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Abstract

Clay minerals as ubuquitous in sandstone reservoirs, yet many of their
e�ects are not well understood. This literature study examines the re-
lationship between the most common clay minerals and �smart water�
injection in sandstone reservoirs. Ion exchange capacities, wettability,
and reservoir quality are examined as functions of origin, morphology,
chemical properties, and particle size of clay minerals. Authigenic clay
minerals are found to have severe consequences for reservoir quality, es-
pecially in deeply buried reservoirs. Diagenetic processes, like illitization
and chlorite coating can reduce permeability and porosity to the point
where production becomes impossible, while kaolinite can contribute to
more favorable initial wetting conditions. Cation exchange capacity can
vary signi�cantly due to e�ects of particle size and pH, a�ecting adsorp-
tion/desorption of polar oil components, both in the reservoir and in core
�ood experiments. It will also be shown that �brous clay morphologies,
common for illites and smectites, collapse during air-drying, leaving core
samples unrepresentable with regards to their native state. Steps such as
critical point drying should be taken to preserve these morphologies when
using core �oods to simulate �smart water� injection. Further study of
wetting properties related to morphology and isomorphous substitution,
as well as more thorough characterizations of common phyllosilicates is
suggested. The role of anionic exchange capacity in adsorption/desorption
reactions for kaolinite and chlorite may also warrant a closer look.
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1 Introduction

1.1 Background

In the spring of 2011 the Norwegian Ministry of Petroleum and Energy published
a guide entitled �An industry for the future - Norway's petroleum activities�. In
this report the ministry stated that the decline in oil production must be curbed
by, among other things, improved recovery and outlined several ways of accom-
plishing this goal [1]. The need for improved recovery is frequently mentioned
in the yearly cooperative report published by the aforementioned ministry and
the Norwegian Petroleum Directorate [2]. The expected average oil recovery
factor with currently adopted plans for the Norwegian Continental Shelf (NCS)
is considerately higher than the global average, 46% vs. 22% [2]. Yet, calcu-
lations show that if the recovery factor for all operative Norwegian �elds rose
by one percent the additional gross income from sales would be approximately
325 billion NOK. [2]. In this context it is clear that even small improvements
in EOR techniques could lead to major �nancial gains. In the last year two
new research centers have been established, one at the University of Tromsø,
and one at the University of Stavanger, in the hopes of advancing expertise and
research in the �eld of petroleum technology.

�Smart water� injections is one of the promising methods for increased recov-
ery, and the one that this thesis will focus on. Fundamental theoretical concepts
will be explained in chapter 2, and will serve as a foundation for further discus-
sion in chapter 4. Chapter 3 will be a summary of the accumulated knowledge
of the �low salinity e�ect� and an introduction to the �smart water� concept.

1.2 Objectives

The basis for this thesis is a proposed mechanism for the observed �low salinity
e�ect� in sandstone reservoirs, presented by Austad et al. in 2010 [3]. The re-
searchers who published the paper are currently running experiments for further
publications on the subject. They requested a literature study on clay miner-
als and their e�ect on the potential for injection of specially tailored injection
water, or �smart water�, in sandstone reservoirs. Mechanisms governing the in-
teractions between di�erent clay minerals, brine, oil, and reservoir rock will be
examined and explained. Additionally, the e�ect of clay minerals on reservoir
quality and wetting properties will be linked to their origin and characteristics.
Special attention will be given to the aspects of morphology and particle size,
and to how this relates to variation in surface reactivity and Cation Exchange
Capacity (CEC). Because of their relative abundance on the NCS [4], kaolinite,
illite, and chlorite will be the primary subjects of study, but montmorillonite
will also be included.
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2 Fundamental Theory

2.1 Enhanced Oil Recovery

Due to the clarity and simplicity of its explanation, this paragraph is inspired by
the book �Enhanced Oil Recovery� [5]. Traditionally, oil recovery processes have
been divided into three seperate categories. The �rst of these categories is called
primary oil recovery. During this period of production oil is expelled from the
reservoir and towards the production well by the energy stored in the reservoir
alone. In other words, the inherent pressure energy in the reservoir drives the
oil recovery process. The second traditional category, called secondary recovery,
is usually implemented after the primary production period, when the pressure
of the reservoir is no longer high enough to yield the desired production rates.
During this process, pressure management, gas injection, and water�ooding can
be used to sustain oil production rates. Tertiary recovery is the third category,
which was traditionally applied after the secondary recovery became uneconom-
ical. Flooding with chemicals, such as surfactants and polymers, injection of
miscible gases, and the use of thermal energy can all be classi�ed as teriary
recovery methods in the traditional model. It should be noted that although
primary, secondary, and tertiary refer to the chronological order of their appli-
cation they are not necessarily utilized in that order. Many reservoirs may not
bene�t from one or more of the traditional recovery processes, and may only be
subject to processes from one of the categories. A good example of this would be
the extraction of heavy oil, where steam injection and other thermal processes
are used to mobilize the viscous oil. In such reservoirs the oil does not �ow under
normal reservoir conditions and primary recovery would be uneconomical.

As a result of these chronological inconsistencies, the methods traditionally
classi�ed as tertiary recovery processes are now mostly referred to as enhanced
oil recovery (EOR) processes. The purpose of EOR processes is to increase
recovery, by increasing microscopic displacement e�cency, and/or increasing
volumetric sweep e�ciency. De�nitions of these two quantities are given by the
equations (1) and (2).

ED =
Soi − Sor

Soi
(1)

Where

ED is the microscopic displacement e�ciency

Soi is the initial oil saturation

Sor is the residual oil saturation in the parts of the reservoir contacted by the

displacing �uid.

EV = EI ∗ EA (2)

Where
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EV is the volumetric sweep e�ciency

EI is the vertical sweep e�ciency

EA is the areal sweep e�ciency.

The sweep e�ciencies EI and EA are the fractions of the reservoir that have
been contaced by the displacing �uid in the vertical and areal planes respec-
tively. EV is the product of the two, and is the volume fraction of the reservoir
that has been swept by the displacing �uid. As we can see from (1), the mi-
croscopic displacement e�ciency depends on the residual oil saturation. The
goal of EOR processes such as surfactant injection is to decrease the residual
oil saturation in the contacted regions of the reservoir, thereby increasing the
microscopic displacement e�ciency and oil recovery. The residual oil saturation
is itself dependent on the viscous and capillary forces that govern trapping and
mobilization of �uids in a porous medium. An explanation of these forces will
be given in section 2.4.

2.2 Interfacial tension

Interfacial tension is related to the forces and surface energy that exist at the
interface between two immiscible phases in contact with each other. This en-
ergy in�uences �uid distributions, saturations, and displacement processes. The
molecules of a phase attract each other due to cohesive forces, and a molecule
that is positioned within the bulk of the phase will experience an equal pull in
all directions. However, a molecule that exists at or near the interface between
the two immiscible phases will experience a net force pulling the molecule back
into the bulk of the phase since the attractive forces are no longer balanced.
To easier visualize interfacial tension, the interface can be seen as an elastic
membrane, where the shape is dependant on the surface energy. The net force
acting on the molecule at the interface shortens the membrane, and additional
energy is required to stretch it. Interfacial tension can then be de�ned as the
force per unit lenght that is needed to stretch the interface, increasing its area
[5].

2.3 Wettability

Wettability can be said to be the tendency of one �uid to spread on and adhere
to a surface in the presence of another �uid [5]. Usually, when two immiscible
phases are in contact with a solid surface, one of the �uids will show a stronger
attraction to the surface than the other [5]. The more strongly attracted �uid is
designated the wetting phase and the rock is either water-wet or oil-wet. In some
cases di�erent states will exist, either because some parts of the rock are water-
wet while other parts are oil-wet, or because the surfaces are not strongly wet by
either of the �uids. These states are usually termed intermediate wetting and
mixed wetting, respectively [7]. States of wettability are not binary, but lie on
a continuum where strongly oil-wet and strongly water-wet are the endpoints.
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Figure 1: Wettability of oil/water/rock system. Figure from [6].

When the rock is oil-wet there is a tendency for oil to occupy the smallest
pores and to contact the majority of the rock surface, while in a water-wet
system this preference will be reversed. Wettability of an oil/water/rock system
is shown in �gure 1. Note that the wetting angle θ is measured through the
water phase. Sandstone reservoirs are initially strongly water-wet, but may
develop a more complex wettability when �lled with migrating oil. The reason
for this wettability alteration will be covered by section 2.5. Wettability of
the �uid/rock system heavily in�uences �ow, distrubution, and location of the
�uids in a reservoir [8]. For optimum recovery by �smart water� �ooding, weakly
water-wet (close to neutral wetting) seems to be the preferred initial state [9].
The wetting state of the reservoir before it is disturbed by human interventions
is designated as the initial wetting. A more comprehensive discussion of the
initial wettability state of the reservoir will be carried out in chapter 4. When
simulations of displacement processes are carried out in a laboratory, the wetting
state of the cores should be matched as closely as possible to reservoir wetting
for representative results.

2.4 Displacement forces

Fluids in a reservoir are subjected to a wide range of forces of varying direction
and magnitude. The most important ones are gravity forces, capillary forces,
and viscous forces. In this section the forces will be de�ned and brie�y discussed.
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2.4.1 Gravity forces

Gravity forces arise from the di�erent densities of the �uid phases, with larger
di�erences in density producing stronger gravity forces. Buoyancy is the con-
cept that governs the direction and magnitude of the resultant force on a given
phase. The relation for buoyancy is given in equation (3). The consequence
of the relation is that the lighter phase will experience an upwards pressure,
causing segregation of the two immiscible phases. During immiscible displace-
ment processes this segregation can lead to unwanted e�ects. If the injected
�uid is less dense than the displaced �uid, as is the case in CO2 �ooding, the
segregation leads to gravity override, where the injected �uid �ows on top of the
displaced �uid. For water�oods the opposite e�ect occurs, and the segregation
leads to gravity underride. Both these e�ects lead to early breakthrough of the
injected �uid and reduced vertical sweep e�ciency [5]. However, they can also
be used to increase the e�ciency of the displacement when �ooding in an up-dip
or down-dip direction [5].

4Pg = 4ρgH (3)

Where

4Pg is the pressure di�erence over the interface due to gravity

4ρ is the di�erence in density between the two phases

g is the gravitational acceleration constant, equal to 9,81 m/s2

H is the height of the �uid column

2.4.2 Capillary forces

Capillary pressure is the pressure di�erence that exists across the curved inter-
face between two immiscible phases due to the tension of the interface [5]. It is
de�ned as the pressure in the non-wetting phase minus the pressure in the wet-
ting phase, or by convention, as the pressure in the oil phase minus pressure in
the water phase. The larger pressure exists in the non-wetting phase [5]. Using
the conventional de�nition it becomes apparent that the capillary pressure can
be positive or negative, depending on which phase wets the solid surface. The
Young-Laplace equation for capillary pressure can be written as:

Pc = Po − Pw = σow(
1

R1
+

1

R2
) (4)

Where

Pc is the capillary pressure

Po is the pressure in the oil phase

Pw is the pressure in the water phase
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σow is the interfacial tension for oil and water

R1, R2 are the radii of curvature for the interface.

For capillary rise in a thin tube the capillary pressure becomes:

Pc =
2σowcosθ

r
(5)

Note that the capillary pressure is dependent on the interfacial tension for the
two phases, the wettability (through θ), and the radius of the capillary (r). It
is inversely proportional to the size of the capillary and increases as the a�nity
of the wetting phase for the rock surface increases [5].

2.4.3 Viscous forces

The magnitude of the pressure drop that occurs when a �uid �ows through
a porous medium is a re�ection of the viscous forces. With the simplifying
assumptions of laminar �ow and that the medium is made up of parallel capillary
tubes, the pressure drop can be expressed by Poiseuille's law:

4p = 8µLvavg
r2gc

(6)

Where

4p is the pressure drop across the capillary tube [lbf/ft2]

µ is the viscosity of the �uid [lbm/(ft-sec)]

L is the length of the capillary tube [ft]

vavg is the average velocity in the capillary tube [ft/sec]

r is the capillary tube radius [ft]

gc is a conversion factor

2.4.4 Relationship of displacement forces

Now that the relevant forces have been de�ned we can take a brief look at how
they interact with each other. The balance of the their magnitudes and di-
rections in�uence how the �uids in the reservoir behaves. For a reservoir with
two or more immiscible �uids the balance between gravity forces and capillary
forces will yield the initial �uid distribution. This fact is utilized in reservoir
simulation to �nd the initial state of the reservoir. For �ow to occur in a
porous medium the viscous forces must overcome the capillary forces [5]. Thus,
the viscous and capillary forces govern the phase trapping and mobilization of
�uids in a reservoir [5]. By consequence, the residual oil saturation and the
microscopic displacement e�ciency from section 2.1 are determined by the in-
teraction of these forces. The trapping mechanism of �uids in reservoir rocks is
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not completely understood, making a rigorous mathematical description impos-
sible. It is known to depend on pore structure, �uid/rock interactions related to
wettability, and �uid/�uid interactions re�ected in IFT and sometimes in �ow
instabilities [5]. Numerous studies have shown that residual oil saturation is
a function of a dimensionless group describing the ratio of viscous to capillary
forces. The dimensionless group, called capillary number, is de�ned by equation
(7).

Nca =
vµw

σow
(7)

Where

Nca is the capillary number

v is interstital velocity

µw is the viscosity of the displacing phase

σow is the interfacial tension for the displacing and displaced phase.

Higher capillary numbers correlate to lower residual water saturations. Exper-
imental results show that for capillary numbers less than 10-6 the residual oil
saturation is relatively constant [10, 11]. As the capillary number in a typical
water�ood is less than 10-6, measures must be taken to increase the capillary
number if the residual oil saturation is to be reduced. From equation (7) we
can see that this can be achieved by lowering IFT between the displaced and
displacing phase or by increasing �ow rate and/or viscosity of the displacing
�uid. Polymers (for increased viscosity) and surfactants (for reduced IFT) are
commonly added to the injection �uid to increase the capillary number.

2.5 Oil components

Crude oil consists of several distinct components of varying molecular weight. It
has been observed that crude oil can alter the wettability of reservoir rocks. This
is attributed to surface-active polar compounds in the oil, containing nitrogen,
oxygen, and/or sulfur [12, 13, 8, 7]. The polar components, found in the resin
and asphaltene fractions, possess both hydrophilic and oleiophilic properties
and collect at the interface between oil and water in the pores. If the water �lm
breaks, or the components are given enough time to pass through it, they can
adsorb onto the mineral surfaces of the rock, yielding a mixed or intermediate
wetting [12, 14, 7]. The compounds containing oxygen are usually acidic, and
include phenols and a wide range of carboxylic acids [8]. Among the sulfur
compounds, sul�des and triophenes occur, with mercaptans and polysul�des in
smaller amounts. The nitrogen compounds are generally basic or neutral and
include carbazoles, pyridenes, amides, porphyrins, and quinolines [8]. Quinoline
is often used to simulate basic polar components in adsorption studies [3, 15,
16, 17, 18].
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2.6 Sandstones

Sandstones are formed when fragments, or clasts, of rock that have been weath-
ered and eroded are deposited and subjected to burial by later deposition. The
fragments are mostly made up of rock grains and mineral particles stemming
from an igneous, metamorphic, or sedimentary rock formation. Depending on
the geography of the area, the clastic material can come from sources nearby or
be transported in suspension over long distances. Common depositional envi-
ronvents for sandstones include beaches, deserts, alluvial fans, deltas, and river
channels. As deposition continues over long intervals of time the sediments are
buried by overlying material, pressure and temperature increasing as the burial
depth increases. Overburden pressure compresses the clastic material, expelling
�uids and reducing the pore space between grains. At higher temperatures,
dissolution and reformation of mineral grains take place within the rock in a
process referred to as diagenesis. Silica (SiO2) and calcium carbonate (CaCO3)
precipitate from solution and cement the individual rock grains together, result-
ing in a sedimentary rock.

An abundance of di�erent minerals, rock fragments, compounds, and bio-
genic material can be present in a sandstone, quartz (SiO2) being the most
abundant constituent. Because of the high content of silica, sandstones are of-
ten referred to as siliciclastic rocks in the literature. Also worth mentioning are
feldspars and clays as they can greatly a�ect the properties of sandstones in
a reservoir. The properties of porosity and permeability are primarily decided
by the depositional environment through sorting and homogeneity of the clastic
material, but are also correlated with burial depth. Well sorted (small deviation
in grain size) sandstones are expected to have larger porosities relative to poorly
sorted comparable sandstones. It will be shown in chapter 4 that clay minerals
can alter porosity, permeability, wetting properties, and �uid distributions in a
reservoir.

2.7 Clay minerals

Clay minerals are usually, but not neccessarily, made up of sheet silicate ma-
terials, also referred to as phyllosilicates. The term �clay mineral� can also
be applied to �ne grained minerals �which impart plasticity to clay and which
harden upon drying or �ring� [19]. Silica, aluminum, water, iron, and magne-
sium constitute the most common building blocks, with potassium and sodium
also commonly present in smaller amounts. Keep in mind that �clay� is an am-
biguous term and the source of much confusion if not properly speci�ed. When
referring to clay as a property of particle size di�erent disciplines use their own
values, which can range from < 1 µm to < 5 µm [19]. It is well known that
clay minerals can form particles that are larger than these values [20], and care
should be taken when using a de�nition of clays based on particle size. The
term is also used to describe formations, or strata of rock, which are comprised
largely of clay minerals. Properties of some clay minerals commonly found in
sandstone reservoirs can be found in table 1.
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Table 1: Properties of some common clay minerals. Excerpt from [21].
Property Kaolinite Illite/mica Montmorillonite Chlorite

Structure 1:1 2:1 2:1 2:1:1
Particle size
[micron]

5-0.5 Large sheets
to 0.5

2-0.1 5-0.1

CEC
[meq/100g]

3-15 10-40 80-150 10-40

Surface area
BET [m2/g]

15-25 50-110 30-80 140

2.7.1 Structure and properties

The crystal structure of clay minerals is made up of thin layers of octahedral
aluminum sheets (O) and tetrahedral silica sheets (T). Sketches of the sheets
and their individual constituents are shown in �gure 2. The octahedral and
tetrahedral sheets are bound together in di�erent ratios, such as 1:1 for kaolinite
and 2:1 for illite. The ratio of tetrahedral to octahedral sheets is useful for
classifying the clay minerals, and the di�erent ways that these sheets are stacked
and bound together give rise to di�erent properties.

Kaolinite has one tetrahedral sheet bound to one octahedral sheet by shared
oxygen atoms, and this combination is the fundamental unit of the mineral.
Unlike other clay minerals, its units are not bound together by interlayer ions,
but by hydrogen bonds between the oxygen in the tetrahedral sheet and the
hydrogen from the OH-group in the octahedral sheet. Through of the additive
power of these hydrogen bonds (which are individually weak) the units form
crystals which can have a likeness to a stack of books or pseudohexagonal plates.
An image of pseudohexagonal kaolinite plates is shown in �gure 3. Because of
the stong bonding between successive units, kaolinite does not swell. Kaolinite
is encountered in many formations of varying age in the North Sea. Based on
semi-quantitative estimates it occurs in intermediate to high concentrations in
the middle Jurassic sediments of the Brent-group, as well as in Triassic sediments
such as the Snorre �eld [4]. Pore-�lling behavior is typical of kaolinite.

Illite is classi�ed as a 2:1 clay, meaning that a single unit is made up of
an octohedral sheet sandwitched between two tetrahedral sheets. Interlayer
potassium (K+) bonds with the oxygen from the bottom tetrahedral sheet of
the top unit, and its counterpart at the top of the bottom unit, forming an O-
K-O bond. This bond is strong enough to prevent swelling [23]. Like kaolinite,
illite is a common clay mineral in the North Sea, especially in the Rotliegend
stratigraphic unit of Permian age. It is also found in high or intermediate
concentrations in some formations of Triassic or Tertiary age, and in varying
concentration in Jurassic formations [4]. Note that illite occurs only in small
amounts for burial depths shallower than 3,5 km [4, 24]. Fibrous illite, as shown
i �gure 3 is known to bridge pores and pore throats, reducing permeability.

Chlorite is a 2:1 layer clay, consisting of a negatively charged T-O-T sandwitc
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Figure 2: Diagrammatic sketches of octahedral (top) and tetrahedral (bottom)
units and sheet structures. Modi�ed from [21].

Figure 3: Clay mineral morhpology. A: Pseudohexagonal kaolinite plates; B:
Authigenic �brous illite. Figure from [22].
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Figure 4: Chlorite growth habits. A: SEM-image of chlorite coating a sand
grain; B: Chlorite honeycomb growth pattern coating sand grains. Dark spots
outline points of contact with removed adjacent grains; C: Enlarged view of hon-
eycomb growth pattern; D: Chlorite in the form of pore-�lling rosettes; E: Low
magni�cation view of cabbagehead chlorite coating sand grains; F: Magni�ed
view of cabbagehead growth pattern. Figure from [22].
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Figure 5: Montmorillonite honeycomb morphology. Figure from [23].

structure where the interlayer space is occupied by an additional brucite-like
sheet. This hydroxide sheet is similar to an octahedral sheet, but positively
charged, and sometimes referred to as a �brucite shee� because of its similarity
to the mineral brucite (Mg(OH)2). Comprised of cations (Fe2+ , Mg2+) and
hydroxyls (OH), the sheet binds one T-O-T layer to another [23]. According
to Bjørlykke, chlorite is common but rarely abundant on the NCS [4]. It is
found in intermediate and high concentrations in formations of Tertiary age in
the North Sea, such as the Balder, Heimdal, and Sleipner �elds [4]. Chlorite
is a pore-lining material, and deposits in reservoirs grow inward from the pore
walls. It is the most variable in form among the authigenic clays and can exhibit
several di�erent growth habits. Some images of chlorite are shown in �gure 4.

Montmorillonite is a 2:1 clay, and is the most common mineral of the smec-
tite family. Like illite, it consists of an octahedral sheet sandwitched by two
tetrahedral sheets. It has a varying content of water, giving it a large potential
for swelling. Due to the fact that ionic substitutions mainly occur in the central
octahedral sheet, the cations that balance the negative charge are unable to
get close enough to the charge sites to completely balance them. This means
that the structure retains some of its ionic character, making adsorption of po-
lar components, namely water, possible between the unit layers. When fully
hydrated, montmorillonite expands to just single unit layers when dispersed in
water, giving it a very large surface area. This complete expansion is made pos-
sible when sodium is the exchangeable cation. A divalent cation such as calcium
will adsorb to charge sites on two sheets at once, binding the sheets together.
Montmorillonite is the major clay mineral in �bentonite�, a common additive in
drilling �uids, where it is used to increase viscosity. Natural bentonite occurs
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Figure 6: Charge sites on kaolinite clay mineral particle. Figure from [25].

in the calcium form, with the notable exception of the Wyoming variety. It is
often chemically treated with sodium carbonate to partially convert it to the
sodium form, as this is the preferred form for drilling �uid application. Mont-
morillonite, like other smectites and chlorite, is known to coat pores. Unlike
chlorite however, the coating is found to be smooth and regular. An image of
montmorillonite forming a honeycomb-like structure is shown in �gure 5.

2.7.2 CEC and surface reactivity

Clay minerals are characterized as cation exchange materials. Charge imbal-
ances, either in the tetrahedral sheet, the octahedral sheet, or on the edges
charge the surfaces of the clay. These structural imbalances arise from iso-
morphous substitution in the lattice structure, broken bonds at the edges and
surfaces, and dissociation of hydroxyl groups. In the tetrahedral sheet, substi-
tution of Si4+in favor of ions such as Al3+ or other ions of a lesser valence yields
a negative charge. Likewise, substitutions of Al3+ in favor of Mg2+ may take
place in the octahedral sheet. Isomorphous substitution creates a net negative
charge which is independent of pH. In order to balance these charges, cations
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from the surrounding �uid medium are adsorbed onto the clay. These adsorbed
cations can be exchanged for others, which may be of the same type or di�erent
cations. Cations have varying a�nities for the clay surface, this hierarchy is
generally believed to be, in order of highest to lowest a�nity at room temper-
ature: H+ ≥ Ba2+ ≥ Sr2+ ≥ Ca2+ ≥ Mg2+ ≥ K+ ≥ Na+ ≥ Li+ [21]. This
relation states that calsium would displace more sodium ions than the other way
around at equal concentrations. Which type of cations that are adsorbed also
depends on the concentration of the ion. Thus, for a higher concentration of
sodium relative to calcium, the number of adsorbed sodium ions may be higher
than the number of adsorbed calcium ions. Cation exchange capacity is usually
determined by measuring the adsorption of methylene blue, a cationic dye, and
is reported as milliequivalents of dye adsorbed per 100 grams of dry clay. Even
though the CEC is a characteristic of the clay mineral, we will see in chapter 4
that it is indeed variable.

In addition to the permanent negative charge from lattice substitutions, pH
dependent charge sites may also exists on the clay particles. In an acidic en-
vironment exposed silanol or aluminol groups on broken edges an hydroxyl-
terminated planes (O-faces) are protonated [25, 21], giving rise to positive
charges as shown in equation (8) below. Conversely, under alkaline conditions
the charges will be negative[21, 25], due to dissociation of the hydroxyl groups
when contacted by OH- as shown in equations (9) and (10). The location of
permanent and pH variable charge sites are shown in �gure 6.

Protonation of aliminol in acidic environment:

Al −OH +H+ ⇐⇒ Al −OH+
2 (8)

Dissociation of aluminol hydroxyl group in alkaline environment:

Al −OH +OH− ⇐⇒ Al −O− +H2O (9)

Dissiciation of silanol hydroxyl group in alkaline environment:

Si−OH +OH− ⇐⇒ Si−O− +H2O (10)

2.7.3 Origin

It was mentioned in section 2.6 that the clasts that form sandstones under
compaction and burial can contain mineral particles. Such particles may be
clay minerals or precursors to clay minerals, for example feldspars. Detrital clays
refer to clay minerals which originated outside the rock they currently reside
in. When the clay minerals are transported as dispersed matrix, sand-sized
�occules, or sand- to cobble-sized mud or shale, and are deposited in a basin,
they are classi�ed as allogenic, or detrital clays [22]. The same is true if the clay
is introduced after deposition as a result of in�ltration or bioturbation, meaning
that the sediment has been disturbed by animals or plants [22]. In contrast,
authigenic clays are formed in-situ, by direct precipitation from formation water,
or by diagenesis/reformation.
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There exists several criteria which can be used to di�erentiate between de-
trital and authigenic clay minerals, the most obvious being the delicacy of the
morphology. As an example, illite and mixed illite/smectite can develop a del-
icate �brous texture, with spines or thread-like projections up to 30 µm long
[22], precluding extensive transport. Another clue to an authigenic origin are
clays which line the pore walls except at the points of contact between grains,
indicating that the coating was deposited after compaction and cementation.
On the other hand, a high clay content in the matrix of the rock, and clay parti-
cles with rounded irregular edges are indications of an allogenic origin, as is an
irregular size distribution. Authigenic clays tend to have well-formed crystals
with sharp, easily recognizable edges and a more uniform size distribution owing
to precipitation from pore water in-situ. Detrital clay can also be polymineralic,
meaning that it is mixed with other minerals, and may contain silt or organic
material. Sometimes it can be di�cult to di�erentiate between authigenic clays
and neoformed detrital clays which have dissolved and reprecipitated, as they
have an appearance somewhere between detrital and authignic. Clays are not
limited to the rock matrix and pore space, but may also exist as layers of shale
interstrati�ed with the reservoir sand formation.

Detrital clay content can be an important indicator of depositional processes
and environment. In addition, the type and origin of clay can have important
e�ects on petrophysical properties, so interpretation of their origin could give
valuable insights into their behavior in the pore-system and pertaining to their
interaction with pore �uids.

2.7.4 Diagenesis

During burial clay minerals and other minerals and components can be altered
by chemical processes in the pore space. These reactions are responsible for
the formation of authigenic clays, precipitation of quartz cement, quartz over-
growths, and calcium carbonate among others. At temperatures above 60ºC
smectite clay reacts with K-feldspar to form illite [26]. This origin of illite is
abundant in Permian and Triassic reservoirs on the NCS [4]. Illite also forms
from kaolinite and K-feldspar at temperatures exceeding 100ºC [27, 28]. An
increase in illitization of kaolinite is observed below 3,7 to 3,8 km burial depth
in several oil �elds [4, 24, 29, 28]. Flushing by fresh water during early burial or
tectonic uplift is known to dissolve feldspars and precipitate diagenetic kaolinite.
The degree of �ushing is controlled by depositional environment, continuity of
sandstone beds, and climate [4]. This reaction is often observed to take place in
Jurassic formations, and explains the abundance of kaolinite in these reservoirs.
Authigenic chlorite may replace kaolinite or smectite provided that the supply of
iron and magnesium is su�cient. Occurence of chlorite is commonly associated
with biotite and other ferro-magnesium minerals [4]. The chemical composition
of clay minerals exhibit temperature dependence, as authigenic clays become
unstable with increasing burial. In a process called �Ostwald ripening� the clay
adjusts to the new conditions by dissolution and re-precipitation. [4]. Smaller
grains are dissolved and re-precipitate on the more stable larger particles, record-
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ing chemical adjustments to temperature and porewater composition over time
analogous to tree rings. Porosity, permeability, wetting properties, and water
saturations are all a�ected by diagenetic reactions, often in such a way that
reservoir quality is reduced. A more extensive description of these processes
and their e�ects will be given in chapter 4.

2.8 Water injection

Water�ooding is the most widely used secondary recovery process in petroleum
engineering, to the extent that secondary recovery is now almost synonomous
with water�ooding. Its purpose is to displace oil from a reservoir and to provide
pressure maintenance as the reservoir is depleted of oil. Water is inexpensive
and readily avaliable, and therefore favorable as an injection �uid. Some of the
most important parameters [5] that decide water�ood e�ciency are listed below.

� Properties of injected �uids (density, viscosity, relative permeability, ionic
composition etc.)

� Properties of displaced �uids

� Geometry of injection and production well patterns

� Rock properties and geology

� Clay content, oil composition, composition of formation water [3].

The mobility ratio between water and oil de�ned in equation 11 below is a
key parameter for displacement e�ciency, with recovery increasing as mobility
ratio decreases [30, 5]. This de�nition assumes piston-like �ow with only water
�owing behind the �ood front, and only oil �owing ahead of the front.

M = (
krw
µw

)Sor
(
µo

kro
)Siw

(11)

Where

M is the mobility ratio

krw is the relative permeability to water

µw is the water viscosity

µo is the oil viscosity

kro is the relative permeability to oil

The subscripts Sor and Siw indicate that the relative permeabilities are mea-
sured at residual oil saturation and interstitial (immobile) water saturation,
respectively [5]. At mobility ratios above unity instabilities in the �ow cause a
phenomenon known as viscous �ngering, leading to early breakthrough of water
and reduced sweep e�ciency. Because of this, mobility ratios larger than unity
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are referred to as unfavorable, while ratios smaller than unity are referred to as
favorable. As mentioned in section 2.4.4, polymers can be added to the injected
water to increase viscosity, yielding a more favorable mobility ratio. The e�ects
of clay, oil composition, composition of formation water, and composition of
injected water will be discussed in chapter 3.

3 �Low salinity injection� and �smart water�

The �rst known observation of increased oil recovery attributable to injection
of low salinity water comes from a study by John C. Martin in 1959. Martin
identi�ed the clay minerals present in the rock as the cause for the improved
recovery of a high viscosity crude and tried to derive a plausible mechanism
for the e�ect. By his own admission the results of the analysis �should be
considered as being somewhat speculative until the assumptions are veri�ed.�
Nevertheless, he concluded that �fresh water may be a more desirable injection
�uid than brine in some highly permeable reservoirs containing high viscosity
crudes.� [31]. Another important study from the early stage of research was
put forward by George G. Bernard in 1967. Bernard �ooded both synthetic
and natural cores with water of varying salinity in order to increase the oil
recovery, in this case simulated by Soltrol recovery. He found that the e�ect
only became apparent when salinity was reduced to less than 1 weight% of
NaCl. The �rst mechanism he proposed hypothesized that swelling of the clay
reduced the pore volume of the rock, thereby expelling �uid. He noted in his
discussion that this e�ect alone could probably not produce the observed e�ect.
In his second mechanism proposal he attributed the increased recovery to the
water dispersing the clay particles and transporting them in suspension. He
further supposed that the suspended clay plugged some of the established paths
of �ow, and that as a result new paths were established and �ooded out, leading
to a higher recovery [32].

In later years there has been a wealth of research conducted on low salinity
water injection, with several authors of di�erent a�liations publishing papers on
the subject. Composition of injection brine has been shown by numerous studies
to have an e�ect on oil recovery [33, 3, 34, 35, 36, 37]. Note that di�erent authors
use di�erent terms when referring to the increased recovery after low saline water
injection. Some opt for �low salinity e�ect�, while others use trademarked names,
one example being LoSalTM [33]. It appears that composition of the injected
water is a more important parameter than its salinity [17, 18, 38, 35], and this
thesis will therefore adopt the term �smart water� or �smart water e�ect� from
this point onwards.

3.1 Conditions for �smart water� e�ect

From the knowledge accumulated over years of research there appears to be at
least three neccessary conditions for observing a �smart water e�ect�:

1. Clay minerals must be present [37].
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2. Polar components must be present in the crude oil [37, 39].

3. The formation water must contain active cations such as Ca2+ and Mg2+

[38, 35].

3.2 Proposed mechanisms

The complexity of the interactions between crude oil, brine, rock, and injected
�uid has lead to several di�erent explanations for the observed e�ect of water
composition on oil recovery. Although there seems to be a general agreement
that certain conditions need to be ful�lled for the e�ect to occur, and that the
e�ect is probably caused by a wettability alteration towards more water-wet, the
mechanisms that explain it are diverse. In the following sections a brief overview
of some of the explanations will be given. More comprehensive reviews are given
by a PhD thesis by RezaiDoust [14].

3.2.1 Migration of �nes

This mechanism, put forward by Tang and Morrow in 1999, hinges on the ex-
istence of potentially mobile �ne particles on the rock surface. These particles
adsorb polar components from the oil, thus obtaining a mixed wetting. Dur-
ing low salinity injections in Berea sandstone cores. the researchers observed
�nes, mostly kaolinite, in the e�uent. A permanent reduction in permeability
was also usually observed in connection with this production of �nes. The re-
searchers proposed that the particles were stripped from the pore walls during
�ooding with low saline water and that they were subsequently carried away at
the interface between the oil bank and the injected water [37]. The mobilization
of these mixed-wet particles was believed by the researchers to reduce residual
oil saturation, increasing recovery. As for the stripping mechanism, they linked
it to the expansion of the electrical double layer in the water phase between the
�ne particles when water of low ionic strenght was injected [37]. When the �ne
clay in the cores were stabilized by �ring at 800ºC, they exhibited no sensitivity
to salinity, supporting this hypothesis [37]. Skauge et al., 2008 expanded on this
idea and put forth an alternate explanation for how mobilization of �nes could
yield increased recovery [14]. They proposed that mobilized �nes were able to
block pore throats, diverting the water into unswept pores, thereby increasing
the sweep e�ciency [14].

3.2.2 pH related to alkaline �ooding

Increases in pH of 1-3 units are commonly observed in water�ooding tests.
McGuire et al, 2005 [40] noted the similarity between the increased recovery
when injecting low salinity brine and the increased recovery during alkaline
�ooding. In-situ generation of surfactants, reducing IFT between oil and water,
was proposed as the reason for the improved recovery. The acidic components
in the crude was belived to be the origin of these surfactants. Divalent cations
such as Ca2+ and Mg2+ in high concentrations will precipitate the surfactants,
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reducing their e�ect on IFT. The lower concentration of these cations is the low
salinity brine reduced this precipitation, facilitating IFT reduction and higher
microscopic displacement e�ciency. The pH increase could be explained by
CEC activity (see equation (12)) and dissolution of carbonate cement [14]. In
contradiction of this study, Lager et al. found no direct correlation between the
acid number of the crude and the amount of oil recovered, and pH induced IFT
reduction was seen as an e�ect rather than a cause [33]. Increases in oil recovery
have been observed by others with little or no increase in pH [39, 33].

3.2.3 Multi component ion exchange (MIE)

Put forward by Lager et. al in 2006, this theory is based on the assumption of
competition for charge sites on the rock between the ions in the brine. Polar
components can adsorb onto the clay directly by cation exchange, or by forming
an organo-metallic complex which is adsorbed onto the clay by a multivalent
cation bridge [38]. Injection of brine with low concentration of Ca2+ and Mg2+

causes multi-component ion exchange (MIE) to take place between adsorbed
polar components, cations in the in-situ brine, and clay mineral surfaces. This
disturbs the ionic equilibrium, and divalent cations from the low salinity brine
exchange with cationic organic complexes or with bases [14]. As a result of this,
organo-metallic complexes and organic polar compounds are removed from the
clay, increasing water wetness. Expansion of the electrical double layer was also
suggested to play a part in the improved recovery. It was noted that removal of
divalent cations from the formation water extinguished the salinity sensitivity
of oil recovery. During a later �eld test in Alaska, a strong decrease in concen-
tration of Mg2+ and a smaller decrease in Ca2+ concentration in the produced
water was measured, supporting the importance of these divalent cations [34].
For the MIE mechanism to hold true, there must be a low concentration of
calcium and magnesium ions in the injected water to replace those adsorpbed
on the clay surface, causing desorption of polar compounds. Contrary to this,
successful low salinity �oods have been carried out with no divalent cations in
the injected water [35].

3.2.4 Expansion of the ionic electrical double layer

In 2009, Ligthelm et al. suggested a mechanism based on DLVO theory and
expansion of the electrical double layer. It was proposed that by lowering the
ionic strength of the brine reduced the screening potential of the cations. This
leads to expansion of the electrical di�use double layers that surround the clay
and oil particles, and increase the absolute level of the electrostatic potential.
In turn, this increases the electrical repulsive forces between the clay and the
oil. They further wrote that once the repulsive forces exceed the binding forces
of the multivalent cation bridges, the oil may be desorbed from the clay surface
[35]. This desorption leads to a wettability alteration in the direction of more
water-wet as predicted by wetting theory. Also worth noting is that the study
warned against too low ionic strengths, as the increased repulsion was believed
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Figure 7: �Smart water� desorption mechanism. Desorption of basic (top) and
acidic (bottom) polar components. Figure from [3].

to lead to de�occulation of the clay, stripping it from the pore walls. This
warning of formation damage by �nes migration was a reference to the studies
of Tang and Morrow, 1999a which was mentioned in section 3.2.1, and Zhang
et al, 2006.

3.2.5 Desorption by pH increase

Suggested by Austad et. al. in 2010 [3], this mechanisms forms the starting point
for this thesis, and most of the content in the following section was acquired from
their paper. None of the mechanisms described in the preceding sections have
gained universal acceptance as the sole cause for the �smart water e�ect�. Based
on their own experimental observations, the research group set out to explain
their observations by a new chemical model. The wettability alteration of the
reservoir rock was suggested to be a result of desorption of polar compounds by
means of acid-base reactions at the interface between the clay and water. It was
assumed that the following factors would play a major role in the performed
experiments:

� Clay properties/type and the amount present in the rock.

� Polar components in the crude oil, both basic and acidic.

� The initial formation brine composition and pH.

� The EOR e�ect of �smart water� �ooding is caused by improved water
wetness of the clay minerals present in the rock.

As discussed in section 2.5, organic material from the crude, both acidic and
basic, is adsorbed onto the clay minerals together with cations such as Ca2+.
A chemical equilibrium is then established, obeying reservoir conditions such
as temperature, pressure, pH etc. When a �uid with a lower ionic strength,
and a particular composition is injected as a secondary or tertiary �ood this
equilibrium between brine and rock is disturbed, leading to a net desorption
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of cations, especially Ca2+. This loss of positive charges on the clay surface
must be compensated for. Protons (H+ ions) from the water adjacent to the
clay adsorb onto the clay, balancing the charges. The clay acts as a cation
exchanger, substituting Ca2+ with H+. When the bonds of the water molecules
are broken, and H+ is adsorbed onto the clay, free hydroxyl ions increase the
pH in the region close to the clay. This reaction is given by equation (12).

Clay − Ca2+ +H2O ⇐⇒ Clay −H+ + Ca2+ +OH− (12)

As shown in the following equations, using Ca2+ as an example, the hydroxyl
reacts with the bound polar components on the clay, facilitating their desorption:

Clay −NHR+
3 +OH− ⇐⇒ Clay +R3N +H2O (13)

Clay −RCOOH +OH− ⇐⇒ Clay +RCOOH− +H2O (14)

The suggested mechanism for the desorption process of acidic and basic mate-
rials is illustrated in �gure 7.

4 Results and discussion

4.1 E�ect of clay minerals on reservoir properties

The way that clay minerals in�uence reservoir properties have been referred
to in earlier chapters, but it has not been thoroughly explained. This section
will be more speci�c in that regard, discussing e�ects, bene�ts, and detrimental
results of clay content in reservoir rocks. It is well known that clay content can
a�ects reservoir quality in a number of ways. Permeability reduction, increased
irreducible water content, wettability alterations, and lowered e�ective porosity
are important examples of this. However, the e�ects are not always negative.

4.1.1 Porosity

Clay minerals can a�ect porosity in a few di�erent ways, depending on clay type,
origin, and distribution in the rock. Detrital clay in the form of interstati�ed
laminae of shales will reduce the bulk porosity of a reservoir volume, and in dis-
persed form it can �ll pore space. Partial or complete dissolution of feldspar, a
common reaction during diagenesis, creates molds of secondary porosity. How-
ever, this only serves to redistribute porosity as the dissolved material is mostly
precipitated as kaolinite and quartz nearby. The molds, or secondary porosity,
created by the dissolution reaction may not be well enough connected to add
to the e�ective porosity of the rock. The precipitation products, quartz and
kaolinite, take up space in the pores, and kaolinite deposits have associated mi-
croporosity which may not contribute to hydrocarbon storage [42, 24]. As an
overall result of the reaction, secondary porosity and microporosity is created
at the expense of e�ective porosity, reducing reservoir quality [28].
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Figure 8: Electron micrographs of diagenetic quartz cement (a) and authigenic
illite (b). Note the �brous texture of the illite which gives it high microporosity,
signi�cantly decreasing permeability. Figure from [41].

Microporosity can have strong negative e�ects on reservoir quality. Nadeau
and Hurst, 1991, used an image analysis system in conjunction with back-
scattered electron microscopy to study microporosity in sandstone samples from
North Sea formations. Microporosity was de�ned as �porosity encompassed by,
and directly associated with, clay minerals�. They found that authigenic clays
possess signi�cantly higher microporosities than clay-rich detrital clasts in sand-
stones [42]. Authigenic kaolinite was found to have an average microporosity of
43%, with measurements varying signi�cantly for di�erent textures. Vermicular
(worm like) crystals had microporosities in the range of 45-50%, while blocky
crystals had lower values, in the range of 15-30% [42]. Pore lining/grain coating
chlorite was also studied, and was found to have an average value of 51% with
smaller deviations from the mean relative to kaolinite. Diagenetic illite proved
hard to characterize due to collapse of their delicate structures during air-drying
of the cores. The data from BSE image analysis showed an average microporos-
ity of 63% for illite, but the researchers theorized that the real value should be
higher [42]. In a later study by the same researchers the microporosity of �brous
illite was estimated from SEM images to be 90% [20]. They calculated that less
than 2% by weight of diagenetic illite can reduce the e�ective porosity of a sand-
stone with 25% total porosity to approximately 0%. Illitization of kaolinite is a
major factor in porosity reduction for reservoirs at depths greater than 3.5-4 km
on the NSC, but the kinetics of the reaction are not well understood [24, 29, 28].
Whether illitization was a rapid process only dependent on temperature or a
slower process dependent on both temperature and time has been a subject for
debate [28]. The second alternative is an analogue to the thermal alteration of
organic matter where thermal maturity is the limiting factor [28].
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It has been theorized in a number of publications that the presence of hy-
drocarbons in the pores could inhibit illitization [41]. However, study of cores
and modeling of hydrocarbon accumulation done by Ehrenberg and Nadeau
in 1989 contradict this theory. No inhibition or indication thereof was found
for hydrocarbon bearing reservoir rock, and the researchers proposed that 20-
30% water saturation was su�cient for short-range di�usive transport of the
reaction material [28]. Frequency distributions of porosity for water and HC
bearing zones from the NCS have also failed to show any indication of porosity
preservation by hydrocarbons [41]. In his 2011 paper, Nadeau states that mis-
conceptions about illitization inhibition by HC, as well as concepts proposing
porosity increase with increasing depth and temperature, have been detrimental
to understanding the process of porosity loss by mineral diagenesis [43].

Studies from the NCS have shown that after mechanical compaction, quartz
cementation is the most important mechanism for porosity loss in deeply buried
sandstones [41, 24, 29]. Petrographic studies of dissolution textures from the
NCS of have shown that quartz dissolution primarily takes place at mica/quartz
and illite/quartz interfaces [41]. This dissolution process provides silica for
quartz cement precipitation, leading to the observed porosity loss. The over-
all rate of the process is strongly controlled by the precipitation step, which is
exponentially related to temperature [41, 44]. The exponential increase in ce-
mentational porosity loss at temperatures over 120 ºC is a major contributor to
reservoir overpressure development and seal failure in low permeability shales
[43]. An example of how quartz cement precipitates and reduces porosity is
shown in �gure 8a. The required silica for precipitation of quartz cement may
also stem from illitization of kaolinite, as shown by equation (15), or from illi-
tization of smectite, as shown by equation (16). Kaolinite precursors are more
common in the North Sea, while smectite precursors dominate on the US Gulf
Coast [27, 28, 43]. The onset of the reaction is thought to occur at about 60ºC
in the absence of carbonate minerals, which may increase the stability of the
reactants to approximately 80ºC [26, 43].

K − feldspar + kaolinite⇐⇒ illite+ quartz + water (15)

K − feldspar + smectite⇐⇒ illite+ quartz + water + exchangeable cations
(16)

Chlorite is interesting because it may exhibit both positive and negative ef-
fects on reservoir quality. Its growth habits include grain coating, or pore lining,
where the chlorite grows inward from the pore wall. This will reduce the pore
space by a relatively small amount, but will have more profound e�ects on wa-
ter saturation (through microporosity) and permeability. These negative e�ects
can become signi�cant for thick coatings over 4 µm [46]. The primary e�ect
on porosity for chlorite derives from its inhitbition of diagenetic quartz cement
formation, preserving anomalously high porosities with burial. [46, 45]. A study
of �ve Lower to Middle Jurassic sandstone reservoirs from the NCS found clear
indications of deep porosity preservation by authigenic chlorite [45]. Maximum
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Figure 9: Photomicrographs of sandstones from Tilje formation. Scale bar =
0.1 mm for all images. A: Chlorite coatings, shown in brown, have been e�ective
in inhibiting quartz cement growth. Thicker coating in indentations suggests
a signi�cant detrital component, present as at least a partial coating of iron-
rich clay during deposition [45]; B: Quartz grain surrounded by a coating of
concentrically laminated chlorite; C: Chlorite-rich sedimentary grain developed
around a rock fragment. The outermost 4-6 µm are radially oriented with
the rest of the coating exhibiting concentric lamination [45]; D: Same view as C
with polarizing �lters crossed. Varying color of layers represents ratio of chlorite
(dark) and illite (bright) [45]; E: Chlorite coating detrital quartz grains but not
surfaces of quartz cement. Thin or absent coating at points of contact between
grains and overgrowths [45]; F: Note the absence of coating at points of contact
between grains. This is a common indication of authigenic origin [22, 45]. Figure
from [45].
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Figure 10: Helium-measured porosity of Tofte formation sandstones vs. indices
of chlorite content for three di�erent wells. A: Point counted % chlorite rims; B:
Bulk-rock iron content minus iron contained in siderite and pyrite; C: % chlorite
in clay fraction. Figure from [45].

porosities were found to be 10-15% higher than what would be expected from
regional porosity/depth trends [45]. It has commonly been assumed that when
chlorite coats detrital quartz grains, the quartz surfaces are isolated from the
pore water, preventing nucleation of diagenetic quartz [45]. The Smørbukk �eld
exhibits such anomalous zones, especially in the Tilje formation which contains
over 50% of the in-place liquid reserves [45]. Images of chlorite coatings on sam-
ples from the Tilje formation are shown in �gure 9. High chlorite content and
preserved porosity is also evident in the core from well 6506/11-1 in the Tofte
formation of the Smørbukk �eld [45]. Two neighbouring wells have also been
cored, but show little chlorite and lower porosities [45]. The relation between
porosity and chlorite content for these three wells are plotted in �gure 10. It
was mentioned in section 2.7.4 that chlorite can form from kaolinite during dia-
genesis provided that sources of magnesium and iron were present. Most of the
chlorite in Jurassic sandstones seem to have been formed by this reaction [4].
Presence of ma�c volcanic clasts, iron-rich river discharge, as well as dissolution
of iron-rich smectite precursors may provide these components [4, 45, 46]. Ex-
amples of higher than expected porosity in chlorite rich sandstones can also be
found in well cores from the Veslefrikk �eld, with the Intra-Dunlin sandstone
unit being of special interest because of its high reserve content [45].

4.1.2 Permeability

If clay minerals can be said to be a major factor in porosity reduction, it is ob-
vious that they can in�uence permeability due to the link between the two. In
fact, the detrimental e�ects on permeability are even more pronounced. Authi-
genic kaolinite which precipitates in the pore space tends to block pore throats,
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Figure 11: Porosity/permeability crossplot for typical North Sea sandstones.φt
represents total porosity while φt − φm1 and φt − φm2 represent estimates of
e�ective porosity, where the subscript �m� denotes microporosity. m1 = 90%
and m2 = 95%. Figure from [20].

reducing permeability if it is present in signi�cant amounts. Extensive chlorite
rims can reduce permeability, increase resitivity by increased water saturation,
and change capillary pressure functions [46]. This is evident in core �oods from
the Åsgard �eld, where HCl was used to remove chlorite from the cores in or-
der to study its e�ect on reservoir quality. Initial porosity of the two cores
were approximately 0,24 and 0,25. This increased to about 0,27 and 0,28, re-
spectively by HCl �ushing [46]. Initial permeabilities were approximately 20
and 16 mD, and increased to ca. 43 and 44 md, respectively [46]. Given the
fact that chlorite can inhibit growth of quartz cement, which is a signi�cant
factor in permeability decrease for deeply buried reservoirs, the contribution
of chlorite is complex and cannot be easily quanti�ed. Although the chlorite-
e�ect can be considerable, litterature study com�rms that it is not nearly as
dramatic as the permeability decrese observed for authigenic illite and smectite
[4, 41, 43, 47, 20, 28]. Authigenic illite and smectite can exhibit delicate �brous
morphologies with signi�cant microporosity between the clay particles. They
commonly occur together as interstrati�ed illite/smectite in di�erent ratios and
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with varying degrees of ordering [26, 48, 22]. The �brous morphology with as-
sociated microporosity which was mentioned in section 4.1.1 can span the width
of pores and pore throats, creating bridges of clay particles with tightly bound
water in between. This phenomenon greatly disturbs �ow in the pore system
with the e�ect of severly reduced permeability. In a study by Nadeau and
Hurst from 1995 the researchers calculated the e�ective porosity and the asso-
ciated permeability decrease stemming from microporosity and presented it in
the form of a cross plot. This cross plot is shown in �gure 11. The calculations
were based on less than 2 wt% of diagenetic illite. From the plot it can be seen
that when e�ective porosity (correcting for microporosity) is used to estimate
permeability, severe reductions are evident. For 90% microporosity, which is
the value the researchers estimated from BSE images, permeability decreases
by almost two orders of magnitude. With a microporosity value of 95%, which
doesn't seem wholly unreasonable, the permeability has decreased by over three
orders of magnitude, e�ectively sealing the reservoir. In another, experimental
study [47], a smectite was hydrothermally grown from dolomite and kaolinite in
a synthetic sand at 175-200ºC for 19 to 45 days. The reaction is described by
equation (17) which uses the idealized chemical formulae and a generalized half
unit cell smectite formula [47].

8CaMg(CO3)2 +A14Si4010(OH)8 + 10SiO2 →
4Ca2+0,5(Mg2AI0,5)(A10,5Si3,5)O10(OH)2 + 6CaCO3 + 10CO2 (17)

The reaction is dominated by dolomite dissolution which provides Mg for
smectite, Ca and CO3 for calcite, and CO2. Kaolinte provides the Al and some
of the Si needed for smectite formation with the rest of the Si (about 70%) being
provided by quartz [47]. The synthetic smectite was determined to be saponite,
and CEC calculations indicated that the maximum content formed was in the
range of 2-3 wt% [47]. Although relatively little saponite was formed, brine per-
meability was reduced by up to 98%. A relation between brine permeability and
process conditions is given in �gure 13. When the sample was air-dried the clay
morphology was destroyed by surface tension and collapsed into a pore lining
form, this is shown in �gure 12E and F. This process is irreversible and air-dried
samples resaturated with brine exhibit increased permeability as seen in �gure
13. Because of this collapse air-dried reservoir cores may not represent actual
subsurface conditions, and critical-point drying is suggested as an alternative
[47].

It seems plausible that the reaction shown in equation (17), as well as the
reaction paths shown in equations (15) and (16) could have implications for
thermal EOR processes. During cyclic steam injection (CSI) the injection and
subsequent �soaking� processes could last for days or even weeks, and a well
may undergo several of these cycles [5]. The temperature in the reservoir during
CSI reaches 200-300ºC [49] which is more than enough for the aforementioned
reactions to occur. Seeing as the oil extracted in processes such as cyclic steam
injection and steam assisted gravity drainage are very viscous, permeability
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Figure 12: SEM images of synthetic smectite growth. A: Control sample (100%
quartz); B: Early stage growth. Extremely thin individual clay particles; C and
D: Microporous and delicate pore-bridging morphology covering most of the
avaliable pore space; E and F: Morphology collapsed due to air-drying.
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Figure 13: Normalized brine permeability vs. reaction progress. Note the e�ect
of morphology collapse due to air-drying. Figure from [47].

decrease due to diagenetic clay minerals could prove to be a limiting factor on
production.

4.2 CEC: e�ects of particle size and pH

The cation exchange capacity of a clay mineral is the product of the charge den-
sity and the avaliable surface area. Although CEC is one of the parameters used
to categorize clay minerals it can be highly dependent on particle dimensions
and pH [51, 50, 3, 52, 25, 53]. The surface area can be subdivided into basal
surface area and edge surface area. Referring to the the kaolinite particle shown
in �gure 14, the basal surface area is the sum of the top and bottom surfaces
of the crystal. The edge surface is the circumference of the particle multiplied
by the thickness of the particle. Estimates of edge surface area are based on
geometrical considerations and the aspect ratio of the clay particle, i.e. particle
diameter to thickness. The dimensions of clay particles can be measured by
transmission electron microscope (TEM) or scanning force microscopy (SFM).

In one study dimensions of fundamental particles of interstrati�ed clays,
illite, and smectites were recorded by a TEM shadowing technique [53]. Fun-
damental particles in this context means the thinnest particle unit possible for
a mineral, a particle that can be achieved by complete dispersal in aqueous
suspension. Drops of highly dilluted suspension were placed on freshly cleaved
mica, which provides an ultra�at surface. The mica was subsequently shadowed
at an approximate angle of 10º by evaporated platinum and covered in a uni-
form coating of carbon. The resulting images are shown in �gure 15. Thickness
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Figure 14: Simpli�ed model of a kaolinite particle showing basal and edge sur-
faces. Thickness of the particle is denoted by h, diameter denoted by l. Figure
from [50].

was determined from the images by applying equation (18).

T = (l ∗ tanα)/m (18)

Where

T is the thickness of the fundamental particle

l is the length of the shadow

α is the shadowing angle

m is the magni�cation

Three-dimensional TEM analysis makes it possible to calculate basal surface
area, edge surface area and total surface area of individual particles. Given a
large enough sample size, the mean values can be used to calculate the surface
area in m2/g if the density of the mineral is known [53]. A correlation between
total surface area and mean particle thickness is given in �gure 16.

Edge and basal surface area can also be determined from SFM images. This
method was used in a study which measured site densities of kaolinite from
proton adsorption isotherms [51]. In this study kaolinite particle aggregates,
as opposed to fundemental particles, were placed on freshly cleaved mica and
allowed to air dry. The sample was then probed with conical silicon tips in
order to generate SFM images for analysis. For their well crystallized kaolinite
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Figure 15: TEM images of platinum shadowed fundamental particles. A:
Wyoming montmorillonite ; B: Na-rectorite, regularly interstrati�ed paragonite-
smectite. 50% paragonite layers; C: Interstrati�ed kaolinite-smectite. 75%
kaolinite layers; D: Synthetic mica-smectite. 70% mica layers; E: Interstrati-
�ed illite-smectite. 80% illite layers; F: Illite. Scale bar is 0,1 µm in all views.
Figure from [53].
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Figure 16: Total surface are vs. mean particle thickness. Curve corresponds to
best �t: S = 825

T . Figure modi�ed from [53].

Figure 17: SFM image of kaolinite particles. The brightest area on particle c
represents a height of 120 nm. Particle diameters are in the range of 50-600 nm.
Figure from [51].
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sample they found aspect ratios ranging from 2:1 to 10:1 and edge surface areas
in the range of 10-50% of total surface area [51]. An SFM image of the kaolinite
particles is shown in �gure 17. Note that the basal surface is not �at, but have
topographic variations due to overlying particles. This contributes to additional
edge surface area of about 5% of total geometric surface area [51]. A titration
against 0,1 M NaOH and 0,1 M HCl was carried out to determine surface charge
on the clay at di�erent pH and temperatures. Since lattice subtitutions are
minor and insigni�cant [51, 50] in kaolinite the authors assumed that all the
surface charge should stem from silanol and aluminol sites on the edges and basal
planes. As a result of the SFM image analysis, which found a higher edge surface
area than was expected, the basal planes were not needed to account for the
observed charge site densities [51]. The researchers suggest that the contribution
of edge surface area is larger than previously thought. Similarly to the SFM
study by Brady et al., kaolinite aspect ratios ranging from 2:1 to 10:1 were also
found by another study [54]. It is hard to �nd a �gure on montmorillonite aspect
ratios, but SEM images from one study show particle diameters in excess of 500
nm. Using the common assumption that fully hydrated Na-montmorillonite is
regarded as sheets of 1 nm, unit cell thickness [53, 54, 21] gives an estimate
of 500:1. Using data from [53] I calculated the aspect ratio of the Wyoming
montmorillonite. The required formula is given by eqution (19):

AR =
(L ∗W )

1
2

T
(19)

Where

AR is the aspect ratio

L is the length of the particle

W is the width of the particle

T is the thickness of the particle

Mean values of length, width, and thickness for the 34 samples plugged into the
equation above yield an aspect ratio of 217:1.

A study of the hydrothermal growth habits of illitized smectite found that
as the clay particles undergo �Ostwald ripening� their morphology changed from
elongated, thin particles to hexagonal particles, growing at a constant aspect
ratio of about 40:1 [56]. It was also observed that the frequency distributions
of particle thickness became broader with increasing depth. The mean particle
thickness increased from 5,9 nm for the 40 meter samples to 22,7 nm for the 290
meter sample [56]. A similar trend was observed for frequency distributions of
equivalent diameter vs. depth, with broadening of the distribution and increase
in mean value [56]. According to the theory of �Oswald ripening� illite crystal
growth rate is a function of supersaturation of illite in the pore solution. For a
high porosity, �uid dominated medium, supersaturation of illite can be assumed
nearly constant during ripening due to advective �ux [56]. In essence this means
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Clay mineral Kaolinite Chlorite Illite Montmorillonite

AR 2 : 1− 10 : 1
[51, 54]

∼ 20 : 1* ∼ 50 : 1* 200− 500
[53, 54, 51]

Surface area
[m2/g]

10− 150* 20*-140
[21]

50− 400*
[53]

100− 800*
[53]

Edge area
[%]

20− 30
[54, 51]

− 2− 10
[53, 54]

≤ 1
[53, 54]

CEC
[meq/100g]

1− 15
[21, 50, 25, 55]

10− 40
[21]

20− 70∗
[48]

∼ 100
[48, 25, 55]

Table 2: Characteristics of common clay minerals. References are listed in
brackets below values. Star notation indicates that the value is wholly or partly
based on personal correspondence with Paul H. Nadeau.

that growth rates do not decrease as particle dimensions increase, which may
explain the skewness of the frequency distributions towards larger sizes with
increasing illitization [56]. Equivalent diameter was calculated by equation (20).

D = 2(
LW

π
)

1
2 (20)

Where

D is the equivalent diameter

L is the length of the particle

W is the width of the particle

Some important characteristics for common clay minerals have been compiled
in table 2. Keep in mind that these values are estimates and that they can vary
considerably depending on particle size, mineralogical purity, pH, and particle
sizes. The CEC value of chlorite may need to be adjusted as the estimate of 40
meq/100 g seems slightly high and 20-30 meq/100 g may be more appropriate
as an upper constraint.

It was mentioned in section 2.7.2 that the edge charges of of clay minerals are
pH dependent due to reactions between silanol and aluminol groups on the edges,
as well as exposed hydroxyl groups on the basal octahedral plane. It follows
from equations (9) and (10) that under alkaline conditions these charges will
be negative, adding to the permanent charge imposed by lattice substitutions.
Going back to equation (8) it is evident that the negative edge charges will
diminish, and positive charges will form, with descreasing pH as alimunol groups
develop positive charges [25]. Since the total CEC of a clay mineral is dependent
on the CEC contributions from both edges and basal surfaces it follows that CEC
is a function of pH and ratio between total surface area to edge surface area.
The ratio of total area to edge area is a function of the aspect ratio de�ned by
equation (19). CEC for a given clay mineral should increase for increasing pH,
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Figure 18: Variation in experimental CEC with respect to particle dimensions.
A: CEC vs. mean plate diameter; B: CEC vs. particle thickness. Note that
CEC is given in mol/kg. Figure from [50].
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with clay minerals that have low aspect ratios being the most sensitive due to
relatively higher edge surface area.

The relationship between particle size and CEC for kaolinite was described
in a study that calculated theoretical CEC values and compared them to ex-
perimental measurements [50]. Figure 18 shows that the measured CEC for
kaolinite increases with decreasing particle dimensions. Crystallinity was also
discussed as a factor due to less crystalline kaolinite samples yielding a higher
CEC. Poor crystallinity can be related to transport of the material and indicates
a detrital origin [22]. However, the authors dismissed the crystallinity e�ect and
attributed the deviation to the thinness of the poorly crystalline particles, again
stating the e�ect of dimensions.

Regarding pH of sandstone reservoirs it is worth mentioning a correlation
between CO2 and reservoir temperature proposed by Ehrenberg and Smith [57].
Identical linear correlations between temperature and the logarithm of the par-
tial pressure of CO2 were found for the US Gulf Coast and the NSC. They
suggested that the correlation was the result of inorganic chemical equilibria
between feldspar, carbonate minerals, and clay. The correlation has the form of
decreasing pH with higher temperature.

An often overlooked consequence of the pH dependent charges is that clay
minerals also have anion exchange capacities, i.e. the ability to adsorb nega-
tively charged ions. Like the CEC, this AEC is also a function of pH and edge
area, with AEC increasing as pH decreases. It is an important property in soil
science because it allows soil to adsorb anionic nutrient like NO−

3 and PO3−
4 .

It might also play a part in adsorption/desorption of polar oil components for
kaolinite and chlorite due to their relatively high edge surface area, and should
be investigated further.

Temperature is another factor a�ecting the CEC of clay minerals. One study
modelled kaolinite surface charge at di�erent temperature and pH by combining
potentiometric titration data, SFM-measured proportion of basal to edge area,
and modelled surface charge density [51]. The resulting plot of surface charge
versus pH and temperature is shown in �gure 19. The researchers observed
an increase in calculated site densities with increasing temperature, which may
be due to production of additional surface area by dissolution of kaolinite [51].
Hydration and reactivity of cations such as Ca2+ and Mg2+ are also a�ected
by temperature. By extension, the relative a�nities for charge sites on the clay
could be subject to deviations from the hierarchy that was established in section
2.7.2.

4.3 Initial wetting in sandstone reservoirs

In section 2.5 a brief review of oil components was given. During oil charge these
polar components can adsorb onto the surface of the rock, changing its wetting
state from strongly water wet to more intermediate wetting states [8, 7]. The
stability of the water �lm that coats the rock surface is a complex relationship
between a number of factors. Composition of the crude oil, composition of the
brine and pH have been identi�ed as factors that in�uence the stability of the
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Figure 19: Modelled kaolinite surface charge vs. pH and temperature. Figure
from [51].

�lm [7]. When it comes to �lm stability, temperature has an indirect e�ect as
it has been observed that it in�uences the composition of crude oils. The acid
number of oils has a negative relationship with temperature, probably due to
decomposition of -COOH groups at high temperature [17].

At equal pH, increasing ionic strength (salinity) has been shown to generally
decrease the adsorption of quinoline onto kaolinite, illite, and montmorillonite
[3, 18, 17]. There was an exception for adsorption of quinoline onto mont-
morillonite at pH 9 in one of the cited studies which was explained by Ca2+

and Mg 2+ acting as adsorption bridges between quinoline and the clay surface
[17]. Increased adsorption with lower ionic strenghts can easily be explained
by the competition between cations and quinoline for the negative sites on the
clay surface. Wettability experiments measuring contact angles have also shown
increased oil wetness for lower ionic strengths, adding to the evidence that ad-
sorption of polar components is higher for low ionic strength than it is for high
ionic strenghts at equal pH [7]. Figure 20 shows adsorption of quinoline onto
illite in two brines of di�erent salinity. Adsorption was found to be highest
around the pKa value of the base, which is about 4,9. The adsorption drops o�
with increasing alkalinity because of a decrease in the active, protonated form of
the base. At pH < pKa the adsorption falls due to increases competition from
H+. Increased recovery from wettability alteration is often observed in con-
juntion with increased pH, and pH has been shown to be the most important
factor for adsorption of polar components onto clay in numerous experiments
[17, 14, 3, 18].

It has been proposed that oil preferentially wets kaolinites in oil-saturated
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Figure 20: Adsorption of quinoline onto Illite in low saline (1000 ppm) and high
saline (25000 ppm) brine. Dashed line indicates pKa value of quinoline. Figure
from [18].

sandstones while illites and other minerals are mainly wetted by water [58].
To test the validity of this claim an adsorption study was performed for ash-
paltenes onto three samples of kaolinite and three samples of illite, each with
a speci�c genesis condition. Adsorption of water onto the clay samples was
also measured in the same study. Results from the study showed that the hy-
drophilicity and adsorption di�ered signi�cantly between the samples. While
28-38% of the illite surface area was found to be hydrophilic, only 25-28% of the
kaolinite surface area exhibited hydrophilicity. Asphaltene adsorption ranged
from 1,9-2,7 mg/m2 for the kaolinite samples and from 0,3-1,7 mg/m2for the
illites [58]. Most striking is the low asphaltene adsorption (0,3 mg/m2) for the
authigenic illite which was attributed to its high microporosity hindering access
of the asphaltene to the surface. The authigenic illite also shows considerably
less hydrophilicity than the two other illite samples. Cryo-SEM imaging (to
presevent morphology collapse) of cores from the Brent formation, taken from
depths of 3000-3600 m, have also shown interesting results with regards to clay
minerals and wetting [59]. They found that not only the type and quantity,
but also the morphology of the clay minerals in the core a�ected wetting distri-
butions. Kaolinite showed higher a�nity for oil than Illite did and in the core
with the highest kaolinite content (7,8 wt%) the sample became oil-wet after
ageing. Fibrous illite was shown to remain hydrophillic, showing no a�nity for
oil. Most interestingly, platy illite behaved more like kaolinite, becoming oil wet
if the content was high enough [59]. This study suggests that morphology could
play a part in initial wetting, with illite that has inherited a platy structure
from the kaolinite it replaced yielding a more oil-wet state than �brous illite.
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Figure 21: MDS of kaolinite basal planes. A: Initial condition; B: Equilibrium
condition. Red: oxygen; Yellow: silicon; Green: aluminum; White: hydrogen.
Figure from [55].

Regardsless of the exciting implications, it should be noted that the sample sizes
in these two studies are very small, and it would probably be unwise to attempt
any generalization based on these results without further study of larger sample
sizes.

It has also been suggested that the wettability of clay minerals is generally
heterogenous and in�uenced by their crystal structure [55]. If lattice substitu-
tions are minor or non-existant, the basal plane of the tetrahedral sheet will
be electrically neutral and can be expected not to show much a�nity for po-
lar water molecules. The edges and octahedral planes however, have functional
groups (OH, Si-OH, Al-OH, Mg-OH) which can undergo protonation and dis-
sociation reactions, hence they are not electrically neutral. They can therefore
expected to have di�erent wetting properties from the tetrahedral basal plane,
something which was investigated in a recent PhD dissertation [55]. Results
from the AFM study, conducted at pH 4, con�rmed that the kaolinite silica face
was moderately hydrophobic, with estimated advancing and receding contact
angles of 64º and 58º, respectively. As expected the alumina face was found
to be relatively hydrophilic. In addition to the AFM contact measurements, a
molecular dynamics simulation (MDS) was carried out for a simulated kaolinite
crystal placed in modelled water medium. A �gure of the initial and equilibrium
states are shown in �gure 21. A signi�cant di�erence between the two faces with
regards to wetting is easily identi�ed. Note the gap between the water phase
and the tetrahedral face of the kaolinite. This gap is called the �exclusion zone�
and is usually observed at hydrophobic surfaces. The di�erence in wetting char-
acteristics can be explained by exposed hydroxyl groups which provide sites for
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Figure 22: Water contact angle vs. degree of isomorphous substitution in silica
tetrahedral for phyllosilicates. Figure from [55].

hydrogen bonding [55]. Yin also performed additional MDS simulations which
studied contact angles as a function of isomorphous substitution in the tetra-
hedral sheets of phyllosilicates. The resulting plot is shown in �gure 22. The
data point at 15% substitution corresponds to the simulated Illite, it corrobo-
rates the belief that illite is naturally hydrophilic [55]. Clinochlore, a member of
the chlorite family was also subjected to AFM study and determination of zeta
potentials, charge densities, and surface potentials were carried out for three
distinct surfaces. The surfaces in question were located on the tetrahedral silica
sheet, the brucite-like sheet, and the edges, they were all measured pH values
5,6, 8 and 9. The tetrahedral face of the chlorite remained negatively charged
for all values and exhibited little pH dependence. The brucite-like sheet retained
its positive charge for all values but showed a stronger pH dependence. Edge
surfaces had a positive charge of similar magnitude to the brucite-like sheet at
pH 5,6 but show a strong pH dependence, reversing their charge between pH 8
and 9. At the end point of pH 9 it has a negative charge slightly less in magni-
tude than the tetrahedral sheet [55]. Yet again we �nd the explanation in the
various protonation and deprotonation mentioned earlier.

4.4 Conclusions: �Smart water� injection and pre-�ood

core studies

� Before smart water injections are carried out in a reservoir, appropriate
screening criteria should be applied to ensure the viability of the injection
�uid.
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� When testing proceeds to core �oods it is important that the conditions of
the lab experiments are compatible with the actual reservoir state so that
the bene�ts of the injections are neither overstated nor underestimated.

� If possible the cores should not be air-dried as this destroys the �brous
morhpologies of illite and smectite, arti�cially increasing the permeability.

� During smart water injection simulations the crude oil and formation brine
should be of the same or similar composition, and in the same state with
respect to reservoir conditions (PPCO2, temperature, pH etc.) as in the
subsurface.

� For reasons discussed in section 4.2, pH similarity is probably more im-
portant if the core has high amounts of kaolinite and chlorite than if the
clay minerals are mainly illies or smectites.

� For adsorption/desorption studies where powdered clay samples are used
it would be wise to consider the e�ect of particle size, especially for clay
minerals with low aspect ratios.

� As discussed above that the degree of isomorphous substitution could be
a factor in the initial wettability of the reservoir. If this is indeed the case,
XRD analysis to determine the degree of substitution could be used to
predictive tool.

� Because it could have implications for the potential of �smart water� in-
jection, further experiments should be designed to investigate the possible
links between crystal structure and wettability.

� Studies relating morphology and heritage to adsorption of polar compo-
nent would also be interesting, as the data sets referred to in this thesis
are lacking in size.

� Due to constraints on avaliable literature and time this thesis has only
brie�y touched upon the subject of AEC, and it may warrant additional
examination.
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