirinnhold og P-belgehastigheter pa en enkel mate.
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Chapter 1

Introduction

Obtaining accurate relations between velocity and porosity in porous rocks have been
an important field of study in rock physics for decades. Information on these relations
are of critical importance when seismic and/or sonic data are used to estimate porosity
and other related properties (Nur et al., 1998). The information contained in velocity
data can be used for lithology identification, fluid detection, porosity prediction, and
for understanding compaction and burial history, among other things. P-waves are
sensitive for several parameters, and when P-waves are the only information present,
the primary effects have to be identified. To fathom the effects various geological fea-
tures (e.g. lithology, fluid content, pressure scenarios) have on velocity and other rock-
properties, rock-physics models may be constructed. Such models can provide a link
between geologic and seismic parameters (Avseth et al., 2010), and each model has its
benefits and limitations (Avseth et al., 2010).

There has been much focus on the relation between porosity and velocity (Wood, 1941;
Wyllie et al., 1956; Raymer et al., 1980), and Marion et al. (1992) argues that studies
that only account for the porosity-velocity relations fail to account for the scatter in the
velocity-porosity data for unconsolidated material, arguing that this can be attributed
to clay content. Marion et al. (1992) study the effect of porosity and clay content on
compressional velocity in a binary system consisting of sand and clay. Their study is
constructed by taking base in a geometrical model for a sand-clay mixture, as shown in
Figure 1.1. The mixture is divided into two classes: a grain-supported regime consist-
ing of sand and shaley sand, where the clay is dispersed in the sand pore space, and a

matrix supported regime consisting of sandy shale and shale, where the sand grains are
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dispersed in the clay matrix. Their findings show that there is a peak in velocities for
sand-clay mixtures that is 20-30 percent higher than for pure sand or pure clay. Mar-
ion and Nur (1991) use a new method, called the Bound Averaging Method (BAM), to
compute compressional and shear velocities, where they account for the effect of pore-
filling elastic moduli. This is constructed using the Reuss lower bound and the Voigt

upper bound.

fand, shaley sang4 Shale, sandy shale

c<b, c>0

Figure 1.1: Geometry of the sand-clay mixture. The figure shows two sediment classes;
sand and shaley sand, making up a grain-supported regime, and shale and sandy shaley,
making up a matrix-supported regime. Figure courtesy: Marion et al. (1992).

Dvorkin and Nur (2002) presents a model which explains the deteriorating sorting in
sands, but this model is only valid for grain-supported fabrics. Dvorkin and Gutier-
rez (2001b) presents a model that predicts the effect of textural sorting and variable
framework composition and fabric on velocity and porosity, being valid for both grain-
and mud-supported fabrics. This model takes base in a bimodal mixture consisting of
large and small grains, where the large grains are the grain-supported fabric, and the
small grains are the matrix-supported fabric. They argue that the theoretical relation-
ships among seismic wave velocities, grain sorting, and composition suggested in the
bimodal grain mixture model are essential when seismic or sonic data is used to predict
reservoir quality in clastic rocks.

In this paper a new approach is introduced where the aim is to capture porosity and
clay trends based solely on compressional velocities. The approach is constructed for
a binary system consisting of a sand-clay mixture undergoing mechanical compaction.
Two models are created, taking base in Dvorkin’s Textural Sorting (Dvorkin and Gutier-
rez, 2001b) and the BAM model (Marion et al., 1992; Marion and Nur, 1991). They are
modeled in relation to the geometry shown in Figure 1.1, going from a grain-supported



regime to a matrix-supported regime. This paper addresses the relation between clay
content, porosity, and compressional velocities in such a geometry, and how these re-
lations can be used for predictive purposes.
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Chapter 2

Theory

Figure 1.1 shows the geometry of a sand-shale mixture that is divided into two domains:
a grain-supported domain consisting of sand and shaley sand, and a matrix-supported
domain consisting of sandy shale and shale. The first class represents the domain where
the clay volume fraction, c, is less than the sand porosity, ¢ < ¢s4,4, and it represents a
system in which the clay is dispersed in the pore space, i.e. a grain-supported regime.
The second class represents the domain in which the clay volume fraction is higher than
the sand porosity, ¢ > (54,4, and represents a system in which the sand grains are dis-
persed in the clay matrix, i.e. a matrix-supported regime. The porosity will decrease as
the clay content increases for the grain-supported regime, but as the model transitions
into the matrix supported regime, the sand will be dispersed in the clay matrix, causing

the porosity to increase with increasing clay content (Marion et al., 1992).

Marion et al. (1992) creates a method to predict porosities for sand-clay mixtures, where
the porosity will change as a function of clay content. They further use this relationship
between porosity and clay content to predict compressional velocities for the binary

system.

Dvorkin and Gutierrez (2001b) creates a model that predicts the effect of textural sort-
ing and variable composition and fabric on velocity and porosity. The model is based
on a bimodal mixture consisting of small and large grains, and Dvorkin and Gutierrez
(2001b) use the relationship between the geometry of the small and large grains to cre-

ate a model to explain the relation between porosity, clay content, and velocity.

In this section the two models are presented, and how they can be used to model poros-
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ity, clay content, and velocity in a binary system consisting of a sand-clay mixture is
described. The models are explained in relation to the geometry shown in Figure 1.1,
explaining how the models transition from the grain-supported regime to the matrix-

supported regime.
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2.1 Dvorkin’s Textural Sorting

Dvorkin and Gutierrez (2001b) propose a model that predicts the effect of textural sort-
ing and variable composition and fabric on velocity and porosity. Porosity, mineralogy,
pressure, texture, fabric, and pore fluid modulus is linked to the elastic rock properties
in this model. The model creates theoretical relationships that are essential in predict-
ing reservoir quality in clastic rocks by using seismic or sonic data (Dvorkin and Gutier-
rez, 2001b).

2.1.1 Porosity Model for a Bimodal Grain Mixture

To calculate porosity, Dvorkin and Gutierrez (2001b) take base in a bimodal mixture of
elastic spheres or perfectly rounded grains, and assume that there are only two grain
sizes present in the mixture; large and small grains. The diameter of the large grains is
assumed to be much larger than the diameter of the small grains, and, depending on the
volumetric fraction of the two grain sizes, various configurations are possible (Dvorkin
and Gutierrez, 2001b). Figure 2.1 shows a schematic illustration of this system, where
large grains are presented in (a), and by moving rightwards, smaller grains slowly start
to fill the pore space of the large grains. As the volume of the small grains increases, it
will expand the lattice of the large grains, eventually resulting in a configuration only
consisting of small grains, as shown in figure (e). This is a dispersed form of mixing,
and it is the most compact way of mixing grains of different grain sizes (Dvorkin and
Gutierrez, 2001a). As the aim of this paper is to predict porosity and clay content based
on velocity, the model is alternated to account for a mixture specifically consisting of

sand (large grain pack) and clay (small grain pack).

#=dg b fa ¢ > b des ¢=babes g s b 9 dos

O ) a0 L@
%O %O%%«gi%i ‘C}:%’:%%f.

Figure 2.1: Geometry of the bimodal grain mixture. The porosity reduces as the sorting
deteriorates, and increases again as only the small grains make up the mixture. ¢.;
is equivalent with ¢, and ¢, is equivalent with ¢sj. Figure courtesy: Dvorkin and
Gutierrez (2001b).

The volume of the clay and sand grains can be calculated based on their radii and crit-

ical porosity. The total volume of a configuration consisting only of clay particles with
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radius r at critical porosity ¢y, is (Dvorkin and Gutierrez, 2001b):

4 mril
Vshalezgl_(ph
s

(2.1)

and for a configuration consisting only of sand particles with radius R at critical porosity
¢ the total volume is (Dvorkin and Gutierrez, 2001b):

4 1R3L

sand = 7

31—¢;

(2.2)

where L and [/ denotes the number of sand and clay particles, respectively, in a repre-

sentative volume (Dvorkin and Gutierrez, 2001b).

The pore-space volume of the large grains packed together is Dvorkin and Gutierrez
(2001b):

v 4 ¢mRL 2.3)
pore—space — 3 1_¢7s .

To calculate the porosity in the different configurations seen in Figure 2.1, Dvorkin and

Gutierrez (2001b) use the ratio of the clay volume to the sand volume, :

r31 RL
)/ (
1_(»bsh 1_()b$

B=( ) (2.4)

If B = 0, the mixture will only consist of clean sand, causing the porosity to be equal to
the porosity of the sand, i.e. ¢ = ¢s, as is the case for (a) in Figure 2.1. If § is smaller
than the sand porosity, the clay particles can be filled inside the pore space of the sand
(Dvorkin and Gutierrez, 2001b), as is seen in (b) in Figure 2.1. The total porosity of the
mixture will then be ¢ = ¢; — B(1 — ¢pp), causing the porosity of the sand-clay mixture

to decrease, as can be seen in Figure 2.2(a).

When S = ¢s, the mixture is equivalent to that of (c) in Figure 2.1, and the sand grains

are in contact with each other (Dvorkin and Gutierrez, 2001b). This point separates
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the two different domains; the grain-supported (shaley sand) and the matrix supported
(sandy shale) domain (Dvorkin and Gutierrez, 2001a). This causes the porosity to be
calculated as the product of the porosity of the sand and the clay, i.e. ¢ = pspgy,.

When S > ¢, the mixture will have changed from a grain-supported regime to a matrix-
supported regime, and the sand particles are now in suspension (Dvorkin and Gutier-

rez, 2001b), as seen in (d) in Figure 2.1. The porosity can be calculated as follows:

(»bsh

Fp— L — 2.5
1+(1-¢s)/B @5

¢

When f = oo, only the clay particles will be present in the mixture, thus causing the
porosity to be equal to the shale porosity, i.e. ¢ = ¢, (Dvorkin and Gutierrez, 2001b).
Figure 2.2(a) shows how the porosity changes as 8 increases, clearly showing that the
total porosity approaches the critical porosity for the clay grain pack as § approaches

Q.

To summarize (Dvorkin and Gutierrez, 2001b):

O=ds—PA—dsp) < < s (2.6)
¢=dshsn <= p=s (2.7)
) Ph___ g, 2.8)

T1+(-¢y/p
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Porosity (frac)
o
w

o
o
a

o
[N}

0.15 L . 4 .
0 0.2 0.4 0.6 0.8 1
Clay Content (Relative to Solid)

((a)) The figure illustrates how the porosity changes as f§ increases.
The porosity will begin to decrease as the the pore space is filled
with clay particles, but starts to increase when f equals the sand
porosity. As f increases, the total porosity will reach the value of
the shale porosity. The critical porosity of the sand is here 0.3598
and 0.4739 for the shale.

0.5 T T T T

Porosity (frac)

0.15 : ' ' :
0

0.2 0.8 1

0.4 0.6
Clay Content (Relative to Solid)
((b)) To compare the model to lab data, we have to create a function
that determines the porosity as a function of clay content. The fig-
ure shows how the porosity changes as the clay content increases.
The porosity decreases with increasing clay content for the grain-
supported regime, but the porosity increases with increasing clay

content for the matrix-supported regime.

Figure 2.2: Porosity as a function of § and clay content.
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2.1.2 Elasticity of a Bimodal Grain Mixture

The elastic moduli of the bimodal grain mixture is found by using the same principles
as explained above. If § = ¢, the sand grains are in suspension (Figure 2.1e). Assum-
ing that the sand has a much larger elastic moduli than the clay, the clay will act as the
soft grain pack enveloping the stiffer grain pack of sand (Dvorkin and Gutierrez, 2001b).
By assuming this, one can model the elastic moduli of the mixture by using the lower
Hashin-Shtrikman (Hashin and Shtrikman, 1963), where the clay is defined as the soft
component and the sand is defined as the stiff component. Following the same prin-
cipals explained in the section above, the volumetric concentration of the clay compo-

nent is (Dvorkin and Gutierrez, 2001b):

1

f“l:1+(1—<ps)/ﬁ

(2.9)

The effective-medium elastic moduli of the dry component will then be as follows (Dvorkin
and Gutierrez, 2001b):

1 1-fa _ 4
Kpm =1 fc4 + f; 17 = ~Ge (2.10)

Ker+ §Gcl thz + §Gcl 3

1 —_
Gem = Ja__, fei 17 -z, 2.11)
Ger+ Zey thz +Zel
G 9K, +8G

Zop= L 2l Tl 2.12)

6 Kcl + 2Gcl

where Ky, and G, are the bulk and shear moduli of the sand, respectively, and K,

and G,; are the bulk and shear moduli of the clay grain pack, respectively.

Although the clay particles are more elongated than spherical, for simplicity, the clay
particles are approximated as a dense pack of identical elastic spheres. By doing so, the
elastic moduli can be calculated by using the Hertz-Mindlin contact theory (Mindlin,
1949):
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2 202
ns,(1-¢p)°G
cl S clay .1
K= p]s 2.13
cl [ 18”2(1_Vcl)2 ] ( )

_ 3n2,(1 - ¢sp)?G?

5—-4v sh

Ger = cl [ d 2 ;lay P]% (2.14)
52—-vep) 22 (1=v¢)

va =t fdar _2) Ketay 1) (2.15)
2 Gclay 3 Gclay 3

where the coordination number for the clay pack, n.;, is found by (Mavko et al., 2009):

ng = 24e 2347%sn 0373 (2.16)

where K,y and G4y are the bulk and shear moduli of the clay, respectively, and P is
the net stress.

If B < ¢, there are two elastic end members consisting of § =0 and 8 = ¢;. By assum-
ing that the sand grains are identical spheres, the first end-member can be calculated
using the Hertz-Mindlin contact theory (Mindlin, 1949) with bulk modulus K., shear
modulus Gg¢;, and coordination number n;. The bulk modulus K3 and shear modulus
G; will then be:

2 22
ns(l_(ps) thz 1

Ki=[———=P]3 2.17
1=1 1872(1—vy)2 ] (2.17)

_ 5—4v; 3”§(1_¢s)2G§;tz 1
T52-vs)  2m2(1-vy)?

wl

1 (2.18)

1 K 2 K, 1
ve= — (=22 AL 2.19)
2 Ggrz 3 Ggiz 3

where the coordination number for the sand pack, ng, is found by (Mavko et al., 2009):
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ng = 24e”2%47%s _0.373

The elastic moduli of the second end-member at § = ¢, are given by:

1- _ 4
K=1—2 s 170 1l
Kcl + §Gcl thz + §Gcl 3
1_
Gy = [ b 11z,

= [ +
Gcl + ch thz + ch

G.; 9K, +8G;
PARE S
6 K. +2Gg

15

(2.20)

(2.21)

(2.22)

(2.23)

To find the configuration shown in Figure 2.1, frame (b), it can be assumed that adding

the configurations shown in frame (a) and frame (c) will result in the numbers of sand

and clay particles in the configuration in frame (b) in Figure 2.1.

Defining the volume fraction of the first end member as f; and that of the second end-

member as f, = 1— fi, the number of clay particles in a unit volume of the composite

will be (Dvorkin and Gutierrez, 2001b):

I= ﬁ¢s(1 B (Psh)

dmrd
and the number of the large grains is:
1-
polzos
§7TR3
B can then be expressed as:
r3l RL

) (

ﬁE(l_(vbsh 1_¢7s

) = fadbs

(2.24)

(2.25)

(2.26)
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And this results in:

f2=PBls 2.27)

and,

fi=1-f (2.28)

By assuming that the first end-member is softer than the second and connecting the
two points by Hashin-Shtrikman, the elastic moduli of the composite’s dry frame will
be (Dvorkin and Gutierrez, 2001b):

_ 4
Kew=l—1 s L1 2 (2.29)
Ky + gGl K + §G1 3
N Lo o
Gpym = + -7 2.30
EM [G1+Z1 GZ+Z1] 1 (2.30)
G1 9K, +8G;
Hh=——7F"" (2.31)
6 K +2G1

with the bulk and shear moduli K; and G, and K; and G, respectively, and volume
fractions fi and f5, respectively (Dvorkin and Gutierrez, 2001b).

To find the saturated bulk modulus of the composite, Gassmann’s equation is applied
(Dvorkin and Gutierrez, 2001b):

Key — (1 + @)K, i KEM/K id + K i
Kops = Ksopia ¢ P Kriuia Solid + Kfiuia 2.32)
(A=) Kriuia + PKsotia — Kriuia Kem! Ksotia

where Kyjy,;4 is the bulk modulus of the pore fluid and K;,;;4 can be calculated by mix-
ing the material of the sand with that of the clay, using Hill’s average.

The volume fraction fs;,4 of the sand material in the entire solid phase of the compos-
ite is calculated as follows (Dvorkin and Gutierrez, 2001b):
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RL 1 1 2.33)
R3L+731 73 BA—=¢psp) )
T v 1

fsand =

with Hill’s average as (Dvorkin and Gutierrez, 2001b; Mavko et al., 2009):

1 da 1- d._
Ksotia = _[fsanqutz +( _f:mnd)Kclay + (ﬂi + ﬂ) 1] (2.34)
2 thz Kclay

The velocity is then calculated as:

J Ksar + 3Gem(B < ¢s)
V=

(2.35)
p
for B < ¢p5, and for § = ¢s:
Ksar + 3Gem(B = ¢s)
Vp _ \l sat T 3UEM ,6 s (2.36)
o
where p is calculated as:
p={10=P)pavg+Prpw (2.37)

where p 4,z is the average bulk density, p,, is the water density, and ¢ is the total poros-

ity.
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2.2 The Modified BAM

2.2.1 Porosity in Sand-Clay Mixtures

Marion et al. (1992) propose a method for determining porosities in sand-clay mixtures.
The model is based on the difference in the packing of the particles present, and ex-
plains how this can be used to calculate porosities and compressional velocities. As can
be seen from Figure 1.1, the model explains the transition from sand and shaly sand to
sandy shale and shale, where the clay volume fraction, c, increases as the mixture tran-
sitions into pure shale. Here, c is defined as "the ratio of the volume of room dry shale
(clay minerals and associated bound water and macroporosity) to the volume of room

dry sand-shale mixture" (Marion et al., 1992).

When the clay volume fraction is less than the sand porosity, c<¢,, Marion et al. (1992)
states that the clay particles will fill the pore space of the sand, which causes the poros-
ity of the binary system to decrese linearly with an increase in the clay volume:

¢=¢ps—c(l—psp) (2.38)

When the clay volume fraction equals the sand porosity, c=¢p5, Marion et al. (1992) states
that the shaley material will fill the pore space of the sand entirely, thus causing the
porosity to be equal to the product of the sand and shale porosity:

b= Pshsp (2.39)

When the clay volume fraction exceeds the sand porosity, c>¢;, the clay will expand the
sand lattice, causing the sand grains to disconnect, and the sand grains will be replaced
by porous shaley material. The porosity will then increase linearly as the clay volume

increases(Marion et al., 1992):

¢ =chsn (2.40)
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The densities will also change as the clay content and porosity change, and Marion et al.

(1992) propose following equations:

p=0=¢s)ps+c(l=Psp)pc+ (Ps — (1= Psp)) pw (2.41)

for ¢ < ¢s, and for ¢ > ¢p:

p=0=0ps+c=dsp)pc+cPsnpw (2.42)

where p; is the density of the sand, p. is the density of the clay, and p,, is the water
density.

The porosities of sand and shale will change as they are measured under different pres-
sures. The porosity model thus accounts for mechanical compaction.
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((a)) Porosity as a function of ¢. The porosity decreases
with increasing ¢ for the grain-supported regime, but
starts to increase with increasing ¢ in the matrix-
supported regime.

[

Density [g/cc]

17 L L L
0 0.2 0.4 0.6 0.8 1

9
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((c)) Porosity as a function of clay weight fraction. The
porosity decreases with increasing clay content for the
grain-supported regime, but starts to increase with in-
creasing clay content in the matrix-supported regime.

Figure 2.3: Density and porosity as a function of c and clay porosity as a function of clay
weight fraction. All figures represent the model at a net stress of 9 MPa, with ¢ = 0.3598

and ¢y, = 4739.
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2.2.2 The Bound Averaging Method

The compressional velocities can be found using the BAM proposed by Marion and Nur
(1991).

The BAM tries to estimate the elastic moduli of the rock given its porosity and the elastic
moduli of its constituent mineral and fluid phases (Marion and Nur, 1991). They create
upper and lower bounds by Voigt and Reuss, respectively. The Reuss lower bound gives
the ratio of the average stress to the average strain when all constituents are assumed
to have the same stress, and it is also referred to as the iso-stress average (Mavko et al.,
2009; Marion and Nur, 1991). It describes the effective moduli of a suspension of solid
grains in a fluid, and when all constituents are gases or liquids, or both, with a shear
moduli of zero, the Reuss average will give the exact effective moduli of the mixture
(Mavko et al., 2009). The Reuss lower bound of the effective modulus, Mg, of N phases
is (Mavko et al., 2009):

N fi
; 7 (2.43)

where f; is the volume fraction of the ith phase and M; is the elastic modulus of the ith
phase (Mavko et al., 2009).

The Voigt upper bound gives the ratio of the average stress to the average strain when
all constituents are assumed to have the same strain, and it is also referred to as the
iso-strain average (Mavko et al., 2009; Marion and Nur, 1991). Except for a single phase
end-member, real isotropic mixutres can never be as stiff as the Voigt bound. The Voigt
upper bound of the elastic modulus, My, of N phases is (Mavko et al., 2009):

N
My =3} fiM; (2.44)

where f; is the volume fraction of the ith phase and M; is the elastic modulus of the ith
phase (Mavko et al., 2009). Both bounds presuppose that each constituent is isotropic,
linear, and elastic (Mavko et al., 2009; Avseth et al., 2010).

Using the theory of the Reuss and Voigt bounds, Marion and Nur (1991) assume that

the elastic modulus M of a rock may be expressed as a weighted arithmetic average be-
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tween the upper and lower bounds, M* and M, respectively (Marion and Nur, 1991):

M=M +wM"—M") (2.45)

where the weighting factor, w, ranges from 0 to 1, and is a measure of the average pore
space stiffness (Marion and Nur, 1991). They further assume that w is unaffected by
the type of pore filling, and for a given rock, it is a constant for a given elastic modulus
(Marion and Nur, 1991). It is, however, worth noting that the weighting factor is not

necessarily identical for all elastic moduli of a given rock (Marion and Nur, 1991).

The velocities can then be calculated as (Marion and Nur, 1991):

V=

M
— (2.46)
0

with densities calculated as in equation 2.41 and 2.42.

Knowing that most clays are anisotropic (Vernik and Kachanov, 2010; Wang, 2001), an
extension of this is to use the Reuss and Voigt bounds to account for anisotropy. This
can be modeled by constructing upper and lower bounds of the elastic constant for
compressional velocity in the bedding-normal direction. Rearranging the equations for
the the Reuss and Voigt bounds to account for anisotropy thus yields:

-1
Vcla v
C — Yy + sand + (Ptot
33 Reuss - s
Css3 clay Mqtz Ky

(2.47)

Cs3voigt = VelayCssclay + Vsand Mgtz + ProtKp (2.48)

where v,y is the volumetric fraction of clay in the rock, Cs3c14y is the constant of the
anisotropic clay, My, is the P-wave modulus of the remaining minerals, ¢, is the
total porosity as calculated from Marion (Marion et al., 1992), and K} is the frame bulk
moduli.

Cs3Rreuss and Cs3yoigy are inserted into equation 2.45, where they replace M~ and M +
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respectively. Further, w is an iso-stress analogue for Reuss, causing us to assume that
this parameter will increase linearly with depth/increasing pressure. The compres-

sional velocity is then calculated as:

C
V=2 (2.49)
0
with Cs3 being:
Cs33 = C33Reuss + W(C33voigr — C33Reuss) (2.50)

and where p is calculated as in equations 2.41 and 2.42.
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Chapter 3

Data

3.1 LabData

The modified BAM and Dvorkin’s Textural Sorting have been compared to lab data pre-
sented in Marion et al. (1992). The data have been digitalized, and Figure 3.1 and Fig-
ure 3.2 shows the results of the lab measurements that are conducted by Marion et al.
(1992).

25
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Figure 3.1: Porosity as a function of clay weight fraction. The values are obtained from
lab experiment. Data courtesy: Marion et al. (1992).
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Figure 3.2: Velocity as a function of clay weight fraction. The values are obtained from
lab experiment. Data courtesy: Marion et al. (1992).
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3.2 Well data

3.2.1 Well 6608/10-3: The Norwegian Sea

The models are tested on well 6608/10-3 located in the Norwegian Sea, the Norne field.
The well location is at 66° 2’ 6.66” N, 8° 4’ 57.97” E (NPD, a). From this well wireline ve-
locity, density, and gamma ray are retrieved and used to obtain porosity and volumetric

clay content.
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Figure 3.3: Pressure trends in well 6608/10-3 estimated from the well log.
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3.2.2 Well 34/7-1: The North Sea

The models are also tested on well 34/7-1 in the North Sea, the Snorre field. The well
location is at 61° 28’ 21.8” N, 2° 13’ 25.55” E (NPD, b). From this well wireline velocity,
density, and gamma ray are retrieved and used to obtain porosity and volumetric clay

content.
0 T T T T T
——Lithostatic Stress
——Pore Pressure
Net Stress
500 + .
1000 | J
g
€ 1500 7
N
2000 + J
2500 + J
3000 1 1 1 1 1
0 10 20 30 40 50 60

Pressure [MPa]

Figure 3.4: Pressure trends in well 34/7-1 estimated from the well log.
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3.2.3 Well 33/5-2: The North Sea

29

The third well the models are tested on is well 33/5-2 in the North Sea. The well location
isat 61° 39’ 47.14” N, 1° 37’ 17.4” E (NPD, c). From this well wireline velocity, density,

and gamma ray are retrieved and used to obtain porosity and volumetric clay content.
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Figure 3.5: Pressure trends in well 33/5-2 estimated from the well log.
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3.3 Clay Trends

The two figures below show the distribution of different clay minerals in well 34/7-1
in the North Sea and well 6405/7-1 in the Norwegian Sea. The amount of smectite in-
creases when entering the Hordaland Group and Rogaland Group. High smectite con-
tent correlates with low velocities and is considered to be the most important factor
controlling velocity variations with depth in basins where smectitic clays are undergo-
ing mechanical compaction (Marcussen et al., 2009). Smectite has low compressibility
and very low permeability (Peltonen et al., 2008), and this favors overpressure genera-
tion which further prevents mechanical compaction (Storvoll et al., 2005). Thus, over-
pressure may be identified in well logs as a deviation from a normal compaction curve
with increasing velocities with depth (Marcussen et al., 2009).
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Figure 3.6: The figure shows the weight percent of different clays in well 34/7-1. The
amount of smectite is highly increasing in the Hordaland Group and Rogaland Group.
Data courtesy: Marcussen et al. (2009).
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Figure 3.7: The figure shows the weight percent of different clays in well 6405/7-1. The
amount of smectite is highly increasing in the Hordaland Group and Rogaland Group.
Data courtesy: Peltonen et al. (2008).
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Chapter 4

Methodology

In the above sections, it has been described how the modified BAM and Dvorkin’s Tex-
tural Sorting conceptualize the relationship between porosity and clay content in a bi-
nary system. How theses relations can be used to predict porosity and clay content from
compressional velocities will be described in the following section.

4.1 The Modified BAM and Dvorkin’s Textural Sorting:
Validity of Assumptions

The modified BAM and Dvorkin’s Textural Sorting both conceptualize a binary system
consisting of sand and clay, where the elastic moduli is calculated going from a grain-
supported regime (starting at clean sand) to a matrix-supported regime (ending at clean
shale). Both models describe a sand-clay mixture, but they have some assumptions,

weaknesses, and strengths that differ from each other, which will be presented here.

One of the assumptions underlying Dvorkin’s model is that the mixture is isotropic and
consists of spherical grains. It is worth noting that this assumption is not necessarily
correct, as clays exhibit a more elongated shape rather than a spherical shape, causing
the packing of the particles to differ from that of spherical grains. It is also known that
most clays are anisotropic (Vernik and Kachanov, 2010; Wang, 2001), and by assuming
isotropy, the validity of the model is weakened for the case that is being studied. How-

ever, the concept remains the same, and it provides a conceptually easy way to model

33
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sand-clay mixtures, along with being based on acknowledged rock-physics theory.

The effect of mechanical compaction in Dvorkin’s model is taken into account by the
pressure-term in equations 2.13, 2.14, 2.17, and 2.18, as well as it is given by the critical
porosity terms for sand and clay in the same equations, as well as in equations 2.21 and
2.22. These parameters will change as the model is used for different depths/pressures,
corresponding to the mechanical compaction that the sand-clay mixture is undergoing.
Having an explicit pressure-term in this model is an advantage, making it easy to model

the effect of pressure trends.

Despite the fact that Dvorkin’s model does not account for anisotropy, nor acknowl-
edges the shape of clay minerals, the simple conceptualization and acknowledgement
of this model justifies its application.

The modified BAM differs from Dvorkin’s Textural Sorting by introducing an anisotropic
elastic constant for compressional velocity in the bedding-normal direction, given by
equation 2.47 and 2.48, thus accounting for anisotropy in the clay. One of the assump-
tions underlying the porosity model used in the modified BAM, is that the sand lattice
will not be disturbed as the pore space is filled with clay. Likewise, it is also assumed
that the sand grains will not disturb the shale packing. According to Marion et al. (1992),
this assumption is practically only valid when the clay content is either very high or very
low. As the clay fills the pore space of the sand, the sand lattice will expand, resulting
in higher porosities for the shaley sand. Furthermore, when the sand lattice expands,
the pore space will be filled with more clay, shifting the minimum porosity point to-
wards higher clay contents. According to Marion et al. (1992), this model can be seen
as a lower bound for porosity. This indicates that the porosity model does not provide
accurate porosity estimations for the transition between the grain-supported regime
and the matrix-supported regime, but it should provide accurate estimations for clean
sand and clean shale. It should therefore be assumed to find deviations in the transition

between the grain-supported regime and the matrix-supported regime.

The effect of mechanical compaction for the modified BAM is taken into account by the
critical porosity term for the sand and shale, which will vary according to changes in the
net stress. Also, w, acting as an iso-stress analogue for Reuss, will increase with increas-
ing depth/pressure, thus be a parameter controlling the pressure conditions, and in

that way account for mechanical compaction.

As with Dvorkin’s model, the modified BAM conceptualizes a complex problem in an

easy way, creating a model that explains how the constituents of the mixture affects the
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porosity. The anisotropy-term in the modified BAM makes it a reasonable fit to model

sand-clay mixtures.

The two models are similar in the way they conceptualize the relationship between
porosity and clay content in sand-clay mixtures. Dvorkin’s biggest advantage lies in the
acknowledgement of the rock physics theory underlying the model and its simplicity of
modeling effects of pressure, while the modified BAM is strengthened by introducing
an anisotropic elastic constant. It should be assumed to find differences in the results

for the two models, and the findings will be discussed in the Results chapter.
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4.2 Calibrating the Models to Lab Data

To be able to compare the results of the models to the lab data presented in Marion
et al. (1992), the clay volume fraction in the modified BAM needs to be converted into

clay weight fraction (Marion et al., 1992):

_ c(I=dsn)pc
c(1=dpsp)pc+ (1 —ds)ps

(4.1)

c

for ¢ < ¢s, and for ¢ > ¢ps:

e
c(l—¢psp)pc+ (1 —c)ps

4.2)

c

Likewise, it is necessary to calculate the clay content relative to the solid phase for
Dvorkin’s model. As the volume fraction of the sand in the solid phase of the mixture is

given by fj, the clay content in the solid phase will be given by:

Ve sotia =1-fi 4.3)

The models need to be calibrated to account for the same conditions as the lab data
is subject to. The sand-clay mixture is assumed to be fully water saturated, and it is
modeled with confining pressures of 10 MPa, 20 MPa, 30 MPa, 40 MPa, and 50 MPa.
The pore pressure is held constant at 1 MPa for all confining pressures, thus yielding
net stresses of 9 MPa, 19 MPa, 29 MPa, 39 MPa, and 49 MPA. The modeled results are
compared to the data presented in the section above; Figure 3.1 and Figure 3.2. The

corresponding porosities of sand and shale at these pressures are given in Table 4.1.
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Further, as w is an iso-stress analogue for Reuss, this parameter will change with depth.

The values used for w are listed in Table 5.1 in the Results chapter.

a s Psn

9MPa  0.3598 0.4739
19MPa 0.3459 0.3739
29 MPa 0.3368 0.2999
39MPa 0.3287 0.2438
49 MPa 0.3206 0.2038

Table 4.1: Values for ¢ and ¢y, at the corresponding net stresses. Data courtesy: Mar-

ion et al. (1992).
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4.3 Calibrating the Models to Well Data

To resemble the environment in which the well data are retrieved, the sand- and shale
porosities are calibrated, where well 6608/10-3 is used as calibration well for the two
models. The calibration is carried out by plotting porosity and clay content from the two
models with porosity and clay content from the well data at net stresses of 9, 19, and 27
MPa. The well data plotted is retrieved from the depth intervals corresponding to these
net stresses, +50m. To fit the models with the well data, the sand- and shale-porosities
are changed in such a way that they intersect with the well data. These results are found
in the next chapter, in Figure 5.6, 5.8, and 5.10. The porosities at the corresponding net
stresses are listed in Table 5.2.

For wells 34/7-1 and 33/5-2, the sand- and shale-porosities used in the modeling is
based on the calibration of well 6608/10-3, along with information from the sonic ve-

locity log. The highest porosities are assigned to intervals displaying low velocities.

When modeling the modified BAM, w has been used to account for changing pressure.

All values used for porosities and w are found in the Appendix.

4.4 Predicting Porosity and Clay Content from

Compressional Velocities

To retrieve the estimated porosity and clay content from the two models at a given ve-
locity, the velocities from the well log at given net stresses are used. When running the
models, these given velocities are inserted, and the corresponding estimations of clay
content and porosity values at these velocities at given net stresses are obtained. For
each model, two possible porosities and two possible clay content values will be ob-
tained, corresponding to two porosity-clay content pairs. This is illustrated in Figures
4.1 and 4.2. If the velocities are low, the velocity will only intersect the model in one
point, giving only one porosity-clay content pair. The estimated values are then plotted

with the well data for given depths/net stresses.

The sand-clay mixture is assumed to be fully water saturated, and the modeling is car-
ried out at net stresses ranging from 0 to 28 MPa, with a steplength of 1 MPa, for wells
6608/10-3 and 34/7-1. For well 33/5-2 the modeling is carried out for net stresses rang-
ing from 0 to 50 MPa.
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o6 Predicting Porosity from Vp
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Figure 4.1: The figure shows Dvorkin modeled for a hypothetically case. To predict
porosity from V), a specific velocity is inserted into the model, which will intersect the
model in two points. These two points corresponds to two possible porosity points, ¢;
and ¢,. Note that the velocity will only intersect the model in one point for low veloci-
ties.
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o6 Predicting Clay Content from Velocity
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Figure 4.2: The figure shows Dvorkin modeled for a hypothetically case. To predict clay
content from V), a specific velocity is inserted into the model, which will intersect the
model in two points. These two points corresponds to two possible clay content points,
V.11 and V,;2. Note that the velocity will only intersect the model in one point for low
velocities.
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4.4.1 Calibrating for Overpressure

The velocity profile for all wells shows an interval where the velocity drops and follows a
flat velocity trend. The low velocity zones are likely caused by the presence of smectite,
and as presented in the Data Section, these zones are likely to be subject to overpres-

sure.

To account for this effect, the two models are run for both a hydrostatic case and an
overpressured case. The assumed overpressured zones are modeled by lowering the
net stress, or w when using the modified BAM. The values used in the modeling can be

found in the Appendix.
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4.5 Values Used in the Modeling

CHAPTER 4. METHODOLOGY

The table below shows the values that have been used in the modeling of both the mod-

ified BAM and Dvorkin’s Textural Sorting.

Constant Unit

Value

Kgtz GPa
Gytz GPa
Mg, GPa
K¢, Kp GPa
Keiay GPa
Gelay GPa
Cssclay GPa
pe glems
Ps glem?
Pw glem?®

38

44
96.67
2.2
25

33.4
2.35
2.64
1.03

Table 4.2: Constants and corresponding values that has been used in the modeling.



Chapter 5

Results

In this section the two models will be compared to both lab data presented in (Marion
et al., 1992) and well data. Porosity and clay content have been predicted from com-

pressional velocities, and the results are presented here.

5.1 TheModified BAM and Dvorkin Compared to Lab Data

The modified BAM and Dvorkin is compared to the lab data presented in Marion et al.
(1992). The figures below show the relation between P-wave velocity, porosity, and clay

content, and how the two models work compared to the results obtained from the lab

experiment.

9 MPa

19 MPa
29 MPa
39 MPa
49 MPa

Table 5.1: Values for w at corresponding net stresses.
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5.1.1 Porosity as a Function of Clay Content
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Figure 5.1: Porosity as a function of clay content for various net stresses. The scattered
points are the data obtained from lab experiment (Data courtesy: Marion et al. (1992)).
The two models give results that are quite similar, but the Dvorkin-model is slightly
shifted to the right compared to the modified BAM-model. In addition, the Dvorkin-
model has a maximum clay content of about 0.9, while the modified BAM-model has
its maximum at 1. Compared to the lab data, the two models give accurate results for
very low clay contents (sand) and very high clay contents (shale). However, the results
deviate as the models transitions from shaley sand to sandy shale, yielding lower porosi-
ties than that obtained from the lab data. The porosity minimum is also shifted to the
left for the two models compared to the lab data.
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5.1.2 P-Wave Velocity as a Function of Porosity
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Figure 5.2: P-wave velocity as a function of porosity for various net stresses. The scat-
tered points are the data obtained from lab experiment (Data courtesy: Marion et al.
(1992)). Using Dvorkin yields a stiffer result than the results obtained using the modi-
fied BAM, causing higher velocities which deviate from the lab data.
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((a)) P-wave velocity vs. porosity for the modified BAM and Dvorkin at a net

stress of 9 MPA
4000 T T T T
——19 MPa BAM
= = 19 MPa Dvorkin
o 19 MPa Lab Data

3500 .
Q
E
>3000 - R
‘©
o
[}
>
© 2500 - R
>
T
=
o

2000 .

1500 .

0 0.1 0.2 0.3 0.4 0.5

Pbrosity (frac)

((b)) P-wave velocity vs.porosity for the modified BAM and Dvorkin at a net
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Figure 5.3: Porosity as a function of P-wave velocity at a differential pressure of 9 MPa
and 19 MPa. The scattered points are the data obtained from lab experiment (Data
courtesy: (Marion et al., 1992)). Using Dvorkin results in higher velocities. The lab data
are more aligned with the modified BAM model.
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5.1.3 P-Wave Velocity as a Function of Clay Content
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Figure 5.4: P-wave velocity as a function of clay content for various differential pres-
sures. The scattered points are the data obtained from lab experiment (Data courtesy:
Marion et al. (1992)). Again, it becomes evident that Dvorkin yields higher velocities
than the modified BAM. Also here, the lab data are more aligned with the BAM-model
than Dvorkin.
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5.2 The Modified BAM and Dvorkin Compared to
Well 6608/10-3

5.2.1 Calibrating the Models to the Well

The calibration of the models to the well have been carried out as explained in Chapter

4. The values used in the calibration are listed in Table 5.2.

a s bsn W

9 MPa 036 0.45 0.11
19MPa 0.36 055 0.14
27MPa 0.32 0.25 0.3

Table 5.2: Calibrated values for ¢ and ¢, at the corresponding net stresses. Note the
low value of w needed to fit the model to the well data at a net stress of 19 MPa.
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Figure 5.5: Porosity vs. clay content for the modified BAM, Dvorkin, and the well data
at a net stress of 9 MPa. The two models are calibrated in such a way that they intersect
the well data points.
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((a)) P-wave velocity vs. porosity at a net stress of 9 MPa using Dvorkin. Color
coding corresponds to the clay content both in the model and the well data.
The model aligns well with the well data.

BAM Clay Conten& grac)
3.4+ - Well Data
o 9MPa
0.7
3.2
E sl 0.6
£
— 0.5
=28
3
o 0.4
©
L6
o
Zo4 0.3
=
Toof 0.2
oL 0.1
18 1 1 1 1 1 1 1 1 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Porosity (frac)

((b)) P-wave velocity vs. porosity at a net stress of 9 MPa using the modified
BAM. Color coding corresponds to the clay content both in the model and the
well data. The model aligns well with the well data.

Figure 5.6: Velocity, porosity, and clay content for the modified BAM, Dvorkin, and the
well data at a net stress of 9 MPa.
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Figure 5.7: Porosity vs. clay content for the modified BAM, Dvorkin, and the well data at
a net stress of 19 MPa. The two models are calibrated in such a way that they intersect
the well data points.
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((a)) P-wave velocity vs. porosity at a net stress of 19 MPa using Dvorkin. Color
coding corresponds to the clay content both in the model and the well data.
The model aligns well with the well data.
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((b)) P-wave velocity vs. porosity at a net stress of 19 MPa using the modified
BAM. Color coding corresponds to the clay content both in the model and the
well data. The model aligns well with the well data.

Figure 5.8: Velocity, porosity, and clay content for the modified BAM, Dvorkin, and the
well data at a net stress of 19 MPa.
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Figure 5.9: Porosity vs. clay content for the modified BAM, Dvorkin, and the well data at
a net stress of 27 MPa. The two models are calibrated in such a way that they intersect
the well data points.
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((a)) P-wave velocity vs. porosity at a net stress of 27 MPa using the Dvorkin.
Color coding corresponds to the clay content both in the model and the well
data. The model fails to capture the porosity - clay content trend.
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((b)) P-wave velocity vs. porosity at a net stress of 27 MPa using the modified
BAM. Color coding corresponds to the clay content both in the model and the
well data. The model aligns well with the well data.

Figure 5.10: Velocity, porosity, and clay content for the modified BAM, Dvorkin, and the
well data at a net stress of 27 MPa.
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5.2.2 Predicting Porosity and Clay Content from Velocity

Vp as a function of depth
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Figure 5.11: Well 6608/10-3: The figure shows the compressional velocity obtained from
the well log (blue line). The red line represents the velocities used as an input parameter
when estimating porosity and clay content from the two models.
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Figure 5.12: Well 6608/10-3: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the Dvorkin model. At each step, the pre-
dicted porosity and clay content corresponds to either the two red lines/points or the
two green lines/points. The estimated porosity is overall good, but is underpredicted
in the assumed overpressured zone, corresponding to a depth of approximately 1000-
1500 mbsf. The clay content gives a less accurate estimation compared to the porosity
estimation, where the clay content is in general underpredicted. The most accurate
estimations are obtained by the green line (¢» and V,;2).
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Figure 5.13: Well 6608/10-3: The figure shows the estimated porosity (left) and clay
content (right) plotted with the well data. The red and green lines represent the esti-
mated porosity and clay content values from using the Dvorkin model when assuming
overpressure in the interval corresponding to 1000-1500 mbsf. At each step, the pre-
dicted porosity and clay content corresponds to either the two red lines/points or the
two green lines/points. The estimated porosity is overall good, but is highly under-
predicted in the assumed overpressured zone. The clay content gives a less accurate
estimation compared to the porosity estimation, where the clay content is in general
underpredicted. The most accurate estimations are obtained by the green line (¢, and
Vei2).
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Figure 5.14: Well 6608/10-3: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the Modified BAM model. At each step,
the predicted porosity and clay content corresponds to either the two red lines/points
or the two green lines/points. The predicted porosity is a good match to the porosity
obtained from the well log. The clay content is in general underpredicted in most inter-
vals, but seems to follow the trend of the clay content obtained from the well log. The
most accurate estimations are obtained by the green line (¢, and V,;2).
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Figure 5.15: Well 6608/10-3: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the Modified BAM model. At each step,
the predicted porosity and clay content corresponds to either the two red lines/points
or the two green lines/points. The predicted porosity is a good match to the porosity
obtained from the well log, but is underpredicted in the assumed overpressured zone,
corresponding to a depth of approximately 1000-1500 mbsf. The clay content is in gen-
eral underpredicted in most intervals, but seems to follow the trend of the clay content
obtained from the well log. The most accurate estimations are obtained by the green
line (¢» and V;2).
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5.3 The Modfied BAM and Dvorkin Compared to
Well 34/7-1

5.3.1 Predicting Porosity and Clay Content from Velocity
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Figure 5.16: Well 34/7-1: The figure shows the compressional velocity obtained from
the well log (blue line). The red line represents the velocities used as an input parameter
when estimating porosity and clay content from the two models.
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Figure 5.17: Well 34/7-1: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the Dvorkin model. At each step, the pre-
dicted porosity and clay content corresponds to either the two red lines/points or the
two green lines/points. The predicted porosity is a good match to the porosity obtained
from the well log, but seems to underpredict in the assumed overpressured zone, cor-
responding to a depth of 800-1500 mbsf. The clay content is somewhat overpredicted
in the assumed overpressued zone, while it is underpredicted in the interval 1500-2000
mbsf. Overall, the estimated clay content captures the trend of the clay content ob-
tained from the well log. The most accurate estimations are obtained by the green line
(2 and V;2).
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Figure 5.18: Well 34/7-1: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the Dvorkin model when assuming over-
pressure in the interval corresponding to a depth of 800-1500 mbsf. At each step, the
predicted porosity and clay content corresponds to either the two red lines/points or
the two green lines/points. The predicted porosity gives an overall good match to the
porosity obtained from the well log, but is underpredicted in the assumed overpres-
sured zone. The clay content is underpredicted in the interval corresponding to a depth
of 1500-2000 mbsf, but captures the general trend of the clay content obtained from the
well log. The most accurate estimations are obtained by the green line (¢, and V;2)..
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Figure 5.19: Well 34/7-1: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the modified BAM model. At each step,
the predicted porosity and clay content corresponds to either the two red lines/points
or the two green lines/points. The predicted porosity is a good match to the porosity
obtained from the well log, showing only small deviations from the well log. The clay
content seems to be highly overpredicted in the assumed overpressued zone, corre-
sponding to a depth of 800-1500 mbsf. Overall, the estimated clay content captures the
trend of the well log. Both the red and blue lines seems like reasonable estimations.
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Figure 5.20: Well 34/7-1: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the the modfied BAM model when as-
suming overpressure in the interval corresponding to a depth of 800-1500 mbsf. At
each step, the predicted porosity and clay content corresponds to either the two red
lines/points or the two green lines/points. The predicted porosity is a good match to
the porosity obtained from the well log, but is highly underpredicted in the assumed
overpressured zone. In the same interval, the clay content is overpredicted for the green
line, while it is underpredicted for the red line. Overall, the estimated clay content cap-
tures the trend of the well log. The most accurate estimations are obtained by the green
line (¢» and V;2).



5.4. THE MODFIED BAM AND DVORKIN COMPARED TO WELL 33/5-2 65

5.4 The Modfied BAM and Dvorkin Compared to
Well 33/5-2

5.4.1 Predicting Porosity and Clay Content from Velocity
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Figure 5.21: Well 33/5-2: The figure shows the compressional velocity obtained from
the well log (blue line). The red line represents the velocities used as an input parameter
when estimating porosity and clay content from the two models.
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Figure 5.22: Well 33/5-2: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the Dvorkin model. At each step, the pre-
dicted porosity and clay content corresponds to either the two red lines/points or the
two green lines/points. The predicted porosity is a good match to the porosity obtained
from the well log, only showing small deviations. The porosity is slightly overpredicted
at great depths, where also the clay content is underpredicted (corresponding to a depth
of 2200-4000 mbsf). Overall, the estimated clay content captures the trend of the well
log. The most accurate estimations are obtained by the green line (¢, and V;2).
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Figure 5.23: Well 33/5-2: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the Dvorkin model when assuming over-
pressure in the interval corresponding to a depth of 800-1500 mbsf. At each step, the
predicted porosity and clay content corresponds to either the two red lines/points or
the two green lines/points. The predicted porosity is a good match to the porosity ob-
tained from the well log, but is slightly underpredicted in the assumed overpressured
zone. The clay content in the same zone matches the well log in a better way than when
not assuming overpressure. Overall, the estimated clay content captures the trend of
the clay content obtained from the well log. The most accurate estimations are ob-
tained by the green line (¢, and V;;2).
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Figure 5.24: Well 33/5-2: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the modified BAM model. At each step, the
predicted porosity and clay content corresponds to either the two red lines/points or
the two green lines/points. The predicted porosity offers an overall good match with the
well log, but is slightly overpredicted in the assumed overpressued zone, corresponding
to a depth of 800-1500 mbsf. Also, the porosity is slightly overpredicted in the deeper
parts of the well, corresponding to a depth of 2000-3500 mbsf. The estimated clay con-
tent seems to capture the trend, but is somewhat overpredicted, especially in the as-
sumed overpressured zone. The most accurate estimations are obtained by the green
line (¢p» and V;2).
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Figure 5.25: Well 33/5-2: The figure shows the estimated porosity (left) and clay con-
tent (right) plotted with the well data. The red and green lines represent the estimated
porosity and clay content values from using the modified BAM model when assuming
overpressure in the interval corresponding to a depth of 800-1500 mbsf. At each step,
the predicted porosity and clay content corresponds to either the two red lines/points
or the two green lines/points. The predicted porosity is a good match to the porosity
obtained from the well log, but is slightly underpredicted in the assumed overpressured
zone, and also slightly overpredicted in the deeper parts of the well, corresponding to a
depth of 2000-3500 mbsf. The clay content in the assumed overpressured zone matches
the well log in a better way than when not assuming overpressure. The general clay con-
tent trend is captured by the estimations, but does tend to be overpredicted. The most
accurate estimations are obtained by the green line (¢ and V;2).
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Chapter 6

Discussion

In the previous sections it has been shown how porosity can be calculated for a binary
system consisting of sand and clay, and how the relation between porosity, clay con-
tent, and velocity can be used for predictive purposes. The two models, the modified
BAM and Dvorkin, have been tested on both lab data and well data from the Norwegian
Continental Shelf, and in the following section the findings will be discussed.

6.1 TheModified BAM and Dvorkin Compared to Lab Data

Figure 5.1 shows porosity as a function of clay content for both the modified BAM and
Dvorkin compared to lab data. It is evident that the two models yield almost identi-
cal porosity models, where Dvorkin only gives a slightly lower estimate of the porosity
compared to the modified BAM (also note that the Dvorkin model has a maximum clay
content of 0.9, whereas the modified BAM has a maximum of 1.0). However, the two
models underestimate the porosity in the shaley sand and sandy shale domain, where
only the end points (clean sand and clean shale) are estimated accurately. The greatest
difference is seen in the minimum porosity point, where the two models estimate the
porosity to be 48 % (at 9 MPa) to 93 % (49 MPa) lower than that of the lab data. The min-
imum porosity point is also slightly shifted towards lower clay content values compared
to the lab data. This indicates that the models are not able to provide accurate poros-
ity estimations in the transition between the grain-supported and matrix-supported
regime. One of the underlying assumptions of the models is that the sand lattice will
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not be disturbed as the pore space is filled, and for the shale, that the sand grains will
not disturb the shale packing. According to Marion et al. (1992) this is practically only
valid for either very high or very low clay contents, which is likely to cause deviations
when comparing the models with the lab data. Marion et al. (1992) have argued that
this can be seen as a lower bound for porosity in a sand-clay mixture. This indicates
that the porosity estimations in the transition between the grain-supported and matrix-
supported regime will be underestimated, while the estimations provide more accurate
results for clean sand and clean shale. This coincides with the findings when comparing
the models to the lab data.

When plotting P-wave velocity as a function of porosity, it becomes evident that Dvorkin
yields higher velocities than the modified BAM, as can be seen in Figure 5.2. Both
models fail to capture the velocity-porosity trend in the transition between the grain-
supported and matrix-supported regime, which is seen more clearly in Figure 5.3. Here
it can be seen that the two models give a better estimate of the velocity-porosity trend at
the end-points, while it starts to deviate when going into shaley sand and sandy shale.
Again, it becomes evident that the models provide more accurate estimations for clean

sand and clean shale than the transition between these two end points.

Figure 5.4 shows the P-wave velocity plotted against clay content for the two models,
along with the results obtained from the lab experiment. Also here it becomes evident
that the Dvorkin model yields higher velocities than the modified BAM. Both models
overpredict the velocity, where the modified BAM and Dvorkin yield 3 - 12.6 % and
7.5 —24.2 % higher velocities at the maximum velocity point than the lab data, respec-
tively. The overestimation of velocities in the Dvorkin model is likely caused by the as-
sumptions underlying granular models. As the grains are not spherical, and all surfaces
are rough, the discrepancies from theoretical results may occur. The behaviour of rough
contacts is a challenging problem (Misra and Huang, 2012), and is likely to contribute to
the overestimation as roughness may cause a decrease of the bulk moduli of the outer
part of the grain. The coordination number-based approach may also account for some

errors in the estimation. Also, at higher stresses, some grain plastification may occur.

Furthermore, the peak velocity for both models is shifted towards lower clay content
values relative to the lab data. This coincides with the shift towards lower clay contents
for the minimum porosity points, which is assumed to be the underlying reason for the
shift in the velocity-clay content plot. The peak velocity coincides with the minimum

porosity point for both models.
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6.2 Compared to Wells on the Norwegian Continental
Shelf

When comparing the two models to well data, the general trend of the results is that
the porosity estimation is better than the estimation of clay content. For all three wells,
the porosity estimation is quite accurate, showing only small deviations. However, the
porosity estimation shows deviations in the assumed overpressured zone, where it ei-
ther underpredicts or overpredicts the porosity, as seen in Figures 5.12, 5.14, 5.17, 5.19,
5.22, and 5.24.

When overpressure is accounted for, the net stress in the models is lowered, or w for
the modified BAM model, and this results in underprediction of the porosity, as seen
in Figures 5.13, 5.15, 5.18, 5.20, 5.23, and 5.25. When ¢’ or w is lowered, the models
are shifted downwards toward lower velocities. This causes the velocity plane to inter-
sect the models at values corresponding to both lower porosity and clay contents. This
happens because the velocity plane intersects the model in the shaley sand - sandy
shale domain. In the assumed overpressured zones, the highest porosity in the models
is found at clean shale. When moving towards lower clay contents, the porosity de-
creases, and this is likely the cause of the underpredictions of the porosity observed in
these zones. The clay content estimations, however, become more accurate when ac-
counting for overpressure. This may indicate that the models do not give an accurate
description of the porosity-clay content relationship. As could be seen when compared
to the lab data, the two models do not give an accurate description of this relationship,
where the porosity is underpredicted for shaley sand and sandy shale, while the clay
content is both over- and underpredicted in the same interval.

The sum of volumetric fractions of clay, sand, and porosity has to be equal to one at all
times. Keeping this in mind, it should be assumed that an underprediction of porosity
would cause an overprediction of clay content. This is, however, not the case. As can
be seen in Figure 5.24, the porosity is slightly overpredicted in the overpressured zone,
and in the same zone, the clay content is also overpredicted. As the highest possible
modeled porosity in this zone is the start porosity of shale, high porosities will result in
a lithology close to clean shale. If this is the case, the sand content will be low, causing
the clay content to be high. This is likely to be the reason for some of the deviations

observed in the wells.

This further indicates that the two models do not fully capture the trend of the mix-

ture. The models conceptualize a complex problem in a simple way, and as could be
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seen when compared to lab data, the models do not entirely capture the trend of the
transition between grain-supported and matrix-supported regime, making it difficult
to obtain accurate lithology estimations.

It is very important to note that the two models only account for sand and clay. The
wells mostly consist of these two constituents (Statoil, 1993; Norsk Hydro A.S., 1982;
Saga Petroleum A.S., 1985), but there are also other mineralogies present, such as car-
bonates, coal, etc. These other mineralogies are likely to cause deviations in the estima-
tions, and most likely accounts for some of the discrepancies observed. Furthermore,
it is assumed full water saturation when modeling, but there are hydrocarbon shows
in all wells (Norsk Hydro A.S., 1982; Statoil, 1993; Saga Petroleum A.S., 1985). This will
account for some of the discrepancies in the results. In addition, the under- and over-
prediction of the clay content may also be due to a wrongful estimation of V,; from the
GR-log.

It is also possible that some of the deviations are caused by the assumption of dispersed
mixing of the two constituents. If the mixing is laminar, the porosity calculations made
in the two models are not valid, and the estimated porosities will be significantly lower
compared to a laminar mixing mode. In addition, it is worth noting that there could
have been chosen a wrongful estimation of the sand- and shale porosities when mod-
eling. This is especially likely for the smectite-rich intervals, which show anomalously

high porosities.

When comparing the two models to the lab data, the modifed BAM gave the best results.
Dvorkin tended to overpredict the velocities more than the modifed BAM. As the mod-
ified BAM introduces the anisotropy term, it is likely to assume that this model would
be the better fit. However, when comparing to well data, this is not necessarily the case.
When comparing the models to well 6608/10-3 the modified BAM gives the best results
(see Figures 5.14 and 5.15), while Dvorkin gives the best results for both well 33/5-2 (see
Figures 5.17 and 5.18) and 34/7-1 (see Figures 5.22 and 5.23). This may be caused by
the simplicity of the explicit pressure term in the Dvorkin model. Well 6608/10-3 have
been calibrated, making it easy to estimate w when using the modified BAM. However,
for the two other wells, the calibration from well 6608/10-3 is used along with the ve-
locity information to make assumptions of how w may vary with depth. It may seem as
it is harder to make a good estimate of w, rather than inserting the net stress from the

pressure trends plots.

For well 33/5-2 the modeled estimations start to deviate with increasing depth. At about

2500-3000 mbsf, the porosity estimations become overpredicted, as seen in Figures 5.22
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and 5.24. In this area, chemical compaction is likely to occur (Walderhaug, 1996; Lander
and Walderhaug, 1999). Chemical compaction causes smectite to transform to illite
and chlorite, and cementation occurs. This will cause a decrease in the porosity and
an increase in the velocity. As the two models do not account for chemical compaction
(they are only valid for the mechanical compaction domain), they will not be applicable
in this area. It can be seen that the models fail to follow the general clay trend in this
area, which should be assumed due to the assumptions underlying the two models.

The strength of the models resides in the minimal information needed to perform es-
timations, as only P-wave velocity is used as an input parameter. Both models are able
to give an overview of the general porosity and clay trends in the wells tested. As sand-
clay mixtures are hard to model, the two models give an easy way of conceptualizing
and modeling a complex problem, and they could provide useful information of the
general trends observed. As for all models, the information obtained may be of greater
value as more parameters are accounted for, but in this case it was chosen to maintain

the simplicity of the models.
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Chapter 7

Conclusion

Two models have been created and used to predict porosity and clay content solely
based on P-wave velocity. The models explain the relationship between porosity, clay
content, and compressional velocities, and were created by taking base in a binary sys-

tem consisting of sand and clay subject to dispersed mixing.

Dvorkin’s Textural Sorting takes base in the ratio between large (sand) and small (clay)
grains, and the elastic moduli is calculated using Hertz-Mindlin and Hashin-Shtrikman
bounds. The modified BAM is based on the Voigt and Reuss bounds, and takes anisotropy

into account.

When tested on lab data, both models underpredict the porosity and overpredict the ve-
locity in the transition between the grain-supported and the matrix-supported regime.
The Dvorkin model yields a stiffer result than the modified BAM, and overpredicts the
velocities with 7.5 - 24.2 % compared to the lab data.

Both models are able to predict the general porosity and clay trends when tested on
well data, but show deviation in the estimation in the overpressured zones. When ac-
counting for overpressure, the porosity estimation is underpredicted for both models,
but the estimation of clay content becomes more accurate. The models fail to accu-
rately describe the transition between the grain-supported and the matrix-supported

regime.

The modified BAM shows better results than Dvorkin when compared to lab data, where

Dvorkin gives a stiffer result, overprediciting the velocities more than what can be ob-
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served for the modified BAM. However, when tested on well data, Dvorkin yields better
results for two of the three wells tested. This is likely caused by the w introduced in
the modified BAM, which seems to be more difficult to assign compared to the explicit
pressure term used in the Dvorkin model. The modified BAM yields better results when

tested on the calibrated well.

The two models fails to accurately describe the transition between the grain-supported
regime and the matrix-supported regime, but offers a simple way to conceptualize a
complex problem. The strength of the two models resides in the minimal need of P-
wave velocity to perform estimations. The modified BAM yields better results when
more information can be used to estimate w, whereas the Dvorkin model has its strength
in the explicit pressure term used to make predictions. The minimal need of informa-
tion needed allows the models and methodology to be used on numerous data sources,
and they could possibly be used for both exploration and production purposes.



Chapter 8

Further Work

In the previous sections it has been shown how the modified BAM and Dvorkin’s Tex-
tural Sorting can be used to predict porosity and clay trends based on compressional

velocities.

As the models are only tested on lab data and well data, the next step would be to test

the models on seismic data.

This work is also limited by only being applicable in the mechanical compaction do-
main. It would be interesting to further extend the models to account for chemical

compaction.
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Appendix A

Additional Information

A.1 Additional Well Information

In this section, additional well information and values used in the modeling are found.
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1.1 Well 6608/10-3
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Figure A.1: The figure shows the logs obtained from well 6608/10-3.
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¢ as a function of depth

T /
/ 2
¢sh

500 .

1000

Z [mbsf]

1500

2000

2500
0.2 0.3 0.4 0.5 0.6

Figure A.2: The figure shows the values of ¢5 and ¢, that are used in the modeling.
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Net stress as a function of depth
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Figure A.3: The figure shows the net stress as a function of depth used in the modeling.



A.1. ADDITIONAL WELL INFORMATION 89

Netostress as a function of depth for overpressured case
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Figure A.4: The figure shows the net stress as a function of depth used in the modeling
when assuming overpressure.
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0 w as a function of depth
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Figure A.5: The figure shows w as a function of depth used in the modeling.
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w %s a function of depth for overpressured case
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Figure A.6: The figure shows w as a function of depth used in the modeling when as-
suming overpressure.
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1.2 Well 34/7-1
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Figure A.7: The figure shows the logs obtained from well 6608/10-3.
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¢ as a function of depth
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Figure A.8: The figure shows the values of ¢; and ¢y, that are used in the modeling.
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Net stress as a function of depth
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Figure A.9: The figure shows the net stress as a function of depth used in the modeling.
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Net Ostress as a function of depth for overpressured case
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Figure A.10: The figure shows the net stress as a function of depth used in the modeling
when assuming overpressure.
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0 w as a function of depth
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Figure A.11: The figure shows w as a function of depth used in the modeling.
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woas a function of depth for overpressured case
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Figure A.12: The figure shows w as a function of depth used in the modeling when
assuming overpressure.
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.1.3 Well 33/5-2
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Figure A.13: The figure shows the logs obtained from well 6608/10-3.
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¢ as a function of depth
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Figure A.14: The figure shows the values of ¢; and ¢, that are used in the modeling.
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0Net stress as a function of depth
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Figure A.15: The figure shows the net stress as a function of depth used in the modeling.
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Net 8tress as a function of depth for overpressured case
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Figure A.16: The figure shows the net stress as a function of depth used in the modeling
when assuming overpressure.
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0 w as a function of depth
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Figure A.17: The figure shows w as a function of depth used in the modeling.
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w %s a function of depth for overpressured case
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Figure A.18: The figure shows w as a function of depth used in the modeling when
assuming overpressure.
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